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Preface

Sports and exercise cardiology have been increasingly acknowledged in recent 
years as important components of diagnostic and treatment pathways in modern 
medicine. Originating historically from the evaluation of the impact of intensive 
exercise on cardiac morphology and function, they have developed over time into 
much broader subspecialties in covering all aspects of both positive and potentially 
negative associations of regular physical activity and exercise with the cardiovascu-
lar system. Given both the drastic increase in inactive, obese individuals at high risk 
for subsequent cardiometabolic diseases and, in turn, millions of leisure time ath-
letes participating in strenuous exercise events, specialists are increasingly needed 
who have been appropriately educated and trained to enable both patients and ath-
letes to safely benefit from participation in leisure time or competitive sports.

Regarding sports cardiology, besides competitive athletes in their adolescent and 
young adult years, also an increasing number of those who exercise not only do so 
leisurely but strive to participate in competitions. These leisure time athletes increas-
ingly practice at volumes and intensities that come close to or even exceed that of 
full-fledged athletes. In both groups, adaptations of the cardiovascular system occur 
that are commonly summarized as athlete’s heart and may mimic pathologies that 
are known to be associated with cardiovascular complications including sudden car-
diac death. It is the aim of sports cardiology to protect the physically active from 
untoward effects of exercise training and therefore to identify physiologic cardiac 
adaptations secondary to an increased hemodynamic demand from overt 
pathologies.

Regarding exercise cardiology, physical activity and exercise training have 
become the mainstay of prevention and treatment of noncommunicable diseases. 
National and international recommendations and guidelines from leading profes-
sional organizations attest the highest level of evidence. Nonetheless, just like any 
other potent drug, exercise not only helps prevent disease but also has its side 
effects, and thus may trigger, among others, sudden cardiac death or disease pro-
gression. “Exercise is medicine” and must be applied as such. The choice of activity 
or sport as well as the “dosage” has to be tailored individually in order to maximize 
benefit and minimize risk.

Nonetheless, in both medical schools and specialist training, physical activity 
and exercise training do still not receive the attention they deserve and require, leav-
ing the vast majority of colleagues rather oblivious to the benefits but also to the 
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inherent risks. To overcome these educational limits, working groups on sports and 
exercise cardiology worldwide have proposed specific curricula enabling interested 
candidates to qualify themselves as specialists in sports and exercise cardiology by 
acquiring specific knowledge and skills beyond the traditional education pathways. 
In Germany, for example, sports cardiology can now be acquired as official subspe-
cialty after following a specific curriculum endorsed by the German Cardiac Society.

This book is intended to support interested students and medical professionals in 
these undertakings by providing a comprehensive overview on all aspects of sports 
and exercise cardiology. In combining profound theoretical background with pre-
cise practical recommendations, it addresses a broad readership, ranging from 
inquisitive students who consider starting a career as sports and exercise cardiolo-
gists over clinicians searching for precise information readily transferable to every-
day care up to experienced professionals who will find up-to-date reviews on 
scientific and clinical backgrounds. We are happy, grateful, and proud of having 
assembled the world’s leading experts in the field of sports and exercise cardiology, 
sharing with readers their wealth of knowledge in order to serve as a support dur-
ing—among others—the process of pre-participation screening, comprehensive but 
sport- and exercise-specific diagnostics, and athletes’ and patients’ counseling, 
which shall result in healthy as well as efficient and effective exercise training. We 
hope that this book will become a companion during daily practice, as it encom-
passes all major aspects a physician in the field of physical activity, exercise train-
ing, cardiac prevention and rehabilitation, and above all sports cardiology needs to 
know.

München, Bayern, Germany Axel Pressler 

Salzburg, Austria  Josef Niebauer  

The original version of this book was revised. The correction to this book can be found at  
https://doi.org/10.1007/978-3-030-35374-2_52

Preface



vii

Contents

Part I  Sports Cardiology in Young Competitive Athletes

 1   Definition of Athletes and Classification of Sports. . . . . . . . . . . . . . . .    3
María Sanz de la Garza and Paolo Emilio Adami

 2   The Cardiologist as Part of the Athlete Medical Team . . . . . . . . . . . .   13
Christine E. Lawless

 3   Athlete’s Heart: Basic Physiology and Adaptation to Exercise  . . . . .   29
Christian M. Schmied and Matthias Wilhelm

 4   Impact of Sporting Disciplines and Body Size on the  
Athlete’s Heart  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   53
Gherardo Finocchiaro and Keith Phillip George

 5   Sudden Cardiac Death in Athletes: Incidence, Causes  
and Prevention Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   73
Kimberly G. Harmon and Mathew G. Wilson

 6   Medical Evaluation of Athletes: Medical History and  
Physical Examination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   95
Hanne K. Rasmusen and Christian M. Schmied

 7   Medical Evaluation of Athletes: Electrocardiogram . . . . . . . . . . . . . .  113
Jordan M. Prutkin and Jonathan A. Drezner

 8   Medical Evaluation of Athletes: Echocardiography  . . . . . . . . . . . . . .  135
Flavio D’Ascenzi and David Oxborough

 9   Medical Evaluation of Athletes: Further Imaging  
Modalities—Stress Echo, CT and MRI. . . . . . . . . . . . . . . . . . . . . . . . .  153
Guido Claessen and André La Gerche

 10   Medical Evaluation of Athletes: Exercise Testing  . . . . . . . . . . . . . . . .  181
David Niederseer and Herbert Löllgen

 11   Medical Evaluation of Athletes: Genetic Testing . . . . . . . . . . . . . . . . .  203
Belinda Gray and Michael Papadakis



viii

 12   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Arterial Hypertension  . . . . . . . . . . . . . . . . . . . .  223
Stefano Caselli and Josef Niebauer

 13   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Hypertrophic Cardiomyopathy  . . . . . . . . . . . .  237
Antonio Pelliccia and Stefano Caselli

 14   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Arrhythmogenic Right Ventricular 
Cardiomyopathy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  251
Domenico Corrado, Alessandro Zorzi, and Gaetano Thiene

 15   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Left Ventricular Hypertrabeculation . . . . . . . .  273
Catherine Sedgwick and Sabiha Gati

 16   Specific Cardiovascular Diseases and Competitive Sports  
Participation: Valvular Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . .  291
Frank van Buuren and Klaus Peter Mellwig

 17   Specific Cardiovascular Diseases and Competitive Sports  
Participation: Arrhythmias  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  303
Alessandro Biffi, Alessandro Zorzi, and Domenico Corrado

 18   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Pacemakers and ICD . . . . . . . . . . . . . . . . . . . . .  317
Hielko Miljoen, Rachel Lampert, and Hein Heidbuchel

 19   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Myocarditis and Myocardial Fibrosis  . . . . . . .  341
Frédéric Schnell and François Carré

 20   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Channelopathies . . . . . . . . . . . . . . . . . . . . . . . . .  361
Silvia Castelletti and Lia Crotti

 21   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Coronary Anomalies and  
Myocardial Bridging at Risk of Sudden Death  . . . . . . . . . . . . . . . . . .  403
Gaetano Thiene, Stefania Rizzo, Carla Frescura, and Cristina Basso

 22   Specific Cardiovascular Diseases and Competitive  
Sports Participation: Congenital Heart Disease  . . . . . . . . . . . . . . . . .  423
Tim Takken and Jan Müller

 23   Specific Populations: Paediatric and Adolescent Athletes . . . . . . . . . .  439
Guido E. Pieles, Andrew Maxwell, and Renate Oberhoffer

 24   Specific Populations: Female Athletes . . . . . . . . . . . . . . . . . . . . . . . . . .  471
Susanne Berrisch-Rahmel and Nicole M. Panhuyzen-Goedkoop

Contents



ix

 25   Specific Populations: Athletes of Afro- Caribbean Origin . . . . . . . . . .  487
Aneil Malhotra, Michael Papadakis, and Sanjay Sharma

 26   Commotio Cordis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  499
Erik Ekker Solberg and Mark S. Link

 27   Cardiovascular Side Effects of Commonly Prescribed  
Medications and Performance Enhancing Drugs and  
Special Considerations for the Athlete  . . . . . . . . . . . . . . . . . . . . . . . . .  513
Maria Joan Brosnan and Paolo Emilio Adami

 28   Cardiac Safety in Sports Arenas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  531
Luis Serratosa, Efraim Kramer, Erik Ekker Solberg,  
and Mats Börjesson

Part II  Sports Cardiology in Recreational/Master Athletes

 29   Medical Supervision of Mass Sporting Events . . . . . . . . . . . . . . . . . . .  555
Martin Schwellnus and Paolo Emilio Adami

 30   Incidence and Causes of Sudden Cardiac Death in  
Recreational Athletes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  603
Xavier Jouven, Kumar Narayanan, and Eloi Marijon

 31   Potential Cardiac Damage Induced by Strenuous Exercise . . . . . . . .  617
Stefan Möhlenkamp and Axel Pressler

 32   The Role of Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  633
Axel Pressler and Stefan Möhlenkamp

 33   Endurance Exercise and Atrial Fibrillation . . . . . . . . . . . . . . . . . . . . .  659
Mahdi Sareban, Eduard Guasch, and Lluis Mont

 34   Sport in Extreme Environments: Cardiovascular Issues  . . . . . . . . . .  683
Martin Burtscher and Kay Tetzlaff

Part III  Exercise in Primary Prevention of Cardiovascular Disease

 35   Epidemiology: Physical Activity, Exercise and Mortality . . . . . . . . . .  703
Martin Bahls and Marcus Dörr

 36   Impact of Exercise on Cardiovascular Risk Factors: Arterial 
Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  719
Paolo Palatini and Véronique Cornelissen

 37   Impact of Exercise on Cardiovascular Risk Factors:  
Dyslipidemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  747
Axel Pressler and Mats Börjesson

 38   Impact of Exercise on Cardiovascular Risk Factors:  
Diabetes Mellitus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  769
Sheri R. Colberg and David Niederseer

Contents



x

 39   Impact of Exercise on Cardiovascular Risk Factors: Obesity  . . . . . .  793
Andrew Elagizi, Sergey Kachur, and Carl J. Lavie

 40   Exercise and Vascular Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  823
Nicolle Kränkel, Emeline van Craenenbroeck, and Volker Adams

 41   The Optimal Dose of Exercise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  861
Thijs M. H. Eijsvogels and Aaron L. Baggish

Part IV  Exercise in Secondary Prevention and Cardiac Rehabilitation

 42   Modalities of Exercise Training in Cardiac  
Rehabilitation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  881
Luc Vanhees and Dominique Hansen

 43   Cardiopulmonary Exercise Testing and  
Prescription of Exercise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  897
Jeffrey Wilcox Christle and Ross Arena

 44   Exercise in Specific Diseases: Coronary Artery Disease . . . . . . . . . . .  913
Mats Börjesson, Josef Niebauer, and Mikael Dellborg

 45   Exercise in Specific Diseases: Heart Failure with  
Preserved Ejection Fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  927
Bharathi Upadhya, Frank Edelmann, and Dalane W. Kitzman

 46   Exercise in Specific Diseases: Heart Failure with  
Reduced Ejection Fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  957
Verena Heinicke, Wesley J. Tucker, Mark J. Haykowsky,  
and Martin Halle

 47   Exercise in Specific Diseases: Heart Transplantation and  
Left Ventricular Assist Device  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  977
Birna Bjarnason-Wehrens, Thomas Schmidt, and Nils Reiss

 48   Exercise in Specific Diseases: Valvular Heart Disease . . . . . . . . . . . . . 1011
Elena Cavarretta and Axel Pressler

 49   Exercise in Specific Diseases: Atrial Fibrillation . . . . . . . . . . . . . . . . . 1029
Roman Laszlo and Matthias Wilhelm

 50   Exercise in Specific Diseases: Pacemakers and  
Implantable Cardioverter Defibrillators  . . . . . . . . . . . . . . . . . . . . . . . 1045
Kumar Narayanan and Eloi Marijon

 51   Exercise in Specific Diseases: Abdominal Aortic Aneurysm . . . . . . . . 1061
Jonathan Myers and Josef Niebauer

  Correction to: Textbook of Sports and Exercise Cardiology  . . . . . . . . . . . . . C1
Axel Pressler and Josef Niebauer

 Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1077

Contents



xi

Paolo Emilio Adami Department of Health and Science, World Athletics, Monaco 
Monaco

Department of Health and Science, International Association of Athletics 
Federations—IAAF, Monte Carlo, Monaco

Volker Adams Heart Center Dresden, Laboratory for Molecular and Experimental 
Cardiology, TU Dresden, Dresden, Germany

Ross Arena Department of Physical Therapy, College of Applied Health Sciences, 
University of Illinois at Chicago, Chicago, IL, USA

Aaron L. Baggish Cardiovascular Performance Program, Division of Cardiology, 
Massachusetts General Hospital, Boston, MA, USA

Martin Bahls Department of Internal Medicine B, University Medicine Greifswald, 
Greifswald, Germany

Cristina Basso Cardiovascular Pathology, Department of Cardiac, Thoracic and 
Vascular Sciences and Public Health, University of Padua Medical School, Padua, 
Italy

Susanne Berrisch-Rahmel MVZ DaVita CardioCentrum Düsseldorf, Düsseldorf, 
Germany

Alessandro  Biffi Institute of Sports Medicine & Science, Italian Olympic 
Committee, Rome, Italy

Birna  Bjarnason-Wehrens Department of Preventive and Rehabilitative Sport 
and Exercise Medicine, Institute for Cardiology and Sports Medicine, German 
Sports University Cologne, Cologne, Germany

Mats  Börjesson Neuroscience and Physiology & Center for Health and 
Performance, University of Gothenburg, Gothenburg, Sweden

Neuroscience and Physiology & Center for Health and Performance, University of 
Gothenburg and Sahlgrenska University Hospital/Ostra, Gothenburg, Sweden

Department of Neuroscience and Physiology, Sahlgrenska Academy and Center for 
Health and Perfoamce, Gothenburg University and Sahlgrenska University Hospital/
Ostra, Gothenburg, Sweden

Contributors



xii

Maria  Joan  Brosnan Department of Cardiology and Sports Cardiology,  
St Vincent’s Hospital and Baker Institute, Melbourne, VIC, Australia

Martin  Burtscher Department of Sports Sciences, University of Innsbruck, 
Innsbruck, Austria

François Carré Department of Sports Medicine, University Hospital of Rennes, 
Rennes1 University, Inserm, Rennes, France

Stefano Caselli Cardiovascular Center Zurich, Hirslanden Klinik im Park, Zurich, 
Switzerland

Silvia  Castelletti Center for Cardiac Arrhythmias of Genetic Origin, Istituto 
Auxologico Italiano, IRCCS, Milan, Italy

Elena Cavarretta Department of Medical-Surgical Sciences and Biotechnologies, 
Sapienza University of Rome, Rome, Italy

Mediterranea Cardiocentro, Naples, Italy

Jeffrey  Wilcox  Christle Division of Cardiovascular Medicine, Department of 
Medicine, Falk Cardiovascular Research Center, Stanford Sports Cardiology, 
Stanford University, Stanford, CA, USA

Guido  Claessen Department of Cardiovascular Medicine, University Hospital 
Leuven, Leuven, Belgium

Department of Sports Cardiology, Baker Heart and Diabetes Institute, Melbourne, 
VIC, Australia

Sheri R. Colberg Old Dominion University, Norfolk, VA, USA

Véronique  Cornelissen Department of Rehabilitation Sciences, KU Leuven, 
Leuven, Belgium

Domenico Corrado Department of Cardiac, Thoracic and Vascular Sciences and 
Public Health, University of Padova, Padova, Italy

Lia Crotti Center for Cardiac Arrhythmias of Genetic Origin, Istituto Auxologico 
Italiano, IRCCS, Milan, Italy

Laboratory of Cardiovascular Genetics, Istituto Auxologico Italiano, IRCCS, Milan, 
Italy

Department of Cardiovascular, Neural and Metabolic Sciences, San Luca Hospital, 
Istituto Auxologico Italiano, IRCCS, Milan, Italy

Department of Medicine and Surgery, University of Milano-Bicocca, Milan, Italy

Flavio D’Ascenzi Division of Cardiology, Department of Medical Biotechnologies, 
University of Siena, Siena, Italy

School of Medicine, University of Pittsburgh, Pittsburgh, PAUSA

María Sanz de la Garza Cardiovascular Institute, Hospital Clinic, Barcelona, Spain

Mikael  Dellborg Department of Molecular and Clinical Medicine, Institute of 
Medicine, Sahlgrenska Academy, University of Gothenburg and Sahlgrenska 
University Hospital/Ostra, Gothenburg, Sweden

Contributors



xiii

Marcus Dörr Department of Internal Medicine B, University Medicine Greifswald, 
Greifswald, Germany

Jonathan  A.  Drezner Department of Family Medicine/Sports Medicine, UW 
Medicine Center for Sports Cardiology, University of Washington, Seattle, WA, 
USA

Frank  Edelmann Department of Internal Medicine and Cardiology, Charité 
Universitätsmedizin Berlin, Campus Virchow Klinikum, Berlin, Germany

Thijs M.H. Eijsvogels Department of Physiology, Radboud Institute for Health 
Sciences, Radboud University Medical Center, Nijmegen, The Netherlands

Andrew Elagizi Department of Cardiovascular Diseases, John Ochsner Heart and 
Vascular Institute, New Orleans, LA, USA

Gherardo  Finocchiaro Division of Cardiovascular Sciences, Department of 
Cardiology, Guy’s and St. Thomas’ Hospitals and King’s College London, London, 
UK

Carla Frescura Cardiovascular Pathology, Department of Cardiac, Thoracic and 
Vascular Sciences and Public Health, University of Padua Medical School, Padua, 
Italy

Sabiha  Gati Department of Cardiology/Cardiac MRI, Royal Brompton & 
Harefield NHS Trust & National Heart and Lung Institute, Imperial College, 
London, UK

Keith Phillip George Research Institute for Sport and Exercise Science, Liverpool 
John Moores University, Liverpool, UK

Belinda Gray Cardiology Clinical Academic Group, St George’s, University of 
London, London, UK

Eduard  Guasch Arrhythmia Unit, Cardiology Department, Hospital Clínic/
IDIBAPS, Barcelona, Spain

Martin Halle Department of Prevention, Sports Medicine and Sports Cardiology, 
University hospital ‘Klinikum rechts der Isar’, Technical University of Munich, 
DZHK (German Center for Cardiovascular Research), Munich, Germany

Dominique Hansen Heart Centre Hasselt, Jessa Hospital, BIOMED (Biomedical 
Research Institute) and REVAL (Rehabilitation Research Centre), Hasselt 
University, Hasselt, Belgium

Kimberly G. Harmon Department of Family Medicine, University of Washington 
School of Medicine, Seattle, WA, USA

Department of Orthopaedics and Sports Medicine, University of Washington School 
of Medicine, Seattle, WA, USA

Mark J. Haykowsky University of Alberta, Edmonton, AB, Canada

Hein  Heidbuchel Department of Cardiology, Antwerp University Hospital and 
Antwerp University, Antwerp, Belgium

Contributors



xiv

Verena  Heinicke Department of Prevention, Sports Medicine and Sports 
Cardiology, University hospital ‘Klinikum rechts der Isar’, Technical University of 
Munich, DZHK (German Center for Cardiovascular Research), Munich, Germany

Xavier Jouven Paris-Sudden Death Expertise Center (Paris-SDEC), Paris, France

Paris Descartes University, Paris, France

Cardiology Department, European Georges Pompidou Hospital, Paris, France

Paris-Cardiovascular Research Center (Inserm U970), Paris, France

Sergey Kachur Department of Cardiovascular Diseases, John Ochsner Heart and 
Vascular Institute, New Orleans, LA, USA

Dalane W. Kitzman Kermit Glenn Phillips II Chair in Cardiovascular Medicine, 
Cardiovascular Medicine Section, Department of Internal Medicine, Wake Forest 
School of Medicine, Winston-Salem, NC, USA

Efraim Kramer Department of Sports Medicine, University of Pretoria, Pretoria, 
South Africa

Nicolle Kränkel Department of Cardiology, Charité–Universitätsmedizin Berlin, 
Berlin, Germany

André La Gerche Department of Sports Cardiology, Baker Heart and Diabetes 
Institute, Melbourne, VIC, Australia

National Centre for Sports Cardiology, St. Vincent’s Hospital Melbourne, 
Melbourne, VIC, Australia

Rachel  Lampert Department of Internal Medicine/Cardiology, Yale School of 
Medicine, New Haven, CT, USA

Roman  Laszlo Division of Sports and Rehabilitation Medicine, Center of 
Medicine, Ulm University Hospital, Ulm, Germany

Carl J. Lavie John Ochsner Heart and Vascular Institute, Ochsner Clinical School–
The University of Queensland School of Medicine, New Orleans, LA, USA

Christine E. Lawless Sports Cardiology Consultants LLC, Chicago, IL, USA

Mark S. Link Division of Cardiology, Department of Medicine, UTSouthwestern 
Medical Center, Dallas, TX, USA

Herbert  Löllgen University of Mainz, Private Practice, Sports Cardiology and 
Cardiology, Remscheid, Germany

Aneil Malhotra Consultant Cardiologist-Inherited Cardiac Conditions and Sports 
Cardiology, Manchester University Hospitals, University of Manchester, 
Manchester, London, UK

Eloi Marijon Paris-Sudden Death Expertise Center (Paris-SDEC), Paris, France

Paris Descartes University, Paris, France

Contributors



xv

Cardiology Department, European Georges Pompidou Hospital, Paris, France

Paris-Cardiovascular Research Center (Inserm U970), Paris, France

Andrew  Maxwell Department of Pediatric Cardiology, Heart of the Valley 
Pediatric Cardiology, Pleasanton, CA, USA

Klaus  Peter  Mellwig Department of Cardiology, Heart Center Northrhine 
Westfalia, Bad Oeynhausen, Germany

Hielko Miljoen Department of Cardiology, Antwerp University Hospital, Antwerp, 
Belgium

Stefan Möhlenkamp Clinic of Cardiology and Intensive Care Medicine, Bethanien 
Hospital Moers, Moers, Germany

Lluis Mont Arrhythmia Unit, Cardiology Department, Hospital Clínic/IDIBAPS, 
Barcelona, Spain

Jan Müller Department of Preventive Pediatrics, Technical University of Munich, 
Munich, Germany

Jonathan  Myers Cardiology Division, Veterans Affairs Palo Alto Health Care 
System and Stanford University, Stanford, CA, USA

Kumar  Narayanan Paris-Sudden Death Expertise Center (Paris-SDEC), Paris, 
France

Cardiology Department, Medicover Hospitals, Hyderabad, India

Paris Cardiovascular Research Center, Inserm U970, Paris, France

Josef  Niebauer Institute of Sports Medicine, Prevention and Rehabilitation, 
Paracelsus Medical University Salzburg, Salzburg, Austria

David  Niederseer Department of Cardiology, University Heart Center Zurich, 
University of Zurich, Zurich, Switzerland

Renate Oberhoffer Department of Preventative Paediatrics, Faculty of Sports and 
Health Sciences, Technical University of Munich, Munich, Germany

David Oxborough Research Institute for Sports and Exercise Sciences, Liverpool 
John Moores University, Liverpool, UK

Paolo Palatini Department of Medicine, University of Padua, Padua, Italy

Nicole  M.  Panhuyzen-Goedkoop Department of Clinical and Experimental 
Cardiology, Amsterdam Cardiovascular Sciences, Amsterdam UMC, University of 
Amsterdam, Heart Center, Meibergdreef, Amsterdam, Germany

Department of Sports Cardiology, Sports Medical Centre Papendal Arnhem, The 
Netherlands

Michael Papadakis Cardiology Clinical Academic Group, St. George’s, University 
of London, London, UK

Contributors



xvi

Antonio  Pelliccia Department of Medicine, Institute of Sports Medicine and 
Science, Rome, Italy

Guido E. Pieles Congenital Heart Unit, Bristol Heart Institute, Bristol, UK

Axel Pressler Private Center of Sports & Exercise Cardiology, Munich, Germany

Jordan  M.  Prutkin Division of Cardiology/Electrophysiology, UW Medicine 
Center for Sports Cardiology, University of Washington, Seattle, WA, USA

Hanne  K.  Rasmusen Department of Cardiology, Bispebjerg-Frederiksberg 
Hospital, Copenhagen, Denmark

Nils  Reiss Institute for Cardiovascular Research, Schüchtermann-Klinik Bad 
Rothenfelde, Bad Rothenfelde, Germany

Stefania Rizzo Cardiovascular Pathology, Department of Cardiac, Thoracic and 
Vascular Sciences and Public Health, University of Padua Medical School, Padua, 
Italy

Mahdi  Sareban University Institute of Sports Medicine, Prevention and 
Rehabilitation, Paracelsus Medical University, Salzburg, Austria

Thomas  Schmidt Institute for Cardiovascular Research, Schüchtermann-Klinik 
Bad Rothenfelde, Bad Rothenfelde, Germany

Christian  M.  Schmied Department of Cardiology, University Heart Center, 
Zurich, Switzerland

Department of Cardiology, Interdisciplinary Centre for Sports & Exercise Medicine, 
Inselspital, University Hospital of Bern, Bern, Switzerland

Frédéric Schnell Department of Sports Medicine, University Hospital of Rennes, 
Rennes1 University, Inserm, Rennes, France

Martin  Schwellnus Sport, Exercise Medicine and Lifestyle Institute (SEMLI), 
University of Pretoria, Pretoria, South Africa

Catherine  Sedgwick Cardiology Clinical and Academic Group, St Georges, 
University of London, London, UK

Luis Serratosa Rehabilitation, Sports Medicine and Physiotherapy Department, 
Hospital Universitario Quironsalud Madrid, Madrid, Spain

Ripoll & De Prado Sport Clinic, FIFA Medical Centre of Excellence, Madrid, Spain

Sanjay Sharma Cardiology Clinical Academic Group, St. George’s, University of 
London, London, UK

Erik  Ekker  Solberg Medical Department, Diakonhjemmet Hospital, Oslo, 
Norway

Tim Takken Department of Medical Physiology, Child Development & Exercise 
Center, University Medical Center Utrecht, Utrecht, The Netherlands

Contributors



xvii

Kay Tetzlaff Department of Sports Medicine, University of Tübingen, Tübingen, 
Germany

Gaetano  Thiene Department of Cardiac, Thoracic and Vascular Sciences and 
Public Health, University of Padova, Padova, Italy

Cardiovascular Pathology, Department of Cardiac, Thoracic and Vascular Sciences 
and Public Health, University of Padua Medical School, Padua, Italy

Wesley J. Tucker College of Nursing and Health Innovation, University of Texas, 
Arlington, TX, USA

Bharathi  Upadhya Cardiovascular Medicine Section, Department of Internal 
Medicine, Wake Forest School of Medicine, Winston-Salem, NC, USA

Frank van Buuren Cardiology, Angiology and Intensive Care Medicine, Catholic 
Hospital Southwestfalia, St. Martinus, Olpe, Germany

Emeline  van Craenenbroeck Department of Cardiology, Antwerp University 
Hospital, Antwerpen, Belgium

Luc Vanhees Department of Rehabilitation Sciences, Research group Rehabilitation 
for internal disorders, University of Leuven, Leuven, Belgium

Matthias  Wilhelm Department of Cardiology, University Heart Center, Zurich, 
Switzerland

Department of Cardiology, Interdisciplinary Centre for Sports & Exercise Medicine, 
Inselspital, University Hospital of Bern, Bern, Switzerland

Mathew  G.  Wilson Aspetar Orthopaedic and Sports Medicine Hospital, Doha, 
Qatar

Alessandro  Zorzi Department of Cardiac, Thoracic and Vascular Sciences and 
Public Health, University of Padova, Padova, Italy

Contributors



Part I

Sports Cardiology in Young  
Competitive Athletes



3© Springer Nature Switzerland AG 2020
A. Pressler, J. Niebauer (eds.), Textbook of Sports and Exercise Cardiology, 
https://doi.org/10.1007/978-3-030-35374-2_1

M. Sanz de la Garza 
Cardiovascular Institute, Hospital Clinic, Barcelona, Spain 

P. E. Adami (*) 
Department of Health and Science, World Athletics, Monaco, Monaco
e-mail: paoloemilio.adami@worldathletics.org

1Definition of Athletes and Classification 
of Sports

María Sanz de la Garza and Paolo Emilio Adami

Learning Objectives
 1. Understand the meaning of the term athlete.
 2. Be able to provide a complete description of a population of athletes including 

level of commitment, exercise training parameters and epidemiological 
characteristics.

 3. Understand both the clinical and scientific need and the value of classifying ath-
letes into subgroups based on various exercise stimuli.

 4. Be aware of the main objectives, characteristics and limitations of the most used 
classifications of sports.

1.1  Definition of Athletes

The term athlete comes from the Greek word “athlos”, which means “achievement” 
[1]. Indeed, athletes are commonly considered individuals with superior physical 
and psychological conditions leading them to athletic excellence. Within medical 
research, the term has been used with completely different meanings and without 
consensus between international guidelines [2–4].

For the purpose of this chapter, an athlete is considered to be an individual who 
is engaged in physical activity and exercise on a regular basis. This definition is 
intentionally much wider than previous ones, as we believe it is the responsibility of 
the medical and scientific community to engage and include all those individuals 
regularly participating in some type of physical activity. They are the one that will 
likely benefit the most, in terms of health enhancement, from sport participation. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_1&domain=pdf
https://doi.org/10.1007/978-3-030-35374-2_1#DOI
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There is a need for a cultural change, and this can only be achieved through educa-
tion and direct engagement. The objective is to bring sport back to the people at 
grass root level. Therefore, we need a much more inclusive definition of what an 
athlete is. The population of athletes is thus quite heterogeneous and as such, further 
descriptors should be included when describing an athlete. The following are neces-
sary descriptors to define a population of athletes:

• Level of commitment:
 – Recreational athletes: individuals engaged in recreational or open sport.
 – Competitive athletes: individuals engaged in exercise and training on a regu-

lar basis and participating in official sports competition, at any level.
 – Elite and professional athletes: constitute a subgroup within competitive ath-

letes who achieve athletic excellence and usually compete at an international 
level, earning a living out of their sport participation.

• Exercise training parameters:
 – Frequency (days/week): the number of days per week an individual exercises 

or performs physical activity.
 – Intensity: can be measured or estimated using different methods (see below).
 – Duration (time per session, per day, per week): the amount of exercise 

performed.
 – Type of activity: describes the type of activity performed based on the disci-

pline’s characteristics and cardiovascular main adaptations.
 – Volume (Metabolic equivalent of tasks (MET)-min/week, kcal/week): the 

product of frequency (days/week), intensity (based on, e.g., heart rate (HR), 
heart rate reserve (HRR), maximal oxygen uptake (VO2max), oxygen reserve 
(VO2R)), and duration (of each training session/day or /week).

 – Sport discipline and role/position within this discipline.
 – Global exercise training load: years of exercise training in the specified sport 

discipline.

Regarding exercise intensity, the preferred method is the direct measurement of 
physiological responses to exercise through an incremental cardiopulmonary exer-
cise test (i.e. maximal HR—HRmax, VO2max). For exercise prescription purposes 
the HRR, %HRmax or %VO2max can be adopted [5]. Other indirect methods of esti-
mating exercise intensity use the predicted HRmax formulas (e.g. HRmax = 220 − age; 
HRmax = 208 − (0.7 × age)) [6, 7]. These methods, although easier to use, can under-
estimate or overestimate measured HRmax. Measured or estimated values of absolute 
exercise intensity include caloric expenditure (kcal/min), absolute oxygen con-
sumption (mL/min or L/min), and METs which is roughly the energy expended in 
resting conditions, set by convention at 3.5 mL of oxygen per kilogram body weight 
per minute, or 1 kcal/kg body mass per hour. Nevertheless, these methods do not 
take into consideration individual factors such as body mass, sex and fitness level 
and can cause misclassification of exercise intensities. For ease of reference and 
adoption of METs, activities have been listed and classified, according to the mea-
sured METs, in a compendium of physical activities [8–10].

M. Sanz de la Garza and P. E. Adami
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Measures of perceived effort can also be used to modulate and indirectly esti-
mate the exercise intensity. These measures of affective valence (i.e. pleasantness of 
exercise) include the Borg Rate of Perceived Exertion (RPE) Scales [11, 12] and the 
Talk Test [13]. The Talk Test is based on the concept that exercising at or above the 
lactate or ventilatory thresholds prevents a comfortable conversational speech and 
thus constitutes a valid and reliable method for estimating exercise intensities [14–
19] (see also Chaps. 11 and 45).

Regarding exercise volume, it can be used to estimate the individual’s energy 
expenditure [20]. The volume of exercise usually increases progressively with the 
level of competition from ≥500–1000 MET-min/week in recreational athletes to 
≥10,000 MET-min/week in competitive and elite athletes. However, this is not 
always the case and may vary depending on the sport discipline requirements and 
even on individual motivation (Table 1.1).

• Epidemiological characteristics:
 – Gender
 – Age: young or adolescents (12–17), adult (18–35) and master athletes (above 

35 years old).

Regarding age, the above-mentioned traditional classification may be subject to 
changes according to each sport rules and regulations [21]. The current division 
between adult and master athletes is mainly based on the fact that 35 years is the age 
at which ischemic cardiovascular events tend to become a greater cause of mortality 

Table 1.1 Energy expenditure induced by various sports (arbitrarily selected from [8–10])

Activity/sports Intensity/type METs
Cycling Leisure 4.0

General 7.5
Vigorous 10.0
Mountain, uphill 14.0

Conditioning exercise Cycling, stationary, general 7.0
Calisthenics, moderate 3.8
Resistance training, 8–15 repetitions 3.5
Rowing, stationary, general 6.0

Running Jogging, general 7.0
Marathon 13.0

Basketball General 6.5
Soccer Competitive 8.0
Golf General 4.8
Hockey, ice General 8.0
Horseback riding General 5.5
Martial arts Different types, moderate 10.3
Rock climbing Moderate difficulty 5.8
Tennis General 7.3
Walking Hiking, cross-country 6.0
Water activities Swimming, breaststroke, recreational 5.3
Winter activities Skiing, general 7.0

1 Definition of Athletes and Classification of Sports
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in the athlete’s population while the separation between young and adult athletes at 
18 years is related with the age at which puberty is usually completed.

Recreational athletes and those individuals participating in physical activity for 
health purposes, in some cases, might as well reach exercise training volumes and 
intensities as competitive or even elite athletes. Therefore, they may develop similar 
structural and electrical cardiovascular adaptations in response to the exercise stim-
ulus. Thus, when describing an athlete, exercise training parameters described pre-
viously become mandatory.

1.2  Classification of Sports

According to the objective of the classification, sport disciplines have been classi-
fied in various ways. Existing classifications consider different aspects of the sport 
such as:

• physical demands induced by different sports
• impact of different exercise stimuli on performance and body composition
• cardiovascular adaptations induced by different modalities and intensities of 

exercise
• the potential consequences of a syncope while exercising.

For the purpose of this chapter we will present the two mainly adopted and recent 
classifications of sports.

1.2.1  Mitchell Classification of Sports

One of the most referred-to classifications is the Mitchell classification of sports 
[22] that was developed with the objective of clarifying whether an athlete with a 
specific cardiovascular abnormality was eligible to participate in competitive sport. 
The Mitchell classification considers:

 1. the type and intensity of the sport
 2. the risks of injuries from body collision
 3. the consequences of a syncope.

The main components of each sport considered are static and dynamic. These 
terms refer to the exercise activities characteristics and are based on the biome-
chanical action of the muscles involved. These features do not consider the meta-
bolic pathway mostly used (aerobic or anaerobic). Dynamic exercises involve 
changes in muscle length and joint movement through rhythmic contractions that 
usually develop a relatively small force. Static exercises, on the other hand, are 
characterized by relatively large forces, with very little or no change in muscle 
length and joint movement.

M. Sanz de la Garza and P. E. Adami
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Based on these two “opposite” components of exercise, the Mitchell classifica-
tion characterizes different sports according to their percental proportion of static 
and dynamic exercise stimuli and summarizes disciplines with similar proportions 
into particular subgroups (Fig.  1.1). It was first developed with the objective of 
defining whether an athlete with a specific cardiovascular abnormality is eligible to 
participate in a competitive sport. It provides clinical support when deciding whether 
certain cardiovascular adaptations observed in an athlete are likely to be sufficiently 
explained by the type of sports he or she is performing.

Although comprehensive and including most sports, the Mitchell classification:

• does not take into consideration the extent to which the physical fitness compo-
nents are trained in successful athletes,

• carries a risk of underestimating the real work intensity, and
• might not be so intuitive for the clinician with less experience in sports 

cardiology.

Bobsledding/Luge*†, Field
events (throwing),
Gymnastics*†, Martial arts*,
Sailing, Sport climbing,
Water skiing* †, Weight
lifting*†, Windsurfing*†

Body building*†, Downhill
skiing*†, Skateboarding* †,
Snowboarding*†, Wrestling*

American football* , Field
events (jumping), Figure
skating*, Rodeoing*†,
Rugby*, Running (sprint),
Surfing* †, Synchronized
swimming†

Baseball/Softball*, Fencing,
Table tennis, Volleyball

Boxing*,
Canoeing/Kayaking,
Cycling*†, Decathlon,
Rowing, Speed-skating*†,
Triathlon*†

Basketball*, Ice hockey*,
Cross-country skiing
(skating technique),
Lacrosse*, Running (middle
distance), Swimming, Team
handball

Badminton, Cross-country
skiing (classic technique),
Field hockey*, Orienteering,
Race walking,
Racquetball/Squash,
Running (long distance),
Soccer*, Tennis

Increasing dynamic component

C. High
(>70% Max O2 )

B. Moderate
(40-70% Max O2 )

A. Low
(<40% Max O2 )

I. 
L

o
w

(<
20

%
 M

V
C

)

In
cr

ea
si

ng
 s

ta
tic

 c
om

po
ne

nt
II.

 M
o

d
er

at
e

(2
0-

50
%

 M
V

C
)

III
. H

ig
h

(>
50

%
 M

V
C

)

Archery, Auto racing*†,
Diving*†, Equestrian*†,
Motorcycling*†

Billiards, Bowling, Cricket,
Curling, Golf, Riflery

Fig. 1.1 Classification of sports. This classification is based on peak static and dynamic compo-
nents achieved during competition. It should be noted, however, that higher values may be reached 
during training. The increasing dynamic component is defined in terms of the estimated percent of 
maximal oxygen uptake (VO2max) achieved, resulting in increasing cardiac output. The increasing 
static component is related to the estimated percent of maximal voluntary contraction (MVC) 
reached, resulting in an increasing blood pressure load. The lowest total cardiovascular demands 
(cardiac output and blood pressure) are shown in green and the highest in red. Blue, yellow and 
orange depict low moderate, moderate and high moderate total cardiovascular demands. (Modified 
from Mitchell and colleagues [22]). ∗Danger of body collision, †Increased risk if syncope occurs
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1.2.2  Cardiovascular Classification of Sports

Another way in which sports have been also frequently classified is based on the 
isotonic and isometric exercise components and the resulting cardiovascular adapta-
tions induced by exercise (Fig. 1.2 and [23]). Isotonic exercise mainly involves dis-
ciplines that are characterized by a predominant change in muscular length rather 
than tension, whereas isometric refers to the opposite. As such, this is rather similar 
to the Mitchell classification. However, apart from this, the classification also consid-
ers whether a particular discipline requires specific technical skills beyond muscular 
work to be performed successfully, such as the complex movement required to hit a 
golf ball or the concentration and reactivity to control a racing car.

Although comprehensive from a cardiovascular perspective, this type of 
classification

• does not take into consideration most of the physiological components defining 
different sports,

• relies mostly on imaging findings with the objective of facilitating the clinical 
sports cardiologists evaluating the athlete.

All types of classifications look at sports from different perspectives resulting in 
different positive sides and limitations. Therefore, depending on the objective of the 
evaluation, one type of classification might be more appropriate than another one. 
Nevertheless, it should be reminded that classifying sports remains an academic exer-
cise that, currently, does not take into account all the sports characteristics and adapta-
tions, at least until a universal theory of sports will be able to describe all variables.

• Canoeing
• Cross-country skiing
• Cycling
• Mid-long distance swimming
• Mid-long distance running
• Mid-long distance skating
• Pentathlon
• Rowing
• Triathlon

• Basketball
• Cricket
• Fencing
• Football
• Handball
• Ice / field hockey
• Rugby
• Soccer
• Tennis
• Waterpolo
• Volleyball

• Alpine skiing
• Bobsleigh
• Discus / javelin
• Shot-putting
• Snowboarding
• Sprinting
• Water skiing
• Weightlifting
• Wrestling

• Archery
• Car / motor racing
• Curling
• Equestrian
• Golf
• Sailing
• Shooting
• Table Tennis
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Fig. 1.2 Simplified classification of the most common Olympic sport disciplines, according to the 
relative isometric and isotonic components of exercise and resulting cardiovascular adaptation. 
(Modified from Pelliccia and colleagues [23])
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It should also be reminded that in many cases, training could be more demand-
ing, from a cardiovascular perspective, than competition. Training regimens in most 
sports now include both static and dynamic components that might not be a specific 
part of that sport. The concept that training load could induce a greater cardiovascu-
lar load than competition must be considered also for non-competitive athletes 
who might reach large training volumes but do not compete.

Clinical Pearls
• An athlete is considered to be an individual who is engaged in physical activity 

and exercise on a regular basis. This definition is intentionally wide, to include 
all those individuals regularly participating in some type of physical activity.

• Variables to consider when describing exercise and athletic populations:
 – Level of commitment
 – Exercise training parameters
 – Epidemiological characteristics

• All types of classifications look at sports from different perspectives, have dif-
ferent positive sides and limitations. Therefore, depending on the objective of 
the evaluation, one type of classification might be more appropriate than 
another one.

 Review

 Questions

 1. A 48-year old male triathlete reports an average training volume of 4–5 h per 
week. He used to perform a variety of sports during his adolescence without 
particular focus and with only occasional competitions. After a break over sev-
eral years he started with more or less regular running roughly at the age of 36 
with increasing frequency, added by cycling and swimming about 3–4  years 
later. This was also the time when training became more systematic, and he 
started to participate in his first short distance events. Over several years he then 
performed 3–4 Olympic distance triathlons per year and is now preparing for his 
first ironman distance. What would be your definition of this athlete in terms of 
level of commitment, exercise training parameters and, particularly, the potential 
impact of this training history on cardiovascular adaptation?

 2. According to the Mitchell classification, how would you classify an athlete who 
is performing triathlon during summer and cross-country skiing (classic tech-
nique) during winter, taking part in long-distance competitions in both sports?

 3. A 44-year old marathon runner presents with concentric left ventricular hyper-
trophy (12 mm). He started regular running at the age of 25 and finished his first 
marathon a few years thereafter. Since then he has participated in 1–2 marathons 
per year. How would you classify this athlete? Is the type of hypertrophy 
explained by your classification?

1 Definition of Athletes and Classification of Sports
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 Answers

 1. A major issue in sports cardiology is to decide whether the presence of certain 
cardiovascular adaptations in athletes are adequately explained by their particu-
lar training histories. Regarding this, defining an athlete as either “recreational” 
or “competitive” and evaluating his exercise parameters and the accumulated 
training years is of clinical significance. Middle-aged athletes having started 
their regular training only during adulthood are particularly difficult to judge. In 
this borderline case, apart from taking part in competitions, the training volume 
is usually not sufficient to result in detectable clinical changes (although it can-
not fully be excluded). In other words, in case of equivocal alterations, a more 
extensive diagnostic workup is reasonable. Since these athletes usually aim at 
goals during competition that may exceed realistic estimations, they should be 
regarded as competitive in order to carefully account for the excessive demands 
they tend to expose themselves to.

 2. Many ambitious recreational or competitive athletes engage in more than one 
sports and can thus sometimes not be assigned to a particular subgroup. This 
indicates the limitations of these approaches. For clinical assessment or scientific 
purposes, it is reasonable to assign this athlete to Mitchell subgroup IB covering 
the best mixture between the different exercise stimuli he or she is exposed to.

 3. This athlete perfectly suits into Mitchell subgroup IC, or into the “endurance” 
group according to the cardiovascular classification. These athletes may develop 
mild hypertrophy over time; thus, a value of 12 mm is at least possible. However, 
one would usually expect a more eccentric type of hypertrophy, with the left 
ventricular diameter also being markedly enlarged. If this is not the case, this 
athlete requires further evaluation, e.g. with respect to the presence of 
hypertension.
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2The Cardiologist as Part of the Athlete 
Medical Team

Christine E. Lawless

Learning Objectives
 1. Define the role of the cardiologist as part of the athlete care team.
 2. Identify the core competencies necessary to practice sports cardiology.
 3. Understand the significance of being familiar with the cardiovascular demands 

of different sports.
 4. Provide a practical approach to the cardiovascular evaluation of the athlete.

2.1  Introduction

Participation on the athlete medical team can be one of the most rewarding aspects 
of a cardiologist’s job. It is uplifting to associate with energetic goal-oriented indi-
viduals whose focus is on excellence, peak performance, and getting back in the 
game. Such work can serve to balance some of the more dreary aspects of our 
profession.

Here, I will discuss:

 1. how a cardiologist gets started in caring for athletes (Sports Cardiology),
 2. how to interact with team medical staff,
 3. a brief history of sports cardiology, and
 4. the knowledge base required to practice this discipline.

The emphasis will be on how this discipline is practiced in the United States, and 
how it differs from Europe.
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2.2  How Does the Cardiologist Get Started in Caring 
for Athletes (Sports Cardiology)?

• While there are several Sports Cardiology Clinics scattered throughout the 
United States (US), there is currently no US Sports Cardiology board examina-
tion. So, the cardiologist typically “learns by doing.”

• This will be the case until there are formal Sports Cardiology fellowships, leading to 
an American Board of Internal Medicine (ABIM) subspecialty board examination.

My own journey into the field serves as a good example as to how a cardiologist 
typically gets started. It all began with me being invited to assist with athlete ECG 
interpretation and consultations for a professional soccer team, and for National 
Collegiate Athletic Association (NCAA) athletes at the Ohio State University.

My cardiology background consisted of a sub-specialty in heart failure, cardio-
myopathy, and heart transplantation. While this provided excellent preparation to 
understand the cardiac diseases that predispose to sudden cardiac death in athletes 
and to be able to recognize these diseases at an early stage, my practice provided 
little exposure to athletes. General cardiology with some knowledge of exercise 
physiology probably provides the best background for a sports cardiologist. However, 
electrophysiology, and cardiac imaging also provide an excellent foundation.

In 2002, I was asked to be a team doctor for United States Figure Skating (USFS) 
World Teams. Since I had significant sports medicine knowledge deficits, I decided 
to formally study Primary Care Sports Medicine. After doing the requisite fellow-
ship, I sat for the Sports Medicine Board Exam (through ABIM) and passed in 2004. 
The knowledge allowed me to serve confidently as team physician, and chairperson 
of the USFS Sports Science and Medicine Committee. I do not recommend other 
US cardiologists take formal training in Sports Medicine, unless they aspire to a 
career as a team physician.

After completing Sports Medicine training, I began to see a need for Sports 
Cardiology in the US. In 2006, I offered a half day Sports Cardiology symposium at 
the Ohio State University in Columbus Ohio. The medical staff members of the 
Columbus Crew, an American professional soccer team, were in attendance, and 
asked me to serve as team cardiologist, primarily to interpret ECGs. Major League 
Soccer (MLS) was considering ECG screening in all US professional soccer ath-
letes, since Fédération Internationale de Football Association (FIFA, soccer’s global 
governing body), had already adopted ECG screening at the World Cup level in 
2004. My work with the Columbus Crew and Ohio State University collegiate ath-
letes led to 5 years of service as the MLS Consulting Cardiologist, where I served at 
the annual recruitment combine interpreting screening ECGs and echocardiograms, 
and wrote an extensive cardiac policy for the League.

• During my time with the Ohio State University and the MLS, I reached out to a 
small group of cardiologists with an interest in Sports Cardiology, and we began 
to meet informally.

• In 2009, with the help of a medical education company, I surveyed a group of 
general cardiologists as to their interaction with athlete-patients.

C. E. Lawless
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The survey revealed that while a significant number of cardiologists cleared ≥50 
athlete-patients annually (Fig. 2.1a), only 11% consistently used the 36th Bethesda 
Guidelines (sports participation guidelines for those with heart disease), while 46% 
were either unaware of, or did not use, the guidelines (Fig. 2.1b). In addition, the 
surveyed cardiologists identified several important Sports Cardiology knowledge 
gaps: athletic adaptations, athlete ECG interpretation, commotio cordis, Marfan 
syndrome and aortic diseases, channelopathies, cardiac MRI, and the use of genetic 
testing.

a. Physician experience
with athlete-patients

more than 101, %

100%

80%

60%

40%

20%

0%
FP IM PED CAR SM

51 to 100, %

11 to 50, %

1 to 10, %

none

p<0.01

b. Awareness and use of
36th Bethesda Guidelines

Consistently use, %
Occasionally use, %

Do not use, %

Unaware, %

100%

80%

60%

40%

20%

0%
FP IM PED CAR SM

p<0.001

Fig. 2.1 Sports cardiology needs assessment conducted in 2009 indicated 39% of cardiologists 
cleared ≥50 athlete-patients annually (a). Only 11% consistently used the 36th Bethesda 
Guidelines, while 46% were either unaware of, or did not use the guidelines (b) (reprinted with 
permission from [57]). FP family practice, IM internal medicine, PED pediatrics, CAR cardiolo-
gists, SM sports medicine
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• Based on the survey results, in 2011, our informal US Sports Cardiology group 
petitioned the American College of Cardiology (ACC) to create the ACC Sports 
and Exercise Cardiology Council and Section.

Within just 1 year, our group grew from 150 members, to over 4000 [1]. We 
quickly held a think tank to discuss ECG screening in the United States [2] and 
wrote a white paper on the athlete as a unique cardiovascular patient [1]. The coun-
cil and section continues to host annual symposia, and serves as a community for 
US Sports Cardiologists who work with athletes at all levels.

2.3  How to Interact with Team Medical Staff

Cardiologists are commonly recruited by the local team medical staff to either inter-
pret athlete ECGs or see an athlete patient in consultation. When working with 
organized professional, university, Olympic, and high school teams, it is crucial to 
recognize that the cardiologist is merely a consultant in most instances, and that the 
athletic trainers and/or team physicians serve as the gatekeepers of athlete care. The 
cardiologist needs to be aware that quality and efficiency are of utmost importance 
to the team medical staff. Quality is determined by:

 1. the cardiologist’s reputation,
 2. knowledge of subject matter, and
 3. experience with athletes.

Proximity to the sports facility contributes to efficiency.

• Downtime is not healthy for an athlete, and deconditioning can occur quickly.

If the cardiologist states after ECG screening that the athlete can be seen in the 
office in 6 weeks, the cardiologist is not likely to get any future referrals, as team 
medical staff would not view this as acceptable athlete care. During those 6 weeks, 
the athlete would have to be kept out of practice, and out of competition.

• Thus, it is important that the cardiologist considers athlete cardiac evaluation an 
urgent priority.

This might be counter-intuitive to a cardiologist, whose priority is usually a 
patient who is the sickest, not a relatively healthy out-patient. But the consequences 
of deconditioning and its effect on performance are so grave, that timely cardiac 
evaluation is of utmost importance. Efficient work-ups will endear the cardiologist 
to the team medical staff.

My personal practice was to attend the pre-participation physicals, read the ECGs 
on-site, and have echocardiography on site, or nearby and ready to use. In this way, 
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clearance to participate can be decided in a matter of minutes to hours. When perform-
ing cardiac consultations on symptomatic athletes, I would see the athlete immedi-
ately, and perform all necessary cardiac testing the same day, such as stress testing, 
echocardiography, and cardiac MRI. I worked carefully with colleagues to create and 
implement these protocols. We also designed “athlete specific” protocols. For exam-
ple, visualization of the origin of the coronary arteries was part of the athlete echocar-
diogram, whereas this would not be performed on routine echocardiography. 
Gadolinium imaging was incorporated into the athlete cardiac MRI. Stress testing was 
tailored to meet the demands of the athlete’s sport. Clearance decisions were made the 
same day if at all possible. Again, the emphasis is on the shortest downtime possible.

Some cardiologists in the United States have created stand-alone ECG screening 
programs. In this case, athletes and/or parents approach the screening program 
directly, and the team medical staff is not directly involved. But the same principles 
apply in that evaluations should be completed as quickly as possible.

2.4  Brief History of Sports Cardiology

Clinicians have long held a fascination for the interaction between the cardiovascu-
lar system and exercise.

• In the fifth century BC, Greek physicians promoted the health benefits of exer-
cise [3, 4], while witnessing the first recorded episodes of exercise-related sud-
den cardiac death (SCD) in courier runners [5, 6].

It is now well known that SCD is more likely to occur during exercise than at rest 
[7–11], and while SCD risk is increased during athletic events, the long-term risk of 
SCD is actually decreased in athletic populations compared to the general popula-
tion [12–14]. Furthermore, contemporary studies suggest that the risk of SCD in 
athletic populations is highly variable, dependent upon age, sex, ethnicity, level of 
play, and sport [15–19].

Association between regular exercise and cardiac enlargement has also intrigued 
clinicians, beginning in the late nineteenth century with Osler [20], and the Swedish 
physician Henschen. The latter first introduced the term “athlete’s heart” in the lit-
erature in 1899 [21]. Later, when x-ray became available, researchers showed that 
cardiothoracic ratios ≥0.50 were more common in athletes [22]. However, unable to 
distinguish between cardiomegaly due to pathology and that from athletic adapta-
tion, concern surfaced that chronic training and competition actually resulted in 
pathology and could potentially shorten athletes’ lifespans. In 1975, Morganroth 
first described the echocardiographic features of athletic adaptation [23] (see also 
Chap. 3). Italian researchers showed that athletic adaptation (by echocardiography) 
varied according to gender, size, age, and type of sport [24] (see Chaps. 3 and 4). 
Further details of the athlete’s heart have emerged as imaging and technology have 
progressed [25–31].
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No discussion of the history of Sports Cardiology would be complete without 
mentioning the importance of ECG screening to the development of this discipline. 
As beta blockers for heart failure began with the Swedes, ECG screening began 
with the Italians:

• In 1971, Italy enacted legislation requiring National-caliber Italian athletes to 
undergo preparticipation examination (PPE) consisting of family and personal 
history, physical examination, resting 12 lead ECG, and limited exercise testing, 
with further cardiac testing performed on subjects who had positive findings at 
the initial evaluation.

• In 2006, the Italians published longitudinal data indicating an 89% reduction in 
athlete SCD over a 25-year period [32], which they attributed directly to the use 
of ECG screening.

• Subsequent endorsement of ECG screening for all athletes prior to sports partici-
pation by the European Society of Cardiology (ESC), the International Olympic 
Committee (IOC), and the FIFA, have served to drive the adoption of ECG 
screening practices in many countries throughout the world.

The US experience has been unique, and not without controversy. Major US 
cardiology organizations have been reluctant to adopt mass or universal ECG 
screening for young people.

• In 2014, the American Heart Association (AHA) and ACC concluded that “man-
datory and universal mass screening with 12-lead ECGs in large general popula-
tions of young healthy people 12–25 years of age (including on a national basis 
in the United States) to identify genetic/congenital and other cardiovascular 
abnormalities is not recommended for athletes and non-athletes alike (Class III, 
no evidence of benefit; Level of Evidence C)” [33].

• However, US professional sports governing bodies such as the National 
Basketball Association (NBA), National Football League (NFL), and MLS uni-
formly embrace ECG screening in all athletes [34]. At the collegiate level in the 
US, it has been estimated about 50% of NCAA Division 1 member schools have 
adopted some degree of ECG screening [35].

The NCAA has not mandated the practice, primarily because there is no consen-
sus as to the short- and long-term risk/benefit ratio of such an approach, and the 
knowledge base (to conduct and interpret athlete ECG) across the country is some-
what uneven [36]. For those schools that do perform athlete ECG screening, the 
NCAA recommends that certain protocols be followed (Table 2.1).

At the US high school level, screening ECG is not generally performed as part of 
the preparticipation physical examination (PPE), but some local screening organiza-
tions do offer ECG screening on either a volunteer basis, or for a fee.

Regardless how one feels about the merits of athlete ECG screening, it is evident 
that the global growth of ECG-based screening has served to drive the formal 
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development of Sports Cardiology as a new discipline within cardiology, greatly 
advancing what we know about athletic adaptations, early identification of cardio-
myopathies, distinguishing “normal” from pathologic conditions, and assessing risk 
of sports participation in those with cardiac disease.

Table 2.1 NCAA inter-association task force recommendations for athlete ECG screening [36]

A. Pre-ECG screening planning and coordination:
   •  Before pre-participation physicals are conducted, team physicians, athletic trainers, and 

athletic administrators should meet to discuss the execution of ECG screening in 
student- athletes. A cardiovascular specialist with the requisite expertise to provide athlete 
ECG over-reading services and to coordinate any downstream testing dictated by ECG 
abnormalities should be identified.

   •  The implementation of ECG screening for all student-athletes versus targeted high-risk 
groups should be discussed and agreed upon.

   •  Student-athletes should be provided information regarding the rationale for utilizing 
ECG screening and the possible risk versus benefit of adding ECG screening.

   •  The standards for ECG interpretation should be reviewed and agreed upon, and avenues 
for prompt secondary cardiac testing of ECG abnormalities outlined.

B. Screening protocol:
   •  ECG screening should be implemented as part of an integrated cardiovascular screen 

using a standardized history and physical examination, such as the AHA 14-point 
recommendations or the PPE-4.

   •  The ECG should be obtained with equipment and by persons trained according to ACC/
AHA/Heart Rhythm Society recommendations.

C. Interpretation and secondary testing:
   •  The ECG should be interpreted with modern standards that distinguish normal findings 

related to physiological cardiac remodeling in trained athletes from abnormalities 
suggestive of an underlying pathological cardiac condition.

   •  Consensus guidelines on ECG interpretation in athletes and a free online training course 
are available online at the BMJ learning web site (https://learning.bmj.com/learning/
course-intro/.html?courseId=10042239).

   •  The institution should provide cardiology oversight and resources, either on-site or at a 
regional referral center, to interpret suspicious ECGs and guide and perform secondary 
testing that may be required for athletes whose ECG results call for further clarification.

D. Management of identified cardiac conditions associated with sudden cardiac death:
   •  In keeping with the NCAA’s requirement that each member institution is  

responsible for protecting the health of and providing a safe environment for each 
student-athlete, the management of identified cardiac disorders and all sport eligibility 
decisions are ultimately the responsibility of the institutional primary athletics health 
care providers in consultation with subspecialty consultants, including a primary 
cardiology point person.

   •  The ACC/AHA provides recommendations for safe participation in athletes with 
cardiovascular conditions that can be used as an initial guideline. A model that utilizes a 
comprehensive evaluation, extensive patient/family counseling, and prudent medical 
management for risk reduction and informed decision-making that involves all key 
stakeholders in the oversight of the athlete (e.g. coaches, athletic trainers, team 
physicians, and athletic directors) provides a sensible strategy to structure difficult 
cardiac clearance decisions.

NCAA National Collegiate Athletic Association, AHA American Heart Association, PPE 
Preparticipation Physical Evaluation, ACC American College of Cardiology
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2.5  Knowledge Base Required to Practice Sports 
Cardiology: Core Competencies

Beyond reading an athlete ECG, performing consultations, interpreting cardiac test-
ing, and making sports participation decisions, Sports Cardiologists should have a 
well-defined set of competencies. There are two excellent references on this topic.

• In 2013, the ESC proposed a 12-month training program in sports cardiology for 
both sports physicians and cardiologists, to include a sports cardiology core cur-
riculum (Table 2.2 [37]).

In the US, although Sports Cardiology is developing at a rapid pace, an official 
core competency statement, such as those developed by the Core Cardiovascular 
Training Statement (COCATS) and endorsed by the ABIM, does not exist.

• However, in 2017, in response to this unfulfilled need, the ACC Sports and 
Exercise Council defined the essential skills necessary to practice sports cardiol-
ogy in the US [38].

Authors of this document took great care to format their recommendations to be 
consistent with ACC lifelong learning standards, to set the stage for incorporation of 
sports cardiology into existing cardiovascular training, and board processes. Core 
competencies are presented as skill sets in four domains (Fig. 2.2 [38]). As an exam-
ple, the skill set for one domain (Essential skills for the Sports Cardiologist: Exercise 
Physiology and Exercise-induced Cardiovascular Remodeling) is illustrated in 
Table 2.3 [38].

While these references are quite comprehensive, in practice there are many more 
sports-specific nuances to the cardiovascular care of athletes. There can be signifi-
cant cultural differences among sports governing bodies. As a cardiologist evaluates 

Table 2.2 Key issues 
of the core curriculum 
in Sports Cardiology 
as proposed by the 
European Society of 
Cardiology [37]

(a)  Exercise anatomy, physiology, adaptation, and health benefits
(b) Cardiac evaluation in sports cardiology
(c) Sudden death in sports
(d)  Prevention of sudden death by pre-participation screening
(e) Diagnostic conundrums
(f) Sports eligibility in individuals with cardiac disease
(g) Ethical and legal considerations of sports eligibility
(h) Cardiac rehabilitation and safe participation in sports
(i)  Safety procedures in sports arenas (to include advanced life 

support certification)
(j) Substance abuse and doping
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a particular athlete patient, questions will arise as to how much remodeling is 
acceptable in a particular sport. For instance, left ventricular wall thickness of 
1.5 cm might be normal for an African American basketball player, but would not 
be for an Olympic female Caucasian gymnast (see Chaps. 25 and 26).

When asked to participate on the athlete care team, I advise the cardiologist to 
find out as much as they can about that specific athlete population through interac-
tion with team medical staff, and review of the published literature. Then, consider 
this five-step approach (using the professional soccer player to illustrate, adapted 
from [39]). This five-step approach to the cardiovascular care of an athlete can be 
adapted to fit any athlete, in any sport.

Differentiation of
EICR from CV

pathology

Evaluation of the
symptomatic

CAHAP

Comprehensive sports cardiology

Management of
the CAHAP with

CV disease

Collaborative
preparticipation
CV screening

Fig. 2.2 American College of Cardiology fundamental core competencies in Sports Cardiology. 
(Modified from [38]). CAHAP competitive athletes and highly active people, CV cardiovascular, 
EICR exercise-induced cardiac remodeling
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 1. Understand the sport, how it is governed, and define the role of the team 
doctor and cardiologist.
 (a) With over 270 million active players (www.fifa.com), soccer is the world’s 

most popular sport.
 (b) Soccer’s governing body, FIFA, is comprised of 211 member associations.

Table 2.3 American College of Cardiology essential skills for the Sports Cardiologist: exercise 
physiology and exercise-induced cardiovascular remodeling [38]

A. Medical knowledge
   • Know the fundamental hemodynamic characteristics of static exercise.
   • Know the fundamental hemodynamic characteristics of dynamic exercise.
   • Know the current ACC/AHA classification of sports.
   •  Know the basic structural and functional patterns of cardiovascular adaptation that 

accompany different forms of exercise.
   • Know factors that may contribute to variability of EICR.
   • Know the rationale for the use of athlete-specific ECG interpretation criteria.
   • Know benign/adaptive ECG patterns that are considered “common and training-related.”
   •  Know ECG patterns that are not related to exercise training and are potentially reflective 

of true underlying disease.
   •  Know definitions of the key geometric left ventricular hypertrophy variants encountered 

during noninvasive imaging of CAHAP.
   •  Know which geometric left ventricular hypertrophy variants typically associate with 

which specific forms of exercise.
   •  Know the expected response of the right ventricle, right atrium, and left atrium in 

response to activities with dynamic physiology (endurance sports).
   •  Know that resting biventricular systolic function, as assessed by ejection fraction, may be 

at or slightly below the lower limits of normal under resting conditions among CAHAP 
with dilated ventricles.

   •  Know that resting diastolic function should be normal to supranormal, as assessed 
echocardiographically, using complimentary indexes (i.e., transmitral doppler, tissue 
doppler imaging, and so on) among endurance-trained CAHAP.

   • Know the differential diagnosis for left ventricular chamber dilation among CAHAP.
   • Know the differential diagnosis for right ventricular chamber dilation among CAHAP.
   •  Know the differential diagnosis for left ventricular wall thickening among CAHAP.
   •  Know the rationale for prescribed detraining including relevant areas of physiological 

uncertainty in clinical practice.
B. Patient care and procedural skills
   •  Skill to comprehensively evaluate physical activity and exercise patterns, including type, 

duration, and intensity of training and competition, to determine expected patterns of 
underlying EICR.

   •  Skill to apply contemporary ECG interpretation criteria for CAHAP in varied clinical 
settings ranging from traditional clinical encounters to “in the field” pre-participation 
screening.

   •  Skill to interpret transthoracic echocardiographic data, in partnership with cardiovascular 
imaging experts, among CAHAP with emphasis on recognition of imaging data 
consistent with adaptive exercise-induced remodeling.

   •  Skill to prescribe physiological deconditioning in selected cases where multimodality 
diagnostic assessment fails to resolve “gray-zone” findings among CAHAP.

ACC American College of Cardiology, AHA American Heart Association, CAHAP competitive 
athletes and highly active people, EICR exercise-induced cardiac remodeling
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 (c) MLS (the American professional football association), is aligned with all of 
FIFA’s policies and regulations.

 (d) At the MLS player recruitment combine in Florida, local cardiologists part-
ner with league medical staff to conduct and oversee athlete cardiovascular 
testing.

 (e) Beyond the combine, each of the 24 MLS teams has engaged a local “team 
cardiologist,” who is available to provide immediate athlete cardiac care, 
allowing for efficient evaluation.

 (f) Most team cardiologists assist in the interpretation of baseline ECG, and/or 
echocardiograms, and evaluate symptomatic athletes.

 2. Define the cardiovascular demands of sport.
 (a) Soccer is categorized as “IC” per the ACC/AHA sports participation guide-

lines [40] and is thus a highly dynamic sport (see Chap. 1).
 (b) During a 90-min soccer match, field players cover 10–12 km (6.2–7.5 mi) 

and goalkeepers about 4 km (2.5 mi); players also sprint 2–4 s every 90 s 
[41, 42].

 (c) During a soccer match, players average 80–90% of their heart rate maximum 
[42].

 (d) The highest maximal oxygen uptake recorded in soccer is about 80.9 ml/kg/
min; most are in the 55–68 ml/kg/min range [43, 44].

 3. Consider the internal and external sports environment.
 (a) During a 90-min soccer match, catecholamines and cortisol concentrations 

increase significantly compared to resting values [45, 46].
 (b) Similar to what has been observed in marathoners, troponin-I is elevated in 

43% of soccer players after a match [47], and may remain elevated for up to 
48 h [48].

 (c) Core temperature increases during play, starting at 20  min, and reaching 
39 °C at the end of a match [49].

 4. Identify ranges of normal CV adaptations for this sport.
 (a) Team doctors and cardiologists must develop proficiency in distinguishing 

normal soccer athletic adaptations from cardiac pathology.
 (b) Soccer poses a sustained volume load to the heart, resulting in four chamber 

enlargement and increased stroke volume at rest and exercise [50].
 (c) Soccer-induced electrophysiological adaptations appear on the ECG in the 

form of AV and interventricular blocks, ectopic beats, interval prolonga-
tions, increased voltage, and repolarization changes.

 (d) In 582 professional soccer players undergoing cardiac assessment at the 
2006 FIFA World Cup, 4.8% were found to have a potentially “pathologic” 
ECG, most commonly due to T wave inversion [51].

 (e) Echocardiographic data in the same group suggests that ventricular enlarge-
ment is common. Thirty percent of players will demonstrate left ventricular 
end-diastolic dimension >55  mm, while 10% show right ventricular end- 
diastolic dimension >30 mm [51].
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 (f) Left ventricular ejection fraction ranges 45–85% in soccer players, while left 
atrial and aortic dimensions are 22–49 (mean 36  ±  4) and 19–43 (mean 
31 ± 3) mm respectively [51].

 (g) Three percent of players demonstrate left ventricular wall thickness ˃13 mm 
[51].

 (h) In 558 professional soccer football players who completed ECG and echo-
cardiographic screening in 2013 and 2014, 19 players (3.4%) presented with 
positive ECG findings [52].

 (i) While MRI features of soccer have not been published, data on MRI in 
endurance athletes suggests that some normals may demonstrate late gado-
linium enhancement [53]. The clinical significance of this is not known.

 5. Estimate cardiovascular risk, including that from performance enhancing 
agents.
 (a) Among 74.1% of FIFA member organizations surveyed, 107 cases of sud-

den cardiac arrest (SCA) or SCD were recalled over a 10-year period; mean 
age 24.9 years, with 20.5% overall survival [54].

 (b) If an AED was placed on the pitch (field), survival was increased dramati-
cally to 52.2% [54].

 (c) Recently, it has been shown that the incidence of sudden cardiac death 
among previously screened adolescent soccer players is 1 per 14,794 person- 
years (6.8 per 100,000 athletes) [55].

 (d) Similar to other endurance athletes, soccer players are prone to long term 
risk of atrial fibrillation [56].

 (e) Professional soccer players have been known to test positive for perfor-
mance enhancing agents and recreational drugs, primarily anabolic steroids, 
and stimulants (ephedrine, amphetamines, and cocaine).

Clinical Pearls
• In the United States, the cardiologist typically learns sports cardiology “by 

doing”.
• Sports cardiologists must understand the cardiac diseases that cause sudden 

death in athletes and be able to recognize them at an early stage.
• Basic general cardiology with some knowledge of exercise physiology probably 

provides the best background for a sports cardiologist.
• Efficient work-ups will endear the cardiologist to the team medical staff.
• ECG screening has primarily driven the development of Sports Cardiology.
• Both the ESC and the ACC have published a set of core competencies in Sports 

Cardiology.
• A systematic approach to evaluation of athletes is recommended, taking into 

consideration sports specific cardiovascular demands, adaptations and their 
appearance on cardiac testing, any existing or potential interaction of the heart 
with the internal and external sports environment, cardiovascular risks, and prev-
alence of use of performance enhancing agents and rules for drug testing.
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 Review

 Questions

 1. The discipline of Sports Cardiology has been driven by:
 (a) ECG screening in Italy
 (b) Beliefs in health benefits of exercise
 (c) Observation that exercise triggers sudden cardiac death
 (d) Studies documenting cardiac enlargement in athletes
 (e) All of the above

 2. If the cardiologist is asked to interpret ECGs and echocardiograms in basketball 
athletes:
 (a) Tests can be interpreted according to normal ranges in non-athletic 

populations
 (b) Tests are best interpreted according to published norms in basketball 

athletes
 (c) Should use the “International Recommendations for Electrocardiographic 

Interpretation in Athletes”
 (d) b and c are acceptable
 (e) None of the above

 3. Core competencies for a Sports Cardiologist include:
 (a) Exercise physiology and adaptation
 (b) Cardiac evaluation
 (c) Substance abuse and doping
 (d) Sports eligibility in individuals with cardiac disease
 (e) All of the above

 Answers

 1. The correct answer is “e”, as all of these observations and practices have con-
tributed to the development of Sports Cardiology. The ancient Greek physician 
Herodicus promoted the health benefits of exercise to his patients. In fact, he 
recommended that his patients walk regularly from Athens to Megara, a distance 
of a little more than 20 miles. As mentor for Hippocrates, Herodicus passed these 
beliefs on to his famous student. Contemporary epidemiology has been able to 
demonstrate that the ancient Greeks were correct, and that regular exercise does, 
indeed, confer lower mortality and improved outcomes. The first episode of 
exercise related sudden cardiac death occurred in 490 BC, with sudden collapse 
of Athenian courier Pheidippides. But the abrupt unexpected death of young 
athletes continues to fascinate modern clinicians, prompting the creation and 
development of the Italian ECG based screening program. This practice has now 
“gone global”, causing cardiologists who interpret cardiac testing in athletes to 
differentiate the nuances between athletic adaptation and early disease. As 
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echocardiography and advanced imaging have allowed more precise imaging of 
the heart, the normal limits of athletic adaptation have been defined.

 2. The correct answers are “b and c”. An athlete’s ECG cannot be interpreted as 
one would interpret an ECG in a non-athletic individual, as the athletic adapta-
tions may result in a high incidence of false positives. One might use the 
“International Recommendations for Electrocardiographic Interpretation in 
Athletes” as a reference to interpret an athlete ECG; but the clinician is advised 
to dig deep into the published literature for normative data in a specific athletic 
population. In the case of the basketball athlete, excellent published references 
are available.

 3. The correct answer is “e”, all of the above, as a sports cardiologist is required 
to have knowledge of all of these areas. See the ESC paper, and the ACC paper 
for details.
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Learning Objectives
 1. General knowledge of the structural and functional background of athlete’s 

heart.
 2. Historical perspective.
 3. Acute response of the cardiovascular system to single bouts of exercise.
 4. Electrical, structural, and functional cardiac adaptation to regular exercise 

training.

3.1  Historical Perspective

With the advent of modern medicine at the end of the nineteenth century, physicians 
became interested in exercise physiology. Sir William Osler observed in trained 
individuals “a gradual increase in the capability of the heart” and speculated that 
“the large heart of athletes may be due to the prolonged use of their muscles, but no 
man becomes a great runner or oarsman who has not naturally a capable if not 
large heart” [1]. The first systematic reports describing enlarged cardiac dimensions 
in athletes were based on physical examination, conducted in Sweden and the 
United States of America and published in 1899. Salomon Eberhard Henschen from 
the University of Uppsala performed chest percussion of Nordic skiers and seden-
tary individuals, concluding:

Skiing causes an enlargement of the heart, and this enlarged heart can perform more work 
than a normal heart. [2]
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He thereby defined the “athlete’s heart” for the first time, illustrating that exer-
cise and athletic training may lead to a physiological enlargement of the heart with 
an enhanced function, in contrast to an enlargement of the heart due to a cardiomy-
opathy with a reduced function. Eugen Darling from Harvard University made a 
similar observation in Harvard rowers [3].

The introduction of radiological techniques made visualization of the athlete’s 
heart possible and confirmed the findings from physical examination. The view of a 
beneficial adaptation to exercise was not universally accepted. In 1902, Fritz Moritz 
raised the concern that cardiac enlargement in athletes could be a form of overuse 
pathology, and that prolonged vigorous exercise could lead to premature cardiac 
failure [4]. In the next 60 years, chest x-ray contributed to a better understanding of 
exercise physiology and the athlete’s heart, but did not solve the dilemma of dis-
criminating physiology from pathology [5–11]:

• The size of the cardiac silhouette varies between sporting disciplines.
• Athletes engaged in high-intensity endurance sports have the largest hearts.
• A large cardiac silhouette is associated with a high aerobic capacity.
• Some cardiac silhouettes in athletes may mimic pictures of patients with valvular 

or congenital heart disease.

Alongside the advances in cardiac imaging, the development of the electrocar-
diogram (ECG) allowed the study of electrical activity of the athlete’s heart and 
revealed distinct features of the athlete’s ECG [11–14]:

• Sinus bradycardia and junctional rhythms
• PQ prolongation
• Increased QRS voltages fulfilling criteria for LV hypertrophy
• ST segment elevation
• Tall T waves

The introduction of transthoracic echocardiography substantially improved the 
understanding of structural and functional features of the athlete’s heart. In 1975, 
Morganroth and colleagues were the first to publish a comparative cross-sectional 
study in predominantly endurance-trained (swimming and rowing) and strength- 
trained (wrestling and shot putting) athletes [15]. Based on M-mode echocardiogra-
phy and reference values from sedentary controls, they demonstrated the following:

• Isotonic exercise was associated with an increased left ventricular (LV) mass and 
end-diastolic volume, but normal wall thickness.

• Isometric exercise was associated with an increased LV mass and wall thickness, 
but normal LV end-diastolic volume.

They concluded that isotonic exercise leads to an eccentric LV hypertrophy pat-
tern similar to changes in chronic volume overload, whereas isometric exercise 
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leads to a concentric LV hypertrophy pattern, similar to changes in chronic pressure 
overload [15]. The “Morganroth hypothesis” has been criticized because of relying 
on cross-sectional data and the paucity of supporting evidence from longitudinal 
exercise training studies [16, 17]. However, recent evidence from longitudinal stud-
ies supports the observation that long-term endurance exercise elicits eccentric LV 
hypertrophy [18]. Importantly, this study stimulated research on cardiac remodel-
ling in athletes and opened the field of sports cardiology.

In 1991, Antonio Pelliccia, Barry Maron and colleagues published a seminal 
paper on upper limits of physiological cardiac hypertrophy in a large cohort of 
highly trained elite athletes from different sporting disciplines [19]. Eight years 
later, Pelliccia and colleagues reported on physiologic LV cavity dilatation in a 
cohort of Italian elite athletes [20]. The most important observations were

• LV wall thicknesses above normal limits (≥13  mm) were uncommon in elite 
Caucasian athletes (1.7%)

• Athletes from high dynamic and high static sports (see Chap. 1) like rowing or 
canoeing exhibited the thickest LV walls with values in the range of hypertrophic 
cardiomyopathy (up to 16 mm).

• Substantial LV cavity enlargement (LV end-diastolic diameter >60 mm), com-
patible with dilated cardiomyopathy, was more common in elite athletes (14%), 
most often in high dynamic sports such as cycling, cross-country skiing and 
canoeing, and in the absence of systolic dysfunction.

Although the problem of discriminating between physiology and pathology 
could not be solved by echography, this technique substantially led to a better 
understanding of the athlete’s heart and subsequent studies investigated the impact 
of age, gender, ethnicity, type of sports and starting age of endurance sports 
[21–25].

Interestingly, for more than 25 years, sports cardiologists focused their interest 
on the LV. In 2003, Hein Heidbuchel and colleagues observed a high prevalence of 
right ventricular (RV) involvement in endurance athletes with ventricular arrhyth-
mias [26]. Their hypothesis that endurance sport could be related to the develop-
ment and/or progression of the underlying arrhythmogenic substrate stimulated 
research on function and structure of the RV. A recent study demonstrated that a 
significant percentage of Olympic athletes (namely 32% of included endurance ath-
letes) exceed the RV reference dimensional limits proposed for the diagnosis of 
arrhythmogenic RV cardiomyopathy [27].

More than a century after the discovery of the athlete’s heart by chest percussion, 
some controversies remain. Multimodal imaging has been proposed to better dis-
criminate physiological adaptation in athletes from pathology. Computer tomogra-
phy, nuclear imaging, two- and three dimensional echocardiography, and cardiac 
magnetic imaging have different potential for analysing perfusion, metabolism, 
morphology, function, and tissue characteristics, and will further improve our 
understanding of the consequences of exercise for the heart [28].
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3.2  Cardiovascular Response to Exercise and Functional 
Changes in an Athlete’s Heart

The ability to perform endurance exercise like running is a derived capability of the 
genus Homo and may have been instrumental in the evolution of human anatomy 
and physiology [29]. The acute response to a bout of exercise involves most organs 
of the body, in particular the autonomic nervous and cardiovascular system, and the 
respiratory and locomotor muscles. Chronic exercise leads to dose-dependent adap-
tations in form of a structural and functional remodelling of the involved organs 
[30]. Importantly, this includes a higher plasma and red blood cell volume for an 
improved oxygen and carbon dioxide transport [31–34].

Most of the cardiorespiratory effects of exercise are related to supplying ade-
quate oxygen to the involved working muscles. During quiet sitting, the oxygen 
uptake is approximately 3.5 ml/min/kg (one metabolic equivalent, MET; see also 
Chap. 1) [35].

• In untrained individuals, maximum oxygen uptake can increase 10- to 12-fold 
from rest.

• In highly trained endurance athletes, maximum oxygen uptake can increase >20- 
fold from rest (to more than 6 l/min or 80 ml/min/kg) [36].

The Fick equation “Cardiac output ( QC ) is oxygen consumption ( VO2
) divided 

by the difference in the oxygen content (CO2
) of arterial and mixed venous blood 

( a v− )” illustrates the importance of cardiac output for the maximal oxygen uptake. 
Both heart rate (HR) and stroke volume (SV) contribute to the increase of the cardiac 
output:

• 
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2

2

•  V Q CO C a vO2 2
= × −

• V SV HR CO a vO2 2
= × × −

At rest, the cardiac output is approximately 5  l/min, both in athletes and in 
untrained individuals. Athletes have larger ventricular cavities and generate a larger 
SV, but their resting HR is lower (e.g. SV 120 ml and HR 40 beats per minute in an 
athlete, SV 70 ml and HR 70 beats per minute in an untrained person) [37–42].

• Heart rate increase is responsible for the majority of cardiac output augmentation 
during exercise.

The autonomic nervous system coordinates the transition from rest to exercise 
for a rapid matching between oxygen delivery and metabolic demand of the exercis-
ing muscles. A first phase of parasympathetic withdrawal is followed by sympa-
thetic and neurohumoral activation. Maximal heart rate varies innately between 
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individuals, decreases with age, and does not increase with exercise training. In 
contrast, stroke volume, both at rest and during exercise may increase significantly 
with prolonged exercise training [43]. However, the age dependant decrease of 
maximal heart rate can be decelerated by regular training [44, 45].

• LV end-diastolic filling and, to a lesser degree, sympathetically mediated reduc-
tion in LV end-systolic volume are responsible for stroke volume rise during 
exercise.

LV end-diastolic volume is determined by diastolic filling, a complex process 
that is affected by a variety of variables, including morphology, heart rate, intrinsic 
myocardial relaxation, ventricular compliance, ventricular filling pressures, atrial 
contraction, and extra cardiac mechanical factors such as pericardial and pulmonary 
constraints [43]. Newer inventions in cardiac imaging, such as echocardiographic 
tissue Doppler and strain imaging, improved the ability to understand diastolic 
mechanisms in athletes [46–48].

• Regular endurance training may lead to enhanced early diastolic LV filling [46, 
49–51].

Furthermore, the ability of rapid relaxation of the left ventricle, particularly at 
maximal exercise with high heart rates, is an important mechanism in high-level 
endurance athletes. Systolic as well as diastolic LV function seem to be affected to 
a much lesser degree in strength athletes, although limited data is available for this 
population [52].

There is also only limited data regarding functional aspects of the right ventricle 
in athlete’s heart, but the right ventricular systolic function at rest does not seem 
different between athletes and controls [53]. There is interesting data suggesting RV 
enlargement and diminished systolic function in high-level endurance athletes after 
highly intensive and/or repetitive exercise [54]. This phenomenon is commonly 
known as “right ventricular fatigue”. However, whether these primarily temporary 
effects may result in chronic right ventricular failure is still a matter of debate [55].

• In untrained individuals, cardiac output can increase four- to fivefold from rest to 
20–25 l/min.

• In highly trained endurance athletes, cardiac output can increase six- to eightfold 
from rest to 30–40 l/min [56].

Importantly, during intense whole-body exercise like cross-country skiing, the 
limiting factor of maximum oxygen uptake is the capacity of the heart to deliver 
oxygen, not the muscle to consume it.

• The capacity of the muscles to receive blood flow exceeds by a factor of 2–3 the 
capacity of the heart to supply the flow.
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Vascular conductance and blood pressure are adjusted to match oxygen delivery 
with the local tissue oxygen demand [57, 58]. At high exercise intensities (>80% of 
peak work rate), where the metabolic acidosis has to be compensated by respiration, 
the circulatory system is unable to meet the demands of both locomotor and inter-
costal muscles. This leads to a reduced intercostal muscle blood flow and vascular 
conductance in favour of the locomotor muscles. This mismatch likely contributes 
to respiratory muscle fatigue [59].

The adaptations of the autonomic nervous and cardiovascular systems during an 
acute bout of exercise are illustrated in Fig. 3.1 in two individuals with different 
levels of exercise training.

3.3  Electrical Changes

The electrocardiogram classically depicts the electrical activity of the heart but, 
indirectly, it also allows conclusions on structural features. In athletes, the ECG 
represents a crucial tool in the screening to prevent adverse exercise-related cardiac 
events, as it may detect potentially harmful cardiac conditions with a very high 
accuracy. The current standard to assess an athlete’s ECG are the so-called 
“International (Seattle) Criteria” that differentiate between pathologic, borderline 
and clearly physiologic changes [60, 61]. However, the ECG interpretation in ath-
letes is challenging as it usually reflects the electrical and structural adaptions that 
may occur as a consequence of regular physical exercise. As many as 60% of (par-
ticularly endurance) athletes demonstrate physiologic ECG changes, such as sinus 
bradycardia or arrhythmia, ectopic atrial rhythm, low-degree atrioventricular (AV) 
block, early repolarisation, incomplete right bundle branch block (IRBBB) and 
voltage criteria for left or right ventricular hypertrophy (LVH/RVH) [62].

Distinguishing these frequent physiologic from pathologic findings is a big chal-
lenge for the sports physician, as not only false-positive but also potentially fatal 
false-negative interpretation may occur [63–65].

3.3.1  Physiologic Findings in Athletes

This section relies on the current recommendations for the interpretation of an ath-
lete’s ECG, where physiologic findings are particularly outlined [61] (see also 
Chap. 8). As highlighted before, the amount and intensity of regular exercise (mini-
mum of 4 h/week) cannot be defined uniquely and depends on various denomina-
tors. However, the electrical manifestations reflect both increased vagal tone and 
enlarged cardiac chamber size. A typical athlete’s ECG is shown in Fig. 3.2.

3.3.2  Increased QRS Voltage for LVH and/or RVH

There are various established criteria to define LVH and RVH [60, 61, 66]. 
Nevertheless, Sokolow-Lyon criteria are used most commonly. The Sokolow-Lyon 
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voltage criterion for LVH is defined as the sum of the S wave in V1 and the R wave 
in V5 or V6 (using the largest R wave) being >3.5 mV, using a standard amplifica-
tion at 10 mm/1 mV speed [66].

Positive voltage criteria for RVH are a common finding in athletes with up to 
13% of the athletes fulfilling the Sokolow–Lyon index [67, 68]. In isolation, posi-
tive criteria for RVH do not implicate underlying cardiac disease in athletes [68]. 
Positive voltage criterion for LVH is an even more frequent finding, in approxi-
mately 45% of male and 10% of female athletes, but can also be detected in 25% of 
young sedentary controls [22, 69–71]. Furthermore, it is relevantly more common 
in black Afro- Caribbean athletes and generally in children (see also Chaps. 24 and 
26), where correlation with morphologic appearance (e.g. in the echocardiography 
or MRI) is poor [72, 73]. On the other hand, obesity, older age and pulmonary dis-
ease such as emphysema may cause lower voltage [73].

• An isolated electrical LVH (based on the QRS voltage criteria) is a normal find-
ing in athletes and related to physiological increases in cardiac chamber size and/
or wall thickness.

Further evaluation should only be considered in the presence of pathologic ECG 
findings as T wave inversion, ST segment depression or Q waves [61]. In the absence 
of additional pathologic ECG findings isolated QRS high voltage is extremely 
uncommon (2%) in patients with HCM [74].

Fig. 3.2 Typical ECG of a well-trained endurance athlete showing sinus bradycardia and sinus 
arrhythmia, high voltage criteria for LVH, as well as benign early repolarization
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3.3.3  Incomplete Right Bundle Branch Block

Generally, incomplete right bundle branch block (IRBBB) can be defined by a QRS 
duration <120 ms with a typical RBBB pattern resembling a terminal R wave in lead 
V1 (rsR′-pattern) and a wider terminal S wave in leads I and V6. While IRBBB is 
seen in up to 40% of well-trained endurance athletes, it is a much rarer finding in the 
general population (up to 10%) [71, 75, 76]. One common physiological correlate 
may be the increased cavity size of the RV due to athlete’s heart with slightly 
increased conduction time, rather than an intrinsic delay within the conduction sys-
tem itself [77].

• An IRBBB in an asymptomatic athlete with no additional pathologic findings 
does not prompt further evaluation.

However, an IRBBB may be confused with relevant ECG findings such as the 
Brugada ECG pattern or ARVC/D: Classical type I Brugada pattern is characterised 
by a high take-off and downsloping ST segment elevation followed by a negative T 
wave in ≥2 leads in V1–V3. Unlike the R′ wave in IRBBB, the ‘J wave’ seen in a 
Brugada-ECG pattern does not indicate delayed RV activation, but reflects early 
repolarisation with J point elevation and a high take-off with downsloping ST seg-
ment followed by a negative T wave [78]. IRBBB pattern may commonly be seen in 
patients with ARVC/D [79] but is only relevant if associated with other ECG abnor-
malities, such as T-wave inversion involving leads beyond V2, Epsilon waves, pro-
longed S wave upstroke, low limb-lead voltages and premature ventricular beats 
with a left bundle branch block appearance. Finally, IRBBB can be associated with 
an atrial septal defect which can also appear with a fixed splitting of the second 
heart sound during auscultation (see Chap. 7).

3.3.4  Early Repolarization and ST Segment Elevation

There is an ongoing debate regarding the definition of electrocardiographic early 
repolarisation. However, quite a unique characterisation is an ST segment elevation 
and/or J wave or “slur” on the downslope of the R wave [80]. Depending on the defi-
nition, early repolarisation is a very common finding in up to 45% of Caucasian 
athletes and 63–91% of black Afro-Caribbean athletes [67, 70–72, 81, 82] but con-
sidered a benign ECG pattern [81, 83]. It can appear in any lead but is most likely 
seen in the anterior leads [84–86].

• The typical early repolarisation pattern in athletes is defined as concave and 
ascending ST segment elevation [83, 86]. Interestingly, early repolarisation in 
athletes seems to underlie a dynamic process as it may appear more frequently at 
times of peak fitness [85].
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Recently, some studies suggested that a specific pattern of late QRS slurring or 
notching with horizontal ST segment elevation in the inferolateral leads could be 
associated with an increased risk for sudden cardiac arrest due to ventricular arrhyth-
mia [87, 88]. However, these data are controversial, particularly in athletic popula-
tions, and there is no evidence for an association between early repolarisation and 
SCD in athletes [87–90].

A special variant of a most apparently benign early repolarisation pattern in 
black Afro-Caribbean athletes is ST segment elevation followed by T-wave inver-
sion V1–V4. Characteristically it is characterised with a convex “dome-shaped” 
ST-elevation followed by a negative T wave. More than two-thirds of black athletes 
exhibit ST segment elevation and up to 25% show T wave inversion [67, 72] (see 
Chap. 26). However, normal repolarisation changes in black Afro-Caribbean ath-
letes do not extend beyond V4, and T wave inversion in the lateral leads (V5–V6 
and I, aVL) is always considered an abnormal finding.

3.3.5  Sinus Bradycardia, Sinus Arrhythmia and Ectopic  
Atrial Rhythm

The classification of a true sinus rhythm is based on three criteria: (1) a P wave is 
preceding every QRS complex, (2) a QRS complex follows every P wave, and (3) 
the P wave must have a normal axis in the frontal plane (0–90°s). In healthy athletes, 
a normal heart rate is considered to range from 60 and 100 bpm, while sinus rhythm 
<60 bpm is labelled ‘sinus bradycardia’ and >100 bpm “sinus tachycardia”.

• Sinus bradycardia at rest is one of the most common ECG findings in athletes, 
and is primarily due to increased vagal tone, but can also get a “structural” cor-
relate by intrinsic adaptations within the sinus node [91, 92]. A typical hallmark 
of this benign finding is immediate increase of the heart rate during exercise.

• The physiologic adaptation of the heart rate to respiratory phases (increase dur-
ing inspiration, decrease during expiration) is frequently exaggerated in children 
and in athletes (up to 55%), resulting in an irregular heart rhythm originating 
from the sinus node [69, 70]. Physiologic sinus arrhythmia should not be con-
fused with sinus node dysfunction (e.g. in sick sinus syndrome).

• Ectopic atrial rhythm or junctional escape rhythm may occur due to a slowed 
resting sinus node activity prompting an ectopic focus within the atria to initiate 
cardiac conduction. A junctional or nodal rhythm appears with the QRS rate 
being faster than the resting P wave with a narrow QRS complex and a rate of 
typically less than 100  bpm (unless the baseline QRS complex is already 
enlarged). An ectopic atrial rhythm can be recognized if P waves are inverted in 
the inferior leads (II, III and aVF). Again, the atrial rate is typically less than 
100 bpm.

• The appearance of two different morphologies of P waves in the resting ECG is 
called a wandering atrial pacemaker.
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All these physiologic adaptions due to increased vagal tone change to a normal 
sinus rhythm as soon as heart rate increases during exercise.

3.3.6  Low Grade AV Block

PR interval prolongation (>200 ms) due to AV block I remains at the same duration 
on every beat, representing a delay in AV nodal conduction, particularly in endur-
ance athletes, due to increased vagal activity (and additional intrinsic changes 
within the AV node). In second degree AV block (Mobitz type I/Wenckebach) the 
prolongation of the PR interval progressively increases from beat to beat, until a 
non-conducted P wave (not followed by a QRS complex) appears. Typically, the 
first PR interval after the dropped beat is shorter than the PR interval last conducted 
before. Similar to the adaptions of the sinus rhythm mentioned above, normal AV 
conduction immediately resumes during exercise [61].

3.3.7  Borderline and Pathologic ECG Findings in Athletes

Several ECG findings are not associated with the physiologic athlete’s heart and are 
considered as being highly indicative of underlying cardiac disease [61]. These 
changes may suggest:

• structural disease (T wave inversion, ST segment depression, Q waves, complete 
Left Bundle Branch Block, Epsilon waves) or

• electrical disease (ventricular pre-excitation, QT prolongation, Brugada type I 
pattern, high degree AV block, atrial and ventricular tachyarrhythmia) [61].

T-wave inversions in V1–V3 are considered a normal finding in athletes up to the 
age of 16 [93, 94]. In addition, some changes have to be interpreted as “borderline” 
findings and may only warrant further investigation if they appear in combination 
with suspicious clinical findings or additional ECG alterations. These borderline 
changes include:

 1. complete Right Bundle Branch Block
 2. right or left axis deviation
 3. signs of atrial enlargement [61, 94].

Complete RBBB is detected in approximately 1% of the general population but 
is a more common finding in athletes (0.5–2.5%) [95, 96]. In a recent study in U.S. 
collegiate athletes, RBBB was reported in 2.5%; compared with athletes with nor-
mal QRS complexes or incomplete RBBB, these athletes exhibited larger right ven-
tricular dimensions and a lower right ventricular ejection fraction but none of them 
was found to have cardiac disease [97].
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3.4  Structural Changes

3.4.1  General Aspects

The cardiovascular demand varies widely across sporting disciplines, experience of 
the athlete and level of competition (see Chap. 1). It can be characterized by differ-
ent degrees of both isotonic (dynamic) and isometric (static) components [98, 99]:

• Isotonic (dynamic) exercise may substantially increase cardiac output and reduce 
peripheral vascular resistance, representing a transient volume challenge for the 
heart.

• Isometric (static) exercise increases peripheral vascular resistance with less 
increase in cardiac output, representing a transient pressure challenge for the 
heart.

Two classifications of sport disciplines have been proposed (see Chap. 1). The 
AHA/ACC classification is based on peak static and dynamic components achieved 
during competition [98], whereas the ESC classification groups the most common 
Olympic sport disciplines based on their main physiologic characteristics of exer-
cise into skill, power, mixed and endurance disciplines [99].

Cardiac structural remodelling is most pronounced in professional endurance 
athletes in sports with an additional high isometric component, such as triathlon, 
cycling or rowing (Fig. 3.3; see also Chap. 4) [99]. Usually, athletes in these sports 
are involved in >10–15 h/week of intensive exercise training. Intense exercise places 
a disproportionate higher load on the RV, when compared with the LV [100]. 
Acutely after long-lasting competitions (8–11 h), a transient deterioration of the RV, 
but not of the LV function and an increase of the RV end-systolic volume and the 
RV/LV end-systolic volume ratio have been described [54]. Chronically, the combi-
nation of intense exercise training and competition leads to a balanced enlargement 
of all cardiac chambers.

• Compared to active controls (matched for body surface area), triathletes exhib-
ited approximately 30% larger RV and LV cavities, and 30% higher RV and LV 
masses, resulting in comparable RV and LV mass-to-volume ratios [101].

In leisure-time athletes, endurance training protocols as low as 3 h/week may 
result in a measurable increase of cardiac mass, wall thickness and volume after 3 
months [102]. However, long-term, non-elite endurance training and competition 
(<10 h/week) may have a more pronounced effect on the thin-walled atria, com-
pared to the ventricles.

• Compared to non-marathon runners, regular marathon runners (>6 races) pre-
sented more often with right atrial (60% vs. 35%) and left atrial (74% vs. 24%) 
enlargement. There was a strong association between atrial and ventricular 
dimensions in the whole cohort, but RV and LV cavity dimensions did not differ 
between the groups, and exceeded normal limits in <3% of athletes [103].
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3.4.2  Specific Aspects of Left Ventricular Remodelling

The LV geometry is characterized based on relative wall thickness (RWT) and left 
ventricular mass index (LVMI) [104].

• LV hypertrophy is defined as LVMI >95 g/m2 in women, and >115 g/m2 in men.
• Subjects with a normal LVMI can either have a normal geometry (RWT ≤ 0.42) 

or concentric remodeling (RWT > 0.42).
• Subjects with an abnormal LVMI can either have eccentric (RWT ≤  0.42) or 

concentric (RWT > 0.42) hypertrophy.

Fig. 3.3 Comparison of cardiac magnetic resonance images between a non-athlete (upper row) 
and a triathlete (lower row, 10 h exercise training/week) (courtesy of Christoph Gräni, MD, PhD). 
Left panels: Four chamber view of the heart in diastole. Compared to the non-athlete, the triathlete 
showed an enlargement of the left and right ventricle and slightly thicker left ventricular walls, 
leading to eccentric left ventricular hypertrophy. Right panels: Four chamber view of the heart in 
systole. Compared to the non-athlete, the triathlete showed an enlargement of the left and right 
atria. Ventricular stroke volume is higher in the triathlete
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Compared to this 2-tiered classification of LV hypertrophy, a newer 4-tiered clas-
sification characterizes LV hypertrophy patterns based on LV concentricity ([LVM/
LV end-diastolic volume]2/3) and LV end-diastolic volume index, so that concentric 
and eccentric LV hypertrophy patterns are further stratified into a non-dilated and 
dilated category (Fig. 3.4) [105].

• In a cohort of normotensive endurance athletes, the 4-tiered classification dem-
onstrated a superior discrimination of exercise-induced LV hypertrophy patterns, 
most likely because it takes three-dimensional information of the ventricular 
geometry into account [106].

Despite widespread acceptance of the Morganroth hypothesis on LV dimensions 
in athletes (see above), some investigators have questioned whether resistance exer-
cise is exclusively a “pressure overload” stress, resulting in concentric LV hypertro-
phy, or whether endurance exercise is primarily a “volume overload” stimulus, 
resulting in eccentric LV hypertrophy [17].

Based on the Laplace’s law, LV wall stress is a function of systolic arterial blood 
pressure and LV geometry:

• LV wall stress LV pressure x radius
x LV wall thickness

 
 

=
2

LV wall stress has been viewed as the most important determinant of concentric 
LV remodelling, since an increase in LV wall thickness contributes to a normaliza-
tion of wall stress. However, to explain acute effects of resistance exercise on ven-
tricular wall stress, heart-lung interactions have to be taken into account. When 
force production exceeds approximately 80% of maximum voluntary contraction, 
brief Valsalva manoeuvres are inevitable and affect the transmural pressure [17].

Fig. 3.4 Two-tiered 
(2-TC, light green) and 
four-tiered (4-TC, dark 
green) classifications of 
left ventricular (LV) 
hypertrophy. Cut-of values 
for concentricity, LV mass 
index, and LV end- 
diastolic volume index 
depend on sex and imaging 
method (echocardiography 
or magnetic resonance 
imaging) [104, 105]
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• Bilateral leg-press exercise at 80%, 95% and 100% of 1-repetition-maximum, 
performed with brief Valsalva manoeuvres, were not associated with an increase 
in LV end-systolic wall stress compared to rest in healthy young men [107].

This observation may explain why a large systematic review and meta-analysis 
(92 studies) found minimal support for concentric LV hypertrophy in resistance 
athletes [108]. Importantly, anabolic androgenic steroid abuse is not uncommon in 
strength-trained athletes. They may impair ventricular function and induce concen-
tric LV remodelling, thereby confounding the association of LV geometry and resis-
tance exercise [109]. Nevertheless, arterial hypertension is the most prevalent 
cardiovascular risk factor in athletes (see Chap. 13) [110, 111].

• Collegiate American-style football athletes have been shown to be at risk for the 
development of arterial hypertension and consecutive concentric LV hypertrophy 
during a season [112].

Acute effects of endurance exercise are associated with both a pressure and a 
volume load stress to the heart. LV transmural filling pressures increase during 
exercise.

• Compared to individuals with a high aerobic fitness (VO2peak 60 ± 3 ml/min/
kg), less fit subjects (VO2peak 43 ± 6 ml/min/kg) demonstrated higher LV trans-
mural filling pressures during exercise [113].

This finding may explain the different cardiac remodelling patterns of intensive 
endurance training observed in longitudinal studies of healthy subjects and elite 
athletes:

• In previously sedentary subjects (aged 29 ± 6 years, VO2peak 40 ± 6 ml/min/kg), 
1 year of endurance training with progressively increasing intensity led to an 
increase in LV mass and volume by 21% and 18%, respectively. During the first 
6–9  months, LV mass-to-volume ratio increased, resulting in concentric LV 
remodelling. Thereafter, LV mass-to-volume ratio declined, ultimately leading to 
an eccentric LV hypertrophy pattern [102].

• In competitive young male rowers (aged 18.6 ± 0.5 years) with normal LV geom-
etry at baseline, a 3-month augmentation phase of exercise training led to eccen-
tric LV remodelling, with an increase of LV mass and volume of 14% and 11%, 
respectively. The following 36-months maintenance phase resulted in a further 
increase of LV mass and volume of 9% and 2%, respectively, leading to an 
eccentric LV hypertrophy pattern [114].

Despite the fact that exercise-induced LV remodelling has to be considered a 
phaseal phenomenon, long-term endurance exercise ultimately leads to an eccentric 
LV hypertrophy pattern, supporting the Morganroth hypothesis for isometric exer-
cise [18]. Both pressure and volume load during athletic activities are transient 
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phenomena (in opposite to a cardiac pathology like hypertension, aortic stenosis or 
aortic regurgitation). However, long-term endurance exercise increases blood vol-
ume by up to 40%, compared to untrained individuals, placing an additional volume 
challenge on the heart [115].

Importantly, most data on exercise-induced LV remodelling are derived from 
young athletes. In middle-aged normotensive endurance athletes, both eccentric and 
concentric LV hypertrophy patterns have been reported.

• Early starting age of endurance training (<25 years) was associated with eccen-
tric LV hypertrophy. In case of a mature starting age, endurance training led, 
contrary to what is commonly assumed, to concentric LV hypertrophy [25].

Besides differences in arterial vascular compliance, mechanisms on the cellular 
level may change with increasing age. At younger age, cardiomyocytes may have 
the ability to respond to a training stimulus with predominantly hyperplasia and an 
increase in length, whereas at an older age, cardiomyocytes may respond only with 
hypertrophy and an increase in width [116].

For a comprehensive evaluation of the athlete’s heart, contributing factors such a 
sporting discipline, intensity of sports, body composition (see Chap. 4), age (see 
Chap. 24), gender (see Chap. 25), and ethnicity (see Chap. 26) must be considered 
(Fig. 3.5).

Clinical Pearls
• Regular exercise triggers structural, functional and electrical adaptations of the 

heart.
• Sporting discipline, starting age, intensity and duration of sports, body composi-

tion, age, sex, and ethnicity shape the phenotypic expression of the athlete’s heart.
• Extreme expressions of the athlete’s heart may overlap with cardiac diseases like 

hypertrophic cardiomyopathy.

Fig. 3.5 Important 
determinants of cardiac 
chamber size and 
geometry. Light blue 
determinants are individual 
characteristics of the 
athlete. Body size explains 
the largest proportion of 
overall variability in 
ventricular cavity size. 
Light green determinants 
are related to the athletes’ 
sports behaviour
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 Review

 Questions

 1. What are the major characteristics of the systolic function of an athlete’s left 
ventricle?

 2. What is the Morganroth hypothesis and what are the limitations of the 
hypothesis?

 3. Occasionally, the right ventricle is named the “Achille’s Heal” of the endurance 
athlete’s heart. What are the reasons for that handle?

 Answers

 1. Generally, the functional hallmark of an athlete’s left ventricle is a rapid switch 
from parasympathetic to sympathetic activation during exercise, which enhances 
myocardial contractility as well as heart rate increase. Cardiac chamber enlarge-
ment enables a large stroke volume which leads to an increase of cardiac output. 
Left (and right) ventricular stroke volume rises as a direct consequence of an 
increased end-diastolic volume and a reduction of end-systolic volume.

 2. The Morganroth hypothesis suggests that isotonic exercise leads to an eccentric 
LV hypertrophy pattern similar to changes in chronic volume overload, whereas 
isometric exercise leads to a concentric LV hypertrophy pattern, similar to 
changes in chronic pressure overload. It has been criticized because of relying on 
cross-sectional data and the paucity of supporting evidence from longitudinal 
exercise training studies.

 3. The right ventricle is particularly susceptible to hemodynamic stress (especially 
to high volume loads). Although the right ventricular systolic function at rest 
does not seem different between athletes and controls, there is interesting data 
suggesting RV enlargement and diminished systolic function in high-level endur-
ance athletes after highly intensive and/or repetitive exercise. This phenomenon 
is commonly known as “right ventricular fatigue”. However, whether these pri-
marily temporary effects may result in chronic right ventricular failure is still a 
matter of debate.
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4Impact of Sporting Disciplines and Body 
Size on the Athlete’s Heart
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Learning Objectives
 1. To determine the impact of different athletic training regimes on the phenotypi-

cal presentation of the athlete’s heart.
 2. To evaluate how the presentation of the athlete’s heart can influence the cardiac 

pre-participation screening process.
 3. To understand that cardiac size is influenced by a wide range of factors, other 

than training status, including body size and composition.
 4. To critically reflect on the different approaches and variables that can be used 

when scaling cardiac dimensions for individual differences in body size and 
composition.

4.1  Impact of Sporting Disciplines on the Athlete’s Heart

The cardiovascular system supplies oxygen and nutrients to body tissues, removing 
carbon dioxide from the systemic circulation, both at rest and during exercise. The 
demands of the cardiovascular system during exercise may vary significantly 
according to the type of exercise [1]. For example the cardiovascular response to 
prolonged dynamic exercise is different from repetitive bouts of static exercise and 
may be influenced by many factors including exercise intensity, environmental con-
ditions and training status [2]. Static exercise involves contraction of muscles in a 
stationary position, and the increase in blood flow which results in an increase in 
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blood pressure is often accompanied by a minimal fall in peripheral vascular resis-
tance; conversely in dynamic exercise the increase in blood flow parallels a signifi-
cant fall in vascular resistance [2]. As a result, in static exercise the blood pressure 
response is disproportionate to the amount of work when compared to dynamic 
exercise. Moreover, while heart rate response is modest in static exercise it can be 
substantially larger in submaximal or maximal dynamic exercise. The terms 
dynamic and static exercise classify training activity on the basis of the mechanical 
action involved and are different from the terms aerobic and anaerobic exercise. 
These terms are used to differentiate sporting activity on the basis of the predomi-
nant type of metabolism. In general terms, static exercise is performed anaerobi-
cally, while highly dynamic exercise is predominantly supported by aerobic 
metabolism. Classification of sports, as per the Mitchell criteria [2], considers three 
categories (low, moderate, high) for both static and dynamic exercise (see Chap. 1).

Regular intensive exercise leads to a series of electrical, structural, and func-
tional changes in the heart, collectively named as the “athlete’s heart” [1, 3, 4]. 
These physiological changes are influenced by age, sex, sporting discipline, body 
size and ethnicity. A correct understanding of what is expected to be normal begins 
from taking into account all these variables in order to provide a “personalized 
assessment” of the athlete. As cardiac remodeling may be marked in some athletes 
resulting in significant overlap with potentially fatal cardiac disease such as cardio-
myopathies [5], it is pivotal to differentiate between physiological and pathological 
changes with full knowledge of the impact of any moderating factors.

4.2  Historical Background (The “Morganroth Hypothesis”)

In 1975 Morganroth et al. [6] hypothesized that physiological cardiac adaptation to 
exercise was highly dependent on the nature of the hemodynamic stimulus imposed 
on the heart. This hypothesis, based on a small number of athletes studied with 
echocardiography, postulated that dynamic exercise leads to eccentric hypertrophy 
with dilatation of the cardiac chambers, while static exercise results in concentric 
hypertrophy with an increase in wall thickness (Fig. 4.1).

• Although the “Morganroth hypothesis” was accepted in the scientific community 
for many years, its physiological basis has been recently questioned as several stud-
ies [7–9] suggested that the relationship between sporting discipline and cardiac 
adaptation is far more complex and cannot be reduced to a dichotomous approach.

The determinants of cardiac adaptation to exercise are not fully understood and 
although some sports have a clearly predominant static or dynamic component, 
most of sports are characterized by a mixture of the two components and particu-
larly in these it is difficult to determine the exact nature of the hemodynamic load 
imposed by training to the left and right ventricle. Moreover, the “Morganroth 
hypothesis” was based on absolute cardiac dimensions, but we now understand that 
body size is a relevant determinant of cardiac dimensions in athletes.
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Fig. 4.1 The Morganroth hypothesis. Athletes engaged in dynamic sports are expected to exhibit 
left ventricular dilatation (a) while athletes engaged in static sports are expected to show increased 
left ventricular wall thickness (b; modified from Morganroth et al. [6])
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4.3  Impact on the Left Ventricle

The left ventricular (LV) physiological changes that can be observed in athletes 
include

 1. an increase in size
 2. an increase in wall thickness and
 3. a decrease in ejection fraction.

According to the study by Pelliccia et al. [10] highly trained athletes engaging in 
different sports exhibit a wide range of significant differences in terms of LV size. 
Rowing was associated with the larger cavity size (mean LV end-diastolic diameter 
was 56  ±  3  mm) (Table  4.1). In the same study athletes engaging in rowing, 

Table 4.1 Left ventricular size and type of sport (adapted from Pelliccia et al. [10])

Sport Athletes Males Females
Age 
(years) BSA (m2)

Left ventricular measures

LVEDD 
(mm)

MWT 
(mm)

Mass 
index (g/
m2)

Rowing 95 92 3 21 ± 4 2.04 ± 0.1 56.0 ± 3 11.3 ± 1.3 121 ± 22
Track 89 66 23 26 ± 4 1.79 ± 0.1 51.4 ± 4 9.8 ± 1.2 101 ± 24
Cycling 64 49 15 20 ± 3 1.86 ± 0.1 54.8 ± 5 10.4 ± 1.1 115 ± 23
Soccer 62 62 0 24 ± 4 1.95 ± 0.1 54.9 ± 4 9.9 ± 0.7 105 ± 17
Canoeing 60 52 8 20 ± 3 1.92 ± 0.1 54.5 ± 3 10.5 ± 1.5 110 ± 21
Roller-skating 58 32 26 19 ± 2 1.73 ± 0.1 49.0 ± 4 9.0 ± 1.0 85 ± 17
Swimming 54 26 28 19 ± 3 1.81 ± 0.1 53.0 ± 4 9.3 ± 1.2 98 ± 23
Volleyball 51 36 15 20 ± 4 2.08 ± 0.1 53.7 ± 3 9.4 ± 1.0 88 ± 14
Pentathlon 50 36 14 19 ± 4 1.77 ± 0.1 52.4 ± 4 9.2 ± 0.9 98 ± 18
Tennis 47 32 15 17 ± 2 1.76 ± 0.1 50.0 ± 3 9.1 ± 1.0 88 ± 16
Fencing 42 31 11 22 ± 3 1.85 ± 0.1 51.7 ± 5 9.2 ± 1.3 92 ± 23
Alpine skiing 32 24 8 21 + 2 1.89 ± 0.1 52.0 ± 3 8.9 ± 0.9 87 ± 15
Cross-country 
skiing

31 24 7 24 ± 4 1.77 ± 0.1 54.5 ± 4 9.6 ± 0.8 107 ± 19

Equestrianism 28 23 5 28 ± 6 1.78 ± 0.1 50.4 ± 3 9.0 ± 0.8 87 ± 14
Team 
handball

26 9 17 22 ± 2 1.86 ± 0.1 51.8 ± 4 8.5 ± 0.9 80 ± 13

Yachting 24 20 4 27 ± 4 1.88 ± 0.1 51.2 ± 4 9.0 ± 0.8 85 ± 15
Roller hockey 23 23 0 22 ± 2 1.92 ± 0.1 53.4 ± 3 9.7 ± 0.9 99 ± 17
Water polo 21 21 0 24 ± 2 2.03 ± 0.1 54.7 ± 3 10.7 ± 0.6 110 ± 15
Tae kwon do 17 14 3 21 ± 2 1.76 ± 0.1 50.6 ± 4 8.7 ± 1.2 85 ± 17
Wrestling and 
judo

16 14 2 24 ± 3 1.93 ± 0.2 52.6 ± 5 10.2 ± 0.9 100 ± 14

Bobsledding 16 16 0 26 ± 3 2.08 ± 0.1 55.1 ± 2 9.6 ± 0.5 96 ± 7
Boxing 14 14 0 22 ± 4 1.85 ± 0.2 52.5 ± 3 9.8 ± 1.0 101 ± 16
Diving 11 7 4 23 ± 3 1.71 ± 0.1 49.6 ± 3 8.7 ± 1.1 83 ± 15
Field weight 
events

9 8 1 24 ± 3 2.26 ± 0.1 55.5 ± 4 10.0 ± 0.5 91 ± 8

Weightlifting 7 7 0 24 ± 2 1.96 ± 0.1 53.2 ± 3 10.4 ± 0.7 100 ± 9

BSA body surface area, LVEDD left ventricular end-diastolic diameter, MWT maximal wall 
thickness
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canoeing and cycling exhibited the most marked increase in wall thickness (LV wall 
thickness >12 mm) (Table 4.2). A marked increase in wall thickness in athletes may 
result in a conundrum in the differential diagnosis with pathological forms of LV 
hypertrophy such as hypertrophic cardiomyopathy (HCM). Athletes characterized 
by marked increase in wall thickness, however, often exhibit also a proportional 
increase in LV cavity size, a feature that is rarely observed in HCM.

• LV geometry, which is often represented by the relationship between the LV cav-
ity size and wall thickness, is usually normal in athletes.

Recently, Finocchiaro et al. [11] described the effect of sex and sport discipline 
on LV geometry in 1083 white elite athletes (41% female athletes). In the specific 
subgroup of athletes engaged in dynamic exercise, females showed eccentric hyper-
trophy more frequently than males, while more men than women had concentric 
remodeling/hypertrophy (Fig.  4.2), although these geometric presentations were 
less common than normal geometry. These findings underscore how the impact of 
sporting disciplines on the athlete’s heart may be affected also by other variables 
such as gender (see Chap. 25).

• Ejection fraction: Highly trained athletes may be characterized not only by large 
LV cavity size, but also by a decrease in baseline LV ejection fraction. Abergel 

Table 4.2 Left ventricular wall thickness and type of sport in single athletes (adapted from 
Pelliccia et al. [10])

Athlete 
No.

Age 
(years) Sport

BSA 
(m2)

Left ventricular measures
Aortic 
root 
(mm)

Left 
atrium 
(mm)

LVEDD 
(mm)

MWT 
(mm)

Mass 
index  
(g/m2)

1 26 Rowing 2.14 59 13 158 39 41
2 18 Rowing 2.16 59 13 133 34 35
3 19 Rowing 2.18 61 13 156 34 42
4 19 Rowing 2.23 62 13 157 32 45
5 19 Rowing 2.22 58 13 141 33 39
6 20 Cycling 2.05 60 13 161 30 43
7 21 Rowing 2.24 58 13 147 37 43
8 23 Rowing 2.17 58 13 144 38 40
9 24 Rowing 2.14 62 13 163 34 30
10 25 Rowing 1.93 59 13 158 33 35
11 24 Rowing 2.21 59 15 162 34 37
12 20 Canoeing 2.17 55 15 140 32 34
13 24 Canoeing 2.08 63 15 172 31 37
14 26 Rowing 2.15 55 15 149 37 40
15 27 Rowing 1.94 60 15 171 33 40
16 25 Canoeing 2.02 57 16 176 38 38
Mean 22.5 2.12 59.0 13.8 155 34.3 38.6
SD ±2.9 ±0.09 ±2.2 ±1.07 ±12 ±2.6 ±3.7

BSA body surface area, LVEDD left ventricular end-diastolic diameter, MWT maximal wall 
thickness
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et al. [12] observed a LV ejection fraction of <52% in 17 out of 286 (6%) world- 
class professional cyclists; most individuals who exhibited a reduced LV ejection 
fraction were characterized by a significantly enlarged LV (LV end-diastolic 
diameter >60 mm). These findings appear to be limited to endurance athletes and 
have not been described in athletes engaging in other types of sport.

• Over the past decade, new echocardiographic techniques have been introduced to 
investigate cardiac function, such as deformation imaging by two-dimensional 
speckle-tracking echocardiography (STE). Caselli et  al. [13] showed that ath-
letes have similar distributions (and boundaries) for myocardial strain values as 
observed in untrained control subjects. No significant differences in global lon-
gitudinal strain (GLS) were found according to sport disciplines. Conversely, 
values of GLS are higher in athletes than in patients with pathologic LV hyper-
trophy, providing an additional tool for differential diagnosis [13].

• Cardiovascular magnetic resonance (CMR) has been increasingly used as a 
diagnostic tool in cardiology, due to its ability to accurately assess regional wall 
motion abnormalities, chamber volumes and possible myocardial fibrosis 
through late gadolinium enhancement. Although myocardial fibrosis is a final 
common pathway of several cardiac conditions, from hypertension to ischemia 
to cardiomyopathies, recent studies have shown that a non-negligible proportion 
of highly trained endurance athletes exhibit late gadolinium enhancement, sug-
gestive of myocardial fibrosis at CMR [14]. Myocardial fibrosis has been 
described mostly in endurance athletes [15–17] with less data on other sporting 
disciplines. The underlying mechanisms of myocardial fibrosis in athletes as 
well as its clinical significance are largely unknown [14].
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Fig. 4.2 Left ventricular geometry in highly trained athletes. Normal geometry prevails regardless 
of sporting discipline. In the subgroup of athletes engaged in dynamic sports, female athletes most 
commonly show eccentric hypertrophy while males may exhibit concentric hypertrophy/remodel-
ling. (Adapted from Finocchiaro et al. [11]; see also Chap. 3)
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• Diastolic filling may also be affected as a result of cardiac adaptation to exercise. 
Invasive studies have shown that LV diastolic function plays a key role in the 
enhancement of stroke volume and is a major contributor to high levels of cardio- 
respiratory fitness and physical performance. However, a recent study [18] 
showed that most athletes reveal values within the normal range with less than 
one third of athletes exhibiting supernormal parameters of diastolic function. A 
significant relationship between septal velocities derived from Tissue Doppler 
Imaging (TDI) and LV cavity size was observed, and it is possible that reduced 
relaxation velocities just reflect that a large LV does not need to expand much to 
fill adequately in athletes. Interestingly, there were no significant sport-related 
differences in Doppler parameters of diastolic function.

4.4  Impact on the Right Ventricle

Although for many years the research on physiological adaptation to exercise has 
focused on the LV, recent studies showed that athletes often exhibit a significant 
right ventricle (RV) remodeling as a result of intense training [19, 20]. This is par-
ticularly relevant as RV structural changes may overlap with potentially fatal car-
diac diseases as arrhythmogenic right ventricular cardiomyopathy (ARVC) [20–22] 
which may lead to sudden cardiac death during exercise [23]. Since in ARVC the 
RV often appears remodeled, it is pivotal to differentiate between physiological and 
pathological abnormalities to prevent possible tragedies (see Chap. 15).

• A large proportion of young athletes exhibit increased RV dimensions exceed-
ing the reference values commonly used in clinical practice and the values pro-
posed by the revised Task Force Criteria (TFC) for the diagnosis of ARVC [24]. 
Male sex and endurance sport are associated with the greatest extent of RV 
enlargement.

• The significant RV remodeling in endurance athletes is probably the expression 
of the hemodynamic overload with increased pulmonary pressures and bouts 
of RV systolic dysfunction that has been consistently observed immediately after 
high profile endurance events [25, 26]. Intriguingly, in a longitudinal model, 
Arbab-Zadeh et al. [27] showed that the left and right ventricle adapt differently 
to endurance training. In fact, while LV volumes did not change significantly 
after 6–9 months of training with initial concentric but not eccentric remodeling, 
RV volumes increased progressively with eccentric remodeling at all levels of 
training.

• The observed association between RV remodeling and endurance exercise led to 
the hypothesis that long-term intense exercise may result in pathological struc-
tural changes and a pro-arrhythmic substrate. La Gerche et al. [28] showed 
that a minority of athletes (13%) expressing a phenotype of ARVC showed des-
mosomal mutation (much less than in non-athletic ARVC cohorts), postulating 
the existence of an “exercise-induced right ventricular cardiomyopathy”.
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Although several studies described the RV remodeling occurring in endurance 
athletes, less data are available on athletes engaged in strength or mixed sports. 
D’Ascenzi et  al. [29] used echocardiography to show a significant trend for an 
increasing enlargement of the RV chamber in athletes engaged in skill, strength, 
mixed, or endurance disciplines. Interestingly, when measuring the RV size in para-
sternal long axis, almost 60% of endurance athletes fulfilled a minor criterion and 
more than 20% a major criterion for the diagnosis of ARVC. Despite differences in 
morphological RV remodeling, RV systolic function was within the spectrum of 
normality as determined by fractional area change, even in endurance athletes, indi-
cating a physiological process and providing insights for the differential diagnosis 
between athlete’s heart and ARVC.

4.5  Impact on the Atria

Exercise-induced cardiac remodeling is not a prerogative of the left and the right 
ventricle. Atria often appear enlarged in highly trained athletes.

• Pelliccia et al. [30], in a cohort of 1777 competitive athletes, found that 18% of 
competitive athletes had mild increases of left atrial (LA) anteroposterior diam-
eter (≥40 mm), while 2% exhibited marked LA enlargement (≥45 mm). Similar 
to the LA, the right atrium (RA) is able to adapt to the stimulus of training. Zaidi 
et al. [19] proposed reference values for right heart dimensions suggesting upper 
limits for RA area of 28 cm2 in male athletes and 24 cm2 in female athletes and 
upper limits for RA index of 14 cm2/m2 in male athletes and 13 cm2/m2 in female 
athletes.

• The extent of RA remodeling appears again more significant in endurance ath-
letes, in comparison with strength athletes as shown by D’Andrea et al. [31] in a 
cohort of 650 highly trained athletes. In an elegant study, McClean et al. [32] 
compared biatrial size in high dynamic/high static and low dynamic/high static 
sporting disciplines and showed that biatrial enlargement was present in the first 
but not in the latter, suggesting that the dynamic component to training is the 
primary driver for both LA and RA adaptation.

4.6  Impact on the Aorta

Aortic-root dimensions in athletes are influenced by the same variables as in the 
general population but could be affected by exercise, given the hemodynamic stress 
on the aorta during exercise.

• Most studies examining aortic-root dimensions in athletes are cross-sectional 
often without appropriate matching for anthropometric parameters such as BSA.

• Systolic blood pressure rises during exercise increasing wall stress and, there-
fore, athletes with aortic disease may be at risk for an acute aortic event. This 
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concern is particularly relevant for athletes engaging in static exercise and spe-
cifically weightlifters, whose systolic blood pressure may rise above 300 mmHg 
during exercise.

• Only 17 (1.3%) of 1300 male and 10 (1.0%) of 1017 female Italian athletes had 
aortic-root diameters of more than 40 mm or more than 34 mm, respectively [33].

• Recently Engel et al. [34] showed the maximal aortic diameter was 42 mm in a 
cohort of basketball players with a mean BSA of 2.38 m2. It appears that aortic 
root diameter might reach a plateau in those athletes with the uppermost biomet-
ric variables.

4.7  Body Size and the Need to “Normalise”, “Index” or 
“Scale”: Historical Background

Normalization, indexation or scaling (from here on we refer to this as scaling) of 
human and animal anatomical or physiological data is not unique to sports cardiol-
ogy [35]. An example of a common functional parameter in human exercise physi-
ology that is scaled for body size differences would be maximal oxygen uptake. In 
most scientific literature maximal oxygen uptake is often initially reported as an 
absolute value (ml/min) and then scaled to for individual differences in body mass 
(ml/kg/min).

As alluded to in earlier sections of this chapter and in the extant literature [36–
39] body size is one of a number of factors that can mediate the phenotypical pre-
sentation of cardiac dimensions in any athlete. This is because the strong association 
between body size and cardiac dimensions has been demonstrated in a range of 
empirical research papers in normal adults as well as athletes [40–47].

When interpreting the cardiac dimensions in any athlete, it would make sense to 
study body-size independent or scaled cardiac data. By removing the influence of 
body size, you may unmask the independent impact of, for example, training load 
or a pathological disease process. Clearly, this could help facilitate any diagnostic 
process associated with cardiac screening in athletes. To derive a body size- 
independent cardiac index you must adopt a scaling process. Within sports cardiol-
ogy this would be the case when interrogating, for example LV mass; firstly, you 
might analyze an absolute measure and then you would further your understanding 
by calculating and interpreting an LV mass index that takes into account the impact 
of body size.

One specific theory that is pertinent within scaling research generally, and sports 
cardiology specifically, is that of “geometric similarity” [35]. Briefly, this theory sug-
gests that growth, change or development of any specific anatomic parameter is likely 
to occur in tandem with other parameters that have the same geometric status.

• Taken simply this would mean that change, growth and development of a linear 
cardiac dimension (e.g. aortic root dimension) would likely occur in tandem with 
a linear measure of body size (e.g. stature), as they are both one-dimensional 
variables.
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This relationship would be similar if the cardiac dimension (LV mass) and body 
size variable (body mass) were both three-dimensional constructs. Scaling becomes 
problematic when geometric similarity is not clear; such as when a three- dimensional 
cardiac measure such as LV mass is scaled by body surface area (BSA), a two- 
dimensional parameter. This latter example is very common in sports cardiology 
literature and is often assumed to be best practice and supported by professional 
guidelines and published “normative data”.

In the rest of this chapter we will; (1) illuminate the different scaling processes 
that have been used in sports cardiology research; (2) discuss the uses as well as 
pros and cons of using different measures of body size in any scaling process, and 
finally (3) provide some take home messages and guidance for future research.

4.8  Which Scaling Processes Have Been Used with “Athlete’s 
Heart” Data?

Historically, body size has often been entirely ignored in sports cardiology litera-
ture. An early and important example was the cross-sectional study of Morganroth 
et al. [6] who reported absolute measures of LV chamber dimension and wall thick-
ness in four groups (runners, swimmers, wrestlers and normal controls). Statistical 
comparison and thus data interpretation were made purely on absolute data 
(Fig. 4.1), despite the fact that it is highly likely that there were individual differ-
ences in body composition (as well as training status and background).

The lack of scaling for differences in body size is also evident in sports cardiol-
ogy literature when absolute cut-offs for chamber dimension or wall thickness are 
used to aid differential diagnosis in athletes who may present, phenotypically, in the 
“grey zone” [39]. When sports cardiology studies have attempted to scale for indi-
vidual differences in body size, this has most commonly been achieved through 
simple ratiometric scaling:

• Ratiometric scaling involves simply dividing Y (cardiac variable) by X (body 
size variable) to derive the index (Y/X). An example would be when LV mass is 
simply divided by the body surface variable (LV mass/BSA) (e.g. 47).

Ratiometric scaling is practically simple, widely adopted and has substantive 
norms-based literature associated with it [36]. This approach is theoretically prob-
lematic if the relationship between the two variables is not linear. Very few studies 
actually check if the “index” is in fact size-independent. You can do this by correlat-
ing the scaled variable to the body size variable. If a significant correlation is noted, 
body-size independence has not been achieved (Fig. 4.3a, b).

• We argue that this ratiometric scaling process may not always be theoretically or 
practically accurate, resulting in cardiac indices that are still body size- dependent. 
This only confuses clinical decision-making.
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Fig. 4.3 Scatterplot of LV mass against body surface area in female athletes and controls. In (a) 
the best fit line is constrained to the origin and the mean of both data sets and represents the ratio-
metric (y/X) approach to scaling. In (b) the same data has a linear best fit line that minimizes error 
but has a negative y-intercept which is biologically implausible. In (c) a curvilinear line of best fit 
is employed of the form Y/Xb that minimizes error, passes through the origin and is likely to pro-
duce a size-independent cardiac index (unpublished data set from the author’s lab)
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Many cardiac dimensions and body size measures scale in a non-linear fashion 
(Fig. 4.3c) and thus the use of “allometric” scaling is useful [36, 39]. This is theo-
retically sound in most cases and practically tends to lead to body size-independent 
cardiac indices [43, 44]. Allometric scaling has an index of the form Y/Xb; where b 
is the slope exponent derived from simple log-log linear regression of the two vari-
ables. This approach has been adopted and shown to be more appropriate in various 
populations including healthy normal, clinical groups and athletes [40–47]. This 
approach should be encouraged within sports cardiology and its application to pre- 
participation screening. Dewey et al. [37] provide some simple but interesting clini-
cal vignettes to support the allometric approach.

4.9  Which Scaling Variables Are Used  
with “Athlete’s Heart” Data?

Body size is quite a broad term and has been used in a general sense to cover mea-
surements such as

• height (stature)
• body mass, BSA (that mathematically combines both stature and mass in predic-

tion equations)
• sub-components of overall body size such as fat mass, fat free mass and lean 

body mass.

Body surface area (m2)

LV
 m

as
s 

(g
)

c

200

180

160

140

120

100

80

60

40

20

0
0 0.5 1 1.5 2 2.5

Fig. 4.3 (continued)

G. Finocchiaro and K. P. George



65

Clearly different body size variables represent different anatomical components 
of any individual, are also measured in different units and reflect different dimen-
sional constructs (1D, 2D and 3D). This can only complicate any scaling process, 
especially when there are multiple cardiac dimensions (or functional parameters) to 
be scaled.

• In sports cardiology literature the most common scaling variable used in an 
attempt to determine a size-independent index is BSA [36].

It is thought that BSA is a good “overall” surrogate of body size that can reflect 
changes or developments in fat mass and fat free mass [36]. This is despite the fact 
that BSA is estimated from prediction equations that are very rarely developed from 
the populations under investigation in sports cardiology research or screening.

Because of the issues associated with estimations of BSA and the desire to have 
highly accurate measures of body size a number of research studies have promoted 
the use of height (stature) as a scaling variable [40–42]. In most cases empirical data 
has supported the use of height2.7 for scaling LV mass. This is not far from a geo-
metrically consistent value of 3. Work specifically in athletes has questioned the use 
of height due to its limited variability in homogenous athlete groups [43, 44]. 
Despite this height does remain an option for scaling in athletes and other 
populations.

From a theoretical and evidence-based perspective, many authors [36, 37] have 
suggested that some estimate of the lean or muscle tissue component of body size in 
any individual would be a sensible option to reflect body size. Lean or muscle tissue 
represents the metabolic “sink” for blood flow and thus cardiovascular work require-
ments during exercise, and also likely reflects the component of body size that will 
differentiate most between individuals and groups (when compared to height, body 
mass or BSA); it has thus been employed in recent athletic heart studies [48, 49].

Recent research has extended scaling in sports cardiology research in a number 
of different directions:

• George et al. [50] investigated the application of scaling of cardiac dimensions in 
a longitudinal training study employing MRI to assess cardiac and body size 
variables.

• Riding et al. [49] specifically addressed the utility of scaling in athletes with an 
extreme body size. Other work has moved on from cardiac dimensions to more 
recent developments related to cardiac function, movement and mechanics.

• Batterham et al. [51] determined that basal septal wall peak tissue velocity in 
systole was highly dependent on LV length in athletes, suggesting some scaling 
adjustment.

• Conversely, Oxborough et  al. [52] were able to demonstrate that longitudinal 
strain was independent of dimensional characteristics of the LV.
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4.10  Take Home Messages and Guidance for Future Research

• Sporting disciplines have a significant impact on the type and the extent of physi-
ological cardiac adaptation in athletes.

• While the “Morganroth hypothesis” interpreted the effect of sporting discipline 
on cardiac adaptation in a dichotomous way (static sports = concentric hypertro-
phy/remodelling, dynamic sports = eccentric hypertrophy), recent studies have 
shown that this relationship is far more complex.

• LV geometry, which is often represented by the relationship between the LV cav-
ity size and wall thickness, is usually normal in athletes. In athletes engaged in 
dynamic exercise, females tend to show eccentric hypertrophy more frequently 
than males. Although occurring in only a small proportion of athletes, more men 
than women exhibit concentric remodeling/hypertrophy.

• Endurance athletes may exhibit a low normal or even mildly reduced LV ejection 
fraction, which is part of a physiological process of adaptation to exercise.

• With respect to scaling of cardiac dimensions (and in some cases cardiac func-
tion) we pose a number of simple questions.
 1. Why are you scaling?
 2. What do you need to scale?
 3. How are you going to scale (process and variable choice)?
 4. How are you going to demonstrate size-independence of your cardiac indices?

• It is prudent to develop an empirically supported and sample specific approach to 
scaling. Think about how you align your approach, theoretically and practically, 
to best practice and past literature.

• If it is difficult (sample size and variance) to provide sample specific scaling sup-
port, then you may have to resort to population specific and evidence-based 
approaches [35, 36].

• Future research should continue to advocate theoretically and practically valid 
scaling approaches to help accurately interpret cardiac dimensions in athletes. 
More work is needed in cardiac dimensions associated with the RV [26], the atria 
[32] and other cardiovascular structures.

• Further work should also address how cardiac and body dimensions relate to 
each other (and thus how scaling is performed) in a range of different athletic 
populations including
 – female athletes [48]
 – athletes with different ethnicity [50]
 – athletes of different age [53].

• All of this work, and that which has gone before, must contribute to the develop-
ment of body-size-independent norms data for athletes to help differential diag-
nostic decisions in sports cardiology.

Clinical Pearls
• Eccentric hypertrophy of the LV is a common but not obligatory response to 

endurance-type training programs.
• Concentric hypertrophy of the LV is a rare finding in any athlete and should raise 

some suspicion at cardiac pre-participation screening.
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• Balanced adaptions in the LV, RV and atria are the common form in most athletes 
undergoing long term training.

• Resting cardiac function is a poor clinical discriminator in most athletes and can 
even decline in some trained individuals.

• Big people have big hearts and smaller people tend to have smaller hearts.
• Choosing the right theoretical and mathematical approach to scaling your car-

diac data, as opposed to the easiest, could be important in evaluating any given 
athletic heart accurately.

 Review

 Questions

 1. What are the common forms of left ventricular geometry observed in highly 
trained athletes from different sporting disciplines?

 2. Can you describe the impact of endurance sport on right ventricular adaptation 
to exercise?

 3. Can you describe the nature of the relationship between a one-dimensional car-
diac measure (e.g. septal wall thickness) with a three-dimensional body size 
variable (e.g. body mass)?

 4. In the example above, can you describe possible different approaches to scaling, 
and how you would determine if the scaled index was, indeed, 
size-independent?

 Answers

 1. Most athletes would exhibit a normal left ventricular geometry. Athletes may 
exhibit eccentric hypertrophy, concentric hypertrophy or concentric remodeling. 
A recent study [11] showed that in the specific subgroup of athletes engaged in 
dynamic exercise, females showed eccentric hypertrophy more frequently than 
males, while more men than women had concentric remodeling/hypertrophy, 
although these geometric presentations were less common than normal 
geometry.

 2. A large proportion of young athletes exhibit increased RV dimensions exceeding 
the reference values commonly used in clinical practice and the values proposed 
by the revised Task Force Criteria (TFC) for the diagnosis of ARVC. Most avail-
able data are on endurance athletes, with less available data on athletes engaging 
in static sports.

 3. Whilst the overall relationship will be positive (as body size increases so will 
septal wall thickness), careful analysis will likely reveal that over the range of 
data provided the relationship between septal wall thickness and body mass will 
be curvi-linear (i.e. non-linear) as it involves a one-dimensional cardiac measure 
and a three-dimensional body size parameter. The curvi-linear relationship is 
because of the lack of geometric similarity between the two variables.

4 Impact of Sporting Disciplines and Body Size on the Athlete’s Heart



68

 4. Initially you would want to define your body size parameter to scale and in most 
cases this would likely be BSA or HT (in a clinical setting). Ratiometric 
approaches with BSA are likely to be problematic due to lack of geometric simi-
larity in septal wall thickness and BSA. An allometric approach with the “b” 
exponent derived directly from the population to be studied would be optimal but 
an approach using 0.5 (1-D divided by 2-D) as the “b” exponent could be 
adopted. If HT was used, a ratiometric approach would likely be very similar to 
any allometric approach as both septal wall thickness and HT are one- dimensional 
parameters. To test for size independence all you would need to do is correlate 
the scaled index (wall thickness/BSA0.5 or wall thickness/HT) to the body size 
measure (BSA or HT). Any significant residual correlation would suggest that 
size-independence of your index had NOT been achieved.
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Learning Objectives
 1. Understand the methodology behind incidence studies and be able to critically 

evaluate incidence studies with assessment of the accuracy of the numerators and 
denominators used to calculate risk of death.

 2. Identify high risk populations at risk for sudden cardiac death.
 3. Describe the causes of sudden cardiac death in young and older athletes and how 

they differ.
 4. Discuss primary and secondary prevention strategies for sudden cardiac death.

5.1  Epidemiology

5.1.1  Prevalence

The prevalence of cardiovascular conditions that predispose to sudden cardiac arrest 
(SCA) and death (SCD) is about 1 in 300 individuals [1–4]. Not all those with cardiac 
conditions that predispose to SCA/D will die, however athletes with cardiac conditions 
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are more likely to suffer SCA than non-athletes [5, 6]. The concept behind cardiovascu-
lar screening in athletes is to identify those with these conditions and to modify risk.

5.1.2  Incidence

SCD is the leading cause of medical death in young athletes [7]. The incidence of 
SCD in athletes has been reported between 1 in 3000 athlete-years (AY) to almost 
1 in 1,000,000 AY [8, 9]. Much of the variability is related to study methodology, 
therefore it is important to have a granular understanding of methodology when 
evaluating any study on incidence. To arrive at an incidence calculation there must 
be an accurate numerator and denominator.

5.1.2.1  Numerator
• How were the deaths recorded?

 – Mandatory reporting? Were the systems in place robust?
 – Death certificates?
 – Registry?

Registries typically rely on next-of-kin reporting and are subject to ascer-
tainment bias.

 – Media reports?
Media reports will capture between 4% and 80% of deaths in given popu-
lation depending on how high-profile the athlete is [7, 10–12].
Media reports will also under-report SCD which occur while the athlete is 
sleeping or during activities of daily living.

• Is the numerator inclusive of death which occurs only during sports or death 
which occurs at any time?
 – Some studies only look at deaths which occur during sports which is appro-

priate if you are considering the type of medical coverage that is required for 
an event (i.e. AED placement).

 – When considering screening programs, the number of deaths which occur at 
any time is needed.

• How is “athlete” defined?
 – Some studies of SCD look at athletes while others look at young people or 

people participating in sporting activity (see also Chap. 1).
• What age-range is included?

 – Rates of SCD vary in age groups.
 – Rates of SCD in athletes >25  years of age increase because of increasing 

contribution of coronary artery disease [13].
 – Age range should ideally be inclusive of people with similar risk profiles.

5.1.2.2  Denominator
• What unit is being used?

 – Most studies will use “athlete-years” or “person-years”.
 – Other studies in sports injury epidemiology use “athlete-exposures” or 

“athlete- hours” but this is typically not used in studies of SCD.

K. G. Harmon and M. G. Wilson
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• How was the denominator determined?
 – Actual numbers of athletes?

Is there a breakdown into sub-populations that may be at higher risk (sex, 
race/ethnicity, sport)?

 – Estimated numbers of athletes
Often with numbers reported by sporting associations, can lead to wide 
margins of error.
Occasionally, reports on physical activity in a population are used to esti-
mate the denominator. Depending on the methodology used, this can also 
lead to significant over or under-estimation of participation.

Table 5.1 includes studies on the incidence of sudden cardiac death in athletes 
with details about the study. In general, the overall incidence of SCD in athlete’s 
aged between 18 and 24 is about 1 in 50,000 AY. However, studies have shown that 
males, Afro-American/Caribbean and Pacific Islanders have a higher risk of SCD. In 
addition, it appears that men’s basketball, American football, and football (soccer) 
are higher risk sports [7, 14–16].

5.2  Conditions Associated with Sudden Cardiac Death

A variety of conditions are implicated in SCD with heterogeneous pathology based 
on age and other demographic factors. In addition, although the typical causes of 
SCD in athletes (listed below) are commonly reported, their percental proportion 
varies among different studies according to the characteristics of the particular ath-
letic population evaluated (e.g. regional variations) (Fig. 5.1).

Causes of SCD in athletes vary from causes in a broader population. The preva-
lence of coronary artery disease in those with SCD increases precipitously after 
age 25 [13]. In those under 25  years old, congenital causes are more likely to 
predominate. More recent studies have seen an increasing prevalence of left ven-
tricular hypertrophy (LVH) with fibrosis in cases of sudden death (Table 5.2) [17].

• Hypertrophic cardiomyopathy (HCM)
 – Prevalence in the general population of 1 in 500, in athletes 1 in 2000 [1].
 – Studies cite HCM as a cause of SCD in athletes in 2–36% of cases [7, 10, 12, 

14, 17–22].
 – Characterized by asymmetric left ventricular hypertrophy (LVH).
 – Histologic analysis shows disorganized cellular architecture or myocyte 

disarray.
 – There is variable penetrance with some never developing phenotypic 

HCM. They are considered low risk for SCA.
 – Morphological features may appear in childhood but often develop in adoles-

cence or young adulthood. Screening for HCM needs to continue into young 
adulthood to be effective [23].

 – The presenting symptoms of HCM is SCA 80% of the time. Exertional syn-
cope or chest pain, light-headedness or dyspnea may also occur.

5 Sudden Cardiac Death in Athletes: Incidence, Causes and Prevention Strategies
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 – ECG will detect 93% of HCM [24] if suspected, a cardiac MRI is indicated as 
echocardiogram may miss apical hypertrophy, the most common variant in 
athletes [25].

 – Exercise increases the risk of ventricular tachycardia/fibrillation and is a modi-
fiable risk factor. Shared-decision making for return-to-play is becoming more 
common, however, it should be noted that there are multiple cases of SCD after 
returning to play with HCM [15, 23]. An in-depth discussion of risks, including 
death, should be part of the decision-making process (see also Chap. 14).

• Idiopathic left ventricular hypertrophy/fibrosis (ILVH)
 – In studies examining the pathogenesis of SCD, there is an increasingly recog-

nized category of ILVH or fibrosis, sometimes referred to as possible cardio-
myopathy [7, 17, 26].

 – These hearts are sometimes larger than expected for age, weight and height 
but do not meet other pathologic criteria to be categorized as HCM, i.e. there 
is no myocyte disarray.

 – These hearts can also be normal sized with myocyte hypertrophy and fibrosis 
present.

 – It is unclear if this is an early expression of HCM, another entity or acquired 
response to exercise.

• Arrhythmogenic cardiomyopathy (AC)
 – Prevalence in population is 1 in 5000 [27].
 – Estimated to cause 3–29% of athlete SCDs [7, 10, 12, 14, 17–22].
 – Formerly characterized as arrhythmogenic right ventricular cardiomyopathy, 

there is increasing recognition as a biventricular entity [27].
 – AC is an inherited muscle disorder characterized by myocardial fibro-fatty 

replacement.
 – Exercise causes progression of disease and should be avoided after diagnosis 

(see Chap. 15) [28, 29].
• Dilated cardiomyopathy

 – Prevalence in population is 1 in 2500.
 – Dilated cardiomyopathy can be the end stage of other cardiomyopathies such 

as HCM or arrhythmogenic cardiomyopathy.
 – Less commonly diagnosed in athletes; 0–5% [7, 10, 12, 14, 17–22].

• Coronary artery anomalies
 – Causes 4–16% of SCD in athletes [7, 10, 12, 14, 17–22].
 – Abnormal origin of the left coronary artery arising from the right sinus of 

Valsalva is most common.
 – Other features that may contribute to ischemia during exercise include an 

acute angled take-off, hypoplastic ostium, or impingement of the anomalous 
artery as it traverses between the expanding great vessels during exercise.

 – May cause chest pain or exertional syncope.
 – Not detected with ECG. Transthoracic echocardiogram can visualize the cor-

onary ostia in up to 98% of athletes [30].
 – Depending on abnormality, may be surgically repaired with successful return 

to play (see Chap. 22).
• Aortic rupture

 – Aortic rupture accounts for 0–6% of SCD in athletes and is usually associated 
with Marfan Syndrome [7, 10, 12, 14, 17–22].
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 – Marfan Syndrome can cause progressive dilatation and weakness (cystic 
medial necrosis) of proximal aorta and myxomatous degeneration of mitral 
and aortic valves.

 – An echocardiogram to assess aortic diameter should be obtained in those with 
typical Marfanoid features (see also Chap. 7).

 – Return to play should be guided by a specialist familiar with aortic root pathol-
ogy and is based on aortic dimensions and pathological features of the 
disease.

• Coronary artery disease (CAD)
 – Coronary heart disease is the leading cause of death in adults.
 – SCD due to CAD in athletes increases precipitously after age 25 and is the 

most frequent cause of cardiac disease in athletes after the age of 30 [13].
 – In general, exercise is protective from CAD, however exercise may be a stim-

ulus for plaque disruption.
 – Recent studies of endurance athletes show a higher burden of coronary artery 

calcium than sedentary controls, however, the plaque appears predominantly 
calcific and more stable compared to mixed plaques which are prone to rup-
ture (see also Chap. 32) [31].

• Myocarditis
 – Acute inflammatory process involving the myocardium. Coxsackie B virus is 

implicated in more than 50% of cases, but echovirus, adenovirus, influenza, 
and Chlamydia pneumoniae have also been associated with myocarditis.

 – Reported as the cause of death in 2–31% in studies of SCD in athletes [7, 10, 
12, 14, 17–22].

 – Pathologic features include lymphocytic infiltrate of myocardium with necro-
sis or degeneration of adjacent myocytes.

 – Acute phase presents with flu-like illness, which may lead to dilated cardio-
myopathy. SCD may occur in the presence of either active or healed 
myocarditis.

 – Characteristic symptoms include prodromal viral illness followed by progres-
sive exercise intolerance and congestive symptoms of dyspnea, cough and 
orthopnea.

 – ECG may show diffuse low voltage, ST and T wave changes, heart block, or 
ventricular arrhythmias. Laboratory tests include leukocytosis, eosinophilia, 
elevated sedimentation rate or C-reactive protein, and increased myocardial 
enzymes. Echocardiography may show dilated LV, global hypokinesis, seg-
mental wall abnormalities, and decreased LV ejection fraction.

 – Athletes with myocarditis should not exercise. Resolution is variable. Return 
to sports should not be considered until 3–6 months after onset of illness and 
ventricular systolic function has returned to normal, serum markers of myo-
cardial injury have normalized, and clinically relevant arrhythmias are absent 
(see also Chap. 20).

• Sudden arrhythmic death syndrome (SADS)/Sudden unexplained death
 – A diagnosis of exclusion with a morphologically normal heart, normal histo-

pathology, and negative toxicology screened. Presumed to be cardiac related 
to arrhythmia.
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 – SADS in athletes is cited as a cause of death in 2–44% of cases [7, 10, 
12, 14, 17–22].

 – Diagnoses that are represented in this category include channelopa-
thies including Long QT Syndrome (LQTS) and Brugada Syndrome, 
and conduction abnormalities such as WPW (see also Chap. 21).

• LQTS
 – Most common channelopathy.
 – Characterized by prolongation of ventricular repolarization and QT 

interval corrected for heart rate.
 – Syncope or presyncope related to physical exertion or emotional stress 

may occur.
 – Family history of SADS, unexplained drowning or motor vehicle acci-

dent or sudden infant death should prompt further evaluation
 – In an asymptomatic athlete without a family history of SCD, current 

cutoffs for screening ECG are a QTc of 470 ms in males and 480 ms in 
females.

 – A prolonged QTc on an ECG does not equate to a diagnosis of 
LQTS. LQTS is a clinical diagnosed based on a number of criteria.

 – Return to play decisions should be guided by a heart rhythm specialist 
or genetic cardiologist experienced in the care of athletes. A shared 
decision making model should be used after the institution of 
treatment.

• Brugada Syndrome
 – A rare channelopathy more prevalent in males from Southeast Asia.
 – Caused by abnormalities in the sodium channels.
 – May present as syncope or sudden death while sleeping.
 – ECG shows a pattern of right bundle branch block and ST-segment 

elevation in leads V1 to V3.
 – Shared decision making for return to play should be implemented after 

appropriate treatment has been instituted.
• Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)

 – Inherited disorder characterized by stress-induced ventricular arrhyth-
mias in children and young adults.

 – Caused by abnormalities in calcium channel function.
 – Syncope, sudden death, and polymorphic ventricular tachycardia can 

be precipitated by vigorous physical exertion or acute emotion.
 – Resting ECG is normal. Exertion or epinephrine challenge can induce 

ventricular tachycardia.
• Wolff-Parkinson-White Syndrome (WPW)

 – Most common abnormal finding on ECG in screening programs.
 – WPW is characterized by tachyarrhythmias caused by an accessory 

pathway (the Bundle of Kent) which directly connects the atria and 
ventricles and bypasses the AV node. The arrhythmia can be atrio-
ventricular tachycardia (80%), atrial fibrillation (15–20%), or atrial 
flutter (5%).

 – Symptoms include palpitations, syncope and near-syncope.
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 – Once diagnosed, risk stratification can be performed.
 – Symptomatic and high-risk pathways are candidates for ablation, with subse-

quent return to competition.

5.3  Prevention

Cardiovascular prevention strategies can be divided into two main categories:

 1. primary prevention; identifying cardiac conditions that predispose to sudden car-
diac arrest and attempting to mitigate risk or

 2. secondary prevention; recognizing and treating SCA and preventing death.

5.3.1  Primary Prevention in Young Athletes

Some argue that the screening for conditions that predispose to sudden cardiac 
death in the young athletes is unnecessary, citing the relative infrequency of SCD 
and the resources required to screen, investigate and manage those with positive 
findings [11]. However, the incidence of SCD considered should be SCD in athletes 
occurring anytime, not sports-related sudden death (death occurring when partici-
pating in activity), as a substantial proportion of SCD in athletes occurs at rest or 
while sleeping [7, 17, 32]. There is broad agreement that the goal of cardiovascular 
screening in athletes is “to prospectively identify or raise suspicion of previously 
unrecognized and largely genetic congenital cardiovascular diseases known to cause 
SCA and sudden death in young people” [33–35].

• The American Heart Association and American College of Cardiology considers 
cardiovascular screening in athletes “justifiable and compelling, based on ethi-
cal, legal, and medical grounds” and recommends screening with a 14-point his-
tory and physical examination [33].

Others point out limited ability of screening with history and physical examina-
tion alone to effectively identify conditions that predispose to SCD or reduce SCD 
[36–38]. There is a high false positive rate to the screening questions [39].

• The European Society of Cardiology, the International Olympic Committee 
and most professional sports organizations recommend cardiovascular 
screening with history and physical as well as 12-lead electrocardiogram 
(ECG) [34, 40].
 – Previous concerns of a high false positive rate in screening ECGs are no lon-

ger valid with improved guidelines for interpreting ECGs in athletes, which 
account for the physiologic changes with training and have reduced the false 
positive rate to ~2% without affecting sensitivity [24, 25].
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 – Screening with ECG greatly improves the sensitivity and specificity of cardio-
vascular screening [1, 41].

 – ECG will detect 2/3–3/4 of conditions that cause SCD.

Decisions on whether and how to screen for cardiovascular conditions that pre-
dispose to sudden cardiac death in young athletes should take into account regula-
tions or requirements of sporting organizations, the risk of the population considered, 
the potential harms and benefits, and the available resources [37].

5.3.2  Primary Prevention in Older Athletes

• There is no debate that exercise improves physical health and well-being.
• CAD is the primary cause of death in athletes over 25.
• Screening strategies in older athletes in whom CAD is the primary concern 

should focus on risk factors for CAD.
• There is evidence that heavy exercisers have higher coronary artery calcium 

scores than sedentary controls. How this translates to risk is under investigation 
(see also Chap. 32) [31].

5.3.3  Secondary Prevention of SCD

Access to early cardiopulmonary resuscitation (CPR) and early defibrillation is the 
key to survival of SCA [42]. Recognition of SCA is first step to response.

• Anyone who collapses and is unresponsive should be presumed to have had a 
SCA.

• Over 50% of athletes with SCA will have tonic-clonic movement of the limbs 
which is often mistaken for a seizure causing critical delay.

• Agonal breaths or gasps should not be confused with respiration.
• Automated external defibrillators will not deliver shock unless indicated.

Every school or institution that sponsors athletic activities should have a written 
and structured Emergency Action Plan (EAP).

• The EAP should be developed in conjunction with local emergency medical ser-
vices, school or venue safety officials, likely first responders, and administrators.

• The EAP should be specific to each venue and provide plans for:
 – A communication system should be in place to activate the emergency medi-

cal services (EMS) system, to alert local responders, and to expedite transfer 
of emergency equipment (AED) to the scene.

 – An identified team of targeted first responders (i.e. coaches, school health offi-
cials) should receive training in the recognition of SCA, CPR and AED use.
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 – On-site AED programs are ideal and the best means of achieving early 
defibrillation.

 – Transportation routes for arriving EMS should be defined.
 – The EAP should be practiced at least annually by potential responders  

to SCA
 – The target time from collapse to first shock should be less than 3 min.

Clinical Pearls
• Reports on the incidence of SCD vary widely primarily due to differences in 

methodology and the population examined.
• Groups that are at higher risk for SCD include males, blacks, and men’s basket-

ball, American-style football, and football (soccer).
• The most common causes of SCD appear to be HCM/LVH with fibrosis and 

SADs. About 2/3 to 3/4 of cardiovascular conditions the cause SCD can be 
detected with ECG screening.

• No screening program will prevent all SCD, therefore an EAP should be devel-
oped and practiced at least annually at venues where sports are played.

 Review

 Questions

 1. Which athlete statistically has the highest risk of sudden cardiac death?
 (a) Caucasian female volleyball athlete
 (b) Afro-American/Caribbean female basketball athlete
 (c) Caucasian male football (soccer) athlete
 (d) Afro-American/Caribbean basketball athlete

 2. What is the most common cause of sudden cardiac death in athletes over the age 
of 25?
 (a) Hypertrophic cardiomyopathy
 (b) Sudden arrhythmic death syndrome
 (c) Coronary artery disease
 (d) Coronary artery abnormalities

 3. Which primary prevention screening strategy has the highest likelihood of dis-
covering conditions which predispose to SCD in a young athlete?
 (a) History including extensive personal and family history
 (b) ECG
 (c) Echocardiogram
 (d) Physical examination

 4. The single most important factor in surviving SCA is
 (a) Early CRP
 (b) Early defibrillation
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 (c) Prompt arrival of emergency personnel
 (d) The underlying cause of the arrest (i.e. hypertrophic cardiomyopathy, coro-

nary artery anomaly, etc.)

 Answers

 1. (d). The incidence of SCD is much higher in males, Afro-Americans/Caribbeans, 
and certain sports. Females are consistently demonstrated to be at lower risk for 
SCD. The highest risk sports include men’s basketball, men’s football (soccer) 
and American football. The highest demographic risk carries an Afro- American/
Caribbean male basketball athlete.

 2. (c). In athletes over 25 years, coronary artery disease is the primary cause of 
SCD.  In athletes under 25 there are varying reports. More recent systematic 
reports suggest that SADS is the most common cause of death while earlier stud-
ies suggested HCM.

 3. (b). Statistically ECG is much more likely to detect underlying cardiac condi-
tions which predispose to SCD than history or physical examination. Although 
echocardiography has been suggested as a screening tool, it will not detect elec-
trical causes of SCD, and will only detect some structural diseases often missing 
early or apical HCM.

 4. (b). Early defibrillation is the primary determinant of survival from cardiac 
arrest, although early CPR also improves outcomes.
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6Medical Evaluation of Athletes: Medical 
History and Physical Examination

Hanne K. Rasmusen and Christian M. Schmied

Learning Objectives
 1. To recognize “red flags” in an athlete’s personal, systemic and family history.
 2. To know the cornerstones of an accurate physical examination of athletes.
 3. To understand and be able to classify the implications of specific clinical 

findings.
 4. To recognize the limitations of the assessment of medical history and clinical 

examination in athletic populations.

6.1  Personal History/Symptoms

The clinical importance of personal, systemic and family medical history in athletic 
populations is apparent, but its accuracy very much depends on the particular cir-
cumstances. The yield of a questionnaire during pre-participation screening is sparse, 
with about two-thirds of the athletes indicating symptoms but with finally less than 
two percent leading to a cardiac diagnosis [1] (Fig. 6.1). This highlights the pivotal 
role of an experienced physician in classifying and clearing these subjective symp-
toms in order to prevent unnecessary anxiety and further examinations. On the other 
hand, athletes referred from their general practitioner because of particular cardiac 
symptoms have a high yield of 44% for having a cardiac diagnosis [2].

• Independent of the setting, the athlete’s symptoms should always be evaluated in 
the context of personal and family history, as well as physical examination and 
the 12-lead ECG.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-35374-2_6#DOI
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6.2  Syncope/Near-Syncope

The most alarming symptom among athletes is syncope. This is defined as

• “a sudden transient loss of consciousness and postural tone due to transient 
global cerebral hypoperfusion, characterized by rapid onset, short duration and 
spontaneous complete recovery” [3].

A syncope is not uncommon among athletes, as shown recently by Colivicchi 
and coworkers [4] on n = 7568 athletes undergoing pre-participation screening. A 
syncopal episode was reported in 6.2% within the preceding 5 years, but only 13.3% 
of these episodes were related to exercise (i.e. post-exertional in 12.0%, and during 
exercise in only 1.3%). At follow-up, those athletes with an exercise-unrelated syn-
cope had a diagnosis of either vasovagal or situational syncope. Unlike post- 
exertional syncope, 50% of syncopal episodes occurring during exertion were 
cardiogenic, either due to structural heart disease or primary arrhythmia, and these 
causes are also associated with an increased risk of sudden cardiac death (SCD) [5].

• Exercise-related syncope is a red flag symptom that always warrants thorough 
and rapid evaluation.

Evaluation of an exercise-induced syncope should include obtaining a thorough 
history of circumstances related to its occurrence, including objective or subjective 
warning signs prior to the event (e.g. sweating, nausea, palpitations, chest pain), 
single or multiple appearance, duration, and state of mind at recovery. It should also 

Physical Activity Readiness Questionnaire (PAR-Q)

Question

1.
Has your doctor ever said that you have a heart condition and that you should only do
physical activity recommended by a doctor?

Do you feel pain in your chest when you do physical activity?

Do you lose your balance because of dizziness or do you ever lose consciousness?

Do you have a bone or joint problem (for example, back, knee or hip) that could be
made worse by a change in your physical activity?

Is your doctor currently prescribing drugs (for example, water pills) for your blood
pressure or heart condition?

Do you know of any other reason why you should not do physical activity?

YES to one or more questions: medical examination reasonable before becoming much more physically active

In the past month, have you had chest pain when you were not doing physical activity?

2.

3.

4.

5.

6.

7.

Answer

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

Fig. 6.1 The Physical Activity Readiness Questionnaire (PAR-Q) as a classic example of a ques-
tionnaire designed to evaluate symptoms or conditions indicative of an increased risk during 
sports. This and similar, modified questionnaires are frequently recommended by various scientific 
or commercial sporting associations as a pre-participation screening tool (e.g. German Society of 
Sports Medicine, www.dgsp.de)
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be assessed whether the syncope had occurred during long-distance exercise with 
possible electrolyte derangement, during specific activities (e.g. swimming or sud-
den and loud noises as typically being associated with the long QT syndrome), dur-
ing fever or after exercise in high temperature as observed in the Brugada syndrome, 
or after a blunt chest trauma as seen in commotio cordis. A syncope leading to an 
injury suggests cardiac, arrhythmogenic etiology.

Further issues that need to be evaluated within the diagnostic pathway are:

 1. Use of medication and stimulants.
 2. Familiar predisposition to early sudden unexplained death or cardiac disease.
 3. Clinical examination with focus on cardiac murmurs (see below).
 4. 12-lead ECG and, at least, 24 h of continuous Holter monitoring.
 5. Basic clinical chemistry: hemoglobin, electrolytes, D-dimer and cardiac 

biomarkers.
 6. Echocardiography including the detection of coronary ostia.
 7. Exercise test if still uncertain or if symptoms have clearly been exercise-related, 

important to encourage to maximum exercise, preferably applying cardiopul-
monary exercise testing (CPET)

 8. Coronary computed (CT) angiography if coronary anomaly or coronary artery 
disease is suspected.

 9. Cardiac magnetic resonance imaging (MRI) if possible and if structural disease 
is suspected, especially e.g. right heart disease as Arrhythmogenic 
Cardiomyopathy or apical Hypertrophic Cardiomyopathy (HCM; see Chaps. 
14 and 15).

 10. If still unclear: Loop recorder implantation.
 11. Electrophysiologic examination for risk assessment (debatable).

6.3  Exertional Chest Pain/Discomfort

During lifetime, thoracic pain is experienced in 40–60% of adults in the general 
population and possibly similarly frequent in athletes [2, 6]. Fortunately, chest pain 
is most often benign and of non-cardiac origin, but in the acute setting the initial 
assessment is to rule-out potentially life-threatening causes. The most common car-
diac cause of chest pain is ischemic heart disease (IHD) therefore the initial assess-
ment includes assessment of risk factors for IHD:

• Age
• Gender
• Smoking history
• Plasma lipids
• Familiar predisposition
• Further cardiovascular risk factors

Other diagnostic considerations are pulmonary embolism, cardiomyopathies, 
peri-myocarditis, coronary anomaly, aortic stenosis (in young athletes often caused 

6 Medical Evaluation of Athletes: Medical History and Physical Examination
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prematurely by bicuspid aortic valve), mitral valve prolapse or aortic dissection 
(usually associated with systemic disease such as the Marfan syndrome). The main 
causes of acute chest pain in younger athletes origin from the muscular-skeletal 
system and the lungs [7], whereas in adults acute coronary syndrome, gastrointesti-
nal disease, muscular-skeletal origin and (less common) pericarditis, pneumonia 
and pulmonary embolism should be suspected [8] (Table 6.1).

• In general, chest pain among athletes is often an unspecific symptom of non- 
cardiac origin such as gastroesophageal reflux, asthma or muscular-skeletal pain.

• Nonetheless, it should always be evaluated thoroughly to exclude any cardiac 
cause, given the significance of sudden cardiac arrest in this population.

6.4  Dyspnea and/or Reduced Exercise Capacity

Among athletes, exercise-induced shortness of breath is usually reported as reduced 
exercise capacity. If reported with concurrent symptoms as coughing and wheezing 
there is often a pulmonary cause such as exercise-induced asthma or vocal cord 
abnormalities [9].

Table 6.1 Common causes of chest pain

Cardiac causes
Structural heart disease ∙ Ischemic heart disease

∙ Cardiomyopathy
Congenital ∙ Coronary artery anomaly

∙ Bicuspid aortic valve leading to premature aortic stenosis
Drug-induced ∙ Cocaine

∙ Other substances used for performance-enhancing purposes
Inherited ∙  Familial hypercholesterolemia leading to premature 

ischemic heart disease
∙ Marfan syndrome with aortic dissection

Infectious ∙ Perimyocarditis
Valvular ∙ Aortic stenosis
Traumatic ∙ Commotio cordis
Autoimmune ∙ Kawasaki disease (coronary aneurysms)
Non-cardiac causes
Muscular-skeletal ∙ Costochondritis

∙ Intercostal/Serratus anterior strain
∙ Rib stress fracture

Gastrointestinal ∙ Gastroesophagal reflux
∙ Peptic ulcer
∙ Hiatal hernia

Respiratory ∙ Asthma (including exercise-induced)
∙ Pneumothorax (spontanously or traumatic)
∙ Pulmonary embolism
∙ Pleuritis
∙ Pneumonia

Miscellaneous ∙ Malignancy
∙ Herpes zoster
∙ Psychogenic (e.g. anxiety)
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• With a prevalence of 8%, asthma or airway hyperreagibility are the most com-
mon chronic medical conditions among Olympic athletes [10].

If a cardiac cause is suspected, cardiomyopathy should particularly be excluded in 
younger athletes whereas in older ones the prevalence of coronary artery disease 
poses the main risk factor for acute cardiac events during exercise (see Chap. 6). If a 
murmur appears, valvular heart disease (bicuspid aortic valve leading to premature 
aortic stenosis or regurgitation, or mitral valve prolapse), or innate cardiac disease 
(atrial or (less common) ventricular septal defects) should be suspected. Coarctatio 
aortae should particularly be considered if reduced exercise capacity is combined with 
blood pressure differences between upper and lower extremities and if additional 
symptoms such as abdominal angina and early fatigue of the legs during exercise are 
present. It also sometimes coincides with bicuspid aortic valve (see Chap. 24).

6.5  Palpitations

There is not a clear definition of palpitations but the symptom is often described by 
the athlete as an increased awareness of their own heartbeat [11]. Palpitations are 
common in athletes [2], and the symptom can represent the whole spectrum from 
benign ectopic beats to life-threatening ventricular tachycardia. To distinguish the 
different conditions it can often be helpful to ask the athlete to tap the rhythm of 
their palpitations or to choose from a range of rhythms tapped by the physician [12]. 
Palpitations followed by other cardiac symptoms such as lightheadedness or even 
syncope as well as shortness of breath most likely indicate a significant clinical 
arrhythmia. Correspondingly, it is important whether the palpitations are

• fast or slow
• regular or irregular
• start and terminate abruptly or gradually
• triggered by exercise or other external or internal factors.

Palpitations can be of cardiac or non-cardiac origin. The cardiac causes can 
either be secondary to structural heart disease or represent a primary cardiac arrhyth-
mia. The structural conditions that can enhance cardiac irritability are most often 
due to cardiomyopathy (inherited as well as acquired), ischemic heart disease or 
valvular disease. The primary cardiac arrhythmias are of supraventricular and ven-
tricular origin and include genetic channelopathies such as the Long QT syndrome, 
Brugada syndrome and Catecholaminergic Polymorphic Ventricular Tachycardia 
(CPVT; see Chap. 21). The non-cardiac causes of palpitations are often due to

• reactive sinus tachycardia caused by systemic disease (e.g. thyroid disease and 
anemia),

• psychosomatic disorders (e.g. anxiety, depression and panic attacks) and
• medication or drugs (e.g. alcohol, caffeine, performance-enhancing drugs/

stimulants).
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The most common cause of palpitations among athletes at rest are ectopic beats 
that decrease during exercise. Supraventricular arrhythmias are often influenced by 
vagal maneuvers, with a temporary reduction in heart rate or sudden interruption. In 
contrast, ventricular arrhythmias remain unaffected. Among middle-aged male 
master athletes, atrial fibrillation is up to five times more common than in age- 
matched non-athletes [13] (see Chap. 34). Athletes often suffer from irregular heart 
rhythm, associated weakness, fatigue and polyuria (as an effect of increased secre-
tion of atrial natriuretic peptide).

Beyond medical history and physical examination, further clinical evaluation 
should always include ECG and echocardiography, and if no signs of structural 
heart disease are found, they should be followed by exercise testing and/or Holter 
monitoring. If the symptoms cannot be correlated to a specific finding during these 
tests, loop recorders or similar devices could be considered.

6.6  Family History

Obtaining a family history is of crucial importance as many of the causes of sudden 
cardiac arrest or death in young athletes are due to inherited cardiac disease. The goal 
of the investigation is to identify athletes at higher risk for inherited cardiovascular 
disorders. These include cardiomyopathies, valvular heart disease, channelopathies 
and other primary arrhythmic disturbances. Many of these diseases carry autosomal-
dominant inheritance patterns; thus, a family history can specify the evaluation.

• If there is a positive family history of sudden unexplained death before the age of 
50 years it is of utmost importance to obtain further information for risk assess-
ment and stratification of the athlete.

This includes creating a pedigree to clarify the exact relation of the family mem-
ber who died, getting an overview of who could be at risk and, if possible, clarifying 
the exact circumstances and cause of death from the deceased (e.g. autopsy). First 
degree relatives of SCD victims are at highest risk, as shown in a recent Danish 
study [14], and if genetic testing reveals positive findings it can be followed with 
family cascade screening.

6.7  Physical Examination

There is an ongoing debate about the ideal screening concept to prevent SCD in 
sport. The crux of the matter is the inclusion of an ECG, and most of the sports and 
cardiologic associations, like the European Society of Cardiology (ESC), the 
International Olympic Committee (IOC), the Federation Internationale de Football 
Association (FIFA), and various U.S. professional sporting organizations recom-
mend a cardiac screening integrating an ECG.

However, the American Heart Association (AHA) still stands with a more tradi-
tional concept, using a 14-point personal and family history questionnaire (Fig. 6.2) 
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and a physical examination [15–19]. The questions focusing on medical history are 
mainly based on consensus expert opinion, and there are only few data regarding 
feasibility of these questions among various ethnic and socio-economic subgroups. 
The reliability of the questions is unclear, and existing data is ambiguous. With 
respect to the AHA-based history questions, prior to physician review, athletes 
reported positive rates in up to 35–60%, while other studies report positive history 
responses in only 1% of athletes [20, 21]. However, this once again highlights the 
importance of an accurate clinical assessment by a dedicated physician. Moreover,

• It should be kept in mind that in many athletes SCD occurs without suggestive 
preceding symptoms [22].

In a recent meta-analysis [23] physical examination even had a lower sensitivity than 
the athlete’s history, but nevertheless, a relatively high specificity and negative likeli-
hood ratio. However, despite all debates and limitations, a personal clinical evaluation is 
still the cornerstone of every medical assessment, including a population of competitive 
athletes. It may provide important information that relies on intuition and experience, 
not only regarding rather subjective questionnaires but also clinical findings during 
physical evaluation. Primary findings which may prompt further assessment of an ath-
lete’s heart and cardiovascular system are heart murmurs, clinical stigmata of connective 
tissue disease (e.g. Marfan syndrome) and high blood pressure [23].

The physical examination of an athlete should be focussed and clearly struc-
tured. As such, a standard approach, as in the assessment of other organs, would be 
as following:

 1. Inspection
 2. Palpation and percussion (incl. pulse and blood pressure measurement)
 3. Auscultation

 1. Inspection. Physical assessment of an athlete starts with an initial clinical impres-
sion. Complexion or obvious stigmata of an underlying disease should be noted. 
Particularly, clinical stigmata suggesting connective tissue disease are important 
to recognize, as affected athletes (e.g. in Marfan Syndrome) may develop aortic 
aneurysm with consecutive dissection. Table  6.2 provides an overview of the 
current criteria to assess an athlete regarding possible Marfan syndrome (revised 
Ghent nosology [24]).

 2. Palpation and percussion. The examination of the heart should start with the 
classification of the heart rhythm as
 (a) regular
 (b) partly irregular (due to sinus arrhythmia or premature beats) or
 (c) absolutely irregular (due to atrial fibrillation).

An accurate assessment of the athlete’s blood pressure (BP) is crucial as 
it may gain false positive (“white coat hypertension”) or false negative 
(“masked hypertension”) results. The athlete should ideally be examined in 
a supine or sitting position with the arm supported at the level of the heart 
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and after, at least, five minutes rest. Systolic pressure tends to be 2–3 mmHg 
higher and the diastolic pressure a similar degree lower in supine position. 
Mercury sphygmomanometers provide more accurate measurements than 
aneroid sphygmomanometers. Oscillometric BP measuring devices give 
readings that are typically lower than BP values obtained with the ausculta-
tory method. A properly sized cuff use is essential, as an inappropriately 
small cuff provokes higher than intra-arterial pressure. As a rule of thumb, 
the length of the cuff bladder should be 80%, and the width at least 40% of 
the circumference of the upper arm. The cuff should be inflated to a pressure 
approximately 30  mmHg higher than the estimated systolic pressure (by 
pulse palpitation) and deflated slowly, at a rate of 2–3 mmHg per heartbeat.

Systolic pressure is equal to the pressure at which the pulse can first be 
detected by auscultation (“Korotkoff phase I”) and the brachial/radial pulse 
can first be palpated again. As the cuff is further deflated, a brief period may 
follow during which the sounds soften (phase II) and then return to sharper 

Table 6.2 Overview of the «Revised Ghent Nosology/Criteria» for the diagnosis of Marfan 
Syndrome (MFS) [24])

In the absence of family history
1. Aortic root diameter (Z-score ≥ 2) and ectopia lentis MFSa

2. Aortic root diameter (Z-score ≥ 2) and causal FBN1 mutation MFS
3. Aortic root diameter (Z-score ≥ 2) and systemic score ≥ 7 points (see below) MFSa

4. Ectopia lentis and causal FBN1mutation with known aortic root dilatation MFS
In the presence of family history
5. Ectopia lentis and family history of MFS (as defined above) MFS
6. Systemic score ≥ 7 points (see below) and family history of MFS (as defined above) MFSa

7.  Aortic root diameter (Z-score ≥ 2 above 20 years old, ≥3 below 20 years) and family 
history of MFS (as defined above)

MFSa

Scoring of systemic features of MFS Score
 1. Wrist AND thumb sign (alt.: wrist OR thumb sign) 3 (1)
 2. Pectus carinatum deformity (pectus excavatum or chest asymmetry) 2 (1)
 3. Hindfoot deformity (plain pes planus) 2 (1)
 4. Pneumothorax 2
 5. Dural ectasia 2
 6. Protrusio acetabuli 2
 7.  Reduced upper/lower body segment ratio AND increased arm/height AND no severe 

scoliosis
1

 8. Scoliosis or thoracolumbar kyphosis 1
 9. Reduced elbow extension 1
10.  Facial features (at least 3 out of the following 5: dolichocephaly, enophtalmos, 

downslanting palpebral fissures, malar hypoplasia, retrognathia)
1

11. Skin striae 1
12. Myopia >3 diopters 1
13. Mitral valve prolapse (all types) 1
Maximum Score 20
Indicative of systemic involvement ≥7

The Systemic score (lower part) refers to signs that can be detected by physical examination
aCaveat: without discriminating features of other forms of connective tissue syndromes AND cer-
tain genetic profiles (see [24] for details)
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sounds again (phase III) before the pulse is first abruptly muffled (phase IV) 
and finally disappears (phase V), which generally equals the diastolic blood 
pressure (with the possible exception of high cardiac output in well trained 
athletes, where the pulse is continuously detectable) (Fig. 6.3).

 (d) BP should at least once be measured on both arms to detect possible vascular 
perfusion deficits.

 3. Auscultation. For more than a century, cardiac auscultation was the mainstay of 
cardiac examination. Despite all technical advances and possibilities to use car-
diac imaging as a more accurate method to detect structural heart disease, a doc-
tor’s stethoscope has still the right to exist and clinical situations in which it 
should be used primarily, although the accuracy has been questioned repetitively 
[25, 26]. However, this cost-effective and highly available technique should be 
provided adequately to increase diagnostic accuracy and forego false positive 
findings. Examiner variability is a matter of fact; however, auscultation has a 
reported sensitivity of 70% and a specificity of 98% for the detection of valvular 
heart disease.

Cardiac auscultation is commonly performed with the athlete lying in a supine 
position in the end-expiratory phase. However, by changing the body position (e.g. 
left lateral position or prone) and varying respiratory phases (e.g. end-inspiratory, 
Valsalva manoeuvre, etc.) specific cardiac conditions can be provoked in case of 
clinical suspicion. The findings in auscultation can roughly be separated into heart 
sounds and heart murmurs.

6.8  Heart Sounds

First heart sound (S1): The first heart sound (S1), normally best heard over the car-
diac apex, consists of two high-frequency components: the first component is attrib-
uted to the dominant mitral valve closure while the second component refers to the 
closure of the tricuspid valve. The intensity of the valve closure sound is increased 
alongside an

Systolic BP Diastolic BP

Phase I

Faint tapping

Phase II

Swishing

Phase III

Loud knocking

Phase IV

Muffled

Phase V

Silence

Fig. 6.3 The five so-called Korotkoff phases that can be discriminated when measuring blood 
pressure by auscultation of the brachial artery
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• increased transvalvular gradient (e.g. in mitral stenosis)
• increased transvalvular flow (e.g. left-to-right shunt in ventricular septal defect 

or high output state)
• shortened diastole (tachycardia)
• short PR interval (pre-excitation syndrome).

Restricted valve mobility decreases the intensity of S1 (e.g. fibrosis or calcifica-
tion of the mitral valve). Furthermore, S1 may also be diminished if the valve leaf-
lets are already half-closed at the onset of systole, as it may occur in left ventricular 
systolic dysfunction. Abnormal splitting of S1 can result from delayed closure of 
the tricuspid valve (e.g. in patients with atrial septal defect). A widely split S1 can 
also occur in complete right bundle branch block (or after ectopic beats of LV 
origin).

Second heart sound (S2): The second heart sound consists of two components: 
the aortic (A2) and pulmonary valve (P2) closure. P2 is best heard over the upper 
left sternal border, whereas A2 is widely transmitted to the right second interspace, 
along the sternal border and to the cardiac apex. Separation of A2 and P2 particu-
larly occurs during inspiration, which allows comparison of the relative intensities 
of the two components and differentiation to a third heart sound (S3). This can best 
be heard over the left second interspace. Increased intensity of S2 occurs in

• systemic hypertension
• coarctation of the aorta
• ascending aortic aneurysm (mainly due to a louder A2)
• pulmonary hypertension (mainly due to a louder P2).

Decreased intensity of S2 is a rare finding in athletic screening but may occur in 
very low arterial diastolic pressure (e.g. in severe aortic regurgitation), immobilisa-
tion of the aortic valve due to calcification and severe aortic stenosis. Increased 
separation of A2 and P2 during inspiration may result from complete right bundle 
branch block (or premature beats or idioventricular rhythm of LV origin), the Wolff- 
Parkinson- White syndrome with LV pre-excitation and haemodynamic causes like 
pulmonary arterial hypertension of any aetiology. Fixed splitting of S2 is a rela-
tively specific finding in case of interatrial communication (e.g. large atrial septal 
defect) or due to any condition with severe right ventricular failure. Paradoxical 
splitting (A2 following P2) may also be provoked during expiration, and is mostly 
seen with left bundle branch block, premature beats of RV origin or pre-excitation 
of the RV in Wolff-Parkinson-White syndrome.

Third (S3) and fourth (S4) heart sounds: S3 occurs at the very beginning of the 
passive filling phase of the ventricles and is a normal and common finding in healthy 
young athletes. However, beyond the age of 35–40 it may also suggest increased 
volume load due to a pathologic underlying condition.

In contrast, S4, which coincides with atrial systole, suggests increased LV pres-
sure and is an unusual and suspicious finding in athletes. S3 as well as S4 are both 
low-frequency diastolic sounds and are thus best heard if the stethoscope is placed 
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with slight pressure over the cardiac apex or over the lower left sternal border. Noise 
and murmurs of higher frequency will be eliminated like this and differentiation to 
components of S1 or S2, respectively, is easier.

So called aortic ejection sounds can occur in association with a geometrically 
deformed aortic valve (e.g. bicuspid aortic valve or aortic root dilatation). Another 
quite common finding is a mid-systolic click, suggesting mitral valve prolapse. The 
detection of a mitral-valve prolapse is important: Beside issues regarding valve 
function and training recommendations, this condition may be associated with con-
comitant cardiovascular anomalies such as cardiomyopathy, atrial septal defect, 
connective tissue disease (e.g. Marfan syndrome) or systemic lupus 
erythematosus.

Finally, a pericardial rub, that can be heard best during atrial systole, ventricular 
systole, and the rapid-filling phase of the ventricle (“three-component rub”) is gen-
erated by friction of the two inflamed layers of the pericardium, suggesting 
peri(myo-)carditis.

6.9  Heart Murmurs

Heart murmurs are a common finding, particularly in young athletes, and are fre-
quently of physiologic origin. However, an accurate characterisation of the murmur 
and thus detection of an eventual pathologic underlying condition is crucial. Heart 
murmurs can be characterised by five factors:

 1. Systolic versus diastolic murmurs (including specification of whether the mur-
mur is proto-, meso-, tele- or holosystolic or –diastolic, respectively).

 2. Localization where the murmur can be heard loudest, according to the classical 
auscultation spots: Second intercostal space (ICS) parasternal right (aortic valve) 
and left (pulmonary valve), fifth ICS parasternal right (tricuspid valve), fifth ICS 
medio-clavicular left (mitral valve) and third ICS parasternal left (the so-called 
“Erb’s point”). Transmission spots like the carotid arteries (aortic stenosis) or the 
left axilla (mitral valve pathology) should also be checked regularly (Fig. 6.4). 
Furthermore, the examiner should assess whether a murmur can be heard inter-
scapular (aortic isthmus stenosis).

 3. Frequency of a heart murmur (high or low frequency) can help differentiating 
between different conditions (e.g. the low frequent, harsh systolic murmur of an 
aortic stenosis versus the higher frequent systolic murmur of a mitral 
regurgitation).

 4. The shape of a murmur is quite characteristic for certain pathologies and relies 
on the diagram of murmur intensity over time, as in a phonocardiogram:
 (a) Crescendo (increasing)
 (b) Decrescendo (diminishing)
 (c) Crescendo-decrescendo (increasing-decreasing or diamond/spindle shaped)
 (d) Plateau (unchanged in intensity)
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Assessing the shape of a murmur can, for example, help differentiating between 
the classic decrescendo shape of an aortic regurgitation and the spindle shaped mur-
mur of aortic stenosis.

 5. The intensity of a murmur may allow assessing the severity of a valve 
pathology:
 (a) Grade I (1/6) is the faintest murmur that can be heard (with difficulty)
 (b) Grade II (2/6) murmur is also a faint murmur but can be identified 

immediately
 (c) Grade III (3/6) murmur is moderately loud
 (d) Grade IV (4/6) murmur is loud (possibly associated with a palpable thrill)
 (e) Grade V (5/6) murmur is very loud (cannot be heard without the 

stethoscope)
 (f) Grade VI (6/6) murmur is the loudest (can be heard without the 

stethoscope)
• A systolic murmur generally starts with or after S1 and terminates before 

or at S2 and is therefore recognised by identifying S1 and S2.
• A diastolic murmur starts with or after S2 and ends at or before S1.

Carotid arteries

First thoracic

First
lumbar

Pulmonary valve

Erb’s point

Mitral valve

Aortic valve

Tricuspid valve

Fig. 6.4 Overview of the most important cardiac auscultation points. It is important to note that 
murmurs implicating disorders of the aortic valve (i.e. aortic stenosis) typically can also be heard 
at the level of the carotid arteries
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• Continuous murmurs continue through the whole systolic and diastolic 
phase, without interruption.

• Mid-systolic murmurs are most commonly benign flow murmurs due to 
physiologic flow, increased flow rate across a normal semilunar valve or 
due to aortic valve sclerosis. This kind of systolic murmur is present in 
up to 60% of athletes, however, in around 90% of these it is associated 
with a normal echocardiogram. Benign “flow” murmurs also occur 
when the relative flow volume across the semilunar valve is increased, 
as it occurs in high-level endurance athletes, during pregnancy but also 
in individuals with anaemia or thyrotoxicosis.

To distinguish between fixed valvular aortic stenosis (AS) and dynamic LV out-
flow obstruction (obstructive HCM) some clinical tests are established. With the 
patient changing from a squatting into a changing position, the intensity of the mur-
mur in HCM increases, whereas the murmur of valvular aortic stenosis will decrease. 
In the straining phase of Valsalva manoeuvre, the murmur of HCM increases in 
intensity; both the intensity of the murmur and the carotid pulse volume decline 
with Valsalva in AS. It can be difficult to distinguish between a long mid-systolic 
murmur and a holosystolic regurgitant murmur in certain situations. Handgrip 
manoeuvre may help to distinguish between a mitral regurgitation murmur, where 
the intensity of the murmur increases (increased afterload effect), and an AS mur-
mur, where intensity usually decreases.

• Early systolic murmurs most often result from mitral regurgitation (MR) and 
generally have a “plateau-configuration”.

• Late systolic murmurs are most commonly caused by mitral valve prolapse. They 
are best heard with the diaphragm of the stethoscope and are usually preceded by 
single or multiple clicks.

• There are three classical causes of holosystolic murmurs—MR, tricuspid regur-
gitation and ventricular septal defect (VSD). The holosystolic murmur of MR is 
high pitched and is therefore best heard with the diaphragm of the stethoscope 
and the patient in the left lateral decubitus position [27].

• Early diastolic murmurs are most often due to aortic or pulmonary regurgitation 
and appear in decrescendo-shape with, in addition, a slight systolic murmur due 
to increased ventricular stroke volume.

• Mid-diastolic murmurs classically result from turbulent flow across the atrioven-
tricular valves during the rapid filling phase because of mitral (“opening snap”) 
or tricuspid valve stenosis. In mitral valve stenosis (MS) it can be stated that the 
longer the duration of the murmur, the more severe the MS might be.

• Late diastolic or pre-systolic murmurs usually have a crescendo configuration 
and result from increased flow across the mitral or tricuspid valve (e.g. in mitral 
or tricuspid stenosis, atrial fibrillation or left-to-right shunts).
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Clinical Pearls An athlete’s personal, systemic and particularly family history fre-
quently detects “red flags” which lead to the diagnosis of a relevant underlying 
cardiovascular disease.

• Physical examination mainly targets connective tissue disease (with the potential 
for aortic dilation and dissection), as well as hypertensive blood pressure and 
cardiac murmurs.

• Blood pressure assessment needs to be performed correctly to differentiate phys-
iologic findings (including “white coat hypertension”) and pathologic findings 
(including “masked hypertension”).

• Cardiac auscultation is challenging but, performed correctly, it may reliably 
detect underlying cardiac disease—particularly, valvular heart disease. It should 
follow a strict and standardized procedure (sounds vs. murmurs, systolic vs. dia-
stolic, localization, shape, frequency, intensity, etc.).

 Review

 Questions

 1. A 26-year old male leisure endurance athlete reports recurrent lightheadedness 
after brisk changing from a sitting to a standing position (i.e. after a meal). Two 
days ago, he experienced a syncope during his regular training (jogging of mod-
erate intensity). The syncope appeared unheralded and the patient does not 
remember any warning symptoms and denied amnesia. However, due to his syn-
cope he suffered from bruises on the knees, elbows and the forehead. What is 
your suspicion after knowledge of the patient’s history?

 2. You see a 19-year old asymptomatic male basketball player for routine pre- 
competition examination. During physical examination some clinical findings are 
suspicious. The skin on his back shows multiple slightly blue “scar-like” striae 
and during auscultation you can detect a mid-systolic click with a moderately 
loud tele-systolic murmur. What is your suspicion and what tests would you add?

 3. A 54-year old marathon runner asks for consultation due to massive headaches, 
particularly during exercise, slowly decreasing vision and with a recent labora-
tory test which exhibited moderate renal failure. The patient’s personal history is 
normal, and his family history only highlights systemic hypertension of his 
father. Physical examination shows normal findings with unsuspicious ausculta-
tion and normal blood pressure measurement (135/85 mmHg on both arms in 
supine position). In an additional exercise test the athlete performed well without 
abnormal ECG changes during exercise but headache and pronounced increase 
of blood pressure (up to 240/110  mmHg until exhaustion). What are your 
thoughts and what examination should be added to confirm your suspicion?
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 Answers

 1. The patient’s history of the syncopal event is highly suspicious for cardiac/
arrhythmic etiology. This is due to four classical points: The syncope occurred 
during exercise and without any prodromal symptoms. Amnesia has been denied 
but he suffered from (minor) injury (bruises) due to the syncope.

 2. Skin striae are highly suspicious for connective tissue disease and are part of the 
so-called “Ghent Criteria” characterizing Marfan Syndrome. Thus, the next clini-
cal step would be to complete these clinical criteria. The auscultatory findings are 
classical for mitral valve prolapse which is also part of the Ghent criteria and fre-
quently seen in patients with connective tissue disease. To confirm this suspicion 
transthoracic echocardiography should be performed. It is also crucial, particularly 
in contact sports, to assess the diameter of the ascending aorta as aortic aneurysm 
(and possible dissection) may occur as another clinical finding in these patients.

 3. The patient’s history and physical examination raises suspicion for “masked 
hypertension”. Systemic hypertension is genetically linked (positive family his-
tory) and may clinically appear with headaches. Ocular and renal damage can 
also be explained by longstanding hypertension. Although “office” blood pres-
sure measurements were normal “masked hypertension” is most likely as up to 
40% of athletes with exercise hypertension show underlying (often undetected 
and masked) hypertension. Thus, in a next diagnostic step ambulatory blood 
pressure monitoring (24-h automatic device or self-measurement at home) 
should urgently be recommended.
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7Medical Evaluation of Athletes: 
Electrocardiogram

Jordan M. Prutkin and Jonathan A. Drezner

Learning Objectives
 1. Understand the most recent International Criteria for ECG interpretation in 

athletes.
 2. Outline normal ECG findings in athletes related to physiologic cardiac adapta-

tions from regular exercise training.
 3. Recognize that two or more borderline ECG findings require further testing.
 4. Define abnormal ECG findings in athletes which require further evaluation to 

exclude a pathologic cardiac disorder before participation in competitive sport.
 5. Describe the minimum recommended evaluation for athletes with specific ECG 

abnormalities.

7.1  Introduction

While the American Heart Association and American College of Cardiology recom-
mend that athletes undergo a preparticipation evaluation before competitive sports 
with a history and physical examination [1], many sporting organizations and the 
European Society of Cardiology (ESC) [2] recommend use of a screening electro-
cardiogram (ECG). The Canadian Cardiovascular Society recommends an ECG 
only if there is an abnormal history or physical examination [3], while the American 
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Medical Society for Sports Medicine suggests an ECG should be considered in high 
risk athlete groups when adequate cardiology resources are available [3, 4]. Whether 
used for screening or diagnostic purposes, ECG interpretation is a fundamental skill 
for physicians responsible for the cardiovascular care of athletes.

An ECG increases the detection of disorders at increased risk of sudden cardiac 
death [5, 6], as most athletes who have a cardiac arrest are asymptomatic prior to 
their event [3] and the sensitivity and specificity of a screening history and physical 
examination are poor [6]. However, the ECG is not a perfect screening tool, and 
some disorders such as coronary artery anomalies or aortic dilatation do not demon-
strate ECG abnormalities.

The distinction of ECG findings related to physiologic cardiac adaptations in 
trained athletes from ECG abnormalities suggesting the possibility of an underlying 
cardiac disorder is critical in the interpretation of an athlete’s ECG. Certain ECG 
findings are considered normal in athletes that might be considered abnormal in 
non-athletes. For this reason, it is important to use athlete-specific ECG interpreta-
tion criteria. The first criteria from the ESC defined training-related and training- 
unrelated ECG findings [7] but there was a high rate of false positive ECG tests, 
especially in black athletes [8]. Other interpretation standards emerged, including 
the Seattle Criteria [9], that improved the specificity and reduced the false positive 
rate without compromising sensitivity [10–13]. Most recently, the International 
Criteria for ECG Interpretation in athletes were developed by an international panel 
of experts in sports medicine and cardiology which defines normal, borderline, and 
abnormal ECG findings and the secondary tests recommended for each ECG abnor-
mality [14]. The International Criteria should be used for asymptomatic athletes 
with no concerning family history, and thus may need to be modified in the presence 
of clinical markers of concern. If there are symptoms suggestive of cardiac disease 
or a family history of sudden cardiac arrest, Marfan syndrome, cardiomyopathy, or 
channelopathy, then the athlete should be evaluated by a physician knowledgeable 
in these disorders.

Importantly, a normal ECG does not confirm a lifetime free of cardiac disease. 
ECG changes and phenotypic expression of a genetic disorder can occur over time, 
especially in pubertal age adolescents and young adults, where repeated screening 
is necessary to exclude the interval development of cardiomyopathies [15]. In addi-
tion, if an ECG is abnormal but the secondary testing is normal, serial evaluation is 
recommended to monitor for the later manifestation of phenotypic disease [16].

7.2  Normal ECG Findings

These findings do not require any further evaluation (Table 7.1; Fig. 7.1):

Chamber Hypertrophy
• Right and left ventricular hypertrophy are physiologic adaptations to regular 

exercise and can be manifested on the ECG as increased QRS voltage.
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Table 7.1 Definitions from the International Criteria for Electrocardiogram Interpretation in 
Athletes[14]

Definition
Normal ECG finding
Increased QRS voltage Isolated QRS voltage criteria for left (SV1 + RV5 or 

RV6 > 3.5 mV) or right ventricular hypertrophy (RV1 + SV5 or 
SV6 > 1.1 mV)

Incomplete RBBB rSR′ pattern in lead V1 and a qRS pattern in lead V6 with QRS 
duration <120 ms

Early repolarization J point elevation, ST elevation, J waves, or terminal QRS slurring 
in the inferior and/or lateral leads

Black athlete repolarization 
variant

J-point elevation and convex (“domed”) ST segment elevation 
followed by T wave inversion in leads V1–V4 in black athletes

Juvenile T wave pattern T wave inversion V1–V3 in athletes < age 16
Sinus bradycardia ≥30 bpm
Sinus arrhythmia Heart rate variation with respiration: rate increases during 

inspiration and decreases during expiration
Ectopic atrial rhythm P waves are a different morphology compared to the sinus P wave, 

such as negative P waves in the inferior leads (“low atrial 
rhythm”)

Junctional escape rhythm QRS rate is faster than the resting P wave or sinus rate and 
typically less than 100 beats/min with narrow QRS complex 
unless the baseline QRS is conducted with aberrancy

1° AV block PR interval 200–400 ms
Mobitz Type I 
(Wenckebach) 2° AV block

PR interval progressively lengthens until there is a non-conducted 
P wave with no QRS complex; the first PR interval after the 
dropped beat is shorter than the last conducted PR interval

Borderline ECG Finding
Left axis deviation −30° to −90°
Left atrial enlargement Prolonged P wave duration of >120 ms in leads I or II with 

negative portion of the P wave ≥ 1 mm in depth and ≥40 ms in 
duration in lead V1

Right axis deviation >120°
Right atrial enlargement P wave ≥ 2.5 mm in II, III, or aVF
Complete right bundle 
branch block

rSR′ pattern in lead V1 and a S wave wider than R wave in lead 
V6 with QRS duration ≥120 ms

Abnormal ECG Finding
T wave inversion

  ∙ Anterior

  ∙ Lateral

  ∙ Inferolateral
  ∙ Inferior

≥ 1 mm in depth in two or more contiguous leads; excludes leads 
aVR, III, and V1
  ∙ V2-V4
   –  excludes: black athletes with J-point elevation and 

convex ST segment elevation followed by TWI in 
V2-V4; athletes < age 16 with TWI in V1-V3; and 
biphasic T waves in only V3

  ∙  I and AVL, V5 and/or V6 (only one lead of TWI required in 
V5 or V6)

  ∙ II and aVF, V5-V6, I and AVL
  ∙ II and aVF

ST segment depression ≥0.5 mm in depth in two or more contiguous leads
Pathologic Q waves Q/R ratio ≥ 0.25 or Q wave ≥ 40 ms in duration in two or more 

leads (excluding III and aVR)

(continued)
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• Left ventricular hypertrophy (LVH) by Sokolow-Lyon criteria is seen in up to 
45% of athletes in one study [17].

• While LVH may be present in those with hypertrophic cardiomyopathy (HCM), 
there are typically other ECG abnormalities such as ST depression, T wave 
inversions, or pathologic Q waves [16, 17].

• Right ventricular hypertrophy by voltage criteria is a normal finding seen in up 
to 12% of athletes [18, 19].

• Incomplete right bundle branch block usually with an rSR′ pattern and QRS 
duration <120 ms in lead V1 is also a common finding in trained athletes.

Early Repolarization
• Early repolarization consists of J point elevation ≥0.1  mV, frequently with a 

notch called a J wave, and usually followed by ST segment elevation in a convex 
pattern [20].

• Early repolarization is often present in normal athletes [21], especially those who 
are young, male, or of African-Caribbean descent. It has been described in up to 
45% of Caucasian [17] and 63% of Black athletes [18].

• This pattern is not associated with sudden death in young athletes and is consid-
ered normal.

Table 7.1 (continued)

Definition
Complete left bundle 
branch block

QRS ≥ 120 ms, predominantly negative QRS complex in lead V1 
(QS or rS), and upright notched or slurred R wave in leads I and 
V6

Profound nonspecific 
intra-ventricular 
conduction delay

Any QRS duration ≥140 ms

Epsilon wave Distinct low amplitude signal (small positive deflection or notch) 
between the end of the QRS complex and onset of the T wave in 
leads V1–V3

Ventricular pre-excitation PR interval <120 ms with a delta wave (slurred upstroke in the 
QRS complex) and wide QRS (≥120 ms)

Prolonged QT interval 
(Bazett formula)

QTc ≥ 470 ms (male)
QTc ≥ 480 ms (female)
QTc ≥ 500 ms (marked QT prolongation)

Brugada Type 1 pattern Coved pattern: initial ST elevation ≥2 mm (high take-off) with 
downsloping ST segment elevation followed by a negative 
symmetric T wave in ≥1 leads in V1–V3

Profound sinus bradycardia <30 beats/min or sinus pauses ≥3 s
Profound 1° AV block ≥400 ms
Mobitz type II 2° AV block Intermittently non-conducted P waves with a fixed PR interval
3° AV block Complete heart block
Atrial tachyarrhythmias Supraventricular tachycardia, atrial fibrillation, atrial flutter
Premature ventricular 
contractions

≥2 PVCs per 10 s tracing

Ventricular arrhythmias Couplets, triplets, and non-sustained ventricular tachycardia

ECG electrocardiogram, PVCs premature ventricular contractions, RBBB right bundle branch 
block, TWI T wave inversion
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Bradycardia, First Degree Atrioventricular (AV) Block, and Second Degree 
Mobitz Type I AV Block (Wenckebach)
• Sinus bradycardia is commonly seen in elite athletes. This can also be manifested 

as an ectopic atrial rhythm or accelerated junctional rhythm.
• Sinus bradycardia is due to both enhanced vagal tone [22, 23] as well as changes 

in expression of the HCN4 and If cardiac ion channels [24].
• First degree AV block between 200 and 400 ms and AV Wenckebach block are 

also considered normal.
• If there is any concern whether the findings are pathologic, a short burst of aero-

bic exercise should cause an increase in heart rate and normalization of AV 
conduction.

Normal Patterns of T Wave Inversion
• There are several different normal T wave inversion patterns:
• An isolated negative T wave in V3.
• Persistent juvenile T wave pattern with T wave inversions in leads V1–V3  in 

athletes <16 years of age. T wave inversion extending beyond V2 is an uncom-
mon finding in Caucasian athletes > age 16 [17, 25].

• Sinus bradycardia ≥ 30 bpm
• First degree AV block <400 ms
• Mobitz I 2° degree AV block
• Incomplete RBBB
• Early Repolarization
• LVH/RVH by voltage criteria
• Black athlete repolarization pattern
• Juvenile T wave pattern

• Left axis deviation
• Right axis deviation
• Left atrial enlargement
• Right atrial enlargement
• Complete RBBB

• T wave inversions
• ST-segment depression
• Pathologic Q waves
• Ventricular pre-excitation
• LBBB or QRS ≥ 140msec
• Prolonged QT interval
• Sinus bradycardia <30 bpm
• First degree AV block ≥ 400 ms
• Mobitz II 2° degree or 3° AV block
• Atrial tachyarrhythmias
• Frequent PVCs or NSVT
• Type 1 Brugada Pattern
• Epsilon wave

Further Evaluation
Needed

2 or more
findings

Only 1
finding

No Further
Evaluation

Borderline Findings

Abnormal Findings

Normal Training-Related Findings
Fig. 7.1 The International 
Criteria for ECG 
Interpretation in Athletes. 
AV atrioventricular, LVH 
left ventricular 
hypertrophy, NSVT 
non-sustained ventricular 
tachycardia, PVCs 
premature ventricular 
contractions, RVH right 
ventricular hypertrophy, 
RBBB right bundle branch 
block, TWI T wave 
inversion
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• Athletes of African-Caribbean descent have a normal T wave repolarization pat-
tern consisting of J point elevation, convex ST segment elevation, and T wave 
inversion confined to leads V1–V4 (Fig. 7.2) [26]. Typically, the T waves are 
biphasic positive and then negative. These must be differentiated from T wave 
inversion associated with HCM and arrhythmogenic right ventricular cardiomy-
opathy (ARVC), as described below. T wave inversion extending to the lateral 
leads V5 and/or V6 is always considered abnormal and requires more evaluation. 
There is variation in T wave inversion based on the athlete’s geographic origin 
even in normal individuals [27]. Those from Middle and West Africa have a 
higher rate of T wave inversions, including in the inferior and lateral leads, com-
pared to those from East or North Africa. These findings are correlated with 
greater left ventricular wall thickness (see also Chap. 26).

7.3  Borderline ECG Findings

Some ECG findings previously characterized as abnormal have since been reclassi-
fied as a borderline or possibly normal finding in an athlete (Table 7.1; Fig. 7.1). 
Specifically, the ECG findings below are considered normal if present in isolation, 
but if two or more borderline findings are present then further evaluation with an 
echocardiogram to exclude cardiomyopathy is recommended [8].

Fig. 7.2 19-year-old black male track athlete with ST-segment and J-point elevation followed by 
T wave inversion in leads V2–V3. This repolarization pattern represents a normal variant in black 
athletes
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Right Bundle Branch Block (RBBB)
• While incomplete RBBB is common in athletes, complete RBBB (QRS duration 

≥120  ms) is a less frequent finding in approximately 0.5–2.5% of athletes 
[28–30].

• Some highly trained athletes have physiologic right ventricular cardiac remod-
eling manifested as right ventricular dilatation, reduction in right ventricular 
systolic function at rest, and slight increase in the rate of right bundle branch 
block [31].

• While one study showed a slight increase in right ventricular size in those with 
RBBB, there were no pathologic abnormalities identified and no cardiac events 
occurred [30]. Other imaging studies have shown normal right ventricular size 
and function in those with RBBB [31].

• Complete RBBB when found in isolation without other borderline or abnormal 
ECG findings does not require additional investigation unless there are clinical 
markers of concern.

Atrial Enlargement and Axis Deviation
• Athletes are more likely to have left axis deviation or left atrial enlargement 

compared to non-athletes [32].
• There is no correlation, however, between axis deviation or atrial enlargement on 

ECG with abnormalities found on cardiac imaging.
• In patients with HCM, left axis deviation or left atrial enlargement in the absence 

of any other abnormality was not found to be more prevalent compared to normal 
athletes [25, 33, 34].

• Therefore, isolated right or left atrial enlargement or right or left axis deviation 
is considered a normal finding in the absence of any other ECG abnormality.

7.4  Abnormal ECG Findings

Abnormal ECG findings require further evaluation to exclude a pathologic cardiac 
disorder. The ECG abnormality alone does not necessarily imply a disease process, 
but rather indicates that more evaluation is needed. Temporary restriction from sport 
should be considered while the secondary evaluation is completed. Some ECG 
abnormalities may be the first manifestation of a cardiomyopathy before morpho-
logic changes are present. Thus, serial evaluation is recommended on an annual 
basis for athletes with abnormal T wave inversion, ST segment depression, and/or 
pathologic Q waves.

Pathologic T Wave Inversion
• T wave inversions ≥1 mm in two or more contiguous leads are considered abnor-

mal. T wave inversion in V5 or V6 alone satisfies the criteria (Fig. 7.3). Leads III, 
aVR, and V1 should be excluded from measurement.

• If a T wave is biphasic and the negative portion of the T wave is ≥1 mm in depth, 
then it is considered abnormal.
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• T wave inversions should be described as anterior (V2–4), lateral (I, aVL, V5–
V6), inferolateral (I, II, aVL, aVF, V5–6), or inferior (II, aVF) based on the leads 
involved. T wave inversions in the lateral leads are most concerning for 
cardiomyopathy.

T wave inversions may be an early finding for cardiomyopathy, often seen before 
the development of structural changes [8, 16, 35]. For instance, one study of 81 ath-
letes with pathologic T wave inversions demonstrated that 6% later went on to mani-
fest a cardiomyopathy, including two athletes who had a sudden cardiac arrest [16]. 
Another study demonstrated that 12.3% of athletes with lateral T wave inversions 
were found to be gene positive for a cardiac disease, most commonly for a mutation 
associated with HCM [36]. However, the specificity of this criterion is still imperfect, 
especially in black athletes with more prevalent T wave inversions [8, 18].

• There may be associated abnormalities to suggest a cardiomyopathy, including 
ST segment depression, pathologic Q waves, left bundle branch block, ventricu-
lar pre-excitation, or borderline ECG findings.

• The main disorders associated with T wave inversions include HCM, ARVC, 
dilated cardiomyopathy, left ventricular non-compaction cardiomyopathy, and 
myocarditis.

If T wave inversions are found in the lateral leads, an echocardiogram should be 
completed. In addition, a cardiac magnetic resonance imaging (MRI), which has 
better resolution for apical HCM, should be performed. Late gadolinium enhance-
ment suggestive of myocardial fibrosis can be seen on MRI even when there is no 

Fig. 7.3 19-year-old black baseball player with T wave inversion in V4–V6 and borderline in II 
and aVF. Lateral and inferolateral T wave inversion is an abnormal finding requiring investigation 
for cardiomyopathy. This athlete was later found to have hypertrophic cardiomyopathy
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significant hypertrophy. An exercise ECG test and ambulatory ECG monitoring 
should be considered if there is left ventricular hypertrophy which falls in the grey 
zone (13–15 mm wall thickness), where it is difficult to tell if the increased left 
ventricular hypertrophy is due to HCM or secondary to physiologic changes. If 
exercise-induced arrhythmias or non-sustained ventricular tachycardia are seen, it is 
more likely a cardiomyopathy is present.

T wave inversions in the inferior leads can also be seen in HCM though in a 
much smaller proportion and are usually associated with lateral T wave inversions 
if pathologic disease is present [18]. If T wave inversions are only present in the 
inferior leads, further evaluation with an echocardiogram should suffice [8].

Anterior T wave inversion may be related to ARVC, especially if there is an epsi-
lon wave, premature ventricular contractions with a left bundle branch block mor-
phology, prolonged S wave upstroke in leads V1–3, or low amplitude limb lead 
voltages. Evaluation should include an echocardiogram, cardiac MRI, Holter moni-
toring, exercise ECG test, and signal averaged ECG depending on clinical suspi-
cion. Examination of the J point and T wave inversions can help distinguish between 
normal patterns and pathologic findings. If there is J point elevation ≥1 mm and T 
wave inversions in leads V1–V4, one study demonstrated 100% negative predictive 
value for cardiomyopathy [37]. However if there is no J point elevation, a flat or 
depressed ST segment, or additional T wave inversions in the inferior or lateral 
leads, then cardiomyopathy is more likely to be present.

ST-Segment Depression
• ST-segment depression is defined as ≥0.05 mV, or 0.5 mm in standard gain, in 

two or more contiguous leads.
• ST-segment depression is more commonly associated with cardiomyopathy. 

Approximately 50% of patients with HCM will have ST-segment depression 
though it is usually associated with other ECG abnormalities such as pathologic 
Q waves or T wave inversions [8, 18].

• Evaluation should include an echocardiogram if seen in isolation. However, if 
there are other ECG abnormalities, a cardiac MRI should be considered.

Pathologic Q Waves
• The current definition for a pathologic Q wave is a Q/R ratio ≥ 0.25 or a Q wave 

duration ≥40 ms in two or more contiguous leads, excluding leads III and aVR 
[14]. This was one of the significant changes from the Seattle Criteria [9], which 
used an absolute depth of >3 mm or > 40 ms in duration. The absolute depth was 
removed from the International Criteria as there was a greater rate of false- 
positive results in thinner people and those with physiologic left ventricular 
hypertrophy, who have high precordial voltage but no pathologic abnormalities. 
This problem is corrected by using the Q/R ratio.

• It is important to note that placement of ECG leads in the improper position can 
also cause abnormal Q waves, such as with limb lead reversal or placement of 
leads V1 and V2 into higher intercostal spaces [38].
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• Recent data suggest that a Q + S wave amplitude in lead III > 1.0 mV may offer 
additive value to suggest HCM [39].

• The Q/R ratio ≥ 0.25 or a Q wave duration ≥40 ms is still not perfect as 1–2% of 
athletes may still have pathologic Q waves but no abnormalities seen [8, 40]. 
False positives are higher in black and male athletes.

• Pathologic Q waves are seen in various cardiomyopathies, including HCM, 
ARVC, dilated cardiomyopathy, and prior myocardial infarction. In addition, the 
Wolff-Parkinson-White (WPW) pattern can demonstrate pathologic Q waves.

• If pathologic Q waves are seen, the QRS should be examined for evidence of 
pre-excitation to suggest WPW. If this is not found, the specific leads where the 
Q waves are present will dictate the next step. If it is in V1 and V2, the ECG 
should be repeated with careful attention to correct lead placement in the fourth 
intercostal space.

• If the Q waves are still present after repeat ECG, or the pathologic Q waves are 
found in two or more other leads, an echocardiogram should be completed to 
exclude cardiomyopathy, especially if there are ST-segment or T wave abnor-
malities. If there is a high suspicion of cardiomyopathy, a cardiac MRI should be 
considered.

• If the athlete is over 30 years old or there is a clinical suspicion or risk factors of 
ischemic heart disease, especially if there is a wall motion abnormality on echo-
cardiogram, a stress test is indicated [14].

Left Bundle Branch Block (LBBB)
• LBBB is a rare finding in screening studies of athletes and deserves a compre-

hensive evaluation to exclude myocardial disease if found [5, 41–43].
• A LBBB usually has other significant ST-segment and T wave changes which 

would be flagged by the screening criteria [29, 44, 45].
• There is a high rate of cardiomyopathy in patients with LBBB. One study com-

paring athletes and patients with HCM showed that 5.9% of patients with HCM 
had LBBB, but no athlete with normal cardiac imaging had LBBB [46].

• Athletes with LBBB require an echocardiogram and cardiac MRI with consider-
ation for a stress perfusion study. Alternatively, a CT coronary angiogram or stress 
testing with imaging may be considered when ischemic heart disease is suspected.

Widened QRS ≥ 140 ms
• It is unclear whether a QRS duration ≥140 ms in a non-LBBB pattern represents 

pathologic disease in an athlete population [47].
• Increased myocardial mass and left ventricular hypertrophy in athletes, or alter-

natively, neurally-mediated conduction system slowing [48], can increase the 
QRS duration.

• Various cardiomyopathies can also have QRS widening.
• Until there is more data, however, it is prudent to perform further evaluation on 

those with a widened QRS complex ≥140 ms.
• An echocardiogram should be completed, and depending on these findings and 

clinical suspicion, further testing may be indicated.
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Wolff-Parkinson-White (WPW) Pattern
• WPW (ventricular pre-excitation) is present in about 0.1–0.3% of people [49]. 

More than half of adolescents with WPW pattern are asymptomatic [49].
• The WPW pattern consists of a short PR interval <120 ms, widened QRS dura-

tion, and delta wave (slurred QRS upstroke).
• It is important to differentiate WPW from Lown-Ganong-Levine pattern or 

enhanced AV nodal conduction, which also have a PR interval <120 ms but no 
delta wave and a normal QRS duration, as these findings are not associated with 
sudden cardiac arrest (SCA).

• The most worrisome aspect of WPW is the associated risk of syncope or 
SCA. Syncope may be due to rapid supraventricular tachycardia from AV recip-
rocating tachycardia, rapid atrial fibrillation or flutter, or ventricular fibrillation.

• An echocardiogram should be completed on all patients with WPW as there is an 
association with Ebstein anomaly, L-transposition of the great arteries, and left 
ventricular hypertrophy due to LAMP2 or PRKAG2 mutations.

There is debate regarding the best method for risk stratification of patients with 
asymptomatic WPW to determine the risk of SCA. The most important feature is 
determining the refractory period of the bypass pathway, where faster pathway con-
duction is associated with an increased risk of SCA [50]. Intermittent pre-excitation 
on the resting ECG suggests a lower risk pathway. An exercise test should be per-
formed looking for abrupt loss of bypass pathway conduction (Fig. 7.4). If present, 
this suggests a low risk pathway and in the absence of symptoms, no treatment is 
necessary. If there are symptoms, if the bypass pathway does not abruptly stop at 

Fig. 7.4 18-year-old female basketball player with abrupt loss of pre-excitation (arrow) at 176 
beats/minute on a treadmill test which suggests a bypass pathway at lower risk for causing sudden 
death
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higher heart rates, or if the patient does not desire an exercise test, an electrophysiol-
ogy (EP) study should be performed. The best predictor of SCA is a shortest pre- 
excited RR interval (SPERRI) in atrial fibrillation of ≤250 ms. In these patients, 
ablation is then performed if the pathway location is felt to be low risk for heart 
block or other complication. While this has a high sensitivity, this cutoff has a low 
specificity, meaning most patients with a low SPERRI will never have SCA [51].

A recent systematic review of 9 studies assessed the risk of SCA and method of 
risk stratification [52]. There was only one randomized controlled trial, however, on 
how to manage asymptomatic WPW. In addition, the age range of studies was from 
19 to 50 years old so results may not be applicable to adolescents. Overall, malig-
nant atrial fibrillation with an accessory pathway SPERRI ≤250 ms or ventricular 
fibrillation occurred in 9% and 1.5%, respectively. It is notable that there was no 
correlation of these outcomes with prior symptoms. Complication rates of EP study 
with ablation are low at 0.09% to 1% [53].

An autopsy study of 19 persons who died of SCA with an antemortem diagnosis 
of WPW showed that most events occurred at rest [54]. Four of these had a prior 
successful ablation. About half of these had other cardiac disease, including HCM, 
cardiac sarcoid, or idiopathic left ventricular hypertrophy. This argues that WPW 
can be implicated in SCA and that evaluation with echocardiography should be 
performed in all patients with WPW, with consideration for MRI if there is a suspi-
cion for a cardiomyopathy.

Prolonged QT Interval
• Long QT syndrome (LQTS), a genetic disorder due to mutations in cardiac ion 

channels, is associated with torsade de pointes and SCA.
• The most common forms are LQT1, LQT2, and LQT3 due to mutations in 

KCNQ1, KCNH2, and SCN5A, respectively, which make up about 80% of 
cases.

• While a QT interval corrected for heart rate (QTc) ≥ 500 ms is highly suggestive 
of LQTS, there is a gray zone below this with significant overlap in QT intervals 
between those with genetically confirmed LQTS and normal individuals.

• A QTc ≥ 480 ms in females and ≥ 470 ms in males are cutoff values classified 
as abnormal needing further evaluation (Fig. 7.5).

• It is recognized that there will be some people with lower QT values who have 
genetic LQTS but their risk of torsades de pointes is lower.

Measurement of the QT interval can be difficult. The best method is to examine 
lead II or V5. A straight line should be then drawn as a tangent on the downslope of 
the T wave. Where this line intersects the baseline is the end of the QT interval. The 
beginning is the onset of the QRS complex.

Various correction formulas have been used as the QT interval changes with heart 
rate. In general, Bazett’s QT correction [QTc = QT/√(RR in seconds)] should be 
used, noting that the accuracy is limited at heart rates below 50 or greater than 90. In 
these individuals, the athlete should be encouraged to do a small amount of exercise 
to increase the heart rate if the heart rate is low, or to give additional time for 
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relaxation for the heart rate to decrease. If there is an irregular heart rate due to sinus 
arrhythmia, an average of multiple beats of both the QT and RR should be used.

• There is variability in QT measurements even amongst experienced ECG read-
ers [55]. The computer interpretation of the QT interval is about 90 to 95% 
accurate [14].

• T wave morphology may also suggest LQTS. Notching of the T wave in the lat-
eral precordial leads, especially if the second part of the notch is greater than the 
first part of the notch, may suggest LQT2 even if the QT interval is normal [56].

Importantly, a single abnormal ECG with a prolonged QTc does not give a defin-
itive diagnosis of LQTS. If a prolonged QT interval is found, a repeat ECG on a 
different day should be completed. ECGs of family members and a thorough family 
history of SCA, seizures, or unexplained deaths can be instructive. QT prolonging 
medications should be assessed (http://www.crediblemeds.org). In addition, an 
exercise stress test to assess for exercise-induced arrhythmias and whether the QTc 
is ≥  470  ms at 2–5  min of recovery can be used [57]. Genetic testing and the 
Schwartz score also may be helpful (see also Chap. 21) [58].

Brugada Pattern
• The Type 1 Brugada pattern is defined as a coved rsR’, ST elevation ≥ 2 mm with 

downsloping ST-segment, and symmetric T wave inversions in leads V1–V3.
• The Brugada Type 1 pattern is associated with syncope or SCA usually during 

rest or sleep.
• The Corrado index examines the height at the start of the ST-segment/J-point 

versus 80  ms later [59]. If this ratio is greater than one, the ST-segment is 

Fig. 7.5 18-year-old female soccer player with a prolonged QT interval measuring 508 ms, and a 
QTc using the Bazett formula of 494 ms. Genetic testing confirmed LQT1
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downsloping and is concerning for the Brugada pattern. If the ratio is less than 
one, then there is upsloping ST elevation and is normal.

• The Type 2 Brugada pattern has a high takeoff of the r′ ≥ 2 mm, convex ST seg-
ment elevation ≥ 0.5 mm, and a positive T wave in V2 [60]. The T wave mor-
phology can be variable in V1. The event rate of SCA or syncope is very low in 
Brugada Type 2 and for the purposes of screening would not warrant more evalu-
ation (see also Chap. 21) [61].

Profound Sinus Bradycardia
• Sinus bradycardia is a typical finding in endurance athletes.
• However, a resting heart rate ≤ 30 beats/min should trigger an evaluation.
• This may include either having the patient do simple aerobic exercise with a 

repeat ECG at higher heart rates or performing a structured exercise test to assess 
chronotropic competence.

• If these are normal, no further evaluation is necessary.

Profound First-Degree AV Block
• First degree AV block is common in well-conditioned athletes.
• However, a PR interval ≥ 400 ms may represent conduction system disease.
• Limited aerobic exercise or a formalized stress test can be completed to assess 

for shortening of the PR interval with activity.
• If there is higher degree AV block with exercise, then further evaluation should 

be completed which may include an echocardiogram and/or ambulatory ECG 
monitor.

Mobitz II and Complete AV Block
• Mobitz II, second degree heart block and complete AV block are rare findings on 

screening ECG but would suggest significant conduction system disease. Rarely, 
congenital complete heart block will be found.

• It is important to differentiate Mobitz Type I versus Type II second degree AV 
block as Type I is a normal finding and much more common. Similarly, AV dis-
sociation may be due to complete AV block or to sinus bradycardia with acceler-
ated junctional or ventricular rhythms. More P waves than QRS complexes is 
consistent with complete AV block whereas more QRS complexes than P waves 
is consistent with accelerated rhythms.

Frequent Premature Ventricular Contractions (PVCs) and Nonsustained 
Ventricular Tachycardia (NSVT)

• PVCs have been associated with cardiomyopathy though they may also be seen 
in normal individuals. Specifically, ARVC, dilated cardiomyopathy, HCM, or 
myocarditis may have PVCs.

• On a standard ECG, two or more PVCs would suggest a high burden over a 24-h 
period and is considered abnormal. It is recognized that there is variability 
throughout the day or day-to-day in PVC burden and a single ECG may not nec-
essarily pick up frequent PVCs.
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An Italian study of 120 competitive athletes with no personal or family history of 
cardiomyopathy with a median of 3760 premature ventricular beats in 24 h showed 
that even in those who continued playing sport in the absence of treatment, the num-
ber of PVCs significantly decreased to 1240 beats per 24 h [62]. Another study with 
5011 athletes undergoing exercise testing showed that 367 athletes had exercise-
induced PVCs and demonstrated a reduction on repeat exercise testing even if 
allowed to continue playing sports [63]. While some have suggested that detraining 
may be necessary to show a reduction in PVC burden [64], it may simply be regres-
sion to the mean with or without detraining to explain why PVC burden decreases.

• NSVT is rarely seen and requires further evaluation.
• PVC morphology may have a role in identifying individuals with cardiac 

disease.
 – In normal individuals, PVCs with a LBBB morphology and an inferiorly 

directed axis with a variable precordial transition come from the right or left 
ventricular outflow tracts. PVCs with a RBBB morphology and superior axis 
frequently may be originating from one of the left bundle fascicles or the left 
ventricular papillary muscles.

 – If a PVC has a LBBB morphology with a superiorly directed axis, this might 
be indicative of ARVC as it suggests it is coming from the non-outflow tract 
portion of the right ventricle.

There has been concern for a form of ARVC induced by extreme endurance exer-
cise [65–67]. Studies of some high-level endurance athletes with SCA showed find-
ings of ARVC but a lower than expected rate of positive genetic testing and no 
family history of ARVC. This proposed type of exercise-induced ARVC may be 
manifest on ECG by frequent PVCs and in those with a history of intense endurance 
exercise.

Two or more PVCs on a 10 s ECG requires further evaluation including an echo-
cardiogram, 24-h ambulatory monitor to assess the PVC burden, and additional 
investigation with exercise stress testing or cardiac MRI as indicated.

Epsilon Wave
• An epsilon wave is seen in the setting of ARVC (Fig. 7.6).
• It is a low amplitude, high frequency signal (small deflections and/or notches) 

between the end of the QRS complex and onset of the T wave in leads V1–V3 
[68].

• It is rarely present on a screening ECG in the absence of other abnormalities such 
as T wave inversions in the anterior precordial leads.

Atrial Tachyarrhythmias
• The most common tachycardia on screening ECG is sinus tachycardia, espe-

cially if the athlete is anxious. A repeat ECG should be done a few minutes later 
if the heart rate is >120 bpm after the athlete has been given time to relax.
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• Supraventricular tachycardia, atrial fibrillation and atrial flutter are rarely seen in 
athletes. If these are present, it may suggest the possibility of a cardiomyopathy 
or channelopathy.

7.5  Accuracy of Current Testing

Several studies have shown relatively good inter-observer agreement with ECG 
screening [69–71]. Even limited training can increase reader accuracy [72]. Open 
access to ECG training modules based on the International Criteria are available at: 
https://uwsportscardiology.org/e-academy/.

While ECG screening by experienced clinicians using athlete-specific standards 
typically produces false-positive rates <3–5%, some athlete groups may have a 
higher rate of ECG abnormalities. A study in athletes from the National Basketball 
Association showed that the new International Criteria were better than the Seattle 
Criteria, but 15.8% of African-American players and 11.5% of Caucasian players 
still had an abnormal ECG, with no disease based on echocardiogram findings [73]. 
However, cardiac MRI was not routinely performed in athletes with lateral or infer-
olateral T wave inversions.

Other studies demonstrate lower false-positive rates when applying the 
International Criteria [11, 12]. A study of 5000 athletes showed a 50% reduction in 
false positive results and all cases of true disease identified by the International 
Criteria [74].

Fig. 7.6 A 32-year-old male cyclist with an epsilon wave (arrows), defined as a low-amplitude 
high frequency signal between the QRS complex and T wave, present in leads V1–3. T wave inver-
sions in V1–6, II, and aVF are also present
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Clinical Pearls
• ECG interpretation in athletes should be completed using athlete-specific stan-

dards, the most up-to-date of which is the International Criteria for ECG inter-
pretation in athletes [14].

• Normal findings or one borderline finding do not require further testing, while 
two or more borderline findings and any abnormal finding requires further 
testing.

• The most frequent abnormal findings include T wave inversions, ST-segment 
depression, pathologic Q waves, and ventricular pre-excitation/WPW pattern.

• ECG abnormalities alone do not represent a disease in most cases, but should 
trigger additional evaluation to exclude pathologic cardiac disease.

 Review

 Questions

 1. A 19-year-old male ice hockey player has a screening ECG that demonstrates 
2 mm T wave inversion in V5–6 with no other abnormal findings. A follow-up 
transthoracic echocardiogram is normal. Which of the following is the most 
appropriate next step?
 1. 24-h Holter
 2. Cardiac magnetic resonance imaging
 3. Exercise treadmill test
 4. No further testing
 5. Signal averaged ECG

 2. An 18-year-old black male football player undergoes a preparticipation evalua-
tion with an ECG showing J point and ST-segment elevation and biphasic T wave 
inversion in leads V1–4. There is Sokolow-Lyon voltage criteria for left ventricu-
lar hypertrophy. Which of the following is the most appropriate diagnostic 
evaluation?
 1. 24-h Holter
 2. Cardiac magnetic resonance imaging
 3. No testing
 4. Signal averaged ECG
 5. Transthoracic echocardiogram

 3. A 17-year-old female tennis player presents to the emergency room with abrupt 
onset of palpitations which terminate with the Valsalva maneuver. 12-lead ECG 
demonstrates a PR interval of 100 ms and QRS of 140 ms with a slurred upstroke. 
Which of the following is the most appropriate next test?
 1. 30-day event monitor
 2. Cardiac magnetic resonance imaging
 3. Electrophysiology study
 4. Exercise ECG treadmill test
 5. Observant management
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 Answers

 1. In an athlete with T wave inversion in V5–6, there is concern for apical hypertro-
phic cardiomyopathy. A transthoracic echocardiogram may not accurately image 
the apex of the left ventricle and a cardiac MRI should be completed.

 2. The pattern of J point and ST-segment elevation with T wave inversion in leads 
V1–4  in a black athlete is a normal finding and does not require any further 
evaluation.

 3. The 12-lead ECG demonstrates a Wolff-Parkinson-White pattern. In the pres-
ence of symptoms suggestive of an arrhythmia, an electrophysiology study 
should be completed to assess if atrioventricular reentrant tachycardia can be 
induced and to determine the shortest pre-excited RR interval in atrial fibrillation 
or the accessory pathway effective refractory period. In symptomatic patients an 
ablation should be considered depending on the safety and accessibility of the 
bypass pathway as determined by its location. An exercise treadmill test should 
only be used for asymptomatic patients. A 30-day event monitor could be con-
sidered if symptoms were not consistent with an arrhythmia. A transthoracic 
echocardiogram should be performed also to rule out structural heart disease, but 
a cardiac magnetic resonance imaging typically isn’t needed.

References

 1. Maron BJ, Friedman RA, Kligfield P, Levine BD, Viskin S, Chaitman BR, et al. Assessment 
of the 12-lead electrocardiogram as a screening test for detection of cardiovascular disease in 
healthy general populations of young people (12–25 years of age): a scientific statement from 
the American Heart Association and the American College of Cardiology. J Am Coll Cardiol. 
2014;64(14):1479–514.

 2. Mont L, Pelliccia A, Sharma S, Biffi A, Borjesson M, Brugada Terradellas J, et  al. Pre- 
participation cardiovascular evaluation for athletic participants to prevent sudden death: 
Position paper from the EHRA and the EACPR, branches of the ESC. Endorsed by APHRS, 
HRS, and SOLAECE. Eur J Prev Cardiol. 2017;24(1):41–69.

 3. Johri AM, Poirier P, Dorian P, Fournier A, Goodman JM, McKinney J, et  al. Canadian 
Cardiovascular Society/Canadian Heart Rhythm Society Joint Position Statement on the 
Cardiovascular Screening of Competitive Athletes. Can J Cardiol. 2019;35(1):1–11.

 4. Drezner JA, O'Connor FG, Harmon KG, Fields KB, Asplund CA, Asif IM, et al. Infographic: 
AMSSM position statement on cardiovascular preparticipation screening in athletes: cur-
rent evidence, knowledge gaps, recommendations and future directions. Br J Sports Med. 
2017;51(3):168.

 5. Fudge J, Harmon KG, Owens DS, Prutkin JM, Salerno JC, Asif IM, et  al. Cardiovascular 
screening in adolescents and young adults: a prospective study comparing the pre-participation 
Physical Evaluation Monograph 4th Edition and ECG. Br J Sports Med. 2014;48(15):1172–8.

 6. Harmon KG, Zigman M, Drezner JA. The effectiveness of screening history, physical exam, 
and ECG to detect potentially lethal cardiac disorders in athletes: a systematic review/meta- 
analysis. J Electrocardiol. 2015;48(3):329–38.

 7. Corrado D, Pelliccia A, Heidbuchel H, Sharma S, Link M, Basso C, et al. Recommendations 
for interpretation of 12-lead electrocardiogram in the athlete. Eur Heart J. 2010;31(2):243–59.

 8. Sheikh N, Papadakis M, Ghani S, Zaidi A, Gati S, Adami PE, et al. Comparison of electrocar-
diographic criteria for the detection of cardiac abnormalities in elite black and white athletes. 
Circulation. 2014;129(16):1637–49.

J. M. Prutkin and J. A. Drezner



131

 9. Drezner JA, Ackerman MJ, Anderson J, Ashley E, Asplund CA, Baggish AL, et  al. 
Electrocardiographic interpretation in athletes: the Seattle Criteria. Br J Sports Med. 
2013;47(3):122–4.

 10. Brosnan M, La Gerche A, Kalman J, Lo W, Fallon K, MacIsaac A, et al. The Seattle Criteria 
increase the specificity of preparticipation ECG screening among elite athletes. Br J Sports 
Med. 2014;48(15):1144–50.

 11. Zorzi A, Calore C, Vio R, Pelliccia A, Corrado D. Accuracy of the ECG for differential diag-
nosis between hypertrophic cardiomyopathy and athlete's heart: comparison between the 
European Society of Cardiology (2010) and International (2017) criteria. Br J Sports Med. 
2018;52(10):667–73.

 12. McClean G, Riding NR, Pieles G, Watt V, Adamuz C, Sharma S, et al. Diagnostic accuracy and 
Bayesian analysis of new international ECG recommendations in paediatric athletes. Heart. 
2019;105(2):152–9.

 13. Pickham D, Zarafshar S, Sani D, Kumar N, Froelicher V. Comparison of three ECG criteria for 
athlete pre-participation screening. J Electrocardiol. 2014;47(6):769–74.

 14. Sharma S, Drezner JA, Baggish A, Papadakis M, Wilson MG, Prutkin JM, et al. International 
recommendations for electrocardiographic interpretation in athletes. J Am Coll Cardiol. 
2017;69(8):1057–75.

 15. Malhotra A, Dhutia H, Finocchiaro G, Gati S, Beasley I, Clift P, et al. Outcomes of cardiac 
screening in adolescent soccer players. N Engl J Med. 2018;379(6):524–34.

 16. Pelliccia A, Di Paolo FM, Quattrini FM, Basso C, Culasso F, Popoli G, et al. Outcomes in 
athletes with marked ECG repolarization abnormalities. N Engl J Med. 2008;358(2):152–61.

 17. Papadakis M, Basavarajaiah S, Rawlins J, Edwards C, Makan J, Firoozi S, et al. Prevalence 
and significance of T-wave inversions in predominantly Caucasian adolescent athletes. Eur 
Heart J. 2009;30(14):1728–35.

 18. Papadakis M, Carre F, Kervio G, Rawlins J, Panoulas VF, Chandra N, et al. The prevalence, 
distribution, and clinical outcomes of electrocardiographic repolarization patterns in male ath-
letes of African/Afro-Caribbean origin. Eur Heart J. 2011;32(18):2304–13.

 19. Zaidi A, Ghani S, Sheikh N, Gati S, Bastiaenen R, Madden B, et  al. Clinical significance 
of electrocardiographic right ventricular hypertrophy in athletes: comparison with arrhyth-
mogenic right ventricular cardiomyopathy and pulmonary hypertension. Eur Heart J. 
2013;34(47):3649–56.

 20. Patton KK, Ellinor PT, Ezekowitz M, Kowey P, Lubitz SA, Perez M, et al. Electrocardiographic 
early repolarization: a scientific statement From the American Heart Association. Circulation. 
2016;133(15):1520–9.

 21. Noseworthy PA, Weiner R, Kim J, Keelara V, Wang F, Berkstresser B, et al. Early repolariza-
tion pattern in competitive athletes: clinical correlates and the effects of exercise training. Circ 
Arrhythm Electrophysiol. 2011;4(4):432–40.

 22. Gourine AV, Ackland GL.  Cardiac vagus and exercise. Physiology (Bethesda). 
2019;34(1):71–80.

 23. Stein R, Medeiros CM, Rosito GA, Zimerman LI, Ribeiro JP.  Intrinsic sinus and atrioven-
tricular node electrophysiologic adaptations in endurance athletes. J Am Coll Cardiol. 
2002;39(6):1033–8.

 24. D'Souza A, Bucchi A, Johnsen AB, Logantha SJ, Monfredi O, Yanni J, et al. Exercise train-
ing reduces resting heart rate via downregulation of the funny channel HCN4. Nat Commun. 
2014;5:3775.

 25. Migliore F, Zorzi A, Michieli P, Perazzolo Marra M, Siciliano M, Rigato I, et al. Prevalence of 
cardiomyopathy in Italian asymptomatic children with electrocardiographic T-wave inversion 
at preparticipation screening. Circulation. 2012;125(3):529–38.

 26. Hermelin MJ, Prutkin JM.  Black athlete electrocardiographic repolarization pattern. J 
Electrocardiol. 2018;51(4):680–2.

 27. Riding NR, Sharma S, McClean G, Adamuz C, Watt V, Wilson MG. Impact of geographical 
origin upon the electrical and structural manifestations of the black athlete's heart. Eur Heart J. 
2019;40(1):50–8.

7 Medical Evaluation of Athletes: Electrocardiogram



132

 28. Pelliccia A, Culasso F, Di Paolo FM, Accettura D, Cantore R, Castagna W, et al. Prevalence 
of abnormal electrocardiograms in a large, unselected population undergoing pre-participation 
cardiovascular screening. Eur Heart J. 2007;28(16):2006–10.

 29. Baggish AL, Hutter AM Jr, Wang F, Yared K, Weiner RB, Kupperman E, et al. Cardiovascular 
screening in college athletes with and without electrocardiography: a cross-sectional study. 
Ann Intern Med. 2010;152(5):269–75.

 30. Kim JH, Noseworthy PA, McCarty D, Yared K, Weiner R, Wang F, et al. Significance of electro-
cardiographic right bundle branch block in trained athletes. Am J Cardiol. 2011;107(7):1083–9.

 31. Kim JH, Baggish AL. Electrocardiographic right and left bundle branch block patterns in ath-
letes: prevalence, pathology, and clinical significance. J Electrocardiol. 2015;48(3):380–4.

 32. Gati S, Sheikh N, Ghani S, Zaidi A, Wilson M, Raju H, et al. Should axis deviation or atrial 
enlargement be categorised as abnormal in young athletes? The athlete's electrocardiogram: 
time for re-appraisal of markers of pathology. Eur Heart J. 2013;34(47):3641–8.

 33. Corrado D, Calore C, Zorzi A, Migliore F. Improving the interpretation of the athlete's electro-
cardiogram. Eur Heart J. 2013;34(47):3606–9.

 34. Calore C, Melacini P, Pelliccia A, Cianfrocca C, Schiavon M, Di Paolo FM, et al. Prevalence 
and clinical meaning of isolated increase of QRS voltages in hypertrophic cardiomyopathy 
versus athlete's heart: relevance to athletic screening. Int J Cardiol. 2013;168(4):4494–7.

 35. Schnell F, Riding N, O'Hanlon R, Axel Lentz P, Donal E, Kervio G, et al. Recognition and 
significance of pathological T-wave inversions in athletes. Circulation. 2015;131(2):165–73.

 36. Sheikh N, Papadakis M, Wilson M, Malhotra A, Adamuz C, Homfray T, et al. Diagnostic yield 
of genetic testing in young athletes with T-wave inversion. Circulation. 2018;138(12):1184–94.

 37. Calore C, Zorzi A, Sheikh N, Nese A, Facci M, Malhotra A, et al. Electrocardiographic ante-
rior T-wave inversion in athletes of different ethnicities: differential diagnosis between ath-
lete's heart and cardiomyopathy. Eur Heart J. 2016;37(32):2515–27.

 38. MacAlpin RN. Clinical significance of QS complexes in V1 and V2 without other electrocar-
diographic abnormality. Ann Noninvasive Electrocardiol. 2004;9(1):39–47.

 39. Chen AS, Bent RE, Wheeler M, Knowles JW, Haddad F, Froelicher V, et al. Large Q and S 
waves in lead III on the electrocardiogram distinguish patients with hypertrophic cardiomy-
opathy from athletes. Heart. 2018;104(22):1871–7.

 40. Bent RE, Wheeler MT, Hadley D, Froelicher V, Ashley E, Perez MV.  Computerized Q 
wave dimensions in athletes and hypertrophic cardiomyopathy patients. J Electrocardiol. 
2015;48(3):362–7.

 41. Marek J, Bufalino V, Davis J, Marek K, Gami A, Stephan W, et al. Feasibility and findings of 
large-scale electrocardiographic screening in young adults: data from 32,561 subjects. Heart 
Rhythm. 2011;8(10):1555–9.

 42. Drezner JA, Owens DS, Prutkin JM, Salerno JC, Harmon KG, Prosise S, et  al. 
Electrocardiographic screening in National Collegiate Athletic Association Athletes. Am J 
Cardiol. 2016;118(5):754–9.

 43. Drezner JA, Prutkin JM, Harmon KG, O'Kane JW, Pelto HF, Rao AL, et al. Cardiovascular 
screening in college athletes. J Am Coll Cardiol. 2015;65(21):2353–5.

 44. Pelliccia A, Maron BJ, Culasso F, Di Paolo FM, Spataro A, Biffi A, et al. Clinical significance of 
abnormal electrocardiographic patterns in trained athletes. Circulation. 2000;102(3):278–84.

 45. Wilson MG, Chatard JC, Carre F, Hamilton B, Whyte GP, Sharma S, et  al. Prevalence of 
electrocardiographic abnormalities in West-Asian and African male athletes. Br J Sports Med. 
2012;46(5):341–7.

 46. Bent RE, Wheeler MT, Hadley D, Knowles JW, Pavlovic A, Finocchiaro G, et al. Systematic 
comparison of digital electrocardiograms from healthy athletes and patients with hypertrophic 
cardiomyopathy. J Am Coll Cardiol. 2015;65(22):2462–3.

 47. Dunn T, Abdelfattah R, Aggarwal S, Pickham D, Hadley D, Froelicher V. Are the QRS dura-
tion and ST depression cut-points from the Seattle criteria too conservative? J Electrocardiol. 
2015;48(3):395–8.

J. M. Prutkin and J. A. Drezner



133

 48. Xiao HB, Brecker SJ, Gibson DG. Relative effects of left ventricular mass and conduction 
disturbance on activation in patients with pathological left ventricular hypertrophy. Br Heart J. 
1994;71(6):548–53.

 49. Cohen MI, Triedman JK, Cannon BC, Davis AM, Drago F, Janousek J, et al. PACES/HRS 
expert consensus statement on the management of the asymptomatic young patient with a 
Wolff-Parkinson-White (WPW, ventricular preexcitation) electrocardiographic pattern. Heart 
Rhythm. 2012;9(6):1006–24.

 50. Klein GJ, Bashore TM, Sellers TD, Pritchett EL, Smith WM, Gallagher JJ. Ventricular fibril-
lation in the Wolff-Parkinson-White syndrome. N Engl J Med. 1979;301(20):1080–5.

 51. Obeyesekere MN, Klein GJ. Intermittent preexcitation and the risk of sudden death: the excep-
tion that proves the rule? J Cardiovasc Electrophysiol. 2013;24(3):367–9.

 52. Al-Khatib SM, Arshad A, Balk EM, Das SR, Hsu JC, Joglar JA, et al. Risk stratification for 
arrhythmic events in patients with asymptomatic pre-excitation: a systematic review for the 
2015 ACC/AHA/HRS Guideline for the Management of Adult Patients With Supraventricular 
Tachycardia: A Report of the American College of Cardiology/American Heart Association 
Task Force on Clinical Practice Guidelines and the Heart Rhythm Society. Circulation. 
2016;133(14):e575–86.

 53. Pappone C, Vicedomini G, Manguso F, Saviano M, Baldi M, Pappone A, et al. Wolff-Parkinson- 
White syndrome in the era of catheter ablation: insights from a registry study of 2169 patients. 
Circulation. 2014;130(10):811–9.

 54. Finocchiaro G, Papadakis M, Behr ER, Sharma S, Sheppard M. Sudden cardiac death in pre- 
excitation and Wolff-Parkinson-White: demographic and clinical features. J Am Coll Cardiol. 
2017;69(12):1644–5.

 55. Viskin S, Rosovski U, Sands AJ, Chen E, Kistler PM, Kalman JM, et al. Inaccurate electrocar-
diographic interpretation of long QT: the majority of physicians cannot recognize a long QT 
when they see one. Heart Rhythm. 2005;2(6):569–74.

 56. Malfatto G, Beria G, Sala S, Bonazzi O, Schwartz PJ. Quantitative-analysis of T-wave abnor-
malities and their prognostic implications in the idiopathic long QT-syndrome. J Am Coll 
Cardiol. 1994;23(2):296–301.

 57. Horner JM, Horner MM, Ackerman MJ. The diagnostic utility of recovery phase QTc dur-
ing treadmill exercise stress testing in the evaluation of long QT syndrome. Heart Rhythm. 
2011;8(11):1698–704.

 58. Schwartz PJ, Crotti L. QTc behavior during exercise and genetic testing for the long-QT syn-
drome. Circulation. 2011;124(20):2181–4.

 59. Zorzi A, Leoni L, Di Paolo FM, Rigato I, Migliore F, Bauce B, et al. Differential diagnosis 
between early repolarization of athlete's heart and coved-type brugada electrocardiogram. Am 
J Cardiol. 2015;115(4):529–32.

 60. Bayes de Luna A, Brugada J, Baranchuk A, Borggrefe M, Breithardt G, Goldwasser D, et al. 
Current electrocardiographic criteria for diagnosis of Brugada pattern: a consensus report. J 
Electrocardiol. 2012;45(5):433–42.

 61. Zorzi A, Migliore F, Marras E, Marinelli A, Baritussio A, Allocca G, et al. Should all individu-
als with a nondiagnostic Brugada-electrocardiogram undergo sodium-channel blocker test? 
Heart Rhythm. 2012;9(6):909–16.

 62. Delise P, Sitta N, Lanari E, Berton G, Centa M, Allocca G, et al. Long-term effect of continu-
ing sports activity in competitive athletes with frequent ventricular premature complexes and 
apparently normal heart. Am J Cardiol. 2013;112(9):1396–402.

 63. Verdile L, Maron BJ, Pelliccia A, Spataro A, Santini M, Biffi A.  Clinical significance of 
exercise- induced ventricular tachyarrhythmias in trained athletes without cardiovascular 
abnormalities. Heart Rhythm. 2015;12(1):78–85.

 64. Biffi A, Maron BJ, Verdile L, Fernando F, Spataro A, Marcello G, et  al. Impact of physi-
cal deconditioning on ventricular tachyarrhythmias in trained athletes. J Am Coll Cardiol. 
2004;44(5):1053–8.

7 Medical Evaluation of Athletes: Electrocardiogram



134

 65. La Gerche A, Claessen G, Dymarkowski S, Voigt JU, De Buck F, Vanhees L, et al. Exercise- 
induced right ventricular dysfunction is associated with ventricular arrhythmias in endurance 
athletes. Eur Heart J. 2015;36(30):1998–2010.

 66. Heidbuchel H, Hoogsteen J, Fagard R, Vanhees L, Ector H, Willems R, et al. High prevalence 
of right ventricular involvement in endurance athletes with ventricular arrhythmias. Role of an 
electrophysiologic study in risk stratification. Eur Heart J. 2003;24(16):1473–80.

 67. La Gerche A, Robberecht C, Kuiperi C, Nuyens D, Willems R, de Ravel T, et al. Lower than 
expected desmosomal gene mutation prevalence in endurance athletes with complex ventricu-
lar arrhythmias of right ventricular origin. Heart. 2010;96(16):1268–74.

 68. Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA, et al. Diagnosis of 
arrhythmogenic right ventricular cardiomyopathy/dysplasia: proposed modification of the task 
force criteria. Circulation. 2010;121(13):1533–41.

 69. Dhutia H, Malhotra A, Yeo TJ, Ster IC, Gabus V, Steriotis A, et al. Inter-rater reliability and 
downstream financial implications of electrocardiography screening in young athletes. Circ 
Cardiovasc Qual Outcomes. 2017;10(8):e003306.

 70. Schneiter S, Trachsel LD, Perrin T, Albrecht S, Pirrello T, Eser P, et al. Inter-observer agree-
ment in athletes ECG interpretation using the recent international recommendations for 
ECG interpretation in athletes among observers with different levels of expertise. PLoS One. 
2018;13(11):e0206072.

 71. Prutkin JM, Drezner JA. Training and experience matter: improving athlete ECG screening, 
interpretation, and Reproducibility. Circ Cardiovasc Qual Outcomes. 2017;10(8):e003881.

 72. Drezner JA, Asif IM, Owens DS, Prutkin JM, Salerno JC, Fean R, et al. Accuracy of ECG 
interpretation in competitive athletes: the impact of using standised ECG criteria. Br J Sports 
Med. 2012;46(5):335–40.

 73. Waase MP, Mutharasan RK, Whang W, DiTullio MR, DiFiori JP, Callahan L, et  al. 
Electrocardiographic findings in National Basketball Association Athletes. JAMA Cardiol. 
2018;3(1):69–74.

 74. Dhutia H, Malhotra A, Finocchiaro G, Merghani A, Papadakis M, Naci H, et al. Impact of 
the International recommendations for electrocardiographic interpretation on cardiovascular 
screening in young athletes. J Am Coll Cardiol. 2017;70(6):805–7.

J. M. Prutkin and J. A. Drezner



135© Springer Nature Switzerland AG 2020
A. Pressler, J. Niebauer (eds.), Textbook of Sports and Exercise Cardiology, 
https://doi.org/10.1007/978-3-030-35374-2_8

F. D’Ascenzi (*) 
Division of Cardiology, Department of Medical Biotechnologies, University of Siena,  
Siena, Italy 

School of Medicine, University of Pittsburgh, Pittsburgh, PA, USA
e-mail: flavio.dascenzi@unisi.it 

D. Oxborough 
Research Institute for Sports and Exercise Sciences, Liverpool John Moores University, 
Liverpool, UK
e-mail: d.l.oxborough@ljmu.ac.uk

8Medical Evaluation of Athletes: 
Echocardiography

Flavio D’Ascenzi and David Oxborough

Learning Objectives
 1. Understand the role of echocardiography in the assessment of the athlete, includ-

ing pre-participation screening and secondary care.
 2. Discuss normal conventional 2-dimensional, Doppler and tissue Doppler echo-

cardiographic findings associated with the multi-factorial nature of the athlete’s 
heart.

 3. Discuss the role of conventional 2-dimensional, Doppler and tissue Doppler 
echocardiography in differentiating athlete’s heart from conditions that predis-
pose to sudden cardiac death.

 4. Discuss the role of advanced echocardiographic techniques including strain 
imaging, 3-dimensional and exercise techniques in the assessment of the ath-
lete’s heart.

8.1  Introduction

Echocardiography is utilized ubiquitously in the assessment of cardiac structure and 
function. It is non-invasive and has the ability to provide high temporal and spatial 
resolution, making it an important diagnostic tool in the assessment of the athlete’s 
heart. Although pre-participation evaluation is based in Europe mainly on physical 
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examination and resting ECG, echocardiography is becoming essential as screening 
tool in some conditions such as aortic dilatation and/or as the first important imag-
ing technique to be used for the differential diagnosis.

8.2  The Athlete’s Heart

8.2.1  The Left Ventricle

Structural physiological adaptation of the left ventricle (LV) is a common manifes-
tation of the athlete’s heart. Although enlargement is often within the constraints of 
normal geometry [1] there is evidence to suggest

• that those athletes engaged in high training volumes are more likely to develop 
an eccentric hypertrophy (chamber enlargement with concomitant increase in 
wall thickness) [2].

• Concentric hypertrophy (increased wall thickness without chamber enlargement) 
is less common particularly in female athletes (see also Chaps. 3 and 4) [3].

LV adaptation has been observed in athletes

 (a) from multiple disciplines [4],
 (b) in adults and children [5] and
 (c) across ethnic groups [6, 7]

with specific cut-offs being applied (Fig. 8.1; Table 8.1) [8]. The greatest chamber 
adaptation is seen in adult male athletes whilst increased concentricity has been 
reported in athletes of black African/Afro-Caribbean ethnicity. In addition to an 
increase in overall LV mass, there is evidence to suggest that chronic training and 
hence frequent exposure to elevated preload can induce excess trabeculation as part 
of the remodeling process and is more frequently seen in male athletes of black 

a b

Fig. 8.1 Physiological LV adaptation demonstrating balanced increases in wall thickness and cav-
ity dimension in either the parasternal long axis (a) or the (b) apical 4-chamber view
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African/Afro-Caribbean ethnicity (see also Chap. 26) [9]. Careful attention should 
be made to ensure that normal myocardial function is present in the areas of hyper-
trabeculation to aid the differentiation from isolated LV non-compacted cardiomy-
opathy (Chap. 16) (Fig. 8.2) [10].

The impact of chronic training on LV function is less clear.

• In general, systolic function as determined by ejection fraction (EF) and tissue 
Doppler (TDI) is within normal limits.

• In a minority of athletes, specifically those with large chamber volumes, LV 
systolic function can be borderline low with ejection fraction falling below 50% 
[11]. This is likely a result of a large chamber requiring lower force to generate 
adequate stroke volumes at rest [12].

• In view of this, there is growing evidence to suggest that an exercise protocol 
should elicit a normal response with increases in EF consistent with cardiac 
reserve and may, therefore, serve as a useful indicator when differentiating from 
pathology (Chap. 10) [13].

The assessment of LV mechanics has shed further light into normal athletic adapta-
tion. Previous studies have highlighted no significant differences in peak longitudinal 
strain between athletes and sedentary controls [14]. Although longitudinal function 

Table 8.1 Proposed cut-off values for LV and RV structure in athletes

Parameter Male athlete Female athlete
LV dimension diastole (mm) 64 57
LV interventricular septal thickness (mm) 13 11
LV posterior wall thickness (mm) 13 11
LV mass (g) 263 243
RVOT1 (short axis view, proximal; mm) 43 40
RVOT2 (short axis view, distal; mm) 32 29
RVD1 (apical view, basal; mm) 55 49
RVD2 (apical view, middle-ventricle; mm) 47 43
RVD3 (apical view, base-to-apex; mm) 109 100

a b

Fig. 8.2 Examples of hypertrabeculation in athletes in a parasternal short axis view at the mid- 
level (a) and apex (b)
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appears to be independent of training adaptation, circumferential and twist mechanics 
seem to change in tandem with physiological structural adaptation. Short axis func-
tion at the base and apex is mostly affected with apical rotation/twist demonstrating 
acute augmentation (i.e. increased twist during short training periods) followed by a 
reduction following longer periods of training exposure [15]. It has been suggested 
that the lower twist seen in the chronically adapted LV is driven by increased LV wall 
thickness [16]. The paradoxical nature and training load dependency of LV circumfer-
ential and twist mechanics exacerbates the grey area of differentiation from pathology 
and therefore these resting indices should be interpreted with caution.

Although some reports suggest diastolic function is supra-normal [17] this has 
not been evidenced across the literature and conventional values obtained from 
Doppler and tissue Doppler often fall within normal limits for the general popula-
tion [18]. Reduced diastolic function is rarely seen in the athlete and specific cut- 
offs for TDI derived E’ have been reported to aid differentiation from pathology.

8.2.2  The Right Ventricle

Dynamic exercise induces a disproportionate loading on the right ventricle (RV) 
[19] and hence RV structural adaptation is a frequent manifestation of the athlete’s 
heart [20] (Table 8.1):

• There is proportional enlargement of the inflow and outflow and therefore the 
ratio between these is maintained (Fig. 8.3) [20].

• The magnitude of adaptation is reflective of training volumes with those athletes 
involved in dynamic activity demonstrating the greatest adaptation.

• In addition, age, body size and gender all seem to influence the degree of adapta-
tion with male, older athletes having the largest dimensions [12].

• Unlike the LV, RV physiological adaptation appears to be similar across different 
ethnicity [21]. Although chamber enlargement is common, the thin wall of the 
RV is maintained and any evidence of an increased wall thickness (i.e. concentric 
hypertrophy) should be considered abnormal and is not reflective of physiologi-
cal adaptation.

Fig. 8.3 Modified RV inflow measurements demonstrating physiological enlargement
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Global and conventional indices of RV function such as Fractional Area Change, 
Tricuspid Plane Systolic Excursion (TAPSE) and TDI are almost always normal 
[22]. Subtle assessment of longitudinal strain highlights regional variation related to 
segments of the RV free wall [23] which appear to be, in part, related to RV size 
(Fig. 8.4) [24]. Basal strain rate has been shown to be lower than non-athletic con-
trols [25] whilst other studies have demonstrated lower apical function [24]. These 
regional variances appear to normalize during exercise, highlighting their physio-
logical nature and providing a rationale for undertaking a stress protocol in the pres-
ence of low resting values [25]. That aside, global RV strain as determined as an 
average of the base, mid and apex is very rarely abnormal [26] and may aid the 
differentiation from pathology.

8.2.3  The Atria

Intensive training is associated with hemodynamic changes that typically induce an 
enlargement of cardiac chambers, involving not only the ventricles but also the 
atria.

• Indeed, typically competitive athletes have increased dimensions of left and right 
atria that have been interpreted as a physiologic adaptation to training both in 
males and females [27–31].

• Prospective studies have also found that exercise-induced atrial dilatation is 
dynamic in its nature and is reversible [32–34].

• Although most of the studies have been conducted in adults, biatrial remodeling 
has been confirmed also in children and adolescents practicing sport [35–37].

Fig. 8.4 Speckle-tracking echocardiography applied to the right ventricle. Strain analysis is 
applied to the RV free wall, obtaining an average value of RV myocardial deformation
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Although some authors have hypothesized that this increase in biatrial dimen-
sions can be responsible for the higher incidence of supraventricular arrhythmias in 
athletes (and particularly in endurance athletes) as compared to controls [38, 39], 
echocardiographic studies assessing biatrial function in athletes have demonstrated 
that training-induced atrial remodeling is accompanied by a normal or even supra-
normal atrial function [17, 40]. Indeed, using echocardiography, and specifically by 
speckle-tracking echocardiography, it is possible to characterize atrial function and 
its specific phases. The application of speckle-tracking method to the atria allows 
the generation of a mean curve that presents a positive peak at the end of the reser-
voir phase, defined as peak atrial longitudinal strain (PALS), a plateau correspond-
ing to the phase of diastasis and a measure of atrial reservoir function, and a second 
positive peak just before atrial contraction, defined as peak atrial contraction strain 
(PACS), a measure of atrial contractile function (Fig. 8.5). Studies using this tech-
nique have demonstrated that athlete’s heart at rest is accompanied by supranormal 
atrial adaptation, with a normal reservoir function and a reduced atrial contractile 
function (compared to sedentary controls) related to a shift of LV filling toward 
early diastole [17, 40].

Fig. 8.5 Application of speckle-tracking echocardiography to the left atrium of a control subject. 
Using this echocardiographic technique, two parameters of atrial function can be obtained: PALS, 
peak atrial longitudinal strain, a measure of atrial reservoir function, and PACS, peak atrial con-
traction strain, a measure of atrial contractile function
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In other terms, the echocardiographic characterization of atrial function has dem-
onstrated that atrial size is insufficient to provide mechanistic information about the 
atrium itself, and an increase in atrial size is not intrinsically an expression of atrial 
dysfunction. Furthermore, recent studies have found that characterization of atrial 
reservoir properties may be useful to differentiate physiologic remodeling induced 
by exercise from pathologic changes occurring in cardiac disorders in the early 
stages of these pathological conditions [41–43].

• Taken together, the current evidence suggests that atrial dilatation in athlete’s 
heart can be regarded as a physiological rather than a pathological adaptation to 
sport and that the assessment of atrial function can be useful for distinguishing 
between a physiological vs. a pathological remodeling.

8.2.4  The Aortic Root

The aortic root is assessed as part of a standard echocardiographic examination and 
it is important to acknowledge normality in the athletic population (Fig. 8.6).

• There is evidence of mild adaptation with the athlete having a slight increase in 
aortic root dimensions compared to non-athletic controls [44].

• This adaptation is small and considered to be of little clinical relevance with the 
absolute dimensions at the Sinus of Valsalva unlikely to exceed 40 mm (0.3% 
prevalence) even in those individuals of extreme anthropometry [45].

• Recent evidence has highlighted the close linear relationship of aortic root to the 
height of the athlete and therefore a cut-off of 20 mm/m may aid interpretation [46].

• The morphology of the root is also important with the presence of normal efface-
ment at the sino-tubular junction and proximal ascending aorta.

• Any evidence of enlargement or change in the aortic root morphology warrants 
further investigation.

Fig. 8.6 High parasternal 
long axis view 
demonstrating 
measurements at Sinus of 
Valsalva and proximal 
ascending aorta
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8.3  Differentiation Between Physiological and Pathological 
Adaptations

8.3.1  Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) has an estimated prevalence of 1 in 500 [47] 
and has been suggested to account for 6–20% of all sudden cardiac deaths in the 
athletic population [48]. This inherited disease is characterized by myocardial disar-
ray in the presence of variable phenotypes of LV hypertrophy (Fig. 8.7). The mild 
phenotypes pose a significant challenge when aiming to differentiate from physio-
logical adaptation in that 14% of athletes with HCM have wall thicknesses between 
13 and 16 mm [49]. Conventional echocardiographic criteria for HCM such as

 (a) a small cavity,
 (b) increased relative wall thickness,
 (c) diastolic dysfunction and
 (d) outflow obstruction

may be masked by the chronic adaptation to elevated preload during exercise and in 
this way, and athlete with HCM may present with eccentric hypertrophy and normal 
diastolic function with a preponderance to an apical phenotype [49]. This clearly exac-
erbates the differential diagnosis by increasing the potential of false negative findings 
and raises questions as to how best to utilize echocardiography in this setting.

• Finochiario et al. provided data from 1500 athletes and 58 patients with HCM in 
order to develop cut-offs to direct for further investigation [18].
 – In the presence of mild LVH, a combination of tissue Doppler and conven-

tional trans-mitral Doppler should be utilized.
 – Reduced septal E′ < 10 cm/s and lateral E′ < 12 cm/s with elevated E/E′ > 7.9 

are more consistent with a pathological phenotype.

Fig. 8.7 Apical 4-chamber 
view demonstrating 
asymmetric septal 
hypertrophy in an athlete 
with hypertrophic 
cardiomyopathy
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It is important to note that these cut-offs have only reasonable sensitivity and speci-
ficity as other studies have highlighted low diastolic indices in a small minority of the 
athletic population [12, 16]. It is important in this setting to interpret the echocardio-
graphic data within the clinical context and alongside the 12-lead ECG which is likely 
to be provide similar criteria between athletes and non-athletes with HCM [49].

In order to overcome some of the challenges of conventional echocardiography 
the use of longitudinal strain may provide additional diagnostic insight. Small stud-
ies have highlighted that, unlike the athlete’s heart, global longitudinal strain (GLS) 
is often reduced in patients with HCM [50, 51]. These data inform current guide-
lines with recommendations that GLS > −16% should raise a suspicion of myocar-
dial disease whilst > −12% is definitely abnormal [8].

8.3.2  Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) accounts for a small (<5%) proportion of athletes 
with SCD [48] either through an inherited form of the disease or secondary to myo-
carditis. LV dilatation is a common manifestation of the athlete’s heart and in some 
cases, this structural adaptation may coexist with borderline low EF [11] and low 
longitudinal function/diastolic function. These findings can be compounded by the 
presence of RV and atrial dilatation. This raises a diagnostic dilemma and therefore 
careful assessment of the ventricle is required. Although often global, regional wall 
motion abnormalities may occur in DCM as the septum is under greater contractile 
stress than the free walls [52]. The normal structural and functional integrity of the 
athlete’s heart dictate that regional abnormalities will not present and therefore the 
presence of any regional dysfunction serves to aid the diagnosis.

The important physiological phenomenon that is driving borderline/low function 
in an athlete underpins the concept of exercise reserve. When required, such as during 
bouts of exercise, the athlete’s heart will improve in function in order to generate the 
higher stroke volumes. This mechanism serves as an important diagnostic criterion, in 
that a patient with DCM is less likely to be able to augment function when required:

• Although based on cardiac magnetic resonance imaging (CMR), Claessen et al. 
highlighted that EF improves in both athletes and DCM patients at low exercise 
workload but plateaus in the DCM patients with an inability to augment at higher 
exercise intensities [13].
 – An increase in EF of 11% at 75% VO2max provides the ability to differentiate 

between the two groups.
• This 11% increase in EF has also been demonstrated with echocardiography dur-

ing semi-recumbent exercise [53] and therefore highlights a role for stress echo-
cardiography in these cases.

We are currently unaware of the magnitude of changes in TDI, diastolic indices 
and GLS in the same populations using the same methods and therefore further 
work in this area is warranted to provide additional discriminatory stress indices.
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The rarer form of isolated left ventricular non-compaction (Chap. 16) is charac-
terized by excess trabeculation and non-compacted layers of myocardium. The nor-
mal compacted layer of the myocardium is often thin and hypokinetic and results in 
ventricular dilatation and global dysfunction [10]. This form of DCM raises addi-
tional diagnostic challenges particularly in those athletes with physiological hyper-
trabeculation (Fig. 8.2) and low indices of systolic function [10]. It is recommended 
that regional dysfunction, myocardial thinning and gross excess non-compaction 
are not consistent with an athlete’s heart and therefore careful assessment of ven-
tricular structure and function is warranted in these cases.

As with other inherited conditions GLS may serve to provide additional diagnostic 
utility. GLS has been shown to be an early marker of DCM in the presence of normal 
EF [54] highlighted in those patients with intrinsic DCM or due to extrinsic factors 
such as cardiotoxicity [55]. Current guidelines recommend that GLS > −16% should 
raise a suspicion of myocardial disease whilst >−12% is definitely abnormal [8].

8.3.3  Arrhythmogenic Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare genetic disease 
histologically characterized by replacement of myocardium with fibrous and fatty 
tissue, resulting in right ventricular (RV) dilation, dysfunction, and ventricular 
arrhythmia (Chap. 25) [56].

• ARVC is an important cause of sudden cardiac death (SCD) in youth and 
 athletes [57].

• Diagnosis of ARVC is based on International Task Force Criteria, which  combine 
family history and ECG, echocardiographic, CMR, and histological criteria [58].

Unfortunately, exercise-induced RV remodeling can mimic the pathological 
remodeling induced by ARVC and, as a consequence, athlete’s heart may overlap 
some features of ARVC, especially in the early stages of the disease, and a relevant 
percentage of competitive athletes has been found to fulfill the dimensional criteria 
for the diagnosis of ARVC [21, 22]. Therefore, despite being crucial, the differential 
diagnosis between athlete’s heart and ARVC can be very challenging. Indeed, RV is 
often dilated in competitive and top-level athletes: the greater the duration and 
intensity of exercise, the higher the cardiac output and, ultimately, the hemody-
namic stimulus for the dimensional increase of the RV [22]. However, despite these 
similarities, ARVC patients usually exhibit a dilatation of the RV that is more evi-
dent at the level of RV outflow tract while RV enlargement in healthy athletes more 
often involves the RV main body.

In order to properly interpret RV remodeling,

 (a) male gender,
 (b) sports discipline,
 (c) age, and
 (d) years of training

F. D’Ascenzi and D. Oxborough



145

should be taken into account. Indeed, RV enlargement is particularly evident in 
male athletes practicing endurance disciplines and in those who are engaged in 
sport activities for many years [21, 22, 59–61]. Notably, the impact of ethnicity is 
minimal, which obviates the need for race-specific RV reference values [21].

• According to the Task Force Criteria, diagnosis of ARVC by echocardiography 
requires a combination of regional RV wall motion abnormalities (WMAs) and 
global RV dilation and dysfunction. However, clinicians should be aware that 
physiological remodeling induced by exercise is not accompanied by the pres-
ence of RV WMAs, although WMAs are required for imaging diagnosis of 
ARVC in addition to RV dilation.

• Furthermore, despite a RV dilatation, RV function in competitive athletes is nor-
mal in most of the cases [22]. Therefore, the presence of RV dilatation and RV 
dysfunction should be regarded with high suspicion as it could be the early sign 
of a concealed cardiomyopathy potentially at risk of SCD.

• Finally, RV enlargement in athletes is usually accompanied by a concomitant 
remodeling of the LV, reflecting a global and symmetrical adaptation of the heart 
to the hemodynamic changes induced by training. Accordingly, a careful analy-
sis of biventricular size and the estimation of RV/LV ratio can be useful in bor-
derline cases in order to properly interpret RV enlargement [22].

In conclusion, although training-induced RV remodeling may mimic ARVC, 
some echocardiographic parameters can be very useful for the differential diagnosis 
between athlete’s heart and ARVC.  Table  8.2 summarizes the main echocardio-
graphic parameters useful for the differential diagnosis.

Table 8.2 Dimensional and functional parameters obtained by echocardiography in arrhythmo-
genic right ventricular cardiomyopathy vs. athlete’s heart

Echocardiography and differential diagnosis between ARVC and athlete’s heart
ARVC Findings Athlete’s heart
Size
+ Marked dilatation of RVOT −
− Moderate increase in RV main body with mild increase in 

RVOT
+

+ Disproportioned RV/LV ratio (<0.90) −
− Regression of RV dilatation after detraining +
Function
+ RV wall motion abnormalities (bulging, akinesia, 

dyskinesia)
−

+ Reduced RV function (FAC <32%) −
+ Reduced RV longitudinal strain (<20%) −
+ Reduced RV s’ velocity < 0.10 m/s −
+ Reduced RV function by CMR −
+ RV and/or LV tissue abnormalities (fat infiltration and LGE) 

at CMR
−

ARVC arrhythmogenic right ventricular cardiomyopathy, RVOT right ventricular outflow tract, RV 
right ventricular, LV left ventricular, FAC fractional area change, LGE late gadolinium enhance-
ment, CMR cardiac magnetic resonance
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8.3.4  Coronary Artery Origin Anomalies

• Anomalous origin of coronary arteries is a rare congenital heart disease (preva-
lence between 0.17% and 1.3%).

• While it can be a benign finding, coronary artery anomalies have been recog-
nized as major cause of SCD in competitive athletes, accounting for about 17% 
of such deaths in the USA and for 16% in Italy, particularly in case of an anoma-
lous origin from the wrong sinus (Chap. 22) [62–65].

• The diagnosis can be suspected/defined non-invasively by transthoracic echocar-
diography as a first step [66, 67] and, according to their relevant clinical impact, 
a comprehensive echocardiographic examination in the athlete should include 
the visualization of coronary arteries ostia.

Figure 8.8 shows the normal and abnormal origin of coronary arteries identified 
by transthoracic echocardiography. However, we have to recognize that, although 
trans-thoracic echocardiography is a reliable noninvasive tool in detecting such 
anomalies, its sensitivity and specificity are influenced by the acoustic window and 
by expertise. The failure to demonstrate that a CA originates from its proper Valsalva 

a

b

Fig. 8.8 Origin of 
coronary arteries identified 
with colour Doppler (a) 
and without (b) by 
transthoracic 
echocardiography
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sinus requires further anatomic confirmation with computed tomography (CT), 
CMR angiography or coronary angiography, as suggested [8]. In patients with a 
clinical suspicion of coronary artery anomalies, the European Society of Cardiology 
recommends CT and the American Heart Association either CT or CMR angiogra-
phy, the latter preferred due to radiation concerns [68, 69].

Therefore, while a routine echocardiographic examination should include the 
visualization of coronary ostia, it should become mandatory in athletes with symp-
toms (e.g. chest pain/discomfort, presyncope or syncope, particularly if in relation 
with exercise) and/or with abnormal examinations (e.g. stress ECG testing).

Clinical Pearls
• For the differential diagnosis between athlete’s heart and cardiomyopathies it is 

essential to evaluate the entire heart, taking into account whether ventricular or 
atrial dilatation occurs in the context of a harmonic and global remodeling, such 
as in athlete’s heart

• The type of sports, gender, years of sports practice, weekly training volume and 
intensity, and training period should be taken into account to evaluate exercise- 
induced cardiac remodeling

• In the context of athlete’s heart chamber dilatation is usually not accompanied by 
a reduction in cardiac function, as demonstrated by conventional and advanced 
echocardiographic techniques

 Review

 Questions

 1. Are functional parameters useful for the differential diagnosis between athlete’s 
heart and ARVC? If yes, which ones?

 2. Is atrial dilatation always pathological?
 3. Is it possible and useful to identify coronary arteries origin by transthoracic 

echocardiography?

 Answers

 1. Yes, they are useful. Among the functional parameters, TAPSE, S′ velocity, 
RV-FAC and possibly RV strain should be analysed to help distinguishing 
between athlete’s heart and ARVC.

 2. No, it isn’t. Indeed, usually atrial dilatation in competitive athletes is accompa-
nied by normal atrial function, as demonstrated by speckle-tracking 
echocardiography.

 3. Yes, it is possible in most of the cases and is useful in order to identify a poten-
tially life-threatening condition.
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9Medical Evaluation of Athletes:  
Further Imaging Modalities—Stress 
Echo, CT and MRI

Guido Claessen and André La Gerche

Learning Objectives
 1. Recognise the strength and weakness of different imaging modalities for the 

evaluation of athletes with symptoms.
 2. Understand the utility of cardiac magnetic resonance imaging (CMR) in athletes 

in whom there is reasonable suspicion for underlying structural heart disease, 
even when an echocardiogram appears normal.

 3. Resting biventricular systolic function, as assessed by ejection fraction, may be 
at or slightly below the lower limits of normal under resting conditions among 
athletes and highly trained individuals with dilated ventricles.

 4. High levels of fitness are not mutually exclusive from cardiac pathology in ath-
letes. It should not be assumed that an athlete is “too fit” to have a serious cardiac 
condition such as a cardiomyopathy.

 5. Small patches of delayed gadolinium enhancement (DGE) are commonly seen in 
ostensibly healthy athletes and their presence should be interpreted in the appro-
priate clinical context. On the other hand, certain patterns of DGE may be a 
harbinger of significant pathology and risk of arrhythmias.
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 6. Understand that there are limitations to the implementation of cardiac imaging 
as a first-line screening modality including, but not limited to, the false positive 
findings associated with the significant overlap in appearance between healthy 
cardiac remodeling associated with the “athlete’s heart” and cardiac pathology.

9.1  Introduction

Cardiac imaging techniques have become indispensable in identifying abnormali-
ties that may be associated with symptoms such as chest pain, dyspnoea or palpita-
tions but may also identify sub-clinical abnormalities associated with sudden 
cardiac death in athletes and highly active people. Although regular physical exer-
cise is an effective means of reducing cardiovascular events, it does not confer com-
plete immunity, and transiently increases the risk of events acutely, even in trained 
individuals with occult cardiovascular disease [1].

• Advanced cardiac imaging modalities such as stress echocardiography, com-
puted tomography coronary angiography (CTCA) and cardiac magnetic reso-
nance imaging (CMR) provide treating clinicians with a detailed evaluation of 
geometry, function and even tissue characterization of the heart and its blood 
supply.

• However, at the same time, the increased sensitivity of these advanced imaging 
methods may also paradoxically increase diagnostic uncertainty and false- 
positive results in athletes with little pre-test probability for disease [2].

As such, it is important to always interpret imaging findings in the context of 
symptoms and findings identified during clinical examination, the 12-lead electro-
cardiography and resting echocardiography. Furthermore, when evaluating athletic 
individuals, it is essential to have a thorough understanding of the structural and 
functional adaptations that accompany different forms of exercise.

In this chapter we will highlight state-of-the-art stress echocardiography, CTCA 
and CMR imaging techniques and propose a framework for the implementation of 
these techniques in the work-up of athletes with clinical suspicion of an underlying 
cardiovascular pathology raised by symptoms or abnormalities detected during 
screening evaluation. We will discuss findings that are frequently encountered in 
highly trained athletes and how to distinguish these from patients with underlying 
pathologies such as cardiomyopathies and coronary artery disease.

9.2  Advanced Cardiac Imaging in Athletes with Symptoms

In the following sections we aim to provide a framework for the work-up and inter-
pretation imaging findings in highly active individuals with symptoms through 
several clinical scenarios. Using these scenarios, we will depict the use of advanced 
imaging methods in athletes with potential coronary artery disease, a suspected 
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cardiomyopathy and/or an arrhythmogenic substrate. It stands to reason that the 
distinction into different sections is arbitrary, and overlap between these scenarios 
is to be anticipated in real-life clinical practice. For example, patients with isch-
emic heart disease can present with syncope whereas palpitations may be the first 
clinical manifestation of an athlete with a cardiomyopathy. Thus, the importance of 
flexible clinical decision making cannot be overestimated and epidemiological fac-
tors such as age and gender need to be incorporated into the diagnostic work-up of 
athletes.

9.2.1  The Athlete with Chest Pain

While a cardinal symptom of coronary artery pathology, (atypical) chest pain can 
occur in a number of clinical situations including

 (a) musculoskeletal,
 (b) gastro-intestinal and
 (c) respiratory conditions [3].

Given its potential to induce life-threatening arrhythmias, particularly during 
vigorous exercise, it is important to exclude any underlying cardiac cause in highly 
active individuals presenting with chest pain. Despite the transiently increased risk 
of myocardial infarction and sudden cardiac death during each exercise bout, how-
ever, the clinical work-up of symptomatic athletes is essentially the same in non- 
athletes and includes an assessment of cardiovascular risk factors and epidemiological 
factors such as age.

• In highly active young adults younger than 35  years, congenital coronary 
artery anomalies represent the most prevalent cause of coronary artery pathology 
and have been reported to explain sudden cardiac death in up to 33% of cases [4].

• Therefore, in young athletes with suggestive symptoms (e.g. exertional chest 
pain or syncope) the origin and proximal course of the coronary arteries should 
be part of the work-up.

Although it has been argued that echocardiography may be a useful means of 
identifying coronary anomalies [5], we would contend that the sensitivity and speci-
ficity are insufficient for routine use in athletes presenting with symptoms. 
Examination using CTCA is preferred [6]. As an alternative, particularly for screen-
ing during less targeted evaluations, 3D CMR coronary angiography can be added 
to standard CMR imaging to enable assessment of the coronary ostia in more than 
90% of patients [7]. This is not standard practice in most centres though and it can-
not be assumed that coronary anomalies have been excluded in a CMR scan unless 
it has specifically been assessed and reported. On the other hand, CTCA is readily 
available and can be performed with high accuracy in the vast majority of patients.
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Coronary arteries with an anomalous origin from the wrong aortic sinus, either an

• anomalous left coronary artery arising from the right sinus of Valsalva (ALCA) or
• an anomalous right coronary artery arising from the left sinus of Valsalva (ARCA),
• are considered of highest risk for sudden cardiac death and can be characterized 

by 1 of 5 course subtypes as
 1. inter-arterial,
 2. subpulmonic,
 3. pre-pulmonic,
 4. retro-aortic, or
 5. retrocardiac [8].

Of these subtypes, particularly an inter-arterial course between the aorta and the 
pulmonary artery has been linked with sudden cardiac death (see also Chap. 22). 
Despite the clear association between coronary anomalies and sudden death from 
autopsy series, management decisions regarding surgical or more conservative man-
agement strategies can be extremely difficult. Moreover, it is important to realize that 
data showing that any management strategy prevents sudden cardiac death are lack-
ing. The mechanism of sudden cardiac death is presumed to be related to repetitive 
bursts of myocardial ischemia during exercise which may result in patchy areas of 
fibrosis [9, 10] serving as a substrate for life-threatening ventricular arrhythmias.

• Accordingly, surgical intervention is recommended for both (inter-arterial) 
ALCA and ARCA in patients with symptoms or evidence of ischemia (class I 
recommendation) [6].

Nevertheless, despite this clear rationale for stress testing, individuals with coro-
nary anomalies rarely reveal features of inducible ischemia during exercise stress 
testing or pharmacological functional tests [9, 11]. Perfusion CMR sequences can 
be used to identify myocardial ischaemia whilst late enhancement images after gad-
olinium injection can be used to assess ischaemic scar in under-perfused regions 
[12]. However, the predictive value of these tests in the setting of congenital coro-
nary artery disease remains to be established. Assessment with CTCA and/or CMR 
does provide essential information regarding anatomy of the coronary ostium and 
proximal coronary course (Fig.  9.1), which may facilitate guide individual risk 
assessment. Slit-like/fish-mouth-shaped orifice, acute angle take off, intramural 
course, inter-arterial course and hypoplasia of the proximal coronary artery have all 
been proposed as reasons for symptoms, ischemia and sudden cardiac death and 
should be taken into consideration [6, 8].

• In athletes older than 35 years the majority of cases of sudden cardiac death are 
related to atherosclerosis.

• Although chest pain (typical or atypical angina) constitutes the hallmark symp-
tom of atherosclerotic heart disease, athletes may also present with dyspnoea, 
palpitations, light-headedness, syncope or even acute myocardial infarction or 
sudden cardiac death.
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Over the last decades, the arsenal of diagnostic methods to examine patients with 
suspected coronary pathology has expanded enormously. These techniques can 
broadly be divided into those that assess the functional impact of myocardial lesions 
versus those that assess anatomy. Depending on the pre-test probability, a decision 
should be made as to which strategy is best suited for the athlete (Fig. 9.2). Although 
the common perception is that athletes are at very low risk of atherosclerotic heart 
disease, the effect of exercise in preventing coronary events is relative rather than 
absolute. It is critical that athletes understand that there are no “100% insurance 
policies” and that typical or atypical symptoms should be carefully evaluated.

• A recent Italian study highlighted the prevalence of sub-optimal primary preven-
tion amongst some athletes in documenting an increased waist circumference in 
a substantial proportion (32% and 25%, respectively) of Olympic athletes (age 
range 15–45 years) [13].

• In addition, the exposure to cardiovascular risk factor in the past needs to be 
taken into account as illustrated by a study in recreational marathon runners 
(aged >50 years) showing a much higher than expected coronary artery calcifica-
tion burden compared with age-matched controls [14]. Framingham risk was 

Athletes with chest pain

Low-to-intermediate
risk of obstructive

coronary artery disease?

Atypical chest pain &
Coronary artery disease

unlikely?

Consider other causes
Stress echocardiography
and/or Coronary artery
Calcium Scoring

Invasive
coronary angiography

?Coronary anomaly ? Acquired coronary disease

CT coronary angiogram

High risk of obstructive
coronary artery disease

Determine pre-test probability

<15% >85%

Age < 35? Age > 35?

15 - 85%

history & risk factors
clinical exam

12-lead ECG
echocardiogram

Fig. 9.1 Initial diagnostic management of athletes with suspected angina pectoris. The process 
begins with clinical assessment of the pre-test probability that coronary artery disease is present. 
In athletes with a pretest probability <15% and atypical symptoms, no further testing is necessary 
and other causes should be considered. Both coronary calcium scoring and stress echocardiogra-
phy can be used as first-line strategy in symptomatic athletes in whom there is a low-to- intermediate 
risk of acquired ischemic heart disease (15–85%), whereas invasive coronary angiography is 
reserved for athletes with high probability of coronary artery disease and typical angina 
symptoms
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only half of that in the controls, thereby presuming a healthy cardiovascular risk 
profile. However, up to 52% of the runners had smoked at some time during their 
lives and 4% were active smokers [14].

Although athletes are not immune to cardiovascular risk factors, only a minority 
has a high-risk profile and a substantial proportion does not have any risk factor 
[13]. In these subjects with low-to-intermediate risk profiles presenting with chest 
pain, further work-up should be pursued using non-invasive functional assessment 
(exercise ECG, stress echocardiography) or anatomic imaging (CTCA) (Fig. 9.2). 

a

b

Fig. 9.2 Anatomical 
high-risk features in an 
athlete with a congenital 
anomaly of the right 
coronary artery. Example 
of a 23-year-old 
recreational athlete who 
presented with abrupt 
syncope during high-
intensity exercise. During 
diagnostic work-up, 
computed tomography 
coronary angiography 
(CTCA) was performed, 
which demonstrated an 
anomalous origin of the 
right coronary artery with 
inter-arterial course 
between the aorta and 
pulmonary artery. CTCA 
revealed high-risk 
anatomical features such as 
an acute take off angle 
(arrowhead) and proximal 
narrowing (arrow). Based 
on these findings, together 
with a convincing history 
(malignant syncope), the 
athlete was referred for 
cardiac surgery
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Although CMR is the ideal modality for investigating the possibility of previous 
infarction, it is not as good as CTCA for assessing the presence and burden of ath-
erosclerosis and the risk of future ischemic damage. Stress perfusion CMR can be 
performed but in most centres other tests (exercise echocardiography or nuclear 
testing) are more routinely practiced.

Exercise ECG testing has long been the cornerstone of the initial assessment of 
suspected angina pectoris. The diagnostic accuracy of exercise ECG testing is, how-
ever, hindered by its low sensitivity, moderate specificity, and not infrequently 
equivocal results. As such, if local expertise and availability permit, exercise/phar-
macological stress echocardiography may offer some advantages as the first-line 
test option in athletes with low-to-moderate risk:

• Stress echocardiography provides independent and incremental prognostic value 
for the prediction of cardiac events, over and above that of clinical, ECG, and 
stress ECG data by its capacity to accurately assess the extent and severity of the 
ischaemic burden of the myocardium (Fig. 9.3) [15].
 – Advantages include the lack of ionizing radiation exposure and high 

cost-effectiveness.
 – In addition, exercise echocardiography allows for the evaluation of filling 

pressures, valvular function and systolic/diastolic performance, which is use-
ful in case of accompanying symptoms of dyspnoea or exercise intolerance.

 – However, like other imaging techniques, diagnostic accuracy is dependent on 
operator experience and requires sufficient annual activity to maintain compe-
tence with this technique.

An alternative approach to evaluate athletes with potential angina pectoris and 
low-to-intermediate risk profile is to assess the degree of coronary calcification 
(coronary calcium score) and, if abnormal, to directly visualize the coronary vascu-
lature using CTCA in a non-invasive manner:

• Over the last years, important technological developments have led to a marked 
reduction in radiation, down to less than 1 mSv with the most recent dedicated 
CT scanners [16].
 – CTCA has a very high sensitivity for the detection of coronary stenoses con-

sidered significant by invasive arteriography [17].
 – Moreover, CTCA allows for a three-dimensional visualization of the coronary 

lumen and plaque volume, thereby providing insights into coronary plaque 
composition which may assist in the identification of unstable plaques.

The latter is important because acute coronary syndromes are most often the 
result of vulnerable atherosclerotic plaque events. Some CTCA-derived plaque 
characteristics have been associated with culprit lesions causing acute coronary 
syndromes. These features include
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 (a) a large necrotic core of lipid,
 (b) a napkin rim of fibrous material,
 (c) areas of plaque microcalcification, and
 (d) a thin fibrous cap [18].

An important consideration in the use of CTCA is the potential for overestima-
tion of the angiographic severity of coronary lesions because of the blooming arte-
fact occurring near densely calcified plaques (Fig. 9.4) [19]. This may be particularly 
important in athletes given that recent studies reported a higher prevalence of ath-
erosclerotic plaques compared with sedentary males (Chap. 32) [20, 21]. 
Furthermore, although the majority of athletes (60%) had a normal calcium score, 

Fig. 9.3 Example of exercise echocardiography in the work-up of an athlete with atypical chest 
complaints and dizziness during exercise. (Panel a) End-systolic image frames at rest demonstrate 
normal global and regional LV systolic function (green line denotes endocardial contour). At peak 
exercise, however, significant wall motion abnormalities (arrowheads and red line) appear with 
akinesia of the anteroapical left ventricular wall, suspicious of ischemia. (Panel b) Coronary angio-
gram confirms a tight stenosis in the proximal left anterior descending artery, consistent with the 
wall motion abnormalities observed during the stress echo. Bottom panels demonstrate the result 
after balloon angioplasty

a
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moderate to severely elevated coronary calcium scores (≥300 AU) were exclusively 
observed in (11.3% of) athletes [21], which may increase the potential for further 
invasive investigations.

In athletes with a high risk probability of coronary artery disease and typical 
angina symptoms, invasive coronary angiography is the method of choice as 
interventional therapy may be performed during the same session.

• Moreover, invasive coronary angiography allows for additional assessment of the 
functional impact of epicardial coronary atherosclerosis and of any microvascu-
lar dysfunction, with the use of intracoronary pressure or/and Doppler guide-
wires at baseline and after pharmacological stimulation [22].

• Coronary angiography also remains the standard in diagnosing coronary artery 
dissection, which is an important cause of acute coronary syndrome, myocardial 
infarction, and sudden death, particularly among young women and individuals 
with few conventional atherosclerotic risk factors [23].

b

Fig. 9.3 (continued)
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9.2.2  The Athlete with Exercise Intolerance and/or 
Breathlessness

Exertional breathlessness and/or intolerance are relatively common complaints in 
ostensibly healthy athletes and may be caused by numerous factors, ranging from 
poor aerobic fitness to serious, potentially fatal cardiac pathologies, such as 

Fig. 9.4 Illustration of the potential of coronary artery CT to overestimate luminal stenosis in an 
athlete with calcification in the coronary arteries. An asymptomatic 61-year-old endurance athlete 
underwent CTCA after coronary calcium score was elevated. (Panel a) CTCA suggested signifi-
cant coronary artery disease with a mixed plaque of the left main coronary artery (arrow) and a 
calcified plaque with severe stenosis in the proximal left anterior descending artery (open arrow-
head). (Panel b) Coronary angiography confirmed the presence of coronary lesions in the left main 
(arrow) and the proximal left descending aorta (arrowhead). However, neither of the lesions was 
flow-limiting (non-significant) and no intervention was performed

a
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hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM). It is 
important to realize, however, that cardiomyopathies may also be entirely asymp-
tomatic and present with sudden cardiac death as first manifestation.

• Given the strong association between cardiac performance and aerobic exercise 
capacity, it stands to reason that the assessment of maximal oxygen consumption 
(VO2max) has the potential to unmask athletes with structural heart disease.
 – However, the interpretation of VO2max values in the evaluation of athletes 

with a cardiomyopathy is a challenge because endurance-athletes, as well as 
those who engage in sprint-interval based sports, are expected to have high 
VO2max values.

 – A well trained athlete’s VO2max may be well above average even in the pres-
ence of a dilated, hypertrophic or arrhythmogenic cardiomyopathy [24–26].

b

Fig. 9.4 (continued)
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 – It is reasonable to speculate that serial prospective measurements of VO2max 
may be more useful in identifying decreases in exercise capacity associated 
with a cardiomyopathic process but this is yet to be proven.

Another helpful point when interpreting VO2max values in athletic cardiovascu-
lar evaluation is the strong association between VO2max and cardiac size [27–29]. 
Extrapolating from these consistent findings, it may be reasonable to suspect a 
pathologic process when the cardiac dilation is excessive relative to the athlete’s 
VO2max result. Conversely, it is not uncommon for athlete’s to be referred after an 
imaging study and the question arises as to whether their cardiac dilation can be 
accounted for by their athletic history. In this context, a VO2max test may help 
establish the degree to which the physical conditioning accounts for the cardiac 
remodelling.

Substantial technical improvements in imaging modalities, such as echocar-
diography and CMR, have provided us with sensitive and accurate tools to assess 
the profound structural and functional cardiac adaptations underpinning the superb 
exercise capacity of highly trained athletes. However, at the same time, these 
exercise- induced changes overlap with those observed in patients with a cardiomy-
opathy, thereby creating diagnostic overlap. Therefore, imaging findings obtained in 
high-level athletes should be interpreted with caution and interpreted in the appro-
priate clinical context.

• Amongst different imaging techniques, we have many decades of experience in 
the evaluation of athletes with echocardiography and a clear description of nor-
mal reference values has evolved although it remains less complete for females 
and does not adequately encompass ethnic variability [30].
 – It is only with a clear definition of the normal athletic spectrum that we can 

start to accurately tease out pathological variants.
 – Echocardiography also provides an estimation of hemodynamics and valvular 

structures.
• On the other hand, CMR is more sensitive in identifying some abnormalities, 

particularly in potential echocardiographic ‘blind-spots’ such as the cardiac apex 
and right ventricle (RV), and should be included in the assessment of athletes in 
whom suspicion persists even if the echocardiogram fails to identify an 
abnormality.

• Finally, the combination of imaging during exercise testing (exercise echocar-
diography or exercise CMR) may provide additional valuable insights into 
functional reserve and prove to be a useful discriminator between physiological 
remodelling and pathology as well as provide an explanation for symptoms [25, 
26] (Fig. 9.5).

Although athletes with HCM are often asymptomatic, exertional dyspnoea may 
occur because of several factors, including inefficient cardiac mechanics and/or 
dynamic obstruction of the left ventricular outflow tract.
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• Schnell and colleagues used exercise echocardiography to compare athletes 
with and without HCM versus non-athletic controls and non-athletic HCM 
patients [31].
 – Interestingly, athletes with HCM were far less likely to be dyspnoeic than 

non-athletes with HCM (8% versus 61%) and, expectedly, had superior exer-
cise capacity, albeit lower than in healthy athletes.

 – The better functional status of athletes with HCM was associated with better 
systolic and diastolic function than the sedentary patients.

 – Furthermore, myocardial dispersion of longitudinal strain at rest (cut-off 
40 ms) was the most robust and simple tool to differentiate athletes with HCM 
from healthy athletes, whereas exercise imaging did not provide any diagnos-
tic benefit [31].

Athletes with exertional dyspnea

History & risk factors
Clinical exam

Excluding ischemia Excluding structural
heart disease

Evaluating arrhythmias
Evaluating
physiology

Exercise
echocardiography

+/- cardiopulmonary
testing

See Figure 1

12-lead ECG

Cardiopulmonary
exercise testing

Echocardiogram
(pressures, valves,
systolic & diastolic

function)

Exercise ECG
Holter

(Implantable loop recorder)
(Eiectrophysiological study)

Echocardiogram and/or

Cardiac Magnetic
Resonance Imaging

Fig. 9.5 Evaluation of athletes presenting with dyspnea. The work-up can be divided into 4 parts. 
First, clinical appraisal of the pre-test probability of coronary artery disease should be performed 
and, when applicable, further diagnostic testing should be pursued. In addition, structural heart 
disease should be excluded and the presence of arrhythmias should be tested. The latter usually 
involves an exercise electrocardiogram (ECG) and/or Holter monitoring. Depending on the 
patients’ individual circumstances, more advanced testing (including electrophysiological study 
and/or loop recording) may be required. Finally, it is also important to determine the mechanism 
of the athlete’s symptoms and whether findings explain the exercise intolerance. In this regard, 
exercise echocardiography (ideally with simultaneous ergospirometry) represents a particularly 
useful technique as it provides information on different aspects of the patient’s work-up at the same 
time
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Beyond its diagnostic utility, however, exercise echocardiography can also pro-
vide insights into the mechanisms that explain symptoms or exercise intolerance, 
such as the demonstration of exercise-induced LV outflow tract obstruction (in 
approximately 28% of athletes with HCM) [31], mitral regurgitation or impaired 
diastolic functional reserve [32].

CMR has emerged as an important complementary technique to echocardiography 
for the diagnosis of HCM in athletes (Fig. 9.6), mainly because of superior visualiza-
tion of specific areas of the LV, such as the apex and the anterolateral free wall.

• In a study of 6372 athletes referred for pre-participation screening, of which 
155 presented with pathological T-wave inversion, CMR significantly pro-
vided incremental diagnostic value over echocardiography, as evidenced by 
the identification of a further 20 cases with HCM not diagnosed with echocar-
diography [33].

A second asset of CMR in the evaluation of athletes with suspected HCM is the 
ability to detect fibrosis.

• In the largest study of athletes with HCM (n = 106) to date, it was found that 33% 
had late gadolinium enhancement depicted by CMR [24].

• Although outcome data assessing the impact of DGE in athletic cohorts with 
HCM are unavailable, some studies in non-athletic HCM patients suggested that 
the presence of scar is a predictor of arrhythmias and is associated with cardio-
vascular death, heart failure death and all-cause mortality [34, 35].

a b

Fig. 9.6 Example of a female former elite marathoner with hypertrophic cardiomyopathy as 
depicted by cardiac magnetic resonance imaging. (Panel a) Cine images depict asymmetrical 
hypertrophy of the LV apex with (Panel b) significantly enhanced myocardium during Delayed 
Gadolinium Enhancement inversion-recovery imaging. At the time of the CMR exam, the athlete’s 
VO2max was 42.5 ml/kg/m2 corresponding to 148% of the predicted value for age and gender, 
which is quite remarkable given the imaging findings. At the age of 29 her VO2max was 65.5 ml/
kg/m2
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• This remains contentious, however, as there is considerable overlap between scar 
burden and the presence of other prognostic markers such as the presence of non- 
sustained VT.

What is clear is that evidence of scar in HCM is common (one-third to half of 
patients) whilst cardiac arrest is uncommon and thus the presence of DGE should 
not be used as a sole criterion to determine suitability for defibrillator implanta-
tion. As the development of overt LV hypertrophy is preceded by a low-grade or 
more diffuse pro-fibrotic state without fibrosis visible with DGE imaging [36], 
CMR- based T1 mapping sequences are promising in identifying athletes with 
HCM in an earlier disease stage by demonstrating expansion of the extracellular 
matrix, with the two most common measures being native T1 and extracellular 
volume (ECV) fraction. As compared to athletic and non-athletic individuals, 
non-athletes with HCM have an increase of ECV and native T1, indicating extra-
cellular matrix expansion, with both variables showing good diagnostic accuracy 
to depict HCM [37]. Further studies are required to validate these findings in 
athletes with HCM as it is known that athletic training significantly alters native 
T1 and ECV values [38].

In the context of a dilated ventricle and/or a reduced LV ejection fraction, exer-
tional intolerance and/or dyspnoea in an athlete can also be the first manifestation of 
a dilated cardiomyopathy (most commonly idiopathic/inherited or after acute 
myocarditis). Again, it is important to point out that up to 10% of ostensibly healthy 
(particularly endurance) athletes may present with a mildly reduced ejection frac-
tion (<52%) [39], which reinforces the need to integrate all clinical information 
when evaluating imaging findings in athletes. As for other types of structural heart 
disease, athletes with underlying LV damage constitute a different phenotype com-
pared to sedentary individuals with DCM and may actually display superb exercise 
capacity [25]. As discussed earlier, it is possible that the onset of a cardiomyopathic 
process may be associated with a decline in VO2max compared to pre-symptomatic 
values but, unfortunately, serial assessments of aerobic performance are often lack-
ing, and clinicians have to rely on the test results at hand. Exercise imaging may be 
useful in this setting, both for the purpose of gaining insights into the pathophysiol-
ogy of symptoms as well as for diagnostic reasons.

• Traditionally, it has been postulated that athletes with LV myocardial damage 
could be depicted by demonstrating a lack of increase in LVEF during exercise, 
as opposed to healthy athletes in whom LVEF is expected to increase [40].
 – Recent studies, however, showed that some athletes with LV pathology may 

actually demonstrate some LVEF reserve during exercise, but that the degree 
of augmentation is attenuated as compared to healthy athletes with borderline 
resting LVEF (<52% at rest by CMR) [25].

 – Using exercise CMR to assess LV contractile reserve, a cut-off of 11% was 
found to be most accurate in differentiating physiological from pathological 
remodelling [25].

9 Medical Evaluation of Athletes: Further Imaging Modalities—Stress Echo, CT…



168

 – Using exercise echocardiography, the same cut-off value has been reported to 
yield superb accuracy for depicting athletes with DCM [41], which is impor-
tant for clinical practice given the ubiquity of exercise echocardiography as 
opposed to exercise CMR.

An important asset of CMR is its ability to visualize tissue changes including

 (a) oedema,
 (b) hyperaemia and capillary leak (myocardial early gadolinium enhancement), and
 (c) myocardial fibrosis (DGE) [42].

In patients with acute myocarditis, regional oedema can be visualized using 
T2-weighted images in up to 36% of patients with histologically active myocarditis 
[43]. In multiple conditions associated with LV myocardial damage, areas of late- 
gadolinium enhancement can be depicted, most typically involving the subepicar-
dial regions of the LV with variable extension through the ventricular wall. Usually, 
this pattern can be distinguished from ischemic injury because the subendocardium 
is relatively less affected. However, identification of the underlying cause explain-
ing LV dysfunction (e.g. DCM, myocarditis, LV-dominant ARVC or sarcoidosis) is 
more difficult.

Whilst DGE techniques are qualitative and able to detect irreversible replace-
ment fibrosis, novel T1 mapping techniques allow quantitative CMR assessment of 
diffuse myocardial fibrosis, which is an earlier form of fibrosis that is potentially 
reversible. T1 mapping sequences have been used to compare athletes with early 
DCM patients. The native T1 times were similar for athletes and controls but both 
were significantly shorter than in the patients with cardiomyopathy [44]. Although 
very attractive in the work-up of athletes with symptoms suggestive of a cardiomy-
opathy, one consideration with these techniques is that, although they are capable of 
separating groups in research studies, there is significant overlap between groups 
which renders T1 mapping sequences currently unsuitable for use in diagnosing or 
excluding pathology in individual athletes.

9.2.3  The Athlete with Palpitations

Cardiac imaging plays an integral role in the evaluation of athletes with symptoms 
suggestive of arrhythmias (palpitations, syncope), both for determining the cause of 
symptoms as well as for risk stratification (Fig. 9.7).

• Evaluating the presence or absence of underlying structural heart disease is 
important as the overwhelming majority of arrhythmias in patients without struc-
tural heart disease carry an excellent prognosis [45].
 – For example, in athletes presenting with palpitations, the identification of ven-

tricular dysfunction or myocardial scar may point towards an underlying cardio-
myopathy, with implications for therapeutic decisions and sports restriction.
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 – On the other hand, in the absence of abnormalities of ventricular morphology 
or function, the demonstration of decreased atrial function may orient 
 clinicians towards the diagnosis of atrial fibrillation as the explanation for 
symptoms [46].

In athletes presenting with ventricular arrhythmias as the explanation for palpita-
tions, echocardiography and coronary angiography (particularly in athletes older 

Athletes with palpitations / syncope

History & risk factors
Clinical exam

12-lead ECG

Excluding ischemia
Excluding structural

heart disease
Evaluating arrhythmias

Echocardiogram and/or
Cardiac Magnetic

Resonance Imaging

See Figure 1 Exercise ECG
Holter

(Implantable loop recorder)
(Electrophysiological study)

Exercise echocardiography
+/- cardiopulmonary testing

Fig. 9.7 Evaluation of athletes presenting with palpitations. First, clinical assessment of the pre- 
test probability of coronary artery disease should be performed and, when applicable, further diag-
nostic testing should be pursued. Structural heart disease should be excluded, which requires 
echocardiography and/or cardiac magnetic resonance imaging. Third, the presence of arrhythmias 
should be evaluated, which generally starts by performing an exercise ECG and Holter monitoring. 
Depending on the clinical context, more advanced testing (including electrophysiological study 
and/or implantable loop recording) may be required. Exercise echocardiography can be particu-
larly useful in the work-up of athletes with palpitations because of its ability to assess different 
aspects of the process at the same time
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than 35 years) represent the first-line diagnostic imaging modality, whereas CMR is 
indicated

 1. to complement and clarify abnormalities identified on echocardiography and
 2. as an additional evaluation even when the echocardiographic study appears nor-

mal but significant clinical suspicion persists.

In addition to its detailed assessment of cardiac morphology and function, CMR 
also enables detection of myocardial scar, which may be the first sign of an underly-
ing cardiomyopathy. In recent years, two studies have reported on an association 
between ventricular arrhythmias and the presence of sub-epicardial DGE, in the 
absence of any other cardiomyopathic features. The delayed enhancement showed 
a predilection for the sub-epicardial layers of apical lateral wall and was associated 
with life threatening arrhythmias and even sudden cardiac death and progressive LV 
dysfunction in some cases [47, 48]. The underlying cause of this phenotype remains 
speculative, with some speculation that extreme exercise may play a role in precipi-
tating this phenotype. It may be difficult to separate this sinister scar pattern from 
other patterns of scar in the athlete. Small patches of DGE, predominantly in the 
interventricular septum, have been reported in 12–50% of extensively trained vet-
eran athletes and do not seem to be associated with a marked increase in clinical 
events [14, 49, 50]. Prospective studies in a larger group of athletes are underway to 
better characterise the prevalence and outcome of ostensibly healthy athletes with 
manifest subepicardial scar.

Amongst the different types of cardiomyopathies, arrhythmogenic cardiomy-
opathy (ACM) requires particular attention because it is associated with a high risk 
of ventricular arrhythmias and sudden cardiac death during competitive sports par-
ticipation [51]. Data from a prospective multinational registry of athletes with ICDs 
identified ACM as the only diagnosis associated with appropriate shocks during 
competitive sport [52]. Cardiac imaging is part of the diagnostic criteria for making 
the diagnosis of ACM.

• However, it is important to realize that the current criteria are based on compar-
ing ACM patients with normal controls, whereas ‘athlete-specific’ criteria are 
lacking, and are derived from cohorts with predominantly RV involvement.

• Few data are available comparing dimensions in normal athletes with (RV- 
dominant) ACM athletes, and those available have shown considerable over-
lap, especially when considering endurance athletes who have the largest RV 
[26, 53].

• Therefore, RV dimensions by itself are an unreliable criterion to distinguish 
physiologic from pathologic RV dilatation and currently there are no cut-offs to 
guide clinical practice [54].

As opposed to cardiac dimensions, functional measures are more useful for the 
diagnosis of ACM in athletes:
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 (a) RV ejection fraction ≤40–45%, as a measure of global RV dysfunction, has 
shown to be a reasonable discriminator between athlete’s heart and RV- dominant 
ACM [53].

 (b) Similarly, regional wall abnormalities limited to the RV are highly specific to 
the disease and occur in more than 50–94% of patients with ACM [53, 55], even 
in those with LV-dominant disease [56].

The utility of functional abnormalities may be limited to identify subjects with 
ACM who are engaged in endurance training. Hence, amongst endurance athletes 
presenting with complex ventricular arrhythmias of RV origin, functional abnor-
malities (both regional and global) are often relatively modest at rest and not distin-
guishable from athletic RV remodelling [26, 57]. Furthermore, patients with 
left-dominant ACM often have ventricular arrhythmias out of proportion to the mild 
degree of LV dilation/dysfunction, thereby causing overlap with physiological 
exercise- induced LV remodelling.

To overcome the challenges inherent to evaluating function in the rested state, 
demonstration of cardiac dysfunction during exercise (i.e. not at rest) using state-of- 
the-art CMR technology may facilitate the diagnosis of pathologic RV remodelling 
and contribute to risk stratification [26]. Similar diagnostic accuracy has been shown 
for exercise echocardiography [26], which is promising for the integration of func-
tional cardiac reserve assessment into the diagnostic work-up of athletes presenting 
with symptoms suggesting ventricular arrhythmias (Fig. 9.7).

Although currently not included in the current Task Force Criteria, CMR tissue 
characterisation may be very useful in the evaluation of ACM.

• DGE has been observed in the RV in up to 88% of ACM patients [58, 59] and 
correlates with histopathology and inducibility of ventricular arrhythmias on 
electrophysiological studies (Fig. 9.8) [58].

• Furthermore, detection of DGE in the LV may provide important clues for the 
diagnosis of early and/or predominant LV involvement.

• This is important because fibrofatty infiltration, which can potentially be detected 
using DGE imaging, is isolated to the LV in 17% of sudden cardiac death cases 
due to ACM [60].

These data suggest that ventricular structural involvement may need to be 
included in future revision of Task Force diagnostic criteria.

9.3  Advanced Cardiac Imaging in Asymptomatic Athletes 
Following Screening

Although the efficacy of screening with electrocardiography has been the source of 
extensive debate, pre-participation screening has been advocated by the European 
Society of Cardiology (ESC) and has subsequently been implemented in multiple 
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sporting communities. Moreover, a number of sporting bodies also mandate the 
inclusion of exercise testing and echocardiography in screening protocols.

• Including imaging in screening protocols is based on the logic that some condi-
tions, such as aortic dilation, would not be expected to be identified on ECG or 
clinical exam.

• However, it must also be recognised that the inclusion of imaging modalities 
such as echocardiography have potential to increase false-positive findings due 
to phenotypic overlap between athletes’ heart and changes related to cardiac 
pathology and also to identify conditions such as bicuspid aortic valve that do not 
immediately represent a risk nor greatly alter clinical management.

a b

c d

Fig. 9.8 Example of delayed gadolinium enhancement in an athlete with arrhythmogenic cardio-
myopathy. Example of a 50-year-old competitive cyclist presenting with exertional fatigue, chest 
discomfort and light headedness. (Panels a–c) During diagnostic work-up cardiac magnetic reso-
nance (CMR) imaging is performed, which is highly suggestive of arrhythmogenic cardiomyopa-
thy. CMR reveals significant Delayed Gadolinium Enhancement of the right ventricular (RV) free 
wall at the basal and midventricular level, with consistent abnormalities on T1 mapping. It is 
important to note though that the thin wall of the RV poses important challenges and makes T1 
mapping more susceptible to partial volume effects. (d) In agreement with the CMR findings, 
electro-anatomical mapping during electrophysiological study reveals extensive scarring of the 
inferolateral RV free wall
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At present, there is no evidence to support the inclusion of cardiac imaging tests 
as part of a pre-participation screening strategy in asymptomatic athletes. Because 
of the low pre-test probability of cardiac conditions related to sudden cardiac death 
in athletes, the predictive value of any imaging modality as a screening test is likely 
to be poor with a high rate of false positives [2, 61].

Most screening algorithms propose imaging as a “second-line” strategy reserved 
for any athlete with abnormal abnormalities on screening examination or ECG.

• In 2017, the international recommendations were revised by a group of American 
and European experts with the aim of unifying the recommendations for inter-
pretation of the athlete’s ECG [62].
 – In a single nationwide study of nearly 5000 young British athletes, the use of 

these criteria was associated with a reduction in the proportion of athletes 
requiring further investigation to 3% [63].

 – Although the exact specificity could not be calculated because the secondary 
investigation was limited to athletes with positive screening evaluations, it 
may be expected that the prevalence of underlying cardiac disease will be far 
greater among those 3% of athletes with significant abnormalities on ECG.

Thus, the predictive value of cardiac imaging is much improved when utilized as 
a second line strategy [2]. Further testing should be applied on a case-by-case basis 
and should focus on appraising the differential diagnoses arising from the clinical 
examination, history and ECG. The flowchart provided in Fig. 9.9 illustrates the 
manner in which a hierarchy of cardiac imaging modalities may enable differentia-
tion of healthy athletes from those with conditions that require further management 
to minimize the risk of sudden cardiac death.

9.4  Conclusions

Advanced cardiac imaging modalities have become an essential part of the evalua-
tion of athletes with symptoms, abnormalities on the ECG or a positive family his-
tory. The choice of imaging modality depends on the clinical appraisal and should 
be selected on a case-by-case basis. CTCA is the standard for anatomic evaluation 
of the coronary arteries and should be used when there is suspicion of a coronary 
anomaly. Both CT coronary angiography and stress echocardiography can be used 
as first-line strategy in symptomatic athletes in whom there is a low-to-intermediate 
risk of acquired ischemic heart disease, whereas invasive coronary angiography is 
reserved for athletes with high probability of coronary artery disease. Exercise 
echocardiography has the advantage of providing a physiological assessment of 
exercise hemodynamics and contractile reserve, which may be useful both for diag-
nostic purposes and the exploration of symptoms. CMR has superior sensitivity 
than other imaging modalities for identifying cardiomyopathies and myocarditis 
and thus should be included in the assessment of athletes in whom suspicion of a 
cardiomyopathy persists even if the echocardiogram fails to identify an abnormality 
or when further assessment, including scar imaging for risk stratification, is required. 
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Advanced imaging techniques are not appropriate for screening and also careful 
consideration should be given to findings that are unexpected or unrelated to the 
clinical question being addressed.

Clinical Pearls
• Resting biventricular systolic function, as assessed by ejection fraction, may be 

at or slightly below the lower limits of normal under resting conditions among 
athletes and highly trained individuals with dilated ventricles. Evaluation of the 
response to exercise may be useful in case of borderline resting measurements.

• Both CT coronary angiography and stress echocardiography can be used as first- 
line strategy in symptomatic athletes in whom there is a low-to-intermediate risk 
of acquired ischemic heart disease

• Exercise echocardiography represents a particularly useful technique for the 
evaluation of athletes with symptoms as it provides information on different 
aspects (functional reserve, arrhythmias and hemodynamics) at the same time.

• Small patches of delayed gadolinium enhancement (DGE) are commonly seen in 
ostensibly healthy athletes and their presence should be interpreted in the 

100,000 Asymptomatic Athletes
(including approximately 400 athletes

with underlying pathology)

?? Role Remains Controversial

Inconclusive ECG
n = 2,890

Inconclusive Echo
n = 400

Inconclusive CMR n = 100

Age < 35 Age > 35

Normal and/or
Annual Follow-up (n = 90)

Fit to Play
(n = 99,600)

Normal
(n = 2,290)

Normal
(n = 97,000)

Normal (n = 220)

? Acuired Coronar Disease? Anomalous Coronar Ostia

12-lead
Electrocardiogram

Echocardiogram

Cardiac Magnetic
Resonance Imaging

CT Coronary
Angiogram

Repeat Imaging
After 12 Months or

a Period of Detraining

Congenital or Acquired
Coronary Disease
Confirmed (n = 10)

Definitive or
Probable Pathology

- Further management
± disqualification

(n = 300) Structural Heart Disease
Confirmed (n = 80)

Structural Heart Disease
Confirmed (n = 200)

Channelopathy Identified (n = 10)

Accessory Pathway (n = 100)

Stress Test and/or
Coronary Artery
Calcium Scoring

Fig. 9.9 Screening asymptomatic athletes using a hierarchy of cardiac imaging modalities. This 
flowchart provides an algorithm whereby cardiac imaging may be employed as secondary screen-
ing modality following refinement of the “at-risk” population by means of electrocardiogram 
(ECG) screening. This flowchart represents an ideal scenario in which all potentially serious 
pathology is identified (100% sensitivity) and no healthy athletes are incorrectly diagnosed with 
pathology 100% specificity) following the cascade of tests. CMR cardiac magnetic resonance, CT 
computed tomography (reproduced with permission from [2])
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appropriate clinical context. On the other hand, certain patterns of DGE may be 
a harbinger of significant pathology and risk of arrhythmias.

Review

Questions

 1. A 23-year old professional football player undergoes pre-participation screen-
ing. The club wants personal and family history, clinical examination, ECG as 
well as an echocardiography to be performed. The echo reveals an anomalous 
right coronary artery with inter-arterial course between the great vessels. All 
other investigations are negative. As part of further work-up an exercise echocar-
diogram is performed, which is unremarkable. What is the best management 
strategy for this athlete?

 2. A 35-year old professional cyclist reports episodes of sudden fatigue and loss of 
power during high-intensity exercise. His medical history is unremarkable. The 
resting ECG shows features of athlete’s heart, but no ST-segment abnormalities 
or T-wave inversion. He has no known cardiovascular risk factors and his family 
history is negative for cardiac diseases and/or sudden cardiac deaths. A resting 
echocardiogram is within the limits of normal for a highly trained athlete. 
Exercise testing reveals a superb exercise capacity with a VO2max of 76 ml/min/
kg and runs of non-sustained ventricular tachycardia originating from the right 
ventricular apex. What is the next step in the work-up of this athlete?

 3. A 16-year old competitive cyclist undergoes pre-participation screening, which 
includes an echocardiogram as mandated by the sports federation. The athlete is 
asymptomatic and his resting ECG is normal. The echocardiogram reveals pro-
found hypertrabeculation of the midventricular-to-apical lateral LV wall with 
borderline LV systolic function (ejection fraction = 52%). Should the athlete be 
discouraged from competitive sport?

 Answers

 1. Conservative strategy with annual follow-up. As the athlete is entirely asymp-
tomatic and there are no signs of myocardial ischemia, coronary re-implantation 
is not indicated. Close follow-up is required to ensure timely detection of symp-
toms or inducible ischemia in the future.

 2. Given the presence of exertional symptoms and documented non-sustained ven-
tricular tachycardia, further work-up is mandatory and includes assessment of 
arrhythmias as well as excluding underlying structural heart disease. A stress 
echocardiogram was performed, which revealed impaired right ventricular (RV) 
as well as left ventricular (LV) reserve, but no regional wall motion abnormali-
ties, which makes ischemia as the cause for the arrhythmias unlikely. Cardiac 
magnetic resonance imaging with delayed gadolinium sequences demonstrated 
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significant (>10% of LV mass) epicardial enhancement of the apical anterolat-
eral LV wall as well as the RV free wall. Given the combination of ventricular 
arrhythmias, symptoms, significant myocardial fibrosis and impaired biventricu-
lar functional reserve, the athlete was referred for implantable cardioverter- 
defibrillator implantation.

 3. Further evaluation should be considered, including stress echocardiography (car-
diac reserve) and cardiac magnetic resonance imaging (to evaluate presence of 
myocardial scar and/or focal abnormalities). In this case, functional reserve of 
both ventricles was preserved (13% and 17% increase in ejection fraction from 
rest to peak exercise for LV and RV, respectively). As such, the observed hyper-
trabeculation is most likely explained by physiological adaptation to intensive 
endurance exercise. Annual follow-up is provided to ensure timely detection of 
potential maladaptive remodelling over time.
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10Medical Evaluation of Athletes:  
Exercise Testing

David Niederseer and Herbert Löllgen

Learning Objectives
 1. Know the purpose, indications and contraindications of exercise testing in 

athletes.
 2. Be able to interpret common findings during exercise testing in athletes.
 3. Understand the role of exercise testing as part of pre-participation screening, 

clinical evaluation and performance assessment in athletes.
 4. Understand the ECG findings during stress testing.
 5. Know how to derive training recommendations from exercise testing.

10.1  Goals of Exercise Testing

Athletes are sportswomen and sportsmen who engage in regular (high) intensity 
training to improve her / his performance and competition results and who regularly 
participate in sports competitions. They devote several hours per day or week to 
training activities. Many of them are or want to become professionals specialized in 
single sport disciplines on an at least medium, preferably high level [1]. According 
to age, athletes can be classified into young (<18 years, mostly 12–17 years), adult 
(18–35 years) and master athletes (>35 years). Levels of performance range from 
regional over national to world class and Olympic level (see Chap. 1).
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Exercise testing is used primarily to assess endurance fitness and progression 
during training or after training pauses e.g. due to diseases, or to measure the level 
of fitness during or after rehabilitation. However, exercise testing is also used to 
supplement clinical workup for known or suspected disease in athletes.

An abnormal exercise test is associated with cardiovascular events, total mortal-
ity, and sudden cardiac death (SCD) in asymptomatic adults [2–4]. The predomi-
nant factor that is associated with negative outcomes is a low fitness level. In a 
large-scale (n > 30,000, mean age 31, range 5–92 years) Italian evaluation of exer-
cise stress testing in pre-participation screening (PPS) for competitive sports, abnor-
malities were found in 4.9%, leading to disqualification in 0.6% of an unselected 
population ranging from high level athletes to non-athletes, all of them seeking 
clearance to start exercising [5]. The efficacy of these disqualifications in preventing 
SCD remains unknown.

Exercise testing should be conducted with four main goals [6]:

 1. To evaluate baseline fitness and prescribe an exercise program or training zones;
 2. To evaluate continued progress after engaging in exercise training over a period 

of time;
 3. To diagnose cardiopulmonary conditions affecting exercise performance; and
 4. To provoke arrhythmias or evaluate hemodynamic response to exercise in an 

athlete with a known cardiovascular condition to determine whether it is safe to 
participate in competitive sports.

 1. Exercise testing for assessment of physical performance ability, especially 
fitness or cardio-respiratory fitness (CRF) to evaluate the level of performance 
for forthcoming competitions.
 (a) Here, exercise testing is not primarily performed to search for disease but to 

measure performance.
 (b) However, also during exercise testing without medical intentions, pathologi-

cal findings may be documented.
 (c) Further workup is then indicated as appropriate (Fig. 10.1).
 (d) Maximal exercise capacity itself represents an independent, important prog-

nostic clinical finding in the general population associated with future mor-
bidity and mortality. In athletes exercise capacity is usually significantly 
higher than in the general population; therefore, performing an exercise test 
to solely assess exercise capacity is generally not indicated.

 2. Exercise testing for monitoring the level of performance and guiding training 
according to type and intensity before, during and after training cycles or 
sessions.
 (a) Repeated exercise testing to objectively measure the effect of training 

regimens.
 (b) Again, here medical issues are not the main reason to perform exercise 

testing.
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 (c) However, if pathologic findings are documented they should be managed 
according to respective guidelines (e.g. Figure 10.1).

 3. (3) and (4) can be summarized as: Exercise testing for medical purposes/
health examination.
 (a) Exercise testing is not recommended to be included into routine PPS (see 

also Chap. 6).
 (b) In special situations, exercise testing may be included in the health examina-

tion of an athlete to exclude or detect congenital and/or acquired subclinical 
diseases (Table 10.1).

 (c) If physical examination, family and personal history and 12-lead ECG are 
normal, no further routine testing is needed to medically clear the athlete for 
sports participation.

 (d) If standard PPS reveals abnormalities, further workup is indicated that might 
include exercise testing.

A possible flowchart on PPS and the role of exercise testing is provided in 
Fig. 10.1. Possible diseases to look for in PPS are summarized in Table 10.2.

100,000 Asymptomatic Athletes
(including approximately 400 athletes

with underlying pathology)

?? Role Remains Controversial

Inconclusive ECG
n = 2,890

Inconclusive Echo
n = 400

Inconclusive CMR n = 100

Age < 35 Age > 35

Normal and/or
Annual Follow-up (n = 90)

Fit to Play
(n = 99,600)

Normal
(n = 2,290)

Normal
(n = 97,000)

Normal (n = 220)

? Acuired Coronar Disease? Anomalous Coronar Ostia

12-lead
Electrocardiogram

Echocardiogram

Cardiac Magnetic
Resonance Imaging

CT Coronary
Angiogram

Repeat Imaging
After 12 Months or

a Period of Detraining

Congenital or Acquired
Coronary Disease
Confirmed (n = 10)

Definitive or
Probable Pathology

- Further management
± disqualification

(n = 300) Structural Heart Disease
Confirmed (n = 80)

Structural Heart Disease
Confirmed (n = 200)

Channelopathy Identified (n = 10)

Accessory Pathway (n = 100)

Stress Test and/or
Coronary Artery
Calcium Scoring

Fig. 10.1 Diagnostic workflow in pre-participation screening in athletes with assumed incidences 
of pathological findings; Exercise testing is integrated in the diagnostic algorithm; however, it 
plays a minor role (adopted from [36])
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10.2  Mandatory Requirements and Pre-Exercise Screening

PPS in athletes is primarily indicated to protect the health of athletes and to enable 
safe sports participation. To recognise early possible risks during sports, history and 
clinical examinations are generally agreed upon to form the basis of PPS. It is now 
widely accepted that an ECG at rest should be a mandatory part of PPS.

Table 10.1 Indications for exercise testing in the medical assessment of athletes

Asymptomatic individuals
  • Diagnosis of latent disease and of possible risks during sport
  •  Latent or occult conditions predisposing to exercise-induced arrhythmias or changes of 

ECG
  • Assessment of physical performance ability and counselling before start of training
  • Monitoring and guidance of training
  •  Assessment of performance capacity (e.g. cardio-respiratory fitness) and physical 

performance ability
Athletes with known disease who plan to return to play
  • Diagnosis of cardiovascular and pulmonary function before start of training if applicable
  • Evaluation of symptoms: dyspnea, chest pain, palpitations, dizziness, (syncope)
Follow-up assessment during training
  • Recommendations for amount and intensity of training (FITT rulea)
Diagnostic objectives
  • Assessment of performance, development, suitability, and structure of training/exercise
  •  Stress is measured by external parameters such as heart rate variability for autonomic 

cardiac function and effort by “internal” ones as a response of the subject’s bodily organs 
to the exercise strain

aFITT frequency of the training stage, intensity of training, type of training, time of the training 
session [12]

Table 10.2 Occult cardiac 
diseases to be detected in 
athletes: Inherited and 
congenital diseases (fre-
quently detected by resting 
ECG)

Cardiomyopathies
  •  Hypertrophic cardiomyopathy with and without 

outflow tract obstruction
  • Dilated cardiomyopathy
  • Arrhythmogenic (right ventricular) cardiomyopathy
  • Non-compaction cardiomyopathy
Congenital or inherited disorders
  • Marfan syndrome and other arteriopathies
  • Coronary artery anomalies
Channelopathies
  • Long or Short QT-syndrome
  • Brugada syndrome
  •  Catecholaminergic Polymorphic Ventricular 

Tachycardia
  • WPW and other pre-excitation syndromes
Arrhythmias
  • Supraventricular tachycardia
  • Premature ventricular contractions
  • Ventricular tachycardia
  • Bradycardic arrhythmias
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PPS may detect cardiovascular diseases (Table 10.2) associated with a higher 
risk of sudden cardiac events in sports. It also serves to evaluate the proper sports 
eligibility. After PPS, training recommendations can be provided with regard to dif-
ferent types of sports. In addition, following diseases, PPS enables the sports physi-
cian to clear athletes to return to play. As indicated above, exercise testing is 
generally not included in PPS; however, certain societies or screening regimens 
recommend including exercise testing in PPS (e.g. Italian screening initiative mainly 
based in Veneto, German Society of Sports Medicine, German Olympic Sports 
Federation).

In the European Federation of Sports Medicine Associations (EFSMA) Statement 
on ECG for PPS [7], exercise testing (incl. ECG) is recommended in patients with 
diabetes (in males >40 years (yrs), females >50 yrs) and in asymptomatic subjects 
before engaging in vigorous sports (males >45 yrs., females >55 yrs), in line with 
the guidelines of the European Association of Cardiovascular Prevention and 
Rehabilitation (EAPCR [8] (now European Association of Preventive Cardiology)). 
Irrespective from these recommendations, top-level elite athletes may be required to 
undergo a more detailed examination (e.g. according to the International Olympic 
Committee (IOC) or the Fédération Internationale de Football Association (FIFA)) 
including exercise testing, spiroergometry (also termed cardiopulmonary exercise 
testing (CPET), see Chap. 45), and echocardiography, thus beyond of what is indi-
cated according to standard cardiology guidelines. However, the scientific evidence 
for such broad screening investigations is questionable.

10.3  Methodological Approaches

The most common standard methods of exercise testing are bicycle ergometry (pre-
dominantly applied in Europe) and treadmill ergometry (predominantly applied in 
the USA) [9–11]. The Bruce testing protocol is the most widely used procedure in 
the USA. Other testing procedures, such as

• rowing ergometry
• the field step test
• Conconi-test
• rotational ergometry
• supine bicycle ergometry
• step-climbing
• six-minute walking test
• strength tests
• other sports-specific exercise tests

are used to measure performance in sport-specific testing modes and to answer spe-
cific clinical questions, sometimes even with mobile (spiroergometric) devices. 
These modalities of exercise testing will not be described in detail here.
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Treadmill testing is naturally more specific in runners or in sporting disciplines 
that at least partly include running elements. It might also be easier for some patients 
to perform at least walking protocols on a treadmill (Fig. 10.2). In addition, when 
performing CPET on a treadmill, usually a higher peak oxygen uptake (VO2peak) is 
attained. In contrast, at least in European countries, the use of cycle ergometry is 
more common due to several advantages:

• Usually cheaper and easier to implement into laboratory settings (e.g. requires 
less space)

• Less ECG noise, thus easier to interpret, also blood pressure (BP) is much easier 
to measure during exercise

• If required, venous blood samples can much easier be obtained during exercise
• Can be combined with exercise echocardiography
• Usually less experience/training required compared with treadmill testing, thus 

safer procedure
• Direct power calculation possible
• Independent of weight
• Holding bars has no effect

Practical methodological tips include an adequate skin preparation for exact 
placement of ECG electrodes and reliable ECG tracings (such as an isoelectric PR 
and ST line). BP cuff should be tested prior to exercise and adjusted to the circum-
ference of the upper arm. Athletes should receive clear and standardized instruc-
tions how to perform the test; they should be motivated to exercise until volitional 
exhaustion. ECG and BP should be documented at least at the end of each stage, 
otherwise every 1–2 min. Each test should be followed by a recovery phase of at 
least 3–5 min to assess vital signs, document heart rate recovery and ECG altera-
tions during this phase.

Stage Bruce protocol Balke protocol Naughton protocol

Speed Incline InclineDuration Duration Speed Incline DurationSpeed

2

1

4.0

5.4

6.7

8

8.8

0 3 5.3 0 1 3.2 0 3

3

3

3

3

3

3

3

3

3

3

3

3.5

7

10.5

14

17.5

12.5

15

17.5

20

22.5

20

3.2

3.2

3.2

3.2

3.2

4.8

4.8

4.8

4.8

4.8

5.5

1

1

1

1

1

1

1

1

2.5

5

5.3

5.3

5.3

5.3

5.3

5.3

5.3

5.3

7.5

10

12.5

15

17.5

20

3

3

3

3

3

3

3

5

10

12

14

16

18

20

2.7

2.7

2.73

4

5

6

7

8

9

10

11

12

Fig. 10.2 Overview of the most frequently applied treadmill protocols in athlete and patient 
populations
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10.4  Technical Prerequisites for Exercise Testing

Standardized conditions must be maintained in the exercise laboratory room (ambi-
ent temperature, humidity, etc.) [9, 12]. Continuous monitoring of heart rate (HR), 
BP, ECG and clinical signs are mandatory, in order to ensure that the stress test can 
be interrupted immediately in case of any complications. The response to emer-
gency situations should be trained at regular intervals with the non-physician staff 
members. Requirements for exercise testing are summarized in Table 10.3.

10.5  When to Stop an Exercise Test

• Pathologic: athlete develops symptoms (relative, as sometimes exercise testing is 
performed to induce particular symptoms); ECG: ischemic changes and/or 
arrhythmias, drop in systolic BP (>20  mmHg), excessive increase in BP 
(>260/115 mmHg) (Table 10.4)

• Physiologic: maximal exhaustion [13, 14] (Table 10.5)

10.6  Desaturation

If assessed, a drop in oxygen saturation of more than 5% during exercise raises the 
suspicion of pulmonary disease causing exercise induced hypoxemia. However, in 
highly trained athletes changes of 5–10% may occur even in the absence of 
pathology!

Table 10.3 Requirements for exercise testing

Examination before starting the exercise test
  • History including current medications
  • Physical examination including blood pressure at rest
  • ECG at rest
Test conditions
  • Room temperature 16–24 °C, humidity 30–60%
  •  Calibrated ergometer (certificate of conformity), control monitor, continuous digital ECG 

recording and storage
  • Cadence 60–80 rpm (may be higher at maximal performance)
  • Blood pressure measurement every 1–2 min (usually mid or end stage)
  • Telephone number of emergency response team in sight
Subject
  • Normal body temperature
  • At least 1–2 h after last meal
  • At least 12 h since last alcohol consumption or tobacco use
  • Medication: adequate pause since last intake, if indicated
Examiners
  • Presence of an experienced physician (up-to-date knowledge of resuscitation techniques)
  •  Appropriately trained personnel (trained in ECG monitoring, symptoms that may arise, 

first-aid measures, and cardiopulmonary resuscitation in case of an emergency)
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10.7  Interpretation of the Post-Exercise Phase

In the early recovery phase after ergometric stress testing, complications such as 
arrhythmias and circulatory collapse can arise, and therefore BP, HR and ECG 

Table 10.4 Criteria for the termination of ergometric testing

Symptoms
  • Dizziness
  • Incoordination
  • Progressive chest pain
  • Shortness of breath
Objective signs
  • ECG changes
    — progressively severe arrhythmias
    —  couplets, (non-)sustained ventricular tachycardia, increasing supraventricular 

extrasystoles, atrial tachycardias, atrial flutter, new-onset atrial fibrillation
    — progressive intracardiac conduction disturbance
    — increasing QRS widening
    — appearance of a left bundle branch block
    — progressive repolarization disorder
    — ST depression: horizontal depression greater than 0.2 mV
    — progressive ST elevation in the electrocardiogram (ECG) (>0.1 mV)
    — ST elevation (obligatory termination of test)
  • Hemodynamic changes
    — progressive drop in blood pressure
    —  insufficient rise in blood pressure (less than 10 mmHg for each level of 

performance)
    —  excessive rise in blood pressure (either as unusually high values at low workloads 

(e.g. >200 mmHg at 100 W or excessive maximal response >240–260 mmHg)

Note: A number of current guidelines and standard recommendations no longer distinguish 
between relative and absolute contraindications (see above) or criteria for test termination but refer 
to progressive changes instead

Table 10.5 Criteria for peak word load and exhaustion (minimal values for adults)a

Parameter Criteria
Heart rate Bicycle: >208–0.7 × age (years)

Treadmill: >209.3–0.72 × age 8 (years)
Perceived exertion >17 (Borg scale 6–20)
Blood gas analysis pH < 7.25

Base excess <9 mmol/l (healthy subjects), <5 mmol/l (patients)
Lactate >9 mmol/L (healthy subjects), >5 mmol/L (patients)
Spiroergometry VO2peak > 35 ml/min/kg (males), >30 ml/min/kg (females)

Respiratory exchange ratio > 1.10 (patients) -1.15 (healthy subjects)
Ventilatory equivalent for CO2 > 35

aPeak performance is assumed to have been achieved only when at least one of these values or 
more have been exceeded (according to [12]). Ergometric stress testing should not be terminated 
when one of these values has been reached; the person undergoing exercise testing should continue 
working up to the individual point of exhaustion. Ergometric testing should, however, be termi-
nated if pathological changes arise
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should still be monitored. The HR response in this phase also provides further diag-
nostic information: the HR should fall by at least 12 beats/min in the first minute of 
the recovery period, indicating a good autonomic balance between sympathetic and 
parasympathetic function. Delayed HR renormalization may indicate disturbed 
neurohumoral function due to stress, hypertension, lack of training, or other factors. 
On the other hand, slow HR recovery kinetics and high HR in the recovery period 
are normal if the subject has performed physical work above the limit of sustainable 
performance. To avoid collapse, not an immediate stop of exercise, but a light work-
load is advisable. Monitoring is indicated until HR is <100/min and BP pressure has 
normalized [12].

10.8  Aspects to Particularly Pay Attention to During Exercise 
Testing in Athletes

• Apply suitable protocols for specific questions, e.g.:
 – Primary aim to provoke symptoms like angina, shortness of breath, palpita-

tions, syncope
 – Primary aim to assess maximal exercise capacity

• ECG: ST-segment depression, arrhythmias, accessory pathways
• HR: chronotropic competence (e.g. recovery HR > 12 beats within 1 min after 

termination of exercise; achieving 80% of age-predicted maximum HR)
• BP response to exercise (unusual increase or drop; see also Chap. 13)

10.9  Ergometry vs. Cardiopulmonary Exercise  
Testing (CPET)

CPET is particularly useful to be additionally applied to athletes with medical issues 
such as exertional dyspnea, e.g. in case of suspected pulmonary disease like 
exercise- induced asthma. Moreover, it allows direct assessment of VO2peak instead 
of calculating this parameter from maximal workload attained.

Important variables for interpretation of CPET in athletes (for a detailed descrip-
tion see Chap. 45 and [10])

• Peak or maximal oxygen uptake (VO2max/VO2peak)
• Ventilatory aerobic and anaerobic thresholds (VT1 and VT2)
• Oxygen pulse (VO2/HR)
• Ventilatory reserve (Ratio of minute ventilation (VE) to maximal voluntary ven-

tilation (MVV))
• Breathing frequency
• Ventilatory equivalents (VE/VCO2 (slope, at VT2, at maximum), VE/VO2)
• Dead space ventilation (VD/VT)
• Alveolar-arterial tension oxygen difference (P(A-a)O2)
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10.10  Challenges When Performing Exercise Tests in Athletes

Several issues deserve particular attention during exercise testing in athletes since 
they represent potential diagnostic conundrums due to either limited validity of this 
technique regarding specific scenarios, limited data or ongoing debates on the clini-
cal consequences of particular findings. These include:

• False reassurance regarding coronary artery disease and negative exercise test for 
ischemia (limited sensitivity and specificity of exercise testing)

• Young athlete with exertional chest pain and syncope (difficult differential 
diagnosis)

• Accessory pathways that inconstantly conduct sinus tachycardia (to ablate or not 
to ablate?)

• Pseudo-Normalization of T-waves: negative T-waves at rest in supine and/or 
upright position that turn positive during exercise and return to be negative in the 
recovery phase (not clear if representing a normal or pathological variant such as 
ischemia or hypertrophic cardiomyopathy)

• Rapid hypertensive response to exercise vs. gradual increase and elevated blood 
pressure at peak exercise (to a certain degree normal in athletes or indication for 
medical treatment?)

• CPET: Desaturation and no residual breathing reserve at peak exercise (pulmo-
nary limitation or high-level endurance athlete?)

10.11  Choosing the Right Protocol for Exercise  
Testing in Athletes

The protocol should be individualized to the assumed exercise capacity of the ath-
lete, the specific medical question and the type of sport of the athlete. In general, 
exercise testing should be completed within 12–15  min to avoid early muscle 
exhaustion. A “one-size-fits-all” exercise testing protocol such as the Bruce proto-
col is not useful. Understanding the physiology involved in specific sports is impor-
tant in assessing an athlete’s performance. The ability to perform sport specific 
protocols is absolutely essential for evaluating athletes and will result in a much 
more informative test for both the athlete and sports cardiologist. Moreover, a pro-
found understanding of the unique nature of an athlete’s clinical event is essential to 
the design, interpretation, and counselling of an advanced exercise test. Thus, con-
siderable thought needs to be given in the design of a sports specific protocol:

• For clinical assessment: when and how during the event do symptoms occur?
• Is the necessary testing equipment available to reproduce the type sport as close 

as possible?
• If not, can the metabolic demands of the particular sport sufficiently be repro-

duced with the equipment that is available or does the athlete have to be referred 
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to another laboratory with more suitable devices (e.g. symptoms during running 
may not be observed during cycle ergometry)?

If the exercise test in the athlete is performed to assess symptoms during exer-
cise, try to reproduce the symptoms during exercise testing by trying to closely 
mimic the exact condition during sports. Some examples are listed in Table 10.6.

Regarding the protocol, the following issues have to be considered:

• Graded (e.g. for lactate threshold assessment) vs. non-graded testing (e.g. for 
assessment of symptoms)

• A ramp protocol with intensities rising continuously may be preferred as an alter-
native (see Chap. 45). These protocols will more consistently achieve conditions 
comparable to other protocols, as they generate almost imperceptible increases in 
treadmill speed every few seconds and permit increases in external work in a 
continuous fashion. Ramp protocols offer the opportunity to individualize exer-
cise testing through a wide range of athlete-patient capabilities [15, 16].

• Bruce protocol: the gradient and the speed of the treadmill are increased every 
3 min in a predefined fashion [17]. Be aware that use of a formula rather than 
with direct measurements of oxygen consumption during the Bruce protocol 
leads to overestimated VO2max in undertrained athletes and underestimated in 
well-trained athletes.

• Balke protocol: speed remains constant at 3.3 mph (=5.3 km/h) whereas the incli-
nation is increased by 1% every minute [18]. This will take twice as much time 
to reach maximal state as Bruce protocol (Fig. 10.2).

Perhaps less common and restricted to special laboratories, but very important in 
specific athlete populations (e.g. the power athlete with efforts lasting 10–20 s) is 
anaerobic exercise testing. Usually, this has often turned out to be impractical for 
testing athletic teams or large groups because of the expense as well as the invasive 
(i.e. blood draw, muscle biopsies) nature of the activity [19], but tests have been 
developed over time that determine an athlete’s anaerobic capacity quickly and eas-
ily. The Wingate Anaerobic Test is the most popular laboratory performance test 

Table 10.6 Suggested nongraded exercise testing protocols for various sports (according to [6])

Sport Exercise protocol
Ice hockey High intensity (>90–95% of maximal heart rate) intervals for 90 s with 90 s rest 

between bouts, repeated 6–10 times
American 
football

Very high intensity (>95% of maximal heart rate) intervals of 10 s with 30 s rest 
between bouts repeated 10–15 times

Soccer Sustained moderate intensity effort (50–70% of maximal heart rate) for 2–3 min 
with 30–60 s of high-intensity effort (>90%of maximal heart rate) repeated 
10–25 times

Basketball Box jumps 3–5 times as quickly as possible followed by moderate level 
intensity (60–70% of maximal heart rate) intervals for 1 min repeated 10–15 
times

Triathlon Swimming (if available) 45 min, cycling 45 min, and running 45 min
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that evaluates anaerobic energy system power and provides a fatigue index based on 
the ability of the individual to sustain peak power [19]. It requires the subject to 
pedal a mechanically braked bicycle ergometer (an arm ergometer also can be used) 
for 30 s, at an “all out” pace [20]. The test provides values for peak power, relative 
peak power, anaerobic fatigue, and anaerobic capacity. These results can then be 
compared with previous testing to assess the progress of a specific anaerobic or 
power training regimen (Fig. 10.3).

10.12  Basic Principles of Exercise Prescription

Exercise prescription results in an individualized exercise program designed accord-
ing to the particular conditions and demands of patients or athletes, similar to a 
prescription for medication. Each exercise prescription has four essential compo-
nents: frequency, intensity, time (duration), and type of exercise (F.I.T.T). In addi-
tion, progression of training amount is another part of training recommendation. 
The ACSM recommends these F.I.T.T. guidelines for prescribing exercise [21] to 
achieve cardiovascular benefits. They recommend a frequency of 3–5 times per 
week, an intensity of 65–85% of maximal HR, and a duration of 20–60 min per ses-
sion. Use of the F.I.T.T. guidelines is an easy way to prescribe exercise to the major-
ity of people. With the addition of exercise testing, it is possible to provide a more 
individualized exercise prescription based on the current fitness level and the desired 
fitness goal.

Power [Watts]

700

100

5 10 15 2520 30

Time
[seconds]

200

300

400

500

600

Fig. 10.3 An example of a Wingate Anaerobic Test, showing the peak anerobic power attained 
during the initial phase of the test with a slow but steady decline during the further course
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There are several ways to calculate target HR to guide exercise intensity:

• Percentage of maximal HR (HRmax):
 – target heart rate (HR) = HRmax × % intensity
 – does not account for resting heart rate and assumes that the lower range of 

heart rate is zero
• Heart rate reserve (HRR):

 – target HR = (HRmax − resting HR) × % intensity + resting HR
 – a more accurate estimate of energy expenditure
 – considers the range of HR during exercise
 – This discrepancy between HRmax and HRR based on target heart rate calcu-

lations can result in a large difference when used for lower intensities; how-
ever, it becomes less apparent at near maximal intensity [22]

• Direct determination:
 – predominantly used in athletes
 – percentage of VO2peak (if assessed) or percentage of ventilatory (or lactate) 

thresholds to set training zones
 – each zone carries its own benefits and purposes for a defined workout and can 

be used by athletes or coaches to achieve specific fitness gains

Lactate measurement during exercise can provide valuable information regard-
ing the athlete’s training status when preparing for a competition. Several estab-
lished threshold models using lactate measurements are known, with no clear 
gold-standard. In German-speaking countries the workload at a fixed lactate value 
of 4 mmol/l representing the anaerobic threshold has traditionally been used, but 
nowadays threshold models calculated from the individual course during an exer-
cise test are also established. Compared with VO2max, athletic performance in 
endurance events of longer duration (such as marathon running) is often more 
closely correlated to performance at the lactate threshold [23], although such cor-
relations largely depend on the duration of the particular sporting event. For exam-
ple, lactate thresholds are particularly relevant to efforts lasting 2–3  h, whereas 
efforts lasting only 10–20 min are more closely linked to maximal parameters such 
as VO2max. In contrast, efforts lasting less than 1–2 min largely depend on power 
output and lactate tolerance than on VO2 and lactate thresholds [24].

10.13  Risk of Exercise Testing in Athletes

According to the Guidelines for Exercise Testing and Prescription from the 
American College of Sports Medicine (ACSM) [21] it should be recognized that

• clinical exercise testing is a part of the practice of medicine
• should always be conducted in consultation with a physician
• maximal exercise testing in healthy individuals, with adequate but simple pre- 

exercise screening, is an overall very safe procedure.
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In an older study reporting the results of more than half a million clinical exer-
cise tests in elderly individuals referred for evaluation of known or suspected car-
diovascular or pulmonary disease [25], the rate of adverse events (including death, 
myocardial infarction and symptomatic hypotension) was only 0.04%, or about 1 
event in 2500 tests. In a recent study on >5.000 multimorbid patients evaluated by 
CPET, the adverse event rate was also rather low (0.16%, that is 1 in 625 tests). It 
was concluded that CPET is a generally safe procedure, even in a high-risk popula-
tion [26]. In young, healthy, physically active individuals or athletes [27], exercise 
tests were evaluated from 198 sites in 3 German-speaking countries; no deaths or 
life-threatening complications were reported among 353.638 tests.

Thus, apart from sudden cardiac death events in young athletes related to undi-
agnosed coronary artery disease or cardiomyopathies, the risk of undergoing exer-
cise testing is insignificantly low. Furthermore, at least in athletes, the level of stress 
induced by laboratory testing is generally regarded to be much lower than the physi-
cal demands experienced in everyday living. Nonetheless, emergency equipment 
must be available in the exercise laboratory, including an external defibrillator 
device checked for functionality at regular intervals. The staff must be trained to 
react properly in cases of emergency, and a physician should be available to appear 
on-site within one minute [12].

10.14  The Role of Exercise Testing in Athletes with Specific 
Conditions

The following paragraphs provide a brief overview of the applicability and the 
potential additive value of exercise testing in cardiac conditions that may pose a 
particular risk. Please see the separate chapters on these conditions for more details.

Hypertrophic Cardiomyopathy (HCM)
• CPET may aid to distinguish athlete’s heart from HCM; in athletes, VO2peak is 

usually >50 ml/kg/min or >120% predicted as compared to HCM patients (can, 
however, be misleading in borderline cases) [28].

• CPET may be integrated into the holistic clinical differentiation between HCM 
and athlete’s heart (Fig. 10.4).

Arrhythmogenic (Right Ventricular) Cardiomyopathy (ARVC)
• Exercise treadmill testing is considered to be safe in ARVC and does usually not 

induce sustained ventricular tachycardia (VT) (see Chap. 15).
• Exercise testing plays a limited role in diagnosis and does not help to discrimi-

nate between ARVC-associated and idiopathic VT.
• Frequent left bundle branch block and premature ventricular contractions with 

superior axis favor ARVC diagnosis.
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• Decreased exercise capacity in ARVC predicts future development of symptom-
atic heart failure.

• Exercise testing exposes a latent electrical substrate in asymptomatic ARVC 
gene carriers that is shared by patients with ARVC with a history of ventricular 
arrhythmia.

• Exercise testing may be useful in guiding treatment decisions, exercise prescription, 
and prioritizing medical surveillance in asymptomatic ARVC gene carriers [29].

Long-QT Syndrome
• The Schwartz score includes exercise testing to predict the probability of suffer-

ing from LQTS (Table 10.7) [30]. Risk classification: low probability ≤1, inter-
mediate 1.5–3, high ≥3.5 (see also Chap. 21)

• Exercise testing may thus be integrated into the clinical assessment of patients 
with suspected LQTS.

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)
• Exercise testing is the primary diagnostic tool in CPVT; typical findings are bi- 

directional polymorphic ventricular arrhythmias increasing in frequency and 
complexity. Resting ECG is usually normal (Fig. 10.5 and Chap. 21)

Athlete`s Heart

• Female gender

• Positive family history for HCM

• Male gender

• Negative family history for HCM

• LV cavity > 54 mm

• No or only mild LVH, LA < 50mm, no LVOT obstruction

• Normal systolic and diastolic LV-function

• No delayed gadolinium enhancement

• Isolated Sokolow-Lyon criteria for LV hypertrophy, no ST-
segment depression and/or T-wave inversion

• Additional ECG abnormalities such as ST-segment
 depression, deep T-wave inversion in inferolateral leads

• LV cavity < 54 mm

• Bizarre patterns of LVH, LA > 50mm, LVOT obstruction

• Impaired systolic or diastolic LV-function

• NSVT/VT during exercise testing or holter monitoring • No NSVT/VT during exercise testing or halter monitoring

• Normal BP response during exercise testing

• Peak VO2 > 50 ml/kg/min or > 120% predicted

• Abnormal BP response during exercise testing

• Peak VO2 < 50ml/kg/min or < 120% predicted

• Delayed gadolinium enhancement

“grey zone”
LVWT 13-16 mm
T-wave inversion

Hypertrophic
Cardiomyopathy

General information

ECG

Echocardiography

Exercise testing and/or holter monitoring

Cardiac magnetic resonance imaging

Fig. 10.4 Integrative diagnostic assessment of hypertrophic cardiomyopathy vs. athlete’s heart. 
LVWT left ventricular wall thickness, HCM hypertrophic cardiomyopathy, ECG electrocardiogra-
phy, LVH left ventricular hypertrophy, NSVT non-sustained ventricular tachycardia, VT ventricular 
tachycardia, LA left atrium
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Bradycardias
• In athletes with AV block (see Chap. 8), exercise testing may aid to differentiate 

between a mostly benign supra-hisian and a usually pathological infra-hisian 
origin (Table 10.8).

Post-Exertional Syncope
• Exercise testing reveals the diagnosis: abrupt and massive blood pressure drop 

accompanied by symptoms immediately after cessation of exercise, following 
maximal exertion.

• Benign prognosis, symptomatic treatment with fluid management, compression 
garment.

• In part also caused due to augmented vagal tone in young athletes, thus increased 
parasympathetic release post exertion.

• Post-exercise peripheral vasodilation.
• However: Be aware of Brugada syndrome, as 10% of sudden cardiac deaths 

occur post-exertion.

Brugada Syndrome
• ST-segment elevation during the recovery phase of exercise testing predict car-

diac events, as shown in a study on 93 Brugada patients (22 with documented 
ventricular fibrillation (VF), 35 with syncope; 36 asymptomatics; 102 healthy 
controls): 37% of Brugada patients but none of the controls exhibited ST eleva-
tion 1–4 min into recovery (≥0.05 mV in V1–V3). During 76 ± 38 months fol-
low- up 44% with ST elevation vs. 17% without ST elevation exhibited VF 
(p = 0.004) [31].

Table 10.7 The “Schwartz score” to calculate the probability for Long QT syndrome, bold indi-
cates findings during exercise testing (according to [30])

Findings Points
ECGa QTcb ≥480 ms 3

=460–479 ms 2
=450–459 ms (in males) 1
≥480 ms during fourth minute of recovery from 
exercise stress test

1

Torsade de pointesc 2
T wave alternans 1
Notched T wave in three leads 1
Low heart rate for aged 0.5

Clinical 
history

Syncopec With stress 2
Without stress 1

Family 
history

Family member(s) with definite LQTSe 1
Unexplained sudden cardiac death at age < 30 years in immediate 
familye

0.5

Total score X
aIn the absence of medications or disorders known to affect these electrocardiographic features
bQTc (corrected QT) calculated by Bazett’s formula where QTc = QT/√RR
cMutually exclusive
dResting heart rate < 2nd %ile for age
eThe same family member cannot be counted for both criteria

D. Niederseer and H. Löllgen



197

Fig. 10.5 Example of a Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT), typi-
cally showing a normal resting electrocardiogram (a) and polymorphic ventricular tachycardia 
induced by exercise (b)

Table 10.8 Differential diagnosis of AV-block into supra-hisian (benign) and infra-hisian 
(pathological)

Supra-hisian block Infra-hisian block
Narrow QRS-complex Wide QRS-complex
Normal QRS-axis Abnormal QRS-axis
Bradycardia, first degree AV-Block, 
Mobitz Type 1 (Wenckebach)

Intrinsic, no extrinsic influence; second degree AV 
block, Mobitz Type 2; third degree AV-Block

Conduction ↑ with exercise Conduction = or ↑ with exercise
Physiological Pathological
Does usually not require treatment Mostly needs treatment with a pacemaker
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Ventricular Ectopy
• Extrapolated from data obtained in general and athletic populations: Increased 

frequency and complexity of ventricular ectopy during exercise testing indicated 
a higher probability of exhibiting cardiac pathology [32].

Wolff-Parkinson-White-(WPW)-Syndrome
• Accessory pathway may exhibit low-risk features or high-risk features during 

exercise, with regard to conduction and consequently to potentially dangerous 
arrythmias. If delta-wave shows only intermittent appearance or sudden and sus-
tained disappearance, the accessory pathway can be regarded as low-risk. 
However, in athletes an electrophysiologic study is nonetheless suggested in 
most subjects with WPW-syndrome, and an anterograde refractory period of the 
accessory pathway >270 ms suggests ablation.

Coronary Artery Anomalies
• Most deaths occur during exercise and in subjects <30 years of age
• Some affected individuals are symptomatic during exercise (angina, syncope, 

dyspnea, palpitations)
• Exercise testing as integrative part of diagnostic work-up for suspected symp-

tomatic coronary artery anomaly (provocation of typical symptoms, ischemia 
(ST-depression) or drop in blood pressure during progressive exercise) (see 
Chap. 22)

Ischemic Heart Disease
• Exercise testing is not the diagnostic method of choice to exclude coronary artery 

disease due to low sensitivity and specificity to detect or rule out relevant steno-
sis in subjects with a low pre-test probability.

• According to the Diamond-Forrester method or the Duke Clinical Score [33, 34], 
exercise testing should be performed in intermediate, but not low and high pre- 
test probability to test for ischemia.

• In a study on 113 male subjects aged over 60 (79 trained; 34 sedentary), 88 (62; 
26) were clinically followed up for 4 years. A significant ST segment depression 
at peak exercise was detected in one athlete at the first evaluation; a further case 
was seen during follow up in a previously “negative” athlete. Both were asymp-
tomatic, and single photon emission tomography and/or stress echocardiography 
were negative for myocardial ischemia. The athletes remained symptom-free 
during the period of the study. One athlete died during follow up for coronary 
artery disease: he showed polymorphic ventricular tachycardia during both the 
exercise test and Holter monitoring, but no significant ST segment depression. 
The authors concluded, that the finding of false positive ST segment depression 
in elderly athletes, although still not fully understood, may be related to the phys-
iological cardiac remodeling induced by regular training. Thus, athletes with 
exercise induced ST segment depression, with no associated symptoms and/or 
complex ventricular arrhythmias, and no adverse findings at second level cardio-
logical testing, should be considered free from coronary disease and medically 
be cleared for continuation of athletic training [35].
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Clinical Pearls
• Exercise testing in athletes is used to (a) evaluate baseline fitness and prescribe 

an exercise program or training zones, (b) evaluate continued progress after 
engaging in exercise training over a period of time, (c) diagnose cardiopulmo-
nary conditions affecting exercise performance, and (d) provoke arrhythmias or 
evaluate hemodynamic response to exercise in an athlete with a known cardio-
vascular condition to determine whether it is safe to participate in competitive 
sports.

• Exercise testing is not part of routine pre-participation screening; however, it can 
supplement the clinical work-up in athletes with pathological findings and/or 
symptoms.

Review

 Questions

 1. A 29-year old Afro-Caribbean soccer player without symptoms and without any 
sudden cardiac deaths in his family is referred to you to be medically cleared 
before a transfer. The club wants personal and family history, clinical examina-
tion and ECG to be performed. These investigations are unremarkable. Other 
tests might be performed, however, only if you think they are clinically neces-
sary. Do you perform an exercise test in this athlete?

 2. A 53-year old high-level triathlete reports typical chest pain at exertion that dis-
appears during recovery. His medical history is unremarkable. His resting ECG 
shows features of athlete’s heart, but no ST-segment abnormalities. He has no 
known cardiovascular risk factors and his family history is unremarkable for 
cardiac diseases and/or sudden cardiac deaths. Do you perform an exercise test 
in this athlete to rule out coronary artery disease?

 3. A 21-year old female ice-hockey player complains of exertional dyspnea and 
chest pain after maximal effort during competition, mostly in the third term. She 
never had these complaints during training. A cardiac work-up including ECG, 
echocardiography and standard exercise test (Bruce protocol) was unremarkable 
and revealed no condition that could explain the symptoms of the athlete. Besides 
other diagnostic work-up (e.g. pulmonary assessment of asthma, cardiac imag-
ing, and laboratory workup): would another exercise test be of use?

 Answers

 1. No. In asymptomatic young (<35 years) athletes with normal PPS including per-
sonal and family history, clinical examination and ECG, an exercise test is not 
useful and therefore not recommended.

 2. In this athlete with typical angina but low risk profile an exercise test could be per-
formed. If ST-segment depression would be seen, a further work-up including non-
invasive ischemia testing and/or coronary angiography could be indicated. However, 
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if the exercise test would not show any sign of ischemia, this would not exclude 
relevant coronary artery disease. Therefore, exercise testing is not recommended to 
rule-out coronary artery disease. A coronary computed tomography would be the 
best choice to exclude significant coronary artery disease. Nevertheless, exercise 
testing may supplement the clinical picture in this athlete and could lead to addi-
tional clinically relevant information in the management of this athlete.

 3. An exercise test that closely mimics the characteristics of ice hockey could help 
to shed light on the cause of the symptoms of this athlete. High intensity (>90–
95% of maximal heart rate) intervals for 90  s with 90  s rest between bouts, 
repeated 6–10 times on a bicycle or treadmill ergometer including spiroergomet-
ric measurements would be our protocol of choice. Indeed, the symptoms of this 
athlete could be reproduced in the ninth interval, and ST-segment depression, 
drop in blood pressure and drop in oxygen pulse were noted. After cessation of 
exercise, the symptoms resolved, as were the abnormalities found during exer-
cise testing. A coronary CT-scan revealed a coronary artery anomaly with inter-
arterial course, and further management was planned.
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11Medical Evaluation of Athletes:  
Genetic Testing

Belinda Gray and Michael Papadakis

Learning Objectives
 1. Recognise the importance for pre- and post-test genetic counselling when offer-

ing athletes genetic testing.
 2. Recognise the spectrum of genetic testing results and the challenges of determin-

ing pathogenicity and variant interpretation.
 3. Appraise the indications for genetic testing in the evaluation of athletes with 

suspected cardiomyopathy or ion channelopathy.
 4. Assess the implications of genetic testing in elite athletes, in terms of participa-

tion in competitive sports.
 5. Explain the value of predictive testing in athletic individuals and their families.

11.1  Introduction

When evaluating athletes for conditions predisposing to sudden cardiac death 
(SCD), consideration must be given to the genetic basis of most of these conditions 
[1, 2]. This includes the cardiomyopathies such as hypertrophic cardiomyopathy 
[HCM], arrhythmogenic cardiomyopathy [ACM/ARVC], dilated cardiomyopathy 
[DCM] and left ventricular non-compaction [LVNC], and the channelopathies such 
as congenital long QT syndrome [LQTS], catecholaminergic polymorphic ventricu-
lar tachycardia [CPVT], Brugada syndrome [BrS], progressive cardiac conduction 
disease [PCCD] and short QT syndrome [SQTS] [1]. Genetic studies over the last 
20–30 years have been integral in identifying the gene abnormalities that underpin 
these conditions, and technological advances have made genetic testing a readily 
available clinical tool.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_11&domain=pdf
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• Genetic testing in an athlete can have diagnostic, therapeutic and prognostic 
value provided that the information is correctly assessed by a cardio-genetics 
expert [1].

• Genetic testing results are not binary but there is a probabilistic spectrum of 
pathogenicity using scoring criteria developed by the American College of 
Medical Genetics and Genomics (ACMG) [3, 4].

• The yield of genetic testing varies depending upon the condition assessed, from 
approximately 20% in dilated cardiomyopathy to 70% in long QT syndrome.

This chapter offers an overview of genetic testing and the technological advances 
that have made it readily available. The authors address the appropriate use of 
genetic testing in the assessment of athletes, using common clinical scenarios. For 
each scenario we outline the diagnostic, prognostic and therapeutic implications of 
genetic testing, including its impact on exercise recommendations.

11.2  Rationale for Genetic Testing in Athletes

• There are more than 40 cardiac diseases for which a genetic basis has been iden-
tified [5].

• Registries have consistently demonstrated that inherited cardiomyopathies and 
channelopathies account for the majority of SCDs in young (<35 years) athletes 
[6–9].

• To minimise such tragedies, preventive efforts have intensified and include tar-
geted evaluation of high-risk individuals, such as athletes with symptoms or rele-
vant family history, as well as wider cardiac screening of low risk individuals. 
Consequently, a large part of Sports Cardiology practice involves evaluation of 
athletes with symptoms or signs suggestive of an inherited cardiac condition (ICC).

• Genetic testing has primarily been used for familial cascade screening in athletes 
with clearly defined clinical phenotype of an inherited cardiac condition. Most 
ICCs are transmitted in an autosomal dominant pattern, meaning that first-degree 
family members have a 50% chance of carrying the causative genetic variant. 
Therefore, identification of the causative variant allows for predictive (cascade) 
testing in first-degree family members. Family members who are genotype- 
positive require surveillance, while those who are genotype-negative can be 
released from ongoing clinical evaluation [3, 5].

• Genetic testing may also be used for diagnostic, prognostic and therapeutic pur-
poses, depending on the condition in question (Table 11.1, Fig. 11.1).

• The effects of exercise on the electrical and structural cardiac remodeling often 
pose significant challenges, and differentiation between “athlete’s heart” and 
inherited cardiac diseases requires the use of several diagnostic tools.

• The yield varies from fairly limited, such as in dilated cardiomyopathy, approxi-
mately 20% compared with LQTS, approximately 70–80%. In addition, the 
identification of different genetic subtypes (LQT 1–3 particularly) can inform 
the risk of arrhythmic events, potential triggers to be avoided and targeted medi-
cal therapies [10].
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Genetic testing has been incorporated in contemporary exercise recommenda-
tions for elite and recreational athletes. The fact remains, however, that risk stratifi-
cation and exercise prescription is predominantly dictated by the clinical phenotype. 
Although genetic testing has significant potential for individualized risk stratifica-
tion, currently its role is limited to specific conditions.

Table 11.1 Current utility of genetic testing in athletic individuals for the most commonly 
encountered cardiomyopathies and channelopathies (modified from [1])

Disease under 
investigation in the 
athlete

Diagnostic 
utility

Prognostic 
utility

Therapeutic 
Implications 
(medical/device)

Impact on exercise 
recommendations

LQTS +++ +++ +++ +++
CPVT +++ + + +
BrS + + – –
HCM ++ + – –
ACM ++ ++ + +++
DCM + ++ – +

– no utility, + limited utility, ++ utility in some athletes, +++ clear utility in most athletes
Impact on exercise recommendations derived from [12] and [59]

Utility of genetic
testing in athletes

LQTS±

•   QTc < 480 ms with no
    additional features suggestive
    of LQTS*

•   Isolated QTc 480-499 ms

•   QTc > 500 ms
•   QTc > 480 ms with additional
    features suggestive of LQTS*

CPVT±

•   Isolated exercise induced
    monomorphic PVCs or VT

•   Isolated exercise induced
    polymorphic PVCs

•   Isolated exercise induced
    polymorphic VT (especially
    bidirectional)
•   Exercise induced symptoms or
    FH of exertional SCD AND
    exercise induced ventricular
    arrhythmias (PVCs, VT)

ACM

•   Isolated anterior T wave
    inversion
•   Isolated RV dilatation
•   Possible or borderline
    diagnosis of ACM§

•    Possible or borderline
     diagnosis of ACM§ with
     additional associated features
     suggestive of ACM#

•   Definite diagnosis of ACM§

Family history of respective inherited cardiac condition

HCM

•   Isolated T wave inversion
•   Isolated LVWT 12-14 mm

•   LVWT 12-14 mm with
    associated features suggestive
    of HCM~

•   Athlete with LVWT > 15 mm
•   Suspected HCM phenocopy

Fig. 11.1 Utility of genetic testing in athletes suspected of an underlying inherited cardiac condi-
tion. The traffic light system is based on the pre-test probability of a positive yield and its use in 
terms of diagnosis, prognosis, treatment and exercise recommendation. Red: Not recommended, 
Orange: May be considered and Green: Should be considered. LQTS long QT syndrome, CPVT 
catecholaminergic polymorphic ventricular tachycardia, ACM arrhythmogenic cardiomyopathy, 
HCM hypertrophic cardiomyopathy, QTc corrected QT interval, PVC premature ventricular con-
tractions, VT ventricular tachycardia, LVWT left ventricular wall thickness
±Structural heart disease, coronary artery disease and electrolyte abnormalities should be excluded
∗Symptoms, documented polymorphic arrhythmias, paradoxical prolongation of the QT interval 
during exercise, T-wave alternans, T wave notching, congenital deafness, family history of unex-
plained SCD [41]
§According to the 2010 task force criteria, excluding genetic testing result [26]
#High propensity to ventricular arrhythmias, symptoms, family history of SCD in a first-degree 
relative under the age of 40 years, presence of scar on MRI (this list is not exhaustive)
~Symptoms, family history of SCD in a first-degree relative under the age of 40 years, ECG abnor-
malities, asymmetric hypertrophy, myocardial scar on cardiac MRI, blunted blood pressure 
response to exercise (this list is not exhaustive)
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• In ACM studies have shown that individuals carrying a pathogenic genetic vari-
ant have a greater chance of progression to overt disease, heart failure and life- 
threatening arrhythmias with high level athletic activity, even in the absence of 
any phenotypic evidence of disease, and therefore should be restricted from com-
petitive sport [11, 12].

• It is important that prior to proceeding with genetic testing, the athlete has under-
gone appropriate genetic counselling relating to the potential implications, chal-
lenges and limitations of the testing [13]. Following the test, any variants 
identified should be conveyed to the athlete with appropriate post-test genetic 
counselling and support [5].

11.3  Approaches for Genetic Testing in Athletes

There has been rapid expansion of genetic testing since 2005 with the advent of next 
generation sequencing (NGS). This high-throughput rapid sequencing methodology 
is now widely available and has revolutionalised genetic testing in terms of reduc-
tion in costs, reduction in time-to-results and increased number of genes sequenced 
compared with traditional Sanger sequencing [14].

• The options for cardiac genetic testing for athletes with NGS include:
 – cardiac panel testing
 – whole exome sequencing
 – whole genome sequencing.

• The advantages and disadvantages of the different testing modalities are shown 
in Table 11.2.

Table 11.2 Advantages and disadvantages of different genetic testing modalities (adapted from 
[14])

Sequencing method Advantages Disadvantages
Sanger sequencing Individual reads more accurate

Can sequence longer reads
Costly
Time-consuming
May miss large insertions or 
deletions

NGS cardiac panel 
testing

Quick
Multiple genes sequenced 
concurrently

Limited new gene discovery
Larger panels = more VUS

Whole exome 
sequencing

Quick
Less DNA required
High throughput
Acceptable cost

Only sequences exons (i.e. miss 
noncoding alleles)
May have inadequate coverage

Whole genome 
sequencing

Full genome sequenced
More even coverage than whole 
exome sequencing
Improved ability to assess large 
rearrangements

More costly
Requires more DNA than whole 
exome sequencing
Huge bioinformatic data set
High number VUS
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• Increased population databases such as the exome aggregation consortium 
(ExAC) and genome aggregation database (gnomAD, http://gnomad.broadinsti-
tute.org) have highlighted an improved understanding of what is the true normal 
variation in the genome (so called “background noise”).

• This is particularly true with cardiac channelopathy genes such as SCN5A which 
has been shown to have a background noise rate of 2% in caucasians and 4–5% 
in non-caucasians [15].

• This has also led to a significant increase in the number of variants classified as 
variants of uncertain significance (VUS), including variants previously consid-
ered as pathogenic, where the clinical utility is limited [14, 16, 17].

• The classification as a VUS means the variant cannot be used for predictive testing 
in family members, nor can it be ignored as unlikely to be implicated in disease 
(benign or likely benign). These variants remain in the “genetic purgatory” [17].

11.4  Determining Pathogenicity of Genetic Variants

• Genetic testing results are not binary but represent a spectrum of pathogenicity 
(Fig. 11.2).

• The basis for establishing pathogenicity is dependent upon a composite of crite-
ria including rarity in the general population, whether the variant has been seen 
before in the disease phenotype under investigation, predicted effect on protein 
function and in silico computational prediction tools.

• These criteria have been published by the American College of Medical Genetics 
and Genomics (ACMG) [4].

No mutation
identified

Least clinical
utility

Benign Likely benign Likely pathogenic Pathogenic

Greatest clinical
utility

Predictive (Cascade) Genetic testing

VUS

Fig. 11.2 Spectrum of pathogenicity (modified from [14] and [60]). Only variants classified as 
likely pathogenic or pathogenic should be considered causative of the respective phenotype and 
used for predictive (cascade) genetic testing. VUS variant of uncertain significance
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• Online databases such as ClinVar (www.ncbi.nlm.nih.gov/clinvar/) and ClinGen 
(https://clinicalgenome.org/) can be reviewed to identify previously reported 
unequivocally pathogenic variants in athletes with suspected inherited cardiac 
conditions.

• Online tools have been developed to help assess pathogenicity in genetic 
 variants [18].

• Similar to all advanced cardiac investigations, in the absence of specific knowl-
edge and experience, the sports cardiologist should liaise with a clinical geneti-
cist when considering genetic testing to assist with appropriate use of the test and 
accurate interpretation.

11.5  Indications for Genetic Testing in Athletes

11.5.1  Cardiomyopathies

11.5.1.1  Hypertrophic Cardiomyopathy
• Hypertrophic cardiomyopathy (HCM) has a prevalence of approximately 1  in 

500 individuals and is characterised by left ventricular hypertrophy in the absence 
of loading conditions such as aortic stenosis or hypertension.

• HCM is inherited in an autosomal dominant manner and is associated with 
pathogenic variants in at least 11 genes, typically of cardiac sarcomeric 
proteins.

• The commonest genes causing HCM are myosin-binding protein C (MYBPC3) 
and beta-myosin heavy chain (MYH7).

• The full list of genes definitely involved in HCM is shown in Table 11.3.
• It has become apparent that increased gene panels beyond the core genes involved 

do not improve test yield or sensitivity but rather lead to increased numbers of 
variants of uncertain significance [19]. Therefore, large sequencing laboratories 
are recommending limiting genetic testing panels in HCM to a maximum of 11 
genes [20].

• In HCM, the main benefit from genetic testing relates to an actionable result in 
cascade screening in first degree family members and is therefore typically 
reserved for athletes with an unequivocal diagnosis.

Table 11.3 Common genes associated with cardiomyopathies and diagnostic yield

Disease Commonly associated genes Overall yield (%)
HCM MYBPC3, MYH7, TTNT, TTNI, TPM1, MYL3, 

MYL2, ACTC, DES, PLN
40–60

ACM PKP2, DSG2, DSP, DSC2, JUP, TMEM43, LMNA, 
DES, CTNNA3, CDH2, PLN

50–60

DCM TTN, SCN5A, LMNA, FLNC, DSP, DES 20
LVNC MYH7, MYBPC3, TNNT2, TPM1 9–15 (in association with 

cardiomyopathy)
~0% (in isolation)
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• Athletic individuals may develop LVH as part of physiological adaptation to 
exercise, but a wall thickness of ≥15 mm is likely to reflect a diagnosis of HCM 
and in these individuals genetic testing should be considered, especially in white 
athletes [12, 21].

• Genetic testing may also be considered in athletes with mild LVH (LVWT 
12–14 mm), with additional features suggestive of HCM such as family history 
of HCM, ECG repolarisation anomalies, asymmetric patterns of LVH, relative 
apical hypertrophy and cavity obliteration out of keeping with athletic training, 
myocardial scar on cardiac MRI, the presence of non-sustained or sustained ven-
tricular tachycardia, or a blunted blood pressure response to exercise (Fig. 11.1).

• The expected yield of genetic testing in individuals with a diagnosis of HCM is 
approximately 40–60% [22], however this may improve to as much as 70% in 
the context of a clear family history [23].

• Genetic testing may also help to identify HCM phenocopies; therefore compre-
hensive clinical evaluation is necessary to assess for features suggestive of Danon 
disease (LAMP2), Noonan Syndrome (KRAS, SOS1, PTPN11, RAF1) and 
Fabry’s disease (GLA) [22].

• Genetic testing for PRKAG2 should be considered in individuals with co-existent 
pre-excitation on the ECG [24].

11.5.1.2  Arrhythmogenic Cardiomyopathy
• Arrhythmogenic cardiomyopathy has a prevalence of approximately 1:2000.
• ACM is characterised by fibro-fatty infiltration of the ventricular myocardium.
• ACM is inherited in an autosomal dominant pattern and genetic testing has a 

yield of approximately 50%, typically due to mutations in desmosomal protein 
genes, with the most commonly involved genes including PKP2, DSC2, DSG, 
DSP, and JUP (Table 11.3) [25].

• ACM is diagnosed through a composite scoring system which constitute the Task 
Force Criteria [26].

• Aside from familial cascade screening in individuals with a definite diagnosis of 
ACM, genetic testing may also be used for diagnostic and prognostic purposes. 
Identification of a pathogenic variant constitutes a major task force criterion, which 
may upgrade a case from a possible or borderline to a definite diagnosis [26].

• It should be emphasized that due to physiological adaptation a considerable pro-
portion of elite athletes demonstrate anterior T wave inversion [27–29] or right 
ventricular dilatation in the spectrum of the echocardiographic and MRI criteria 
of the task force [30, 31] and their presence, in isolation, should not instigate 
genetic testing for ACM (Fig. 11.1).

• Genetic testing may, however, be considered in athletic individuals with high 
index of suspicion for ACM, such as athletes with anterior T wave inversion or 
right ventricular dilatation, who demonstrate high propensity to ventricular 
arrhythmias, or other red flags such as syncope, presence of scar on MRI or a 
family history of SCD (Fig. 11.1).

• Particular ACM genotypes such as DSP and TMEM43 have a propensity for high 
arrhythmic burden which can pre-date the cardiomyopathy phenotype [25].
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• ACM is an important cause of SCD in athletes due to ventricular arrhythmias 
provoked by exercise [32]. Sudden cardiac death due to ACM is up to 16 times 
more common in athletic individuals compared with non-athletes, often with no 
prior symptoms [6].

• Individuals with ACM who engage in competitive sport have a higher prevalence 
of ventricular arrhythmias and develop symptoms earlier, compared with those 
who are relatively sedentary [33].

• Participation in endurance exercise by gene carriers with no overt ACM pheno-
type (genotype-positive phenotype-negative individuals) is associated with 
higher penetrance of disease, worsening ventricular arrhythmias, more rapid pro-
gression to heart failure and earlier presentation of overt phenotype [11]. 
Therefore genetic testing is integral in first degree family members of a genotype 
positive ACM case to identify those individuals within the family who are geno-
type positive, in whom it is recommended to avoid competitive sports [12].

11.5.1.3  Dilated Cardiomyopathy
• Dilated cardiomyopathy (DCM) is characterised by ventricular systolic dysfunc-

tion in association with chamber dilatation.
• The majority of cases of DCM are due to acquired causes such as ischaemia, 

toxins (e.g. viruses, alcohol), post-partum or metabolic disturbances. 
Approximately 20–30% of DCM is due to genetic mutations in sarcomere, cyto-
skeletal and nuclear envelope proteins [34]. The yield of genetic testing in DCM 
may increase up to 40% in the context of family history of the disease [35].

• Dilated cardiomyopathy is typically inherited in autosomal dominant pattern and 
there are over 50 genes implicated, with the commonest genes including TTN, 
SCN5A, LMNA and DES (Table 11.3) [36].

• In the context of the low yield, genetic testing in athletes presenting with a clear 
phenotype of DCM is recommended only in the context of a clear family history 
(clinical testing) or if there is a known familial variant (predictive testing).

• Genetic testing is also indicated in the context of other specific features such as 
a malignant family history, high burden of ventricular arrhythmias and coexist-
ing conduction system disease. The presence of high burden of ventricular 
arrhythmias or family history of sudden death are more likely to be associated 
with mutations in LMNA, DSP, RBM20, SCN5A or FLNC [35].

• ECG evidence of conduction tissue disease provides a higher yield of SCN5A 
and LMNA pathogenic variants [1].

• Although unlikely in high-level athletes, DCM is also associated with skeletal 
myopathies such as Duchenne Muscular Dystrophy, myotonic dystrophy and 
Desmin-associated myopathies and therefore should be considered if there is 
coexisting skeletal muscle phenotype [1].

11.5.1.4  Left Ventricular Non-compaction
• Left-ventricular non-compaction (LVNC) is characterised by increased trabecu-

lations in the LV myocardium with associated deep recesses. LVNC is presumed 
to be due to failure of the developing heart to fully form and compact the myo-
cardium during the later stage of cardiac development [1].
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• Increased trabeculation can be seen in a significant proportion of athletes due to the 
physiological adaptation which is believed to be due to the increased pre-load [37].

• However, in some individuals, particularly in association with other features of 
cardiomyopathy such as depressed LV function or an abnormal ECG, the disease 
can be due to underlying genetic abnormalities [1].

• The yield of genetic testing in LVNC is 9–15%, however it is important to note 
that actionable gene results are almost 0% in individuals who fulfil diagnostic 
criteria for LVNC with no additional evidence of cardiomyopathy [38].

• Given the low yield and the significant phenotypic cross-over, genetic testing in 
athletes with an isolated LVNC phenotype is typically reserved for those with 
familial disease [1, 5].

11.5.2  Athletes with Isolated T Wave Inversion

• The presence of T-wave inversion on the ECG of an athletic individual can indi-
cate underlying cardiomyopathy, particularly in white athletes.

• In these individuals comprehensive clinical evaluation provides a greater diag-
nostic utility than genetic testing (21% compared with 10%).

• The use of routine genetic testing in asymptomatic athletes with T-wave inver-
sion is not recommended in the absence of a family history or other features 
suggestive of an inherited cardiac condition [39].

11.5.3  Inherited Arrhythmia Syndromes (Channelopathies)

11.5.3.1  Long QT Syndrome
• Long QT syndrome (LQTS) is an inherited arrhythmia syndrome with a preva-

lence of approximately 1:2000 [40].
• LQTS is characterised by the presence of a prolonged QT interval (corrected for 

heart rate) in the absence of secondary causes for a prolonged QTc such as drugs 
or electrolyte disturbances [2].

• LQTS can also be diagnosed in the presence of an LQTS risk score (modified 
Schwartz score) ≥3.5 or in the presence of a pathogenic variant in a LQTS gene 
[2, 41].

• In LQTS genetic testing is an integral part of the diagnostic pathway.
• There are at least 15 genes described in the pathogenesis in LQTS (Table 11.4), 

however the top three genes account for >90% of genetically confirmed 
LQTS [2].

• The majority of LQTS is inherited in an autosomal dominant pattern, however a 
rare recessive form with associated sensorineural deafness (Jervell and Lange- 
Nielsen Syndrome) due to homozygous or compound heterozygous mutations 
also exists. This recessive form is highly lethal with early, severe onset and is 
unlikely to present in the adult athletic population.
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• In an individual with a repeatedly prolonged QTc ≥ 480 ms and acquired causes 
for QT prolongation excluded, genetic testing should be considered, as this value 
represents the 99th percentile for the general population.

• Athletes tend to exhibit longer QT intervals compared to the general population 
and an isolated long QT interval in an athlete may represent the effect of increased 
vagal tone or delayed repolarization as a result of increased left ventricular mass 
[42]. In a study of 2000 elite athletes, athletes with a QTc in excess of 500 ms 
were more likely to exhibit additional features, including a pathogenic variant, 
suggestive of LQTS [43].

• Genetic testing in LQTS also provides therapeutic and prognostic utility.
 – There are known genotype associated triggers for arrhythmia including stren-

uous exercise and in particularly swimming and diving (LQT1), loud noise/
alarm clocks (LQT2) and sleep (LQT3) [44].

 – These can guide lifestyle recommendations including exercise recommenda-
tions for genotype positive individuals.

 – Genotype directed therapies such as betablockers (particularly nadolol) in 
LQT1 or mexilitene in LQT3 can significantly reduce the life-threatening 
arrhythmic risk to the individual athlete [10, 45].

• Genetic testing assists in prognosis in LQTS as the individual’s arrhythmic risk 
can be determined through a composite of the QTc value and the genotype. 
Individuals with a QTc < 460 ms and LQT1 genotype have an estimated 5-year 
risk of life-threatening arrhythmias <1%, even without betablocker therapy. On 
the contrary, individuals with QTc > 550 ms and a LQT2 or LQT3 genotype have 
an estimated 5-year risk of life-threatening arrhythmias in excess of 9% without 
therapy [10].

Table 11.4 Genes of 
autosomal dominant LQTS 
(modified from [14])

LQTS type Gene Frequency
LQT1 KCNQ1 40–45%
LQT2 KCNH2 30–35%
LQT3 SCN5A 10%
LQT4 ANK2 1%
LQT5 KCNE1 1%
LQT6 KCNE2 Rare
LQT7 KCNJ2 Rare
LQT8 CACNA1C Rare
LQT9 CAV3 Rare
LQT10 SCN4B Rare
LQT11 AKAP9 Rare
LQT12 SNTA1 Rare
LQT13 KCNJ5 Rare
LQT14 CALM1 Rare
LQT15 CALM2 Rare
LQT16 CALM3 Rare
LQT17 TRDN Rare
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11.5.3.2  Catecholaminergic Polymorphic Ventricular Tachycardia
• Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited 

arrhythmia syndrome characterised by adrenergically stimulated ventricular 
tachycardia, typically through physical exertion, in individuals with a structur-
ally normal heart [2].

• CPVT is rare, with an estimated prevalence of 1:10,000.
• The pathophysiology of CPVT is due to abnormal intracellular calcium handling in 

ventricular myocytes, due to genetic mutations in calcium handling proteins [46].
• Individuals with CPVT have normal baseline ECG and echocardiogram, with the 

key diagnostic feature being the presence of exercise-induced ventricular arrhyth-
mias, particularly bidirectional VT (Fig. 11.1).

• CPVT can be diagnosed in individuals who are found to be carriers of a clearly 
pathogenic genetic variant, as well as in family members of an index case who 
develop premature ventricular beats (PVBs) during exercise [2].

• The most common form of CPVT is due to autosomal dominant mutations in 
RYR2 accounting for up to 60% of cases. There is a rarer recessive form due to 
mutations in CASQ2 accounting for <5% of cases as well as a number of other very 
rare gene associations (Table 11.5). Recently, a family with autosomal dominant 
CPVT linked to a heterozygous CASQ2 mutations has also been described [47].

• Any athlete with exercise induced syncope and a structurally normal heart should 
be assessed for CPVT and genetic testing should be considered if there is evi-
dence of exercise induced ventricular tachycardia, particularly bi-directional 
tachycardia (Fig. 11.1).

11.5.3.3  Brugada Syndrome
• Brugada syndrome (BrS) is diagnosed in individuals with a demonstrated type 1 

Brugada pattern ECG (≥2 mm ST elevation with type 1 morphology in ≥1 right 
praecordial leads V1/V2  in the second, third or fourth intercostal space) either 
spontaneously, or after infusion of sodium-channel provocation testing in the pres-
ence of another feature such as documented ventricular arrhythmia, suspicious 
arrhythmic syncope or a family history of BrS or sudden unexplained death [48].

• High body temperature is known to be a trigger for arrhythmia in BrS and there-
fore in athletes, BrS may present in situations of hyperthermia, such as in or 
following an endurance race.

Table 11.5 Genes associated with CPVT (modified from [14])

Name Gene Frequency Transmission
CPVT1 RYR2 50–60% AD
CPVT2 CASQ2 ~5% AR (AD)
CPVT3 Maps to chromosome 7 p14-p22 Rare AR
CPVT4 CALM1 Rare AR
CPVT5 TRDN Rare AR
Possible LQT4 overlap ANK2 Rare AD
Possible LQT7 overlap KCNJ2 Rare AD

AD autosomal dominant, AR autosomal recessive
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• Our understanding of the genetic basis to BrS is evolving and therefore the utility 
of genetic testing is limited. Approximately 20% of BrS is due to autosomal 
dominant loss-of-function mutations in the gene encoding the cardiac sodium 
channel SCN5A [48]. This appears to be most evident in individuals with associ-
ated conduction disease.

• The remaining genetic basis underpinning BrS appears to be oligogenic based on 
data from genome wide association studies showing that multiple risk alleles 
confer an increased risk of disease [49].

• The prognostic utility of identification of a pathogenic SCN5A variant in an indi-
vidual with BrS remains under debate. A single study has indicated SCN5A 
mutations may be associated with a worse prognosis in BrS, however this has not 
been seen in multiple prior similar studies [50].

• The indication for genetic testing in athletic individuals with BrS is limited to 
those who have demonstrated familial disease or with evidence of co-existing 
conduction disease.

11.5.3.4  Progressive Cardiac Conduction Disease
• Progressive cardiac conduction system disease (PCCD) is diagnosed in young 

patients (<50 years) with ECG evidence of abnormal conduction in the absence 
of skeletal myopathies [2]. The majority of familial cases with a structurally 
normal heart are attributed to mutations in SCN5A and TRPM4 [1].

• Athletes with premature advanced conduction disease, particularly those with 
evidence of familial disease, are recommended to proceed to genetic testing with 
the disease typically having an autosomal dominant inheritance [2].

• Cases due to SCN5A mutations can be associated with a BrS overlap syndrome 
[1, 51, 52].

• In individuals with abnormal LV function on echo, lamin A/C (LMNA) or desmin 
(DES) variants should be considered [1]. The presence of a LMNA mutation car-
ries prognostic utility and may influence exercise prescription and recommenda-
tion for ICD implantation [2].

11.5.3.5  Short QT Syndrome
• Short QT syndrome is a very rare inherited arrhythmia syndrome characterised 

by syncope or sudden cardiac death with a shortened QTc (QTc ≤ 330 ms, or 
≤360 ms in the presence of symptoms or a family history).

• The disease is due to gain of function mutations in potassium channel proteins 
(KCNH2-SQT1, KCNQ1-SQT2, KCNJ2-SQT3) [2].

• Neither the genotype nor the duration of the QTc carries prognostic value in 
SQTS [53].

• There is limited evidence that quinidine may be more effective in prolonging the 
QTc in SQT1 and therefore genetic testing can help guide response to therapy 
[54]. Beyond this, the role of genetic testing is limited to benefiting first degree 
family members through predictive testing.

• Due to the very low prevalence of this disease, genetic testing in athletic indi-
viduals should be limited to those with high index of suspicion based on a com-
bination of familial disease, symptoms and a QTc < 330 ms [1, 2].
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11.6  Molecular Autopsy After Sudden Cardiac Death

• In some athletes, sudden cardiac death (SCD) is the first symptom or sign of an 
underlying inherited cardiac condition.

• In many cases the examining pathologist identifies structural abnormalities 
which establish the cause of death.

• Up to 40% of SCDs in athletes remain unexplained following specialised cardiac 
autopsy and toxicology screen [55, 56]. Such deaths are referred to as sudden 
arrhythmic death syndrome (SADS) or sudden unexplained death (SUD) and a 
significant proportion is thought to be due to inherited channelopathies.

• A diagnosis can be established through either clinical screening of first-degree 
family members or through post-mortem genetic testing (“molecular autopsy”) 
in the deceased. Using a combined clinical and molecular autopsy approach can 
establish a diagnosis in approximately 40% of decedents [56].

• In cases of unexplained sudden cardiac death, the most recent guidelines for 
pathologists recommends retention of DNA-rich tissue for post mortem genetic 
analysis [57]. If an unequivocally pathogenic mutation is identified at molecular 
autopsy in the deceased, this result can be used for predictive testing in first- 
degree family members to identify those at risk [5].

11.7  Ethical and Medico-Legal Considerations and Genetic 
Counselling

• There are significant legal considerations for any athlete considering genetic 
testing.
 – The genetic result may have implications with regards to life insurance, whilst 

the particular club or sporting organization may have specific legal 
requirements.

• However, there are key diagnostic, prognostic and therapeutic benefits to genetic 
testing in some circumstances, including potentially initiating life-saving medi-
cation such as beta-blockers, which may also facilitate safe “return to play” [58].

• There are potential implications for first-degree family members of the athlete 
undergoing genetic testing which require consideration. Therefore, before any 
athlete proceeds with genetic testing pre- and post-test genetic counselling by an 
experienced cardiac genetic counsellor is essential [5, 13].

Clinical Pearls
• The clinical phenotype remains the cornerstone of the athlete’s management.
• Appropriately considered genetic testing in athletes can help with diagnosis, 

prognosis, therapeutics and exercise recommendations.
• Genetic testing results fall on a probabilistic spectrum of pathogenicity. Variants 

of uncertain significance (VUS) have limited clinical utility, providing a chal-
lenge for the treating clinician.
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• For LQTS and ACM genetic testing has a significant impact on exercise recom-
mendations. For all other inherited cardiac conditions, recommendations are 
largely based on the clinical phenotype.

• Genetic testing is not recommended in athlete’s who fall within the “grey zone” 
(isolated T wave inversion, cavity dilatation or LVH), in the absence of addi-
tional features suggestive of an inherited cardiac condition.

 Review

 Questions

 1. An 18-year-old professional football player is identified to have a QTc of 490 ms 
on ECG screening. Which of the following statements is true regarding genetic 
testing?
 a. A variant of uncertain significance in KCNQ1 (LQT1) is an indication to 

commence betablocker therapy
 b. Genetic testing in this athlete has no prognostic value as the QTc is <500 ms
 c. Genetic testing is not recommended as the diagnosis is not confirmed
 d. Genetic testing with a long QT panel may help to differentiate congenital 

long QT syndrome from athletic ECG adaptation
 e. The athlete should defer genetic testing to prevent disqualification from com-

petitive football
 2. A 45-year-old man presents following the unexplained sudden death of his 

younger brother on the football field, aged 35 years old. The deceased had under-
gone a negative postmortem and DNA was stored. Which of the following state-
ments is true?
 a. Genetic testing for inherited arrhythmia syndromes can be considered in the 

deceased’s DNA
 b. Genetic testing for inherited arrhythmia syndromes is indicated in the living 

45-year-old brother
 c. Genetic testing should be performed in the brother and the deceased proband 

DNA concurrently
 d. Genetic testing should not be considered in the deceased’s DNA as the post-

mortem is negative
 e. The DNA should be stored for research in the future, but no genetic testing 

should be performed at present
 3. Which of the following statements regarding cascade family genetic testing is 

correct for an athlete with a diagnosis of HCM?
 a. All family members who undergo negative clinical screening based on ECG 

and echo should be referred for diagnostic genetic testing.
 b. First degree family members should be offered extensive genetic panel test-

ing regardless of presence or absence of symptomatology
 c. First degree family members with cardiac symptoms or signs suggestive of 

HCM should be offered extensive genetic panel testing

B. Gray and M. Papadakis



217

 d. If a likely pathogenic variant is found in the athlete, targeted (predictive) 
genetic testing of all first-degree family members is recommended

 e. If a VUS is found in the athlete, genetic testing of all first-degree family mem-
bers is recommended to determine its significance

 Answers

 1. D: In an athlete with borderline QTc prolongation (480–500 ms), genetic testing 
for LQT 1–3 may assist in clarifying the diagnosis. In addition, by confirming 
the diagnosis in the athlete potentially lifesaving betablocker therapy can be 
initiated.

A is not correct as variants of uncertain significance should not lead to an 
alteration in athlete’s management [1].

B is not correct, data shows the greater the QTc interval the higher the poten-
tial risk to the individual [10].

C is not correct, genetic testing is indicated in this situation as it can assist in 
confirming the diagnosis [1].

E is not correct, genetic testing can help facilitate appropriate therapy and 
return to play [58, 59].

 2. A: HRS/EHRA guidelines state that an arrhythmia syndrome focused post mor-
tem genetic testing “molecular autopsy” can be considered (Class IIa) [1].

B is not correct, if DNA is stored on the deceased (the proband) then genetic 
testing should be initiated in them in the first instance. The brother should 
undergo clinical screening, and if there is evidence in him of an inherited cardiac 
condition then directed genetic testing can be ordered.

C is not correct, usually the testing is initiated in the proband in the first 
instance (as above).

D is not correct, a number of inherited cardiac conditions may present with 
sudden death as the first symptom, particularly channelopathies which are asso-
ciated with a structurally normal heart [56].

E is not correct, if DNA is stored then genetic testing for molecular autopsy 
should be initiated especially as the inherited cardiac conditions are autosomal 
dominant and therefore first degree family members have a 50% chance of hav-
ing the same condition [1, 56].

 3. D: Class I indication in EHRA/HRS guidelines with regards to genetic screening 
of first-degree relatives following a pathogenic variant being identified in an indi-
vidual with hypertrophic cardiomyopathy.

A/B/C are not correct as genetic testing should not be performed in family 
members in the first instance without a genetic diagnosis in the index case, inde-
pendent of symptomatology. Clinical testing should be performed in all first-
degree family members. The proband (i.e. the first person diagnosed in the 
family) is tested first whenever possible, and predictive testing is only offered to 
family members for likely pathogenic or pathogenic variants. Therefore, only the 
athlete should be tested genetically for known HCM genes in the first instance. If 
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an actionable gene result is identified in the athlete this can then be used for pre-
dictive testing in the first-degree family members, independent of their clinical 
phenotyping.

E is not correct. A variant of uncertain significance is not an actionable genetic 
variant [4].
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Learning Objectives
 1. Recognize the definition of arterial hypertension and its classification.
 2. Recognize risk factors of arterial hypertension and realize that blood pressure 

levels have to be within the normal range, regardless if one is an athlete or not—
no exceptions.

 3. Understand the safety even of competitive sports if blood pressure values are 
well controlled.

 4. Understand the importance of target organ damage and associated clinical condi-
tion when making the decision regarding eligibility for competitive sports.

 5. Appreciate that if indicated athletes have to be treated non-medically or medi-
cally just like any other patient, but that some drugs cannot be given because they 
are on the list of prohibited drugs, i.e. because of doping.

 6. Recognize the beneficial effects of exercise training in everybody with arterial 
hypertension.

12.1  Introduction

Arterial hypertension is defined by the 2018 European Society of Cardiology 
Guidelines, as office systolic blood pressure (BP) values >140 mmHg and/or dia-
stolic blood pressure values >90 mmHg [1]. These cut-off values are based on evi-
dence from multiple randomized controlled trials having shown that treatment of 
patients with higher values is beneficial and outweighs potential side effects of this 
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treatment [1]. The same cut-off values are used in younger, middle-aged, and older 
people. Fewer data are available in children and adolescents; however, specific 
guidelines for the classification of blood pressure in boys and girls <16 years, have 
been published in 2016 by the European Society of Hypertension [2].

Due to the high prevalence of arterial hypertension in the general population, 
this condition is also one of the most common cardiovascular abnormalities 
reported in the setting of pre-participation screening of large athletic populations 
[3–5]. The common clinical scenarios in this context may include the middle-aged 
individual with cardiovascular risk factors including arterial hypertension, still 
aiming to participate in competitive sports; the middle-aged or even older indi-
vidual with cardiovascular risk factors who aims to improve her/his cardiovascu-
lar risk profile by starting physical activity programs; the young individual with 
high blood pressure who engages in sport but follows an “unhealthy” diet and 
lifestyle.

Sport participation per se should not be considered as a risky undertaking, and as 
a matter of fact the ESC guidelines for cardiovascular disease prevention suggest at 
least 150 min of mild to moderate exercise activity per week [6]. However, hyper-
tension as one of the most important cardiovascular risk factors may induce struc-
tural changes in target organs (Table 12.1) such as the kidneys, retina, brain and the 
heart that may be associated with increased morbidity and mortality in the long 
term. Arterial hypertension is also a risk factor for the occurrence of atherosclerotic 
plaques in peripheral vessels and in the coronary arteries [7, 8]. Furthermore, an 
acute increase in BP during effort may trigger atherosclerotic plaque rupture lead-
ing to acute myocardial infarction or cerebrovascular events [9–11].

A few other minor abnormalities have also been described in athletes with arte-
rial hypertension. These athletes may achieve lower exercise performance on bicy-
cle exercise and show lower cardiovascular fitness with an average 15% reduction 
in maximal oxygen consumption compared to non-hypertensive individuals [12]. 
Additionally, a study on vascular function in hypertensive athletes hypothesized that 
an early and subclinical vascular dysfunction (impaired reduction of peripheral vas-
cular resistances) could be responsible for increased arterial stiffness and preva-
lence of elevated BP at effort, and this may be advocated to explain the reduced 
performance [13].

Table 12.1 Signs of subclinical target organ damage and associated clinical conditions that may 
be helpful for risk stratification and sport eligibility in athletes with hypertension

Target organ damage
Associated clinical 
conditions

LV hypertrophy induced by hypertension Atrial fibrillation
LV diastolic dysfunction Ischemic heart disease
Ultrasound evidence of arterial wall thickening or plaques Heart Failure
Hypertensive eye fundus Peripheral vascular disease
Increase in serum creatinine (men 1.3–1.5 mg/dl; women 
1.2–1.4 mg/dl)

Renal impairment, 
proteinuria

Microalbuminuria Advanced retinopathy
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In order to address the proper management of athletes with arterial hypertension, 
the Sports Cardiology Section of the European Association of Preventive Cardiology 
updated in 2018 the specific recommendations for participation in leisure-time and 
competitive sports [14]. This document, together with other important recent evi-
dence, will be discussed in this chapter.

12.2  Prevalence

• Prevalence of arterial hypertension in the general population varies between 
countries.

• In Italy, a national cross-sectional study in 493 individuals aged 18–35 reported 
elevated BP values in 11% of young adults [15].

• In economically developed countries, the burden of hypertension in young adults 
has been reported as 14% and 21% in men aged 20–29 and 30–39, respectively 
and as 6% and 10% in women in the same age groups [16].

• The largest study on hypertension in athletes was recently published in Italy [3]. 
According to the ESC classification, optimal BP was found in 47%, normal BP 
in 38%, high-normal in 12% and a definite diagnosis of hypertension was made 
in 3%.

• Athletes with hypertension were in the large majority males (87%), and no dif-
ferences were identified related to the sport discipline.

• Risk factors for hypertension were identified in family hypertension history and 
larger body size. Specifically, athletes with larger body size had also higher per-
centage of body fat, suggesting that overweight could be a determinant of 
hypertension.

12.3  Diagnosis

All athletes with a diagnosis of hypertension or suspected hypertension should 
undergo a complete cardiac evaluation including clinical history, physical examina-
tion, resting ECG, echocardiography and exercise testing [14]. Additional testing 
such as ambulatory BP measurements, specific laboratory tests or radiologic evalu-
ation are not routinely performed and are warranted only in selected cases [1].

12.3.1  Medical History

Regarding clinical history, specific attention should be directed to the use of energy 
drinks, supplements (such as vitamins and minerals; see also Chap. 28) and herbal 
remedies, which are commonly used by athletes and are frequently not reported. 
Anti-inflammatory drugs including steroidal or non-steroidal agents are as well 
commonly used by athletes to reduce pain after injuries that are more frequent in 
contact sports such as boxing, soccer, rugby or American football.
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Secondary hypertension may account for up to 8% of hypertension in young 
athletes and therefore should be always suspected and searched for [3, 17]. The red 
flags to suspect secondary hypertension are:

• age at onset younger than 40 years
• resistant hypertension at presentation
• absence of additional risk factors
• severe hypertension
• sudden increase in blood pressure
• obstructive sleep apnea syndrome.

Furthermore, the following combinations of symptoms should raise the suspi-
cion of suffering from rare but clinically significant secondary causes of 
hypertension:

• anxiety, sweating, flushing, headache and paroxysmal hypertension may suggest 
pheochromocytoma

• palpitations, changes in body weight or fatigue may be indicative of thyroid 
dysfunction

• weight gain, fatigue, muscle weakness, hirsutism, skin atrophy and striae rubrae 
may be symptoms and signs of Cushing’s syndrome

• fatigue, constipation, polyuria and muscle weakness may be caused by primary 
hyperaldosteronism

• abdominal bruits on physical examination are characteristic for renal artery ste-
nosis [17].

12.3.2  Blood Pressure Measurement

According to the ESC guidelines the office BP measurement should be performed 
according to specific requirements [1]:

 1. Patient should be seated comfortably in a quiet environment for 5 min before 
beginning BP pressure measurements.

 2. 2 or 3 BP measurements should be recorded 1 or 2 min apart and additional 
measurements only if the first two readings differ by more than 10 mmHg. BP is 
recorded as the average of the last two blood pressure readings.

 3. Additional measurements may have to be performed if BP values vary largely 
(e.g. due to arrhythmias).

 4. Use correct size of cuff according to arm’s circumference.
 5. The cuff should be positioned at the level of the heart with the back and arm sup-

ported to avoid muscle contraction.
 6. When using auscultatory methods use phase 1 and 5 (sudden reduction and dis-

appearance) of Korotkoff sounds to identify systolic blood pressure and diastolic 
blood pressure respectively (see also Chap. 7).

 7. During first visit, measure BP in both arms.
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According to 2018 ESC guidelines blood pressure is classified [1]:

Systolic Diastolic
Optimal <120 and <80
Normal 120–129 and/or 80–84
High Normal 130–139 and/or 85–89
Grade 1 Hypertension 140–159 and/or 90–99
Grade 2 Hypertension 160–179 and/or 100–109
Grade 3 Hypertension ≥180 and/or ≥110
Isolated systolic hypertension ≥140 and <90

In case of high or borderline office BP measurements or when a white coat 
hypertension or masked hypertension is suspected, home BP measurements with a 
well compiled diary of values, and/or ambulatory BP measurement could be consid-
ered for further evaluation. In the athletic population, ambulatory BP measurement 
is preferred, since it provides objective measurements also during the night and 
gives information about dipping. Home blood pressure measurements are useful for 
monitoring over longer time periods. However, information on self-measurements 
may not be precise and some athletes may provide false values fearing the potential 
consequences of high blood pressure on sport eligibility.

12.3.3  Blood Pressure Response During Exercise Testing

• Resting and exercise ECG should be performed in all individuals
• During ergometry BP needs to be documented. This may be more easily 

obtained during bicycle ergometry because the arm is more stable; during 
treadmill testing at higher velocities reliable measurements are more difficult 
to achieve [18].

• During maximal exercise, systolic BP increases by approximately 70  mmHg 
while diastolic BP usually remains unchanged.

• In a large cohort of Olympic athletes, the upper reference value (95th percentile) 
for systolic BP has been reported as 220 mmHg in males and 200 mmHg in 
females, and for diastolic BP 85 mmHg in male and 80 mmHg in female athletes 
[18, 19].

• These values were even exceeded in another large cohort of adolescent, profes-
sional and master athletes undergoing standardized exercise testing on bicycle 
ergometers. Only athletes fulfilling both subjective and objective criteria of com-
plete exhaustion were selected for this study, and the upper normative value of 
systolic BP in male endurance athletes was 247 mmHg, whereas diastolic BP did 
also not change relevantly [20].

An exaggerated BP response to exercise testing may predict incident hyperten-
sion: In athletes with high blood pressure response (HBPR) to exercise, over 7-year 
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follow-up no cardiac events occurred. However, the subsequent incidence of hyper-
tension was higher in the HBPR group (13.5%) compared to controls (3.5%; 
p = 0.009). Baseline BP and HBPR were the strongest predictors of incident hyper-
tension, being 3.6 times higher in these conditions compared to those with normal 
BP response during exercise [19]. Moreover, in a recent study on well- trained triath-
letes, HBPR was found to be associated with the presence of myocardial fibrosis 
detected by cardiac magnetic resonance imaging, but these preliminary observa-
tions require further evaluation in larger cohorts before definite conclusions on 
these potential deleterious effects are allowed [21].

• Overall, HBPR to exercise should not automatically raise concerns in terms of 
sport participation and should not be the reason for medical treatment. 
Nonetheless, these individuals should enter a periodical follow-up program.

12.3.4  Echocardiography

Echocardiography is particularly important to detect potential target organ damage. 
It has to be kept in mind, however, that left ventricular (LV) hypertrophy may both 
represent a physiologic cardiovascular adaptation to exercise or a pathological 
response to hypertension [12, 18]. Generally speaking, hypertrophy induced by 
hypertension can be suspected when the degree of hypertrophy is out of proportion 
in relation to the specific sport discipline.

• LV hypertrophy is defined as LV mass index >95 g/m2 in women or >115 g/m2 
in men

• Geometry is described using the relative wall thickness (RWT = (interventricu-
lar septum + posterior wall)/(end-diastolic diameter)). The pattern of LV hyper-
trophy is defined concentric when associated with an RWT  >  0.42 (see also 
Chap. 4).

• Diastolic dysfunction may be suspected by a trans-mitral E/A ratio <1 or by an 
e′ septal velocity on Tissue Doppler Imaging (TDI) <8 cm/s.

• Global longitudinal strain has been reported as an additional tool to detect sub-
clinical left ventricular impairment and may help to identify athletes with patho-
logical LV hypertrophy due to hypertension [22].

12.3.5  Further Evaluation

Further evaluation should be performed in order to rule out target organ damage. An 
ankle-brachial index <0.9 may suggest peripheral artery disease; carotid sonogra-
phy may help identifying wall thickening or plaques; eye fundoscopy may reveal 
hypertensive retinopathy; lab tests are useful to detect impaired renal function 
through microalbuminuria, increased creatinine or reduced eGFR [1].
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12.4  Management

Athletes should be treated according to the specific ESC guidelines. Management 
strategy is based on risk profile, specific risk scores, and presence or absence of 
target organ damage (Fig. 12.1).

Low, moderate, high, and very high risk correspond to absolute 10-year-risk of 
cardiovascular mortality of <1%, 1–4%, 5–10% and >10% respectively, according 
to the European score system as defined by the 2016 ESC prevention guidelines. 
Athletes with grade 1 hypertension and low risk profile could be treated with non- 
pharmacological measures:

Other RFs,
asymptomatic OD,
or disease

High normal
SBP 130–139
or DBP 85–89

Blood pressure (mmHg)

No other RF

1–2 RF

>3 RF

OD, CKD Stage 3,
or diabetes

CVD, CKD stage >4,
or diabetes with
OD/RFs

Grade 1 HT
SBP 140–159
or DBP 90–99

Grade 2 HT
SBP 160–179

or DBP 100–109

Grade 3 HT
SBP >180

or DBP >110

Low risk

Low risk

Moderate risk

Moderate risk

Low to
moderate risk

Moderate to
high risk

Moderate to
high risk

Moderate to
high risk

High risk

High risk

High riskHigh risk

High risk High to
very high risk

Very high
risk

Very high
risk

Very high
risk

Very high
risk

High risk

Fig. 12.1 Stratification of total cardiovascular risk to quantify prognosis in patients with hyper-
tension [14]. RF: blood pressure (high normal BP; Grades 1–3); gender, age (men > 55 years; 
women > 65 years); smoking; dyslipidaemia (total cholesterol > 190 mg/dL and/or LDL > 115 mg/
dL and/or HDL < 40 mg/dL in men and <46 mg/dL in women); fasting plasma glucose 102–
125  mg/dL; abnormal glucose tolerance test; body mass index >30  kg/m2; abdominal obesity 
(men > 102 cm; women > 88 cm); First degree family history of premature cardiovascular disease 
(men < 55 years; women < 65 years). OD: hypertension-induced LV hypertrophy; carotid wall 
thickening or plaque; carotid-femoral pulse wave velocity >10 m/s; ankle-brachial index <0.9; 
CKD with eGFR 30–60 mL/min/1.73 m2; presence of micro-albuminuria. Established cardiovas-
cular or renal disease: cerebrovascular disease; coronary heart disease; heart failure; symptomatic 
peripheral artery disease; CKD: eGFR < 30 mL/min/1.73 m2; proteinuria; and advanced retinopa-
thy (haemorrhages; exudates; papilloedema). CKD chronic kidney disease, CVD cardiovascular 
disease, DBP diastolic blood pressure, HT hypertension, OD organ damage, RF risk factor, SBP 
systolic blood pressure

12 Specific Cardiovascular Diseases and Competitive Sports Participation: Arterial…



230

• salt restriction
• weight reduction
• alcohol restriction
• increased consumption of vegetables and fruits
• smoking cessation
• discontinuation of supplements, ergogenic and/or anti-inflammatory drugs
• aerobic exercise training

In most cases these measures are effective to control blood pressure. In case 
blood pressure remains elevated or in individuals with grade 2 hypertension or in 
those with higher risk profile, a pharmacological treatment should be taken into 
consideration. In any case, a periodical re-evaluation should be performed.

• The goal of antihypertensive therapy is to reduce blood pressure <140/90 and 
<140/85 mmHg in diabetic patients [14].

12.4.1  Pharmacologic Treatment

Choice of drugs has to be in keeping with the world anti-doping association regula-
tion (www.wada-ama.org). First-choice treatment in athletes is an angiotensin con-
verting enzyme inhibitor or an angiotensin II receptor blocker, since they do not 
affect exercise capacity and are not on the doping list. These are contraindicated, 
however, in female athletes because of potential adverse fatal neonatal effects. 
Alternatively, calcium channel blockers (nifedipine type) are a preferred choice. In 
case more than one drug is needed, combination drugs should be considered as they 
may improve compliance [14]. Beta blockers are usually not recommended due to 
their negative impact on aerobic exercise performance. Also, endurance athletes 
often present with significant bradycardia that may be further accentuated by this 
class of drugs. Beta blockers are also prohibited drugs in some specific sport disci-
plines in which the control of tremor is seeked such as archery and shooting. 
Diuretics should not be used; they are on the list of prohibited drugs since they may 
mask performance enhancing drugs. In selected cases, when a specific drug is con-
sidered mandatory to treat the athlete, a Therapeutic Use Exemption (TUE) can be 
requested at the national/international anti-doping associations.

12.5  Recommendations

• In competitive athletes, normal BP values similar to the general population have 
to be present or have to be attained, i.e. <140/90 and <140/85 mmHg in diabetic 
subjects. In case of higher values, temporary restriction may be advised, with 
possible exception for skill disciplines [14].

• Once blood pressure is well controlled, recommendations for appropriate sport 
disciplines are dependent upon the presence of target organ damage and associ-
ated clinical conditions (Fig. 12.2 and Table 12.2).
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Diagnosis of
Hypertension

Search of causes
and management

Normal BP?

Possible temporary
restriction

ACC –
TOD –

ACC and/or
TOD

No sport restriction
Restrictions may

apply

No

Yes

Fig. 12.2 Recommended decision tree for clinical guidance of athletes with arterial hypertension. 
If blood pressure is well controlled, eligibility is dependent upon the presence of target organ dam-
age and associated clinical conditions. (Modified from [14])

Table 12.2 Criteria for risk stratification in athletes with hypertension (adapted from [14])

Criteria for eligibility Recommendations Evaluation Follow-up
BP well controlled
Further RF: none
TOD: none
ACC: none

All sports History, PE, ECG, 
ET; echoa

Annually

BP well controlled
Further RF: well 
controlled
TOD: none
ACC: none

All sports History, PE, ECG, 
ET; echo

6–12 months

BP well controlled
Further RF: well 
controlled
TOD: present
ACC: none

All sports, except power 
sports known to severely 
increase BP

History, PE, ECG, 
ET; echo

6 months

BP well controlled
Further RF: well 
controlled
TOD: none or present
ACC: present

All sports, except power 
sports known to severely 
increase BPb

History, PE, ECG, 
ET; echo

6 months

Individual recommendations need to also consider cardiovascular risk profile, target organ damage 
(TOD) and associated clinical conditions (ACC)
BP blood pressure, ET exercise testing, PE physical examination, including BP measurements, RF 
risk factors
aEchocardiography according to clinical condition, but once every 1–2 years
bEligibility depending on type and severity of ACC and/or TOD
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• Specifically, in the presence of target organ damage, power sport disciplines are 
not recommended. In the presence of associated clinical conditions (Table 12.2) 
the sport eligibility should be evaluated according to the severity of these condi-
tions [14].

12.6  Summary

In the general population as well as in athletes the prevalence of arterial hypertension 
is relatively high, increases with age and is influenced by all negative effects of the 
Western lifestyle. On the other hand, arterial hypertension is relatively easy to diag-
nose, and diagnostic procedures are rather inexpensive and lend themselves suitable 
for screening of athletes of all ages. In case of confirmation of arterial hypertension, 
in athletes special considerations have to be taken into account regarding the pharma-
cological treatment. While eligibility for competitive sports may have to be restricted 
if target organ damage is present, an athlete with well- controlled BP, having no addi-
tional risk factor or target organ damage, is eligible for competition in all sports.

Clinical Pearls
• Definition of arterial hypertension is the same for athletes and non-athletes and 

defined by the 2018 European Society of Cardiology Guidelines as office sys-
tolic blood pressure values >140 mmHg and/or diastolic blood pressure values 
>90 mmHg.

• Sport participation per se should not be considered as a risky undertaking, and as 
a matter of fact, the ESC guidelines for cardiovascular prevention suggest at least 
150 min of mild to moderate exercise activity per week.

• All athletes with a diagnosis of hypertension or suspected hypertension should 
undergo a complete cardiac evaluation including clinical history, physical exami-
nation, resting ECG, echocardiography and exercise testing.

• Regarding clinical history, ask for the use of energy drinks, supplements and 
herbal remedies as well as anti-inflammatory drugs to reduce pain, which are 
commonly used by athletes, frequently not reported, but may well result in 
increased blood pressure levels.

• Office blood pressure measurement should be performed according to guidelines [1].
• In the athletic population, ambulatory blood pressure measurement is preferred, 

since it provides objective measurements also during the night and gives infor-
mation about dipping.

• During ergometry blood pressure needs to be recorded. This is easier during 
bicycle ergometry because the arm is more stable.

• In a large cohort of Olympic athletes, the upper reference value (95th percentile) for 
systolic blood pressure was 220 mmHg in male and 200 mmHg in females, and for 
diastolic blood pressure 85 mmHg in male and 80 mmHg in female athletes [18].

• Echocardiography is particularly important in hypertensive athletes to detect 
potential target organ damage.
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• Recommendation for choice of competitive sports depends on the actual blood 
pressure values, target organ damage and associated clinical conditions.

• Athletes, just like any other patients, need to be regularly followed.

 Review

 Questions

 1. Secondary hypertension may account for up to 8% of hypertension in young 
athletes and therefore should always be searched for. What are the red flags to 
suspect a secondary hypertension?

 2. Both athletes and patients have to reach normal blood pressure values, if needed 
with the help of medical drugs. In athletes, generally speaking, what are the pre-
ferred types of drugs and which ones should usually not be prescribed?

 3. Can athletes with well controlled blood pressure values participate in any com-
petitive sport?

 Answers

 1. Red flags to suspect secondary arterial hypertension are:
 (a) age at onset younger than 40 years
 (b) resistant hypertension at presentation
 (c) absence of additional risk factors
 (d) severe hypertension
 (e) sudden increase in blood pressure
 (f) obstructive sleep apnea syndrome.

 2. First-choice treatment is an angiotensin converting enzyme inhibitor or an angio-
tensin II receptor blocker, which however is contraindicated in female athletes 
because of potential adverse neonatal effects. Alternatively, calcium channel 
blockers (nifedipine type) are a preferred choice. Beta blockers are not recom-
mended due to their negative impact on aerobic exercise performance, frequent 
bradycardia and their presence on the list of prohibited drugs. The latter holds 
true for diuretics as well.

 3. Generally speaking, decision about specific sports has to be made in the light of 
the individual cardiac risk and absence or presence of end organ damage and 
associated clinical conditions.
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Learning Objectives
 1. Learn the abnormal ECG pattern not commonly seen in athletes which may sug-

gest a structural heart disease.
 2. Learn the clues on cardiovascular imaging to distinguish between physiological 

and pathological adaptation of the heart.
 3. Understand the risk stratification for sudden cardiac death in athletes with hyper-

trophic cardiomyopathy (HCM).
 4. Become familiar with the current recommendations for sport participation in 

individuals with HCM.

13.1  Introduction

Hypertrophic cardiomyopathy (HCM) is a relevant pathologic condition in athletes, 
because it represents one of the common causes of SCD [1–3]. The diagnosis of 
HCM relies on the presence of a hypertrophied left ventricle (LV; i.e. LV wall thick-
ness >15 mm) in the absence of cardiac or systemic disease capable of producing 
the same magnitude of LV hypertrophy [4]. The diagnosis in young competitive 
athletes may be challenging when the extent of LV hypertrophy is mild and LV wall 
thickness is in the range of 13–15 mm, which identifies the ‘gray zone’ of overlap 
between the physiologic cardiac adaptation to intensive exercise training and mild 
phenotypic expression of the disease (Fig. 13.1) [5, 6].
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13.2  Clinical Evaluation

Hypertrophic Cardiomyopathy may be difficult to identify during clinical evalua-
tion of the athlete since the majority of young individuals are asymptomatic. 
However, the red flags that should rise a suspicion of a structural heart disease are 
represented by

• exercise induced syncope and palpitations; in these cases, extensive cardiac 
imaging should be warranted to rule out a cardiomyopathy.

• Family history should also be accurately investigated for the presence of cardio-
myopathies and sudden cardiac death in young age.

• In a minority of subjects, especially those with more marked phenotypic expres-
sion, a systolic murmur which is accentuated in the sitting position, may suggest 
an obstructive form of hypertrophic cardiomyopathy.

13.3  The 12-lead ECG

The ECG is abnormal in over 95% of adult athletes with HCM [7, 8]. Large QRS 
voltages are common in all individuals with HCM, but this finding is also common 
in trained athletes. More relevant to the diagnosis are the repolarization 
abnormalities:

 (a) T-wave inversion especially in inferior and lateral leads, and
 (b) ST-segment depression,

which are unlikely to be present in case of physiologic LV hypertrophy (Fig. 13.2) 
(see also Chap. 8).

24 mm 13 mm

Hypertrophic
cardiomyopathy

Gray
zone

Normal wall
thickness

10 mm

Fig. 13.1 Schematic depiction of the so-called “gray zone” of athlete’s heart. This zone indicates 
a certain range of mildly increased left ventricular wall thickness (usually 13–15 mm) that can 
either be explained by physiological adaptations to intensive sport or by an early expression of 
hypertrophic cardiomyopathy
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Cardiac MRI (see below) should be a standard component of the assessment for 
markedly abnormal ECGs suggestive of apical HCM, specifically ECGs with deep 
T-wave inversion and ST segment depression in the lateral or infero-lateral leads, in 
which echocardiography usually does not provide adequate assessment of the LV 
apex and inferior septum.

In addition, pathological Q waves, left atrial enlargement and left axis deviation 
are common abnormalities in HCM, and less frequent in trained hearts. To be 
noticed, lateral T-wave inversion has a 14% diagnostic yield for HCM, but is also 
detectable in 4% of normal black athletes [9] (see Chap. 26).

• Of relevance, the finding of abnormal repolarization patterns, particularly in ado-
lescent and young athletes, may precede by several years the development of 
overt structural disease and require serial evaluation with imaging testing [10].

• Finally, a minority (5–10%) of young individuals with HCM may have a normal 
ECG, or just increased R/S wave voltage in isolation [11], which are overlapping 
the ECG findings common in young trained athletes.

13.4  Imaging Testing

Cardiac imaging offers several clues for diagnosis, having in mind that no single 
parameter may ultimately be diagnostic per se, but final decision should always 
consider all clinical information available. Diagnosis may be challenging when the 
extent of LV hypertrophy is mild (i.e., <15 mm), because detection of LV wall thick-
ness, even segmentally above this value, is diagnostic for HCM.

Fig. 13.2 ECG of a 40-year-old asymptomatic marathon runner with family history of 
Hypertrophic Cardiomyopathy (HCM) and sudden cardiac death. ECG shows diffuse infero- lateral 
negative T Waves. Echocardiography showed concentric left ventricular hypertrophy suggestive of 
HCM
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13.4.1  Echocardiography

When the extent of LV hypertrophy is borderline (i.e., >12 but <15 mm), the most 
useful morphologic criterion is the assessment of LV cavity size and geometry.

• Athletes in the gray zone typically show an enlarged LV cavity (the cut off of LV 
end-diastolic diameter >54 mm has been suggested), while HCM athletes in the 
vast majority have a smaller cavity [12].

• However, in a few HCM athletes, especially those with apical phenotype, the 
cavity size may be normal or mildly enlarged (Fig. 13.3) [13].

Indeed, the shape of LV chamber is altered in most HCM patients, due to the 
usual asymmetric, segmental, and centripetal development of the pathologic hyper-
trophy. As a general rule, the development of physiologic LV hypertrophy in the 
context of the athlete’s heart is associated with LV cavity enlargement, with an 
eccentric pattern, at difference from HCM [6, 13, 14].

The highest degree of LV hypertrophy in athletes is seen in male gender, with 
values up to 15 mm in white and 16 mm in Afro-American athletes [15, 16]. Less 
hypertrophy is found in female athletes, with values up to 11 mm in whites and 
13 mm in Afro-Americans [17, 18] (regarding the latter see also Chap. 26). To be 
noticed that LV hypertrophy is typically found in individuals engaged in a combi-
nation of high volume and pressure overload, such as rowing, canoeing, cycling 
[5, 19, 20].

Fig. 13.3 Echocardiographic findings in an 18-year-old black soccer player. LV wall thickness 
was 16 mm while cavity size in diastole was 51 mm, describing therefore a concentric hypertrophy. 
ECG on the right shows infero-lateral negative T waves. The overall clinical picture was suggestive 
of HCM

A. Pelliccia and S. Caselli



241

• Athletes usually show a homogeneous distribution of wall thickness with abso-
lute differences of <2 mm between the thickest and the less thickened segments 
of the LV.
 – On the contrary, an asymmetric and heterogeneous pattern of LV hypertrophy 

represents a phenotypic expression of HCM.
• Athletes show a preserved LV chamber geometry with mitral valve normally 

located.
 – On the contrary, certain mitral abnormalities may be present in HCM athletes, 

such as elongation of mitral chordae, with systolic anterior motion and flow 
acceleration in the LV outflow tract [21, 22].

Additionally, while LV outflow obstruction may not be evident under resting 
conditions, it could be precipitated by exercise and thus be demonstrated on stress 
echocardiography in HCM patients [23].

LV systolic function is usually within the range of normality in both normal and 
HCM athletes. Only subtle differences in myocardial contraction can be detected by 
STE. Preliminary observations suggest that HCM with mild LV hypertrophy may 
already present a reduction in longitudinal endocardial strain, with a cut-off value 
<−15% able to identify pathologic hypertrophy with good accuracy (sensitivity 
79%; specificity 67%). Therefore, values below this cut-off may be suggestive for 
pathologic LV hypertrophy [24, 25].

One of the most consistent features of the athlete’s heart is the normal diastolic 
function, expression of preserved elastic, and recoil LV properties [26]. Conversely, 
in HCM, LV diastolic function may present impairment as an expression of myo-
cyte alteration and interstitial fibrosis. Few individuals may show an inversion of the 
E/A ratio, but most frequently in HCM a subclinical impairment is associated with 
a reduction of the e′ velocity on TDI [26].

13.4.2  Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance imaging is indicated in all cases when echocardio-
graphic images are not able to clearly identify all myocardial segments, in order to 
exclude segmental areas of hypertrophy (in particular, the apex and lateral wall).

• CMR should be performed in all cases with associated marked ECG abnormali-
ties and/or arrhythmias.

The high-contrast of CMR images between endocardial surface and the blood 
pool allows a better definition and distribution of LV hypertrophy and areas of focal 
hypertrophy. Most importantly, the use of Late gadolinium enhancement techniques 
(LGE) enables tissue characterization and identification of focal areas of myocar-
dial fibrosis [21]. The presence of LGE with a non-ischemic pattern in the hypertro-
phied segments is suggestive of myocardial fibrosis, and consistent with the 
diagnosis of HCM (see also Chap. 20).
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It is worthy to mention that left atrial size may not be particularly helpful in this 
specific scenario. Left atrial enlargement has been described in athletes as an expres-
sion of global cardiac adaptation to training and is typically associated with 
increased LV size, at difference than in HCM where LV cavity is usually of normal 
size or even reduced, and LA appears disproportionately enlarged [6]. Additionally, 
while in older HCM patients LA enlargement is a common finding and is consid-
ered a reliable criterion for the diagnosis and risk stratification, in young and asymp-
tomatic HCM patients with mild expression of the disease, this finding may not be 
present as well, with the apparent paradox that young athletes may have larger LA 
compared with young HCM patients (Fig. 13.4).

13.5  Genetic Testing

In the majority of cases, HCM is inherited as an autosomal dominant genetic trait 
with a 50% risk of transmission to offspring, but numbers of cases are due to de 
novo mutations. Indeed, apparently sporadic cases may be expression of incomplete 
penetrance and, less commonly, autosomal recessive inheritance.

In patients fulfilling HCM diagnostic criteria, sequencing of sarcomere protein 
genes identifies a disease-causing mutation in up to 60% of cases [4]. Therefore, at 
present time, genetic testing is not recommended as routine tool to make diagnosis 
of HCM, as the absence of a sarcomere mutation does not exclude familial HCM 
and variants of uncertain significance can be difficult to interpret [9].

• Genetic testing is advised only in patients already fulfilling the diagnostic crite-
ria for HCM, to enable cascade genetic screening of their relatives.

• Therefore, in athletes with diagnosis of HCM, genetic testing should be advised 
by an experienced cardiologist after detailed clinical and family assessment (see 
also Chap. 12).

HCM Findings

Family history of SCD/A or HCM

Major ECG abnormalities (T wave inversions)

Normal or reduced LV cavity size (< 54 mm)

Abnormal LV geometry

LV outflow tract obstruction

Abnormal diastolic filling / relaxation

LGE on CMR

Unchanged LV wall thickness after detraining

Athlete

+

+

+

+

+

+

+

+

-

-

-

-

-

-

-

-

Fig. 13.4 Criteria for the differential diagnosis of athlete’s heart and HCM in the gray zone of 
13–15 mm with cardiovascular imaging
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13.6  Exercise Testing and 24- to 48-h Holter Monitoring

The presence of non-sustained ventricular tachycardia (NSVT), or ST segment 
depression/T wave inversion during exercise, or flat blood pressure response 
(<20 mmHg rise in systolic pressure from baseline to peak exercise) and a low peak 
oxygen consumption (<84% predicted) are elements confirming the diagnosis of 
HCM and relevant for risk stratification of the individual patient [27].

In particular, detection of NSVT induced by exercise or an impaired blood pres-
sure raise during effort are considered conveying a high-level of risk. However, it 
should also be reminded that absence of arrhythmias or normalization during exer-
cise of T-wave inversion or ST-depression (present at rest) does not exclude the 
presence of HCM and does not necessarily imply a low-risk condition.

13.7  Detraining

Finally, when the differential diagnosis cannot be completely resolved with conven-
tional tests, useful information may be gained from serial observation of the indi-
vidual athletes after an adequate period of detraining. Serial echocardiographic 
studies (or even better, CMR images) demonstrating regression of LV hypertrophy 
after at least a 3-month period of complete deconditioning in a subject without fam-
ily history of HCM are consistent with diagnosis of physiological LV hypertrophy 
[28, 29].

13.8  How to Stratify the Risk in Athletes with HCM

Risk stratification in athletes with HCM is challenging, due to the lack of prospec-
tive studies reporting the outcome of the disease in patients engaging in regular and 
intensive exercise programmes. The current ESC [4] and AHA [30] algorithms to 
assess the risk of sudden cardiac death/cardiac arrest (SCD/CA) in the HCM popu-
lation cannot be extrapolated to individuals regularly exposed to the hemodynamic 
and metabolic stresses of an athletic lifestyle since they have not been validated in 
this particular population.

Circumstantial evidence has suggested that intensive exercise and sport partici-
pation itself may play a role in triggering SCD/CA [1]. This largely agreed belief is 
based on several considerations, as here summarized:

• Among young athletes in the US, HCM was reported in pathologic registries as 
one of the most common cause of exercise related SCD/CA (Chap. 6).

• Participation in high-intensity competitive sports has been considered as an inde-
pendent risk for SCD/CA, even in the absence of the conventional risk markers, 
due to alterations in hydration, electrolyte and acid base status and surges in 
catecholamine levels that typically are induced by intensive exercise.
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• The incidence of SCD/CA has been reported to be higher in highly-dynamic 
sport, such as basketball, football, swimming, particularly in athletes of Division 
I compared to Division II and III, suggesting that intensity of training schedule 
and level of athletic performance may have a causative role [31].

• Just recently, HCM has been reported as one of the most common causes of 
SCD/CA in adolescent athletes engaged in the English football champion-
ship [32].

However, over the years the concern for exercise and sport participation in 
patients with HCM has been softening, based on novel information. In fact, retro-
spective observations indicate that SCD/CA is rare in HCM, and less than 1% in 
high risk patients and likely much lower in the general HCM population. This 
assumption is supported by the observation that only a minority (i.e., <30%) of 
physically active HCM who die suddenly, do so during exercise [33], which sug-
gests that most patients are not exposed to a significant additional risk being engaged 
in exercise programmes. Consistently, Lampert et al. reported that HCM patients 
implanted with ICD had similar rates of appropriate or inappropriate shocks during 
exercise or during resting condition [34].

Indeed, there has been accumulating scientific evidence to support the benefits of 
regular exercise programmes in patients with HCM:

• A recent randomized clinical trial demonstrated that patients with HCM may 
safely engage in moderate-intensity, regular exercise programmes [35].
 – Just after 16 weeks of an active lifestyle, a mild (+6%), statistically significant 

increase in VO2max and exercise capacity was observed.
 – Of relevance, there were no episodes of sustained ventricular arrhythmia, car-

diac arrest, or appropriate defibrillator shocks even in patients with a moder-
ate or high-risk profile.

• Klempfner et al. reported similar results in symptomatic HCM patients enrolled 
in a supervised cardiac exercise program [36].
 – After a short-term period (average, 40 h exercise) the vast majority of patients 

(80%) reported subjective improvement in their clinical condition and the 
NYHA class improved from baseline by >1 grade.

 – Functional capacity, assessed by the change in maximally attained METs, 
improved by 46% and during the 12 months follow up period, none of the 
patients experienced clinical deterioration, significant adverse events or ICD 
discharges.

• Recently, Pelliccia et al. reported that in a small cohort of 35 HCM athletes, over 
a 9-year follow-up, there were no differences in the incidence of symptoms (syn-
cope, palpitations, 2% per year), or major events between athletes who had 
become sedentary (n = 20) after diagnosis of HCM and athletes with the disease 
that continued to engage in competitive sport (n = 15).
 – In this cohort there was one cardiac arrest during the surveillance period, 

which was unrelated to exercise [37].
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Overall, the scarce available literature indicates that, within the broad spectrum 
of the HCM, there are selected patients who are not exposed to a significant risk 
despite being engaged in exercise programmes for a long-time period.

It is indisputable, however, that absence of major risk factors does not convey 
immunity to SCD/CA, and even patients that are judged to be at low-risk (i.e., in the 
absence of major risk determinants) may die suddenly [38]. Therefore, when advis-
ing a patient with HCM regarding participation to intensive exercise programmes 
and competitive sport this consideration should be an integral part of discussion 
during the decision making.

Based on the evolving knowledge in this field, we believe:

 1. that risk stratification should be individualized, taking into account symptoms, 
established risk factors for SCD/CA, natural history of the disease, age of the 
athlete and characteristics of the sport discipline.

 2. that it is crucial to involve the athlete in the decision-making process, with the 
duty for the physician to inform comprehensively the patient of characteristics of 
the disease in the individual case, with special attention to the risk factors for 
SCD/CA. The physician should run an open discussion with the patient about the 
potential risks associated with on-going competitive sport and/or high-intensity 
exercise programmes.

 3. that athletes should have full judgment and complete understanding of the physi-
cian explanation and should be free from patent conditions of misunderstanding, 
or obligation to sponsor, media or athletic team.

13.9  Advising Exercise and Sport Participation

It is reasonable that the actual risk associated with mild to moderate exercise pro-
grammes is less than previously anticipated and, therefore, the majority of patients 
with HCM should not be deprived of the many cardiovascular, metabolic and 
psychological benefits afforded by regular exercise. Regular exercise improves 
functional capacity and may reduce the impact of excessive body weight on symp-
tom progression in HCM patients, in whom obesity promotes worsening of the 
disease [39].

Patients with HCM should be advised not to participate in exercise programmes 
that require pursuit of excellence or high pressure to excel against others and 
involves explosive bouts of intensive exercise. It is necessary for clinicians to indi-
vidualize exercise prescription, balancing the clinical status of the patient with the 
type, intensity and frequency of the physical and/or sport activity deemed to be 
initiated.

Exercise prescription should be guided by exercise testing, aiming for a sub-
maximal, well-tolerated level of exercise intensity. Exercise testing is useful not 
only to assess the individual response to exercise (i.e., induction of ischemic ECG 
changes, rise or drop in blood pressure, occurrence of arrhythmias and/or symp-
toms) but also to derive the heart rate range the individual patient should maintain 
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during the exercise programme. The following issues should particularly be 
considered:

• Patients should be fully informed of the clinical peculiarities of the disease, 
including the modalities of clinical presentation, and warned about the incidence 
of potential symptoms that occur in association with exercise.

• Patients should be advised to start exercise sessions with a warm-up period, and 
at the end of the session an appropriate cool-down period is also recommended.

• Exercise programmes characterized by a progressive increase in intensity should 
be closely monitored by the physician (ideally in contact with the coach), in 
order to adapt the intensity, duration and frequency of training to the individual 
cardiac capabilities.

• As a general rule, patients should avoid exercising in adverse environments (high 
altitude, extreme climate conditions; see Chap. 35).

• In the choice of indoor activities, patients with HCM should be encouraged to 
exercise in environments equipped with automatic defibrillators and personnel 
trained in its use.

• Finally, patients should preferentially avoid high-intensity free weight lifting, to 
reduce the risk of injury in the event of a syncope.

13.9.1  Competitive Sport Activities

Participation in intensive exercise programmes and competitive sport should be 
considered on an individual basis, after full evaluation of the disease characteristics 
and risk determinants [40]. Specifically, conditions that reasonably represent abso-
lute contraindications for sport participation include:

 1. symptoms, particularly unheralded syncope
 2. previous history of aborted SCD/CA
 3. exercise induced ventricular tachycardia
 4. documentation of a significant increase in LV outflow gradient (>50 mmHg)
 5. abnormal blood pressure response to exercise
 6. ESC 5-year risk score >4 [4].

Following comprehensive explanation of the disease characteristics, risk factors 
and potential outcomes, assuring that a reasonable understanding and agreement 
has been reached between the athlete and the physician, it seems reasonable that 
selected athletes, who respond to the previous criteria and present the following 
characteristics may be allowed to participate in all competitive sport (with excep-
tion of those at intrinsic risk):

 1. adult age, with long-term previous experience of sport participation
 2. mild clinical expressions of HCM
 3. absence of exercise-induced tachyarrhythmias
 4. low ESC risk profile (<4).
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Such athletes should be reviewed annually to assess symptoms and changes in 
risk profile. This recommendation should be viewed in the context of the cultural 
and customary medical care in place and should not override the existing medical 
and legal boundaries existing in the different countries (Class IIb; Level of 
Evidence C).

Clinical Pearls
• ECG is abnormal in 95% of adult athletes with HCM. T-wave inversion espe-

cially in inferior and lateral leads, and ST-segment depression, are an unlikely 
expression of physiologic LV hypertrophy and should be investigated with exten-
sive cardiovascular imaging.

• Physiologic LV hypertrophy is always associated with cavity enlargement in ath-
letes, so that the chamber geometry is preserved.

• The highest degree of LV hypertrophy is usually detected in male athletes 
engaged in endurance or mixed disciplines. Females usually show a lower degree 
of hypertrophy.

• Routine genetic testing is not recommended as a diagnostic tool for HCM but is 
advised only in patients already fulfilling the diagnostic criteria for HCM, to 
enable cascade genetic screening of their relatives.

• All patients with HCM should be fully informed of the clinical peculiarities of 
the disease and warned about the risks associated with sport participation.

• As recommended by the current guidelines HCM individuals should be discour-
aged to participate in competitive sports.

 Review

 Questions

 1. In the presence of infero-lateral T waves, is a normal echocardiography enough 
or should the athlete undergo cardiac magnetic resonance?

 2. Is left atrial dilatation a marker of HCM?
 3. Should HCM individuals avoid any sport activity?

 Answers

 1. Infero-lateral negative T waves are uncommon in athletes and a likely expression 
of a structural cardiovascular disease and most common HCM. Therefore, it is 
advised that a CMR is performed in order to exclude small areas of focal hyper-
trophy or fibrosis.

 2. No. Left atrial enlargement has been described in athletes as an expression of 
global cardiac adaptation to training and is typically associated with increased 
LV size. Therefore, dilated left atrium is not a specific sign of HCM.
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 3. Competitive sports are not recommended by the current guidelines. A tailored 
non-competitive exercise program may be recommended based on careful 
assessment of risk profile.
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Learning Objectives
 1. Understand the pathophysiology of arrhythmogenic cardiomyopathy and its role 

as a cause of sudden death in the young.
 2. Learn how to diagnose arrhythmogenic cardiomyopathy and to recognize the 

different phenotypes.
 3. Differentiate arrhythmogenic cardiomyopathy from athlete’s heart.
 4. Become familiar with risk stratification and management of arrhythmogenic 

cardiomyopathy.
 5. Be able to understand the implications for sports eligibility and exercise pre-

scription of patients with arrhythmogenic cardiomyopathy.

14.1  Introduction

Arrhythmogenic cardiomyopathy (ACM) is an inherited heart muscle disease char-
acterized pathologically by fibrofatty myocardial replacement and clinically by 
prominent ventricular arrhythmias and impairment of ventricular systolic function 
[1]. Although the original disease phenotype was characterized by predominant 
right ventricular (RV) involvement, with minor and late left ventricle (LV) disease, 
clinical variants characterized by early and greater LV involvement, which may 
parallel (i.e. biventricular ACM) or exceed (i.e. left-dominant ACM) the severity of 
RV involvement, have been increasingly reported. These findings have led over the 
past few years to the increasing use of the broader term of “arrhythmogenic cardio-
myopathy,” which encompasses all the phenotypic expressions [2].
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The fibro-fatty myocardial scar acts as a substrate of ventricular electrical insta-
bility which may lead to arrhythmic cardiac arrest, mostly in young people [3, 4]. 
Life-threatening ventricular arrhythmias are triggered by physical exercise, and par-
ticipation in competitive athletics has been associated with an increased risk for 
sudden cardiac death (SCD) (Fig. 14.1) [5–7]. In addition, sport activity has been 
implicated as a factor promoting acceleration of disease progression [8–10]. This 

a

b e

c f

d

Fig. 14.1 Pathologic features of arrhythmogenic cardiomyopathy. Classical right ventricular 
(RV) variant: (a) Gross transverse section of the heart that shows anterior and posterior RV wall 
thinning because of myocardial atrophy and a subtricuspidal aneurysm. Full-thickness histology of 
the posterior (b) and anterior (c) RV free wall that shows fibrofatty tissue replacement. There is 
thinning and residual myocardium confined to the endocardial trabeculae (trichrome stain). 
Biventricular variant: (d) Gross examination of a transverse section of the heart. Note the transmu-
ral RV free wall involvement as compared with the subepicardial midmural left ventricular (LV) 
free wall involvement. (e) Histology of the RV free wall confirms the transmural myocardial atro-
phy with fibrofatty replacement. (f) The histology of the LV free wall shows replacement-type 
fibrosis of the outer layer with preserved wall thickness (trichrome stain). (Reproduced with per-
mission from Corrado D et al. [2])
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chapter will examine the pathophysiology, natural history, diagnosis, prognosis and 
clinical management of ACM, with particular reference to the athletic population 
and relevance to risk of SCD during sports.

14.2  Disease Mechanism and Natural History

The prevalence of ACM is estimated to range from 1 case in 2000–5000 persons in 
the general population. Clinical presentation of ACM becomes clinically apparent 
between the second and fourth decades of life. The disease is more malignant in 
men and this has been in part ascribed to the sex-based differences in the amount or 
intensity of exercise [1, 2].

The disease process is characterized by

• the progressive loss of myocytes because of a genetically determined defect of 
the intercellular junction structures (desmosomes)

• subsequent fibrofatty replacement of the ventricular myocardium of both 
ventricles.

It has been postulated that the genetically-determined impairment of myocyte 
cell-to-cell adhesion may lead to tissue and organ fragility that is sufficient to pro-
mote myocyte death and subsequent fibrofatty repair, especially under conditions of 
mechanical stress such as those occurring during physical activity [4, 11]. The 
resulting alterations in the myocardial structure not only can impair the mechanical 
function of the ventricles but render affected individuals vulnerable to life- 
threatening ventricular arrhythmias. Patients may experience scar-related mono-
morphic ventricular tachycardia, which is caused by a re-entrant circuit related to 
the underlying fibrofatty ventricular scar [12]. Ventricular fibrillation and SCD may 
also occur in young patients during the so-called “hot phases” of the disease natural 
course, as a consequence of myocarditis-mediated bouts of acute myocyte death 
leading to acute electrical instability [4]. Loss of expression of desmosomal proteins 
might “per se” induce electrical myocardial instability by secondary sodium ion- 
channel dysfunction, and current reduction that predisposes to lethal ventricular 
arrhythmias even prior to the expression of an overt structural abnormality [13].

The natural history of the disease is typically characterized by four different 
phases:

 1. “Concealed”, characterised by the absence of subtle RV structural changes, with 
or without minor ventricular arrhythmias, during which SCD may occasionally 
be the first manifestation of the disease, mostly in young people during competi-
tive sports or intense physical exercise.

 2. “Overt electrical disorder” in which symptomatic RV arrhythmias possibly lead-
ing to sudden cardiac arrest are associated with overt RV functional and struc-
tural abnormalities.
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 3. “RV failure” caused by the progression and extension of RV muscle disease that 
provoke global RV dysfunction with relatively preserved LV function.

 4. “Biventricular pump failure” caused by pronounced LV involvement. At this 
stage, ACM mimics biventricular dilated cardiomyopathy of other causes lead-
ing to congestive heart failure. A sizeable proportion of patients show early and 
severe LV involvement, which may either parallel (“biventricular”) or exceed 
(“left dominant”) the severity of RV disease [1, 2, 4, 11].

Exercise has been implicated as the most important environmental factor for 
promotion and progression of the ACM phenotypic expression: physical activity 
acutely increases the ventricular stress and accelerates the process of detachment, 
degeneration and death of genetically defective myocytes by disrupting intercellular 
junctions [4, 7, 11, 14]. In an animal model of plakoglobin-deficient mice, endur-
ance training worsened the mechanical and electrical pathologic ventricular remod-
elling and induced RV dilatation, dysfunction and ventricular ectopy, supporting the 
concept that sport-related chronic ventricular overload might contribute to the 
development of the ACM phenotype in genetically susceptible individuals [15]. 
Studies in ACM-gene mutations carriers confirmed that endurance sports and sus-
tained exercise increase age-related penetrance, risk of ventricular tachycardia/ven-
tricular fibrillation and occurrence of heart failure. Moreover, in affected individuals 
physical activity is a strong pro-arrhythmic factor, because of adrenergic and 
mechanical stimulation of the diseased myocardium [7–10, 14].

It has been postulated that intense physical exertion may cause an ACM pheno-
copy characterized by dilatation and dysfunction of the RV in the absence of a 
pathological genetic substrate [16]. The theory, which has not been confirmed by 
other studies on large populations of highly trained athletes, was based on the study 
observations of a group of endurance athletes showing ventricular arrhythmias of 
RV origin and clinical features of underlying RV disease. However, the imaging 
features of the acquired phenocopy differed from those of desmosomal-gene related 
ACM, particularly due to the lack of RV wall motion abnormalities and fibrosis/
late-gadolinium enhancement, which represent the distinctive pathologic abnormal-
ities of ACM [17].

14.3  Diagnosis

The diagnosis is based on a series of criteria including

• histopathological manifestations
• alterations in cardiac structure and function
• electrocardiographic abnormalities
• arrhythmic manifestations
• identification of disease-causing genetic mutations (Figs. 14.2 and 14.3)
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that were elaborated by an International Task Force of experts (Table 14.1) [18]. 
As no single criterion is accurate enough, the diagnosis requires a combination of 
criteria (classified as minor or major according to their specificity). Specifically, the 
diagnosis of “definite” disease is fulfilled in the presence of two major criteria, or, 
one major and two minor, or, four minor criteria from different categories. The diag-
nosis is considered “borderline” in the presence of one major and two minor criteria 
or three minor criteria, and “possible” when two minor criteria are met.

14.3.1  Classic Right Ventricular Phenotype

The classic phenotype is characterized by prevalent RV involvement with progres-
sive fibro-fatty replacement of the ventricular myocardium, which is the histopatho-
logic hallmark of the disease. Demonstration of fibrous or fibrofatty replacement on 
endomyocardial biopsy is the most specific diagnostic criteria [19].

a b c e

d

Fig. 14.2 Electrocardiographic findings in arrhythmogenic cardiomyopathy. (a) Right precordial 
repolarization alterations characterized by negative T waves in leads V1 through V3 and (b) depo-
larization abnormalities consisting of epsilon waves (arrow) and prolongation of QRS complex 
because of delayed S-wave upstroke leading to a significant terminal activation delay (TAD). (c) 
Late potentials on signal-averaged ECG. (d) Low QRS voltages (<0.5 mV) in the limb leads. (e) 
Ventricular tachycardia with a left bundle brunch block and superior axis morphology. (Reproduced 
with permission from Corrado D et al. [2])
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The process of progressive myocyte loss causes a gradual dilation and systolic 
dysfunction of the RV, initially at a regional level and, as the disease progresses, at 
a global level. The regional distribution of RV wall motion abnormalities (bulging, 
akinesis or diskinesis) is highly specific for ACM and allows differentiation from 
other RV conditions (e.g. congenital heart diseases, pulmonary hypertension, or 
athlete’s heart), characterized by uniform dilation/dysfunction of the entire 
RV.  Hence, imaging diagnosis of ACM requires demonstration of regional wall 
motion abnormalities [20].

a b

c d

Fig. 14.3 Imaging features of arrhythmogenic cardiomyopathy. Morphofunctional and histologic 
abnormalities on imaging and endomyocardial biopsy. (a) Two-dimensional echocardiogram 
(parasternal short-axis view), showing dilatation of the right ventricular outflow tract (PSAX- 
RVOT = 37 mm). (b) Diastolic frame of 4-chamber view on post-contrast sequences by cardiac 
magnetic resonance showing biventricular dilatation and wall thinning with evidence of a throm-
bus in the right ventricular (RV) apex (black arrow), diastolic bulging of the peritricuspid region 
(white empty arrow), and intramyocardial late gadolinium enhancement because of fibrofatty scar 
involving the left ventricular free wall (solid white arrows) and septum (solid white arrow). (c) 
Angiography showing RV dilatation with a bulging of the right ventricular outflow tract (arrows). 
(d) Endomyocardial biopsy revealing myocyte loss with fibrofatty replacement. Reproduced with 
permission from Corrado D et al. [2]. AO aorta, LA left atrial, LV left ventricle, RA right atrial
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Table 14.1 International Task Force criteria for the diagnosis of arrhythmogenic 
cardiomyopathy

1. Endomyocardial biopsy
Major:
•  The total amount of the residual myocytes is less than 60% by morphometric analysis (or less 

than 50% if estimated), and the remaining of the free wall myocardium is replaced by fibrous 
tissue with or without fatty changes in more than one sample.

Minor:
•  The total amount of the residual myocytes is 60% to 75% by morphometric analysis (or 50% 

to 65% if estimated), and the remaining of the free wall myocardium is replaced by fibrous 
tissue with or without fatty changes in more than one sample.

2. Right ventricular structural and functional abnormalities
A. Echocardiography
Major:
• Regional wall akinesis, diskinesis, or aneurismal dilatation of the RV
plus one of the following:
1.  Right ventricular outflow tract more than 19 mm/m2 in parasternal long axis view at the end 

diastole, or more than 21 mm/m2 in parasternal short axis view at the end diastole
2. RV fractional area change <33%.
Minor:
• Regional wall akinesis or diskinesis
plus one of the following:
1.  Right ventricular out flow tract of 16–19 mm/m2 in parasternal short axis view at the end 

diastole or 18–21 mm/m2 in parasternal short axis view at the end diastole
2. RV fractional area change 33–40%.
B. Cardiac magnetic resonance
Major:
• Regional wall akinesis or diskinesis or dyssynchronous contraction
plus one of the following:
1. Ejection fraction less than 40%,
2.  End-diastolic volume t more than 110 mL/m2 or more than 100 mL/m2 in males and females, 

respectively.
Minor:
• Regional wall akinesis or diskinesis or dyssynchronous contraction
plus one of the following:
1. Ejection fraction less than 40%,
2.  End-diastolic volume more than 110 mL/m2 or more than 100 mL/m2 in males and females, 

respectively.
B. Right ventricular angiography
Major:
• ≥1 diskinetic, akinetic or aneurismatic right ventricular regions
3. Electrocardiographic repolarization abnormalities
Major:
• Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals 
>14 years of age (in the absence of complete right bundle-branch block QRS >120 ms).
Minor:
•  Inverted T waves in leads V1 and V2 in individuals >14 years of age (in the absence of 

complete right bundle-branch block) or in V4, V5, or V6
•  Inverted T waves in leads V1, V2, V3, and V4 in individuals >14 years of age in the presence 

of complete right bundle-branch block.

(continued)
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Electrical abnormalities secondary to the fibro-fatty scarring process are also the 
basis for the typical ECG changes of ACM including depolarization (delayed intra-
ventricular conduction with widening/slurring of the S wave in V1–V3, epsilon 
waves and late potentials) and/or repolarization (T wave inversion) abnormalities. 
Such features usually involve the right precordial leads (V1–V3/V4) [21].

Table 14.1 (continued)

4. Electrocardiographic depolarization abnormalities
Major:
•  Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of 

the T wave) in the right precordial leads (V1–V3).
Minor:
•  Late potentials by Signal Averaged ECG in >1 of 3 parameters in the absence of a QRS 

duration of >110 ms on the standard ECG:
1. Filtered QRS duration (fQRS) >114 ms.
2. Duration of terminal QRS, 40 mV (low-amplitude signal duration) >38 ms
3. Root-mean-square voltage of terminal 40 ms <20 mV
•  Terminal activation duration of QRS > 55 ms measured from the nadir of the S wave to the 

end of the QRS, including R0, in V1, V2, or V3, in the absence of complete right bundle-
branch block.

5. Arrhythmias
Major:
•  Non-sustained or sustained ventricular tachycardia of left bundle-branch morphology 

with superior axis (negative or indeterminate QRS in leads II, III, and aVF and positive 
in lead aVL).

Minor:
•  Non-sustained or sustained ventricular tachycardia of RV outflow configuration, left 

bundle-branch block morphology with inferior axis (positive QRS in leads II, III, and aVF and 
negative in lead aVL) or of unknown axis.

• >500 premature ventricular beats per 24 h (Holter).
6. Family history/genetics
Major:
• Positive family history of first-degree relative confirmed by current task force criteria.
• Pathological confirmation of the disease in first-degree relative either by autopsy or surgery.
•  Discovering of a DNA pathogenic mutation that has been recognized to be associated or 

probably associated with ACM in the patient who has been evaluated for ACM.
Minor:
•  Positive family history of first-degree relative in whom the diagnosis is not feasible to be 

confirmed by current Task Force criteria.
•  Positive family history of young (<35 years) first degree relative with sudden death due to 

suspected ACM.
•  Positive family history of disease in second degree relative who has been confirmed to have 

the disease either by current Task Force Criteria or pathologically.
Diagnosis
Established
At least two major criteria, one major criterion and three minor criteria, or four minor criteria 
from different categories
Borderline
One major criterion and two minor criteria, or three minor criteria from different categories
Possible
One major criterion or two minor criteria from different categories
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Ventricular arrhythmias with a left-bundle branch block morphology (negative 
QRS complex in V1), suggestive of a RV origin, are another key feature of ACM 
[12]. However, arrhythmias originating from the RV outflow tract (negative QRS 
complex in V1 and inferior QRS axis in the limb leads) are less specific for ACM 
compared to those arising from other RV regions, because in the majority of cases 
are benign, non-familial and not related to an underlying cardiomyopathy (“idio-
pathic” RV outflow tract ventricular tachycardia) [22].

Finally, because of the genetic nature of the disease, a positive family history for 
SCD and/or ACM or the demonstration of a pathogenetic mutation in the genes 
encoding for desmosomal proteins represent a major diagnostic criterion.

14.3.2  Left-Dominant Phenotype

The classic ACM phenotype mostly involves the RV while morpho-functional 
abnormalities of the LV become evident only in the late stages of the disease. 
However, there are “left dominant” ACM variants characterized by early and pre-
dominant LV involvement, often because of specific genetic defects (i.e., mutations 
of genes encoding for desmoplakin, phospholamban, or filamin C) [1]. The pheno-
type is the counterpart of the classic variant, with

• T-wave inversion in the left precordial leads (V4–V6) and
• LV arrhythmias (right bundle branch block pattern, i.e. positive QRS complex in 

V1) [11].

A suggestive ECG finding is the presence of low QRS voltages (<0.5 mV) in the 
limb leads which reflects the reduction of the electrical activity of the LV wall due 
to fibro-fatty myocardial replacement. In contrast with the classic variant, the diag-
nostic power of echocardiography is limited because LV dilatation and systolic dys-
function, either regional or global, may be absent in patients with predominantly 
left-sided disease. The reason is that the fibro-fatty scarring process initially involves 
the sub-epicardial myocardial layers of the LV wall, which contribute marginally to 
the development of the contractile power and does not translate into prominent wall 
motion abnormalities or ejection fraction reduction. Therefore, the left-dominant 
ACM phenotype in isolation is difficult to diagnose and its incidence is probably 
underestimated. Contrast-enhanced cardiac magnetic resonance increases the diag-
nostic sensitivity because it allows identification of non-transmural LV scars (areas 
of late gadolinium enhancement) at a subepicardial and/or mid-mural level [23, 24].

14.3.3  Diagnosis in Athletes

The ultimate diagnosis of cardiomyopathy in a young competitive athlete may be 
problematic due to the presence of physiologic (and reversible) structural and 
electrical adaptations of the cardiovascular system to long-term athletic training. 
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This condition, known as “athlete’s heart”, is characterized by an increase in 
ventricular cavity dimension and wall thickness which may overlap with cardio-
myopathies. In these circumstances, an accurate diagnosis is crucial because of 
the potentially adverse outcome associated with cardiomyopathy in an athlete 
and, conversely, the possibility of an erroneous diagnosis of a pathologic condi-
tion leading to unfair disqualifications from sport, with financial and psychologi-
cal consequences. A sizable proportion of highly trained athletes have increased 
RV cavity dimensions which raises the question of ACM. Morphologic criteria in 
favour of a physiologic RV enlargement consist of preserved global and regional 
ventricular function, without evidence of wall motion abnormalities such as dys-
kinetic regions and/or diastolic bulging [25, 26]. During the last two decades, the 
advances in molecular genetics have allowed the identification of a growing 
number of defective desmosomal genes involved in the pathogenesis of ACM, 
and nowadays molecular genotyping is clinically available for differential diag-
nosis between desmosomal-gene related ACM and training-related physiologic 
RV changes. However, the presence of a large variety of polymorphisms and 
variants of uncertain significance of ACM- related genes makes it difficult to 
interpret the results of genetic testing (see also Chap. 12) [1, 27].

14.4  Prevention of Sudden Cardiac Death

Systematic monitoring and pathologic investigation of sudden death in young peo-
ple and athletes of the Veneto Region of Italy showed that ACM is the most common 
pathologic substrate accounting for nearly a quarter of fatalities in young athletes 
and that the risk of sudden death from ACM is five times higher during competitive 
sports than during sedentary activity.

• The incidence of sudden death from ACM in athletes was estimated to be 0.5 per 
100,000 persons per year. Sudden death victims with ACM were all males with 
a mean age of 22.6 ± 4 years [6].

Although ACM has been demonstrated to be the leading cause of SCD in athletes 
of the Veneto region of Italy, previous studies from other countries showed a higher 
prevalence of other pathologic substrates such as hypertrophic cardiomyopathy, 
anomalous coronary arteries and myocarditis [14, 28]. This discrepancy may be 
explained by several factors, including the experience of pathologists or coroners 
who perform post-mortem investigation of athletes who die suddenly. ACM is rarely 
associated with cardiomegaly and usually spares the LV, so that affected hearts may 
be erroneously diagnosed as normal hearts. Therefore, a number of SCDs in young 
people and athletes, in which the routine pathologic examination discloses a normal 
heart, may, in fact, be due to an unrecognised ACM. On the other hand, the high 
incidence of ACM in the Veneto region may be due to a genetic factor in the popula-
tion of north-eastern Italy, although ACM can no longer be considered as peculiar 
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“Venetian disease” since there is growing evidence that it is ubiquitous and still 
largely underdiagnosed both clinically and at post-mortem investigation [29].

• The risk to die suddenly from ACM has been estimated to be 5.4 times greater 
during competitive sports than during sedentary activity and early identification 
of athletes with ACM plays a crucial role in the prevention of SCD during sport 
[6] (Fig. 14.4).

By reviewing clinical and ECG findings of 22 young competitive athletes who 
died suddenly from ACM proven at autopsy, it has been demonstrated that the 
majority of SCD victims exhibited ECG changes, ventricular arrhythmias, or both:

 1. Right precordial T-waves inversion had been recorded in 88% of athletes.
 2. Right precordial QRS duration >110 ms in 76%.
 3. Ventricular arrhythmias with a left bundle branch block pattern in the form of 

isolated/coupled premature ventricular beats or non-sustained ventricular tachy-
cardia in 76%.

 4. Limited exercise testing induced ventricular arrhythmias in 50%.

Thus, the majority of young competitive athletes who died suddenly from ACM 
showed ECG abnormalities that could raise the suspicion of the underlying cardio-
vascular disease at preparticipation evaluation and could thus lead to further testing 
for a definitive diagnosis [11].
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Fig. 14.4 Incidence and relative risk (RR) of sudden death (SD) for specific cardiovascular causes 
among athletes and non-athletes. Reproduced with permission from Corrado D et al. [5]. ARVC 
arrhythmogenic right ventricular cardiomyopathy, CAD coronary artery disease, CCA congenital 
coronary artery anomaly, MVP mitral valve prolapse
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For more than 20 years a systematic preparticipation screening, based on 12-lead 
ECG in addition to history and physical examination, has been the practice in Italy. 
A time-trend analysis of the incidence of SCD in young competitive athletes 
12–35 year-old in the Veneto region of Italy between 1979 and 2004 has provided 
compelling evidence that ECG screening is a lifesaving strategy. The analysis dem-
onstrated a 90% decrease of SCD in athletes after the introduction of the nationwide 
screening program. By comparison, the incidence of SCD in the unscreened nonath-
letic population of the same age did not change significantly over that time. Most of 
the mortality reduction was attributable to fewer deaths from hypertrophic cardio-
myopathy and ACM.  A parallel analysis of the causes of disqualifications from 
competitive sports at the Center for Sports Medicine in the Padua country area 
showed that the proportion of athletes identified and disqualified for cardiomyopa-
thies doubled from the early- to the late-screening period. This indicates that mor-
tality reduction was a reflection of a lower incidence of SCD from cardiomyopathies, 
as a result of increasing identification over time of affected athletes at ECG pre- 
participation screening [5].

14.5  Interpretation of Repolarization Abnormalities 
in Athletes

The 12-lead ECG is one of the most important tools for the disease diagnosis, fol-
low- up and risk stratification. The inversion of the T-waves in the right precordial 
leads V1–V3/V4 and/or in the left infero-lateral leads is the most suggestive ECG 
sign. While inverted T-waves in the inferolateral leads are highly specific for a myo-
cardial disease including left-dominant ACM, persistence of T-wave inversion in 
right precordial leads (known as persistence of the juvenile pattern of repolariza-
tion) may be occasionally observed in young athletes.

• It is noteworthy that the prevalence of a benign persistence of the juvenile pattern 
of repolarization declines sharply after puberty, whereas the clinical manifesta-
tions of cardiomyopathy usually occur after puberty. Hence, the persistence of 
right precordial T wave inversion in the post-pubertal age should raise the suspi-
cion of an underlying ACM and prompt further imaging investigation [30].

Another cause of benign right precordial negative T waves in healthy athletes, 
especially of Afro-Caribbean descent, is an anterior early repolarization variant 
characterized by domed ST-segment elevation followed by negative T-wave in ante-
rior leads V1–V4. The differential diagnosis requires careful analysis of the 
ST-segment morphology preceding the negative T-wave. Athletes exhibit J-point 
elevation (the hallmark of early repolarization), followed by an up-sloping 
ST-segment elevation with a domed morphology. On the other hand, ACM patients 
usually show no J-point elevation and no or minimal ST-segment elevation [31, 32] 
(Fig. 14.5).
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The clinical workup for differential diagnosis between pathological and non-
pathological negative T waves traditionally includes electrocardiographic exercise 
testing. The current perception is that negative T waves usually revert to normal 
with exercise in healthy subjects whereas they persist in patients with structural 
heart muscle disease. However, the available data in favor of this concept are lim-
ited. In fact, by comparing ACM patients with healthy athletes with right precordial 
T wave inversion, the prevalence of complete or partial normalization of T wave 
polarity with exercise is observed in the majority of both groups [33].

14.6  Clinical Management

Patients with ACM should undergo lifelong clinical follow-up (every 6–24 months 
depending on the age, symptoms and disease severity) including echocardiography, 
24-h Holter monitoring, and exercise testing to periodically evaluate new onset or 
worsening of symptoms, progression of morphological and/or functional ventricu-
lar abnormalities, and reassess the risk of SCD. Due to the age-related penetrance of 
ACM, healthy gene carriers and family members should also be offered repeat clini-
cal assessment, mostly during adolescence and young adulthood. The four corner-
stones of clinical management include:

 1. Life-style changes
 2. Drug therapy
 3. Catheter ablation
 4. ICD-Implantation

V2

V3 V2 V3

ARVC Early repolarization

Fig. 14.5 Differential diagnosis between cardiomyopathic negative T-waves and early repolariza-
tion of athlete’s heart. Right-precordial leads V2–V3 of a patient with arrhythmogenic right ven-
tricular cardiomyopathy (ACM) showing no J-point elevation and negative T-wave (a). 
Right-precordial leads V2–V3 of an Afro-Caribbean athlete showing an early repolarization pat-
tern characterized by J-point elevation, dome ST-elevation and negative T-wave (b)
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Life-style changes include restriction from sports, with the only possible excep-
tion of low-intensity activities. Not only patients with overt ACM, but also asymp-
tomatic patients and healthy gene carriers should be prudently advised to avoid 
vigorous exercise, not only for reducing the risk of ventricular arrhythmias and 
SCD, but also to prevent disease progression (Fig. 14.6).

Drug therapy may include antiarrhythmic agents, beta-blockers, and heart failure 
drug therapy. Beta-blocker drugs should be offered to all patients with a definite 
diagnosis of ACM and evidence of morpho-structural ventricular abnormalities or 
ventricular arrhythmias because of their proven efficacy to prevent effort-induced 
arrhythmias, their proven efficacy in heart failure management, and their potential 
but unproven ability to hinder myocardial disease progression by lowering the ven-
tricular wall stress. Adjunctive anti-arrhythmic drug therapy is indicated to reduce 
the arrhythmia burden in symptomatic patients with frequent premature ventricular 

Sport activity

Promotion of phenotypic
expression

Acceleration of disease
progression

Worsening of substrate and
induction of arrhythmias

Genetic defect of
desmosomal proteins

Dysruption of genetically
defective intercellular

junctions with myocyte
detachment and death

Fibro-fatty myocardial
replacement

Ventricular remodelling
and myocardial scarring

Life-threatening
ventricular arrhythmias

Fig. 14.6 Impact of sports activity on arrhythmogenic cardiomyopathy. Schematic representation 
of natural history of arrhythmogenic cardiomyopathy from desmosomal gene mutation to pheno-
typic expression and life-threatening ventricular tachycardia. Sports activity may influence the 
disease course by promoting development of phenotypic expression, accelerating disease progres-
sion, and triggering malignant ventricular arrhythmias. (Reproduced with permission from Corrado 
D et al. [2])
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beats and/or complex ventricular arrhythmia. For patients who developed heart fail-
ure, standard pharmacologic treatment with angiotensin-converting-enzyme inhibi-
tors, angiotensin II receptor blockers, beta-blockers, and diuretics was prescribed as 
appropriate.

Catheter ablation is a therapeutic option for ACM patients who have recurrent 
ventricular tachycardia despite antiarrhythmic drug therapy. However, catheter 
ablation has not been proven to prevent SCD and should not be considered as an 
alternative to ICD therapy. Also, because of the progressive nature of the disease, 
repeated ablation procedures may be required to provide clinical control of ven-
tricular arrhythmias.

Implantation of an implantable cardioverter defibrillator (ICD) is the most logi-
cal therapeutic strategy for patients with ACM, whose natural history is primarily 
characterised by the risk of arrhythmic cardiac arrest.

• There is general agreement that patients who survived an episode of ventricular 
fibrillation or sustained ventricular tachycardia most benefit from ICD implanta-
tion because of their high incidence of malignant arrhythmia recurrences.

Other risk factors identified by studies on ACM patients include

• unexplained syncope
• non-sustained VT on 24-h Holter monitoring
• systolic dysfunction of RV, LV, or both
• male gender
• compound and digenic heterozygosity of desmosomal-gene mutations
• young age at the time of diagnosis
• proband status
• inducibility at programmed ventricular stimulation
• amount of electroanatomic scar and electroanatomic scar-related fractionated 

electrograms
• extent of T-wave inversion across precordial and inferior leads
• low QRS amplitude and QRS fragmentation.

In patients with one of more of these risk factors, the decision to implant an ICD 
should be made on an individual basis, by assessing the overall clinical profile, the 
age, the strength of the risk factor identified, the level of SCD risk that is acceptable 
to the patient, and the potential risk of inappropriate interventions and complica-
tions. Finally, asymptomatic patients with no risk factors have a favourable long- 
term outcome regardless of familial history of SCD and electrophysiologic study 
findings. These results are particularly relevant for clinical management of the 
growing cohort of asymptomatic ACM patients or desmosomal gene mutation car-
riers [34] (Fig. 14.7).
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14.6.1  Eligibility to Sport Activity

According to current recommendations for sports eligibility, athletes with clinical 
diagnosis of ACM should be excluded from all competitive sports [34]. This rec-
ommendation is independent of age, gender, phenotype expression, symptoms, drug 
therapy, or interventions with surgery, catheter ablation, or implantable defibrillator. 
The presence of a free-standing automated external defibrillator at sporting events 
should not be considered absolute protection against sudden death, nor a justifica-
tion for participation in competitive sports in athletes with ACM.

Patients with ACM may wish to participate in recreational and leisure-time exer-
cise activity, given the recognized beneficial effects of a physically active lifestyle. 
It has been suggested that the absolute risk of ventricular tachyarrhythmias/death in 
patients practicing recreational sports does not significantly differ from that of phys-
ically inactive patients [10]. However, the conclusion that the recreational sports 
activity does not increase the risk of SCD or disease progression was not supported 
by adequate statistical power because of the small sample size.

Category of risk

High risk (> 10% / year)

Intermediate risk (1-10% / year)

Low risk (< 1% / year)

Risk factors

Unexplained syncope
Non-sustained VT

Severe RV or LV dysfunction

Proband status, Male gender
Frequent PVB (> 1000/24 hours)

Inducibility at electrophysiologic study
Extent of negative T waves

Amount of ventricular fibro-fatty scar
Multiple desmosomal-gene mutations

Healthy gene carriers
Patients with definite ARVC (no risk factors)

Indication for ICD

ICD is recommended
(class l)

ICD should be considered
(class lla)

ICD may be considered
(class IIb)

ICD is not recommended
(class Ill)

VF
Sustained VT

Fig. 14.7 Pyramid of risk stratification in Arrhythmogenic Cardiomyopathy. Pyramid of risk and 
indications for implantable cardioverter defibrillator (ICD) therapy in arrhythmogenic cardiomy-
opathy. According to the available data on annual mortality rates associated to previous events and 
specific risk factors, the estimated risk of major arrhythmic events in the high-risk category (apex 
of pyramid) is >10% per year, in the intermediate-risk category (mid of pyramid) ranges from 1% 
to 10% per year and in the low-risk category (base of pyramid) is <1% per year. The recommenda-
tions for ICD implantation for different categories of arrhythmic risk are based on the 2015 
International Task Force consensus document on treatment of arrhythmogenic right ventricular 
cardiomyopathy (ACM). Reproduced with permission from Corrado D et al. [2]. LV left ventricle, 
PVB premature ventricular beats, RV right ventricle, VF ventricular fibrillation, VT ventricular 
tachycardia
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• Thus, at the present time patients with a definitive diagnosis of ACM should be 
prudently restricted from participation in athletic activities, with the possible 
exception of recreational low intensity sports.

14.6.2  Implantable Cardioverter Defibrillator and Sports

The accurate prediction of the performance of ICD in athletes remains a challenging 
subject. Successful ICD therapy depends on a well-functioning device that is capa-
ble of both appropriate sensing of the malignant arrhythmia and delivering an ade-
quate amount of energy to depolarize a critical myocardial mass to overcome the 
ongoing arrhythmic state. Sports may hinder the success of ICD therapy in many 
aspects:

 1. Sinus tachycardia and other supraventricular tachyarrhythmias that are often 
present during sports activity represent an obstacle for appropriate differentia-
tion of malignant ventricular arrhythmias.

 2. Physical trauma whether due to direct or indirect contact may lead to device 
damage and malfunction.

 3. Physiological changes associated with exertion such as high catecholamine lev-
els, electrolyte imbalance, metabolic acidosis, and cardiac loading alterations can 
lead to persistent arrhythmogenic states in which defibrillation may not be suc-
cessful (electrical storms) or—even worse—to SCD due to electromechanical 
dissociation where defibrillation will not be of any benefit [35].

The most compelling evidence on ICD efficacy and safety comes from a pro-
spective, multinational Registry which recruited 372 athletes with an ICD from 
USA and Europe [36]. Over a median follow-up of 31 months, though ICD shocks 
occurred during and after sports participation, there were no arrhythmic deaths, 
resuscitated cardiac arrests, or shock-related injuries. The authors concluded that 
these data were similar to previously published data on non-athletic ICD patients 
and therefore do not support competitive sports restriction for all athletes with 
ICDs [36]. More recently, the same Authors confirmed these outcomes in the ath-
letes enrolled in the same Registry over a long-term follow-up (44 months) [37]. 
The pro- arrhythmic effect of sports activity accounted for the occurrence of appro-
priate shocks respectively in 11% of participants during exercise and in 6% at rest. 
An underlying ARVC was the only variable associated with exercise-induced ICD 
shock.

Despite these reassuring data, it must be emphasized that the reasons for imple-
menting restrictions from competition in sports in young athletes with ICD go 
beyond the increased risk of inappropriate interventions, injury to the patient, and 
damage of the system. Sports participation plays a major role in the disease progres-
sion, worsening of the substrate and adverse outcome. Although evidence has 
emerged in support of the safety of competitive sports in selected individuals carry-
ing ICD, it is prudent to restrict competitive sports participation in ACM patients.
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Clinical Pearls
• The natural history of arrhythmogenic cardiomyopathy progresses from a con-

cealed phase to an overt disease characterized by ventricular arrhythmias and 
ventricular wall motion abnormalities. Exercise has been implicated as the most 
important environmental factor for progression of the disease.

• The diagnosis of arrhythmogenic cardiomyopathy is multiparametric and 
requires a combination of family history, electrocardiographic abnormalities, 
ventricular arrhythmias, regional right ventricular dilation/dysfunction associ-
ated with wall motion abnormalities and/or positive endomyocardial biopsy. No 
single criterion is accurate enough to support the diagnosis if present in 
isolation.

• The available scientific evidence suggests that patients with a definitive diagno-
sis of arrhythmogenic cardiomyopathy should be prudently restricted from par-
ticipation in athletic activities, irrespective from ICD implantation, with the 
possible exception of recreational low intensity sports.

 Review

 Questions

 1. A 19-year-old female dancer with a family history of arrhythmogenic cardiomy-
opathy was referred for frequent premature ventricular beats with a right-bundle- 
branch block morphology that increase in number and complexity with increasing 
workload during exercise testing. Resting electrocardiogram and echocardiogra-
phy are unremarkable. Should other investigations be prescribed?

 2. A 25-year-old black highly-trained competitive asymptomatic athlete shows 
T-wave inversion preceded by J-point and ST-segment elevation in V1–V3. 
Echocardiography shows a mildly dilated right ventricle in the absence of 
regional wall motion abnormalities. Is this pattern suggestive of arrhythmogenic 
cardiomyopathy?

 3. A 36-year-old asymptomatic athlete has been diagnosed with definite arrhyth-
mogenic cardiomyopathy. There is no family history of sudden death, only iso-
lated premature ventricular beats are recorded during exercise test and 24-h 
Holter monitoring and echocardiography showed only a mild right ventricular 
dysfunction. Should he/she be allowed to engage in competitive non- professional 
soccer?

 Answers

 1. The presence of premature ventricular beats with a right-bundle-branch block 
morphology, suggesting the origin from the left ventricular wall, in a young 
patient with a family history of arrhythmogenic cardiomyopathy may be the sign 
of an underlying left ventricular involvement. Echocardiography may not be 
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sensitive enough to detect segmental fibrofatty scarring of the left ventricle. 
Hence, prescription of a contrast-enhanced cardiac magnetic resonance is 
reasonable.

 2. No, the presence of T-wave inversion preceded by J-point/ST-segment elevation 
is consistent with an early repolarization variant typical of black athletes. 
Moreover, a mildly dilated right ventricle without regional wall motion abnor-
malities is a usual finding in highly-trained athletes and does not support the 
diagnosis of arrhythmogenic cardiomyopathy.

 3. There are two reasons for excluding patients with arrhythmogenic cardiomyopa-
thy from all competitive sports. First, the risk of sudden death. Second, the fact 
that high-intensity exercise has been implicated as the most important environ-
mental factor for progression of the disease.
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Learning Objectives
 1. Define Left Ventricular Non-Compaction (LVNC) and differentiate it from other 

cardiomyopathies.
 2. Explain the likely pathogenesis of LVNC: abnormal myocardial morphogenesis 

or a sporadic, acquired phenomenon?
 3. Understand the different criteria for diagnosing LVNC in both echocardiography 

and cardiac magnetic resonance imaging modalities.
 4. Explain why pregnant women and athletes are more susceptible to LVNC.
 5. Describe how an athlete exhibiting signs of LVNC should be investigated and 

managed.

15.1  Introduction

Left Ventricular Non-Compaction (LVNC) is a relatively rare cardiac condition 
which is characterised by prominent trabeculations and deep recesses in the myo-
cardial tissue of the left ventricle. The precise stage of development of LVNC and 
the natural history of the disorder is poorly understood, however it can be congenital 
or acquired and is thought to be reversible [1]. LVNC features can be observed in 
healthy individuals with normal left ventricular function and dimensions [2–6]. 
There appears to be an association between LV hypertrabeculation and increased 
cardiac preload as observed in athletic cohorts and pregnant women [3, 4, 6].
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Athletic individuals are usually asymptomatic and are often diagnosed inciden-
tally during routine preparticipation evaluation. Currently, there is no gold standard 
criteria for the diagnosis of LVNC, regardless of whether it is based on an echocar-
diographic definition or cardiac magnetic resonance imaging [1]. As a high propor-
tion of athletes meet the criteria for a diagnosis of LVNC without exhibiting other 
clinical features of the disorder, it may be that increased left ventricular trabecula-
tions are of limited significance in this group and simply form part of the ‘athlete’s 
heart’ (Fig. 15.1: central illustration) [3]. Recent recommendations for athletes 
participating in competitive sport have been issued by the Sport Cardiology Section 
of the European Association of Preventive Cardiology (EAPC), offering guidance in 
the management of athletes with a suspected diagnosis of LVNC [7].

15.2  Definition

LVNC is characterised by conspicuous myocardial trabeculations and deep recesses 
that communicate with the left ventricular cavity [8]. On pathological specimens, a 
double-layered myocardium shows a compacted outer layer and an inner, non- 
compacted trabeculated layer [9, 10].

However, LVNC is not regarded as a distinct cardiomyopathy as it can be 
observed in healthy individuals with normal left ventricular function and dimen-
sions, and is reversible [4]. LVNC still remains an unclassified cardiac condition 
because it is genetically heterogeneous and overlaps with other cardiomyopathies, 
cardiac conditions and even neuromuscular disease [1]. The precise stage of devel-
opment of LVNC and the natural history of the disease is not yet fully understood. 

PREGNANCY
MODEL

Showed increased
preload associated

with LV
trabeculations

ATHLETE’S HEART
Exercise associated
high preload results

in LV
remodelling with

increased
trabeculations in 18%

PATHOANATOMICAL CORRELATION
Distinct pathological entity

COMPLICATIONS
Arrhythmia/SCD

Heart failure
Stroke

ECHO CRITERIA
X/Y ratio <0.5
NC/C ratio>2

CMR CRITERIA
Positive LGE

Fig. 15.1 Central Illustration. Summary of the key features of left ventricular non-compaction. 
LGE late gadolinium enhancement, LV left ventricular, SCD sudden cardiac death
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There is some evidence to suggest that LVNC has a genetic basis although there is 
modest correlation between the genotypes and phenotypes of the disease [11, 12]. 
However, an alternative explanation of the features of LVNC may simply be attrib-
uted to increased cardiac preload, as demonstrated in the pregnancy model [4].

15.3  Epidemiology

15.3.1  Prevalence

The prevalence of LVNC is thought to be less than 0.3% of the population [13, 14].

15.4  Clinical Manifestations of LVNC

LVNC can manifest as a progressive LV dilatation, impairment in systolic function, 
predisposition to serious cardiac arrhythmias and systemic thromboembolism [15]. 
Athletic individuals are usually asymptomatic and are often diagnosed incidentally 
during routine testing when a conspicuous myocardial trabecular pattern is observed 
on cardiac imaging [3].

• Systemic heart failure
A high prevalence of LV trabeculations has been observed in patients with heart 
failure, fulfilling the criteria for a diagnosis of LVNC, irrespective of the crite-
rion used [16, 17].

• Ventricular arrhythmias and sudden cardiac death
LVNC leads to a predisposition to ventricular tachyarrhythmias and sudden car-
diac death [13].

• Thromboembolic events
Individuals with LVNC are at a greater risk of thromboembolic events [13].

15.5  Pathogenesis of LVNC

There is a debate as to whether LVNC is a congenital abnormality or a sporadic, 
acquired phenomenon.

15.5.1  Abnormal Myocardial Morphogenesis In Utero

In early embryological development, the myocardium consists of a spongy network 
of recesses and trabeculations that interconnect with the left ventricular cavity [8]. 
Between weeks 5 and 8, the normal myocardium becomes compacted from base to 
apex and from the epicardial to endocardial layers. This compaction process causes 
involution of the trabeculations and converts the intertrabecular recess into capillar-
ies, which later form the coronary vessels at 12–18 weeks [15].
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However, in LVNC, it is postulated that this process of myocardial compaction 
is disrupted in some way, with the most severe cases occurring with an arrest of 
compaction in the earlier stages of development. In these cases, the relaxed 
appearance of the myocardium persists following delivery and results in the 
development of two discrete myocardial layers. LVNC may appear in isolation or 
may be linked with other congenital heart conditions associated with an increased 
cardiac preload.

15.5.2  Sporadic and Acquired

Alternatively, LVNC may be a sporadic, acquired disorder. Several case studies 
have demonstrated the development of new LV trabeculations during serial echocar-
diography. A study by Bleyl et al. [18] examined three infants with no evidence of 
LVNC on echocardiography who later went on to develop the disease.

• Possible explanations for LVNC as an acquired phenomenon could include:
 – A metabolic disorder or dysfunction of the microcirculation, resulting in 

myocardial ischaemia, producing a heightened trabecular response and clini-
cal features of LVNC [1].

 – Myocarditis, causing midwall or subepicardial fibrosis and new LV trabecula-
tions [1].

 – Chronic renal failure, sickle cell anaemia or heart valve disease, resulting in 
an increase in cardiac preload and afterload, and an increase in myocardial 
trabeculations (Fig. 15.2) [1, 4, 5, 19]. LVNC is observed in 30% of patients 
with valvular heart disease and 24% of patients with heart failure [20]. 8% of 
patients with sickle cell anaemia are observed to have the disease [5].

 – Ethnicity is a known factor as black individuals are found to have an 8% like-
lihood of displaying LVNC, although the aetiology remains unclear [3, 16].

In pregnancy, there is a 100% increase in circulating blood volume. In a study by 
Gati et al. [4], 102 pregnant women were observed to have normal echocardiograms 
at their booking visit. Participants were scanned in each trimester and 26 (25%) 
women were found to have myocardial trabeculations consistent with a diagnosis of 
LVNC by delivery. At 2 years follow up, 19 (73%) of participants had complete 
resolution of these trabeculations and six women had a marked reduction in the 
trabeculated layer of their myocardium. These observations support the assertion 
that a cardiomyopathy is not necessarily present in asymptomatic individuals who 
meet the diagnostic criteria for LVNC and, in the case of pregnant women, increased 
LV trabeculations are thought to be a benign, physiological response to increased 
cardiac preload.

Similarly, in a recent study of over 1000 asymptomatic athletic individuals, 18% 
were observed to have increased LV trabeculations, with 8% fulfilling the echocar-
diographic criteria for LVNC [3]. However, only 0.9% of those athletes diagnosed 
with LVNC had definitive electrocardiogram changes such as T-wave inversion. 
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These results may suggest an incomplete expression of LVNC clinical features in 
predisposed athletes or they may simply represent a cardiac adaptation to exercise.

Increased myocardial trabeculations are likely to be a combination of genetic and 
acquired factors. An individual whose myocardium remodels as a result of increased 
cardiac preload or afterload is likely to have a genetic susceptibility to do so. It has 
also been postulated that myocardial non-compaction may be a compensatory 
mechanism in individuals with genetic myocardial contraction dysfunction.

15.6  Diagnosis of LVNC

There is no gold standard for the diagnosis of LVNC at present. Current diagnostic 
criteria is based on the ratio of compacted versus non-compacted left ventricular 
myocardium on echocardiography [14, 21, 22]. Cardiac magnetic resonance imag-
ing modalities present with three different methods of LVNC assessment incorpo-
rating non-compacted to compacted ratio, LV trabecular mass and fractal analysis 
[23–25]. The presence of left ventricular systolic dysfunction, a thin epicardial layer 
and abnormal myocardial relaxation would support a pathological diagnosis. 
However, existing diagnostic criteria are based on a selection of small studies and 
there is a risk of overdiagnosing LVNC based on the current definitions [1].

Fig. 15.2 The estimated 
prevalence of increased left 
ventricular trabeculation in 
various cohorts including 
African/afro-Caribbean 
controls, healthy athletes, 
pregnancy and disease 
processes such as sickle 
cell anemia, heart failure 
and valvular heart disease
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15.7  Echocardiography

15.7.1  Echocardiography Criteria

Two-dimensional echocardiography is the current mainstay of diagnosis. There are 
three established echocardiography criteria for the diagnosis of LVNC, all of which 
describe increased trabeculations in the left ventricle and a double-layered myocar-
dium—with an outer compacted layer and an inner non-compacted layer (Fig. 15.3). 
The exact area of compaction and non-compaction, and the timing of where in the 
cardiac cycle to measure these areas, differs between them. The most commonly 
used criteria in clinical practice is the Jenni et al. definition, outlined below.

• Chin et al.
Chin et al. [22] offered the first echocardiographic criteria for the diagnosis of 
LVNC. Their study was based on eight paediatric cases and eight normal con-
trols, validated by autopsy. They defined LVNC as X/Y ≤ 0.5 (at end diastole), 
where: X = the compacted later, i.e., the distance between the epicardial surface 
and the trough of the trabeculae; and Y  =  the compacted layer plus the non- 
compacted layer, i.e., the distance between the epicardial surface and the highest 
point of the trabeculae. In patients with LVNC, a progressive decline in the X/Y 
ratio from the base to apex was noted. This was not observed in the control 
group. More recent studies suggest that a ratio of 0.5 would define LVNC, based 
on measurements from the parasternal short-axis view on echocardiography. The 
criteria proposed by Chin et al. [22] does not require a minimum number of tra-
beculae, the need to perfuse the intertrabecular recesses, nor a location for the 
non-compacted segments.

• Jenni et al.
Jenni et al. [9] define LVNC as NC/C ≥ 2.0 (at end-systole) on short-axis view, 
where NC = the non-compacted layer and C = the compacted layer, in addition 

X/Y < 0.5
End-Diastole

NC/C > 2
End-Systole
Colour flow

Absence of congenital
abnormalities

Excessive Apical
Trabeculation on the

4CV

Fig. 15.3 Echocardiographic criteria for left ventricular non-compaction. C compaction, NC non- 
compaction, 4CV 4-chamber view, X compacted, Y compacted and non-compacted
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to colour flow in the intra-trabecular pockets and an absence of congenital abnor-
malities. This is the most commonly used echocardiographic criteria to define 
LVNC. The Jenni et  al. [9] study compared the hearts of 34 individuals with 
LVNC with nine patients with hypertensive cardiac disease, 10 patients with 
dilated cardiomyopathy and seven pathoanatomic specimens. They observed that 
the most common locations for non-compacted myocardial segments were the 
mid-lateral wall, the inferior wall and the apex. Whereas regional hypokinesia 
was originally included in the Jenni et al. [9] criteria, this was later removed as it 
was found to have a low specificity.

• Stöllberger et al.
Stöllberger et al. [26] based their definition of LVNC on an analysis of 474 nor-
mal hearts that had been reviewed as part of a post-mortem study by Boyd et al. 
[10]. For a diagnosis of LVNC to exist, Stöllberger et al. proposed that more than 
three trabeculations, distal to the papillary muscle, must be present in any one 
axis plain. They refined their criteria further by suggesting that, at end diastole, 
there must also be a double-layered myocardium visible, with a ratio of non- 
compacted to compacted myocardium >2.0 [21, 27].

15.7.2  Advanced Echocardiographic Techniques

New echocardiographic techniques such as speckle tracking, tissue doppler imaging 
and strain rate imaging are being proposed as superior methods of assessing and 
diagnosing LVNC. Bellavia et al. [28] examined 20 patients with LVNC and com-
pared these with 20 further individuals matched for age and sex. They demonstrated 
a reduction in systolic strain, rate of strain, displacement, rotation and torsion in 
those patients with LVNC, independent of ejection fraction. However, further stud-
ies have proved inconclusive with these findings. Three-dimensional echocardiog-
raphy and contrast echocardiography may also offer useful evaluation tools in 
diagnosing LVNC, but both are user dependent and need further trials for 
validation.

15.7.3  Limitations of Echocardiographic Diagnosis of LVNC

Echocardiography is limited in that it is operator dependent and, occasionally, the 
apical segment of the heart may not be clearly visualised. Echocardiography may 
not visibly identify the double layers of the myocardium, critical for a diagnosis of 
LVNC. Occasionally, abnormal trabeculations can be mistaken for normal myocar-
dial trabeculations however, in normal individuals, these are usually located in the 
left ventricular apex and are limited to fewer than three. A diagnosis of LVNC may 
get missed if abnormal trabeculations are confused with false tendons or aberrant 
bands, however these tend to cross the left ventricular cavity, so they can easily be 
identified. A left ventricular apical thrombus may be mistaken for abnormal tra-
beculations, but these can usually be differentiated by their altering echogenicity.
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The current echocardiographic diagnostic criteria offered by Chin, Jenni and 
Stöllberger have its limitations. Their research is based on a small number of patients 
with LVNC, many of whom were paediatric (Chin et al. [22]) and few of whom 
were from different ethnic backgrounds. A study by Kohli et al. [16] demonstrated 
that, by using any one of the Chin, Jenni or Stöllberger criteria, 24% of patients with 
heart failure attending a general cardiology outpatient clinic were ‘diagnosed’ with 
LVNC, as were 8% of healthy black controls. This raises the question as to whether 
the current diagnostic echocardiographic criteria are appropriate for diagnosing 
LVNC in African and Afro-Caribbean individuals.

15.8  Cardiac MRI

Cardiac magnetic resonance (CMR) imaging is increasingly being used to confirm 
a diagnosis of LVNC. It is advantageous in diagnosing LVNC because of its supe-
rior image quality and better spatial resolution. CMR has an increased sensitivity 
for detecting myocardial trabeculations and can easily differentiate between endo-
cardial trabeculations, apical hypertrophic cardiomyopathy and epicardial crypts, 
none of which can easily be seen on echocardiography. It can visualise the thin 
epicardial layer with ease and accurately assess left ventricular wall thickness and 
function (Fig. 15.4). It also allows one to appreciate the endocardial borders of the 

a b

c

Prominent trabeculated
endocardial layer with deep
recesses

Thin compacted epicardium
<5mm with an irregular
endocardial boarder

Impaired LV systolic function

Myocardial scarring on late
gadolinium enhancement

Fig. 15.4 Further evaluation of left ventricular non-compaction on Cardiac Magnetic Resonance. 
(a) 4-chamber view demonstrating prominent LV trabeculations with a thinned compacted epicar-
dial layer. (b) Schematic representation of features of left ventricular non-compaction on Cardiac 
Magnetic Resonance. (c) Presence of late gadolinium enhancement including mid-wall, subendo-
cardial and subepicardial patterns (blue arrows)
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compacted layer to identify the trabecular pockets. CMR calculates ejection frac-
tion with precision by providing full coverage of the ventricles and having no inter-
slice gap. It also enables the operator to view the heart in any plane and to identify 
the origins of the coronary vessels. CMR is more specific than echocardiography in 
detecting regional wall motion abnormalities and can also detect myocardial fibro-
sis via late gadolinium enhancement, often providing clarification when an athletic 
individual falls into the cardiomyopathy ‘grey zone’.

15.8.1  CMR Late Gadolinium Enhancement

CMR late gadolinium enhancement software offers tissue characterisation and can 
identify myocardial fibrosis in up to 40% of patients with LVNC (Fig.  15.4). 
Nucifora et al. [29] identified 42 patients with confirmed LVNC and observed late 
gadolinium enhancement in 55% of these individuals. The strongest areas of 
enhancement occurred in the mid-myocardial regions of the left ventricle or at the 
point where the right ventricle inserted into the left ventricle. Enhancement was 
seen equally in compacted and non-compacted myocardial tissue. CMR late gado-
linium enhancement can also identify endocardial fibrosis in paediatric patients, as 
well as mid-wall and epicardial fibrotic changes. However, the value of this advanced 
MRI technique has not been demonstrated in patients with LVNC experiencing con-
current ventricular arrhythmias nor has it been correlated to mortality.

15.8.2  Cardiac MRI criteria

There are three established Cardiac MRI criteria for the diagnosis of LVNC.

• Petersen et al.: In 2005, Petersen et al. [24] studied 177 individuals to determine 
whether CMR would accurately diagnose LVNC. They identified seven patients 
with LVNC using cine CMR images and compared them to the remaining control 
group of healthy volunteers, individuals with known athlete’s heart, and patients 
with hypertrophic cardiomyopathy, dilated cardiomyopathy, hypertension and 
aortic stenosis. They identified a spectrum of non-compaction in the control 
group, most commonly located in the apex and lateral wall of the left ventricle, 
as opposed to the septal and basal areas of the left ventricle, commonly seen in 
LVNC.

Petersen et al. defined LVNC as: NC/C > 2.3 (at end diastole, in long axis 
views), where NC =  the non-compacted layer, C =  the compacted layer. This 
criterion has a sensitivity of 86% and a specificity of 99%. However, the Multi-
Ethnic Study of Atherosclerosis (MESA) [30] showed that 43% of 329 patients 
with no known heart disease met the diagnostic criteria for LVNC in at least one 
segment of the left ventricle, suggesting the Petersen et al. [24] criteria has low 
specificity in low risk individuals. It is further limited by difficulties in measur-
ing in the long axis view because of the presence of the papillary muscle.
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• Jacquier et  al.: The Jacquier et  al. [25] study compared 16 individuals with 
known (75%) or suspected (25%) LVNC versus patients with hypertrophic car-
diomyopathy, dilated cardiomyopathy and healthy controls. They used steady- 
state free precession short-axis views to calculate the left ventricular trabecular 
mass. Jacquier et  al. [25] defined LVNC as: Left ventricular trabecular 
mass > 20% of total mass. This criterion has a sensitivity of 91.6% and a specific-
ity of 86.5%. However, the Jacquier et al. [25] study included the intratrabecular 
blood pool in its calculations which leads to an increased trabecular mass. Later 
evaluation in other published literature, criticises the Jacquier et al. [25] criteria 
for poor inter-observer variability.

• Captur et al.: Fractal analysis is a novel approach to assessing trabeculations that 
does not rely on the traditional comparison of compacted to non-compacted myo-
cardial tissue. It is calculated using specialist software and involves superimpos-
ing a box grid onto 2D CMR images and counting the number of boxes that 
contain the data of interest. This method is repeated for four different box sizes in 
the short axis view. A line of best fit is applied across the points of the log-log 
plots of the box count, and the exponent of this gives the fractal dimension value.

Captur et al. [23] examined 135 patients, 26% of whom had a known diagno-
sis of LVNC. A fractal dimension of 1.3 at end diastole gave the most accurate 
prediction of LVNC. This method is superior to the Petersen and Jacquier criteria 
in that there is less inter-observer variability because the machine is performing 
the measurements. However, specific software is required, and the scanner may 
struggle to differentiate between pooled blood and thinned myocardium, thus 
excluding apical segments. The extent to which contrast settings, blurring of 
motion artefacts, arrhythmogenic load or other technical aspects affect the per-
formance of the fractal contour detection software remains unknown.

15.8.3  Advanced Cardiac MRI Techniques

• T1 mapping and ECV: The remaining 60% of patients with LVNC may be 
assisted by T1 mapping and ECV techniques. A study of 36 patients with LVNC 
versus healthy controls identified that the former had higher T1 values and 
expanded ECV, independent of left ventricular ejection fraction [31].

15.8.4  Limitations of Cardiac MRI Diagnosis of LVNC

Cardiac MRI is limited in that it is costly and access to scanners may prove prob-
lematic. Cardiac motion artefacts from patients with atrial fibrillation, or poor 
breath-holders, can result in blurred images. The current cardiac MRI diagnostic 
criteria is limited because:

 (a) It is based on small cohorts
 (b) It is not prospectively derived
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 (c) It is not validated
 (d) Measurements are performed in different phases of the cardiac cycle
 (e) The sites of measurements are variable
 (f) It is oversensitive in certain populations such as black individuals
 (g) It is non-specific in low risk populations

15.9  LVNC in Athletes

15.9.1  The Athlete’s Heart

Competitive athletes regularly engage in intensive cardiovascular exercise, with 
many training more than 20 h per week. To perform at this level, cardiac output is 
increased by five to six times for prolonged periods (see Chap. 3). This leads to an 
increased cardiac preload and a series of structural, electrical and functional adapta-
tions nominally termed the ‘athlete’s heart’. Changes include symmetrical enlarge-
ment of all four heart chambers with a 10–15% increase in cavity size of the left and 
right ventricles, compared to a healthy individual of the same age and size [32]. A 
10–20% increase in left ventricular wall thickness may also be observed [32]. 
Athletes show greater filling in diastole, enhanced stroke volume and augmented 
oxidative capacity, resulting in improved oxygen consumption while training. While 
these cardiac adaptations to exercise are generally considered to be benign, it is 
important to differentiate them from the similar phenotype seen in cardiomyopa-
thies, which remain the leading cause of sudden cardiac death in young athletes.

15.9.2  LVNC in Athletes

A study of 1146 athletes [3], 75 individuals with known LVNC and 415 controls 
found that 20% of athletes showed increased left ventricular trabeculations, with 
8% of athletes fulfilling the echocardiography criteria for LVNC. These were pre-
dominantly black individuals, with T wave inversion on electrocardiogram and an 
ejection fraction of <50%. It has been postulated that the increased cardiac preload 
present in athletes unmasks pre-existing trabeculations, making them more apparent 
on imaging. As a high proportion of athletes meet the criteria for a diagnosis of 
LVNC without exhibiting other clinical features of the disorder, it may be that 
increased left ventricular trabeculations are of limited significance in this group and 
simply form part of the ‘athlete’s heart’. To reduce the risk of overdiagnosing LVNC 
in athletes, stricter diagnostic criteria may need to be applied to this cohort.

An Italian study by Caselli et  al. [33] examined 2501 Olympic athletes with 
mean age 25 (range 15–45), 62% male and 99% Caucasian. Only 36 individuals 
exhibited prominent trabeculations following a physical examination, ECG, exer-
cise test and echocardiography. LVNC was excluded in 24 of these athletes follow-
ing further cardiac investigation with MRI scanning and genetic testing. Nine 
individuals were deemed unlikely to have LVNC and only three athletes with 
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reduced ejection fraction and/or a positive family history, were labelled with the 
condition. Caselli et al. [33] concluded that, in a large athletic population, an LV 
trabecular pattern was only observed in 1.4% of individuals, with only a small sub-
set of 0.1% of athletes demonstrating changes supporting a diagnosis of LVNC.

15.10  Investigating LVNC

• History: Individuals with LVNC may present with symptoms such as shortness 
of breath, palpitations, syncopal episodes, stroke, deep vein thrombosis, pulmo-
nary embolism or sudden cardiac death [1]. However, many individuals remain 
asymptomatic and are diagnosed when LVNC is unmasked as an incidental find-
ing on cardiac imaging or through family screening. Patients with a diagnosis of 
LVNC often express symptoms of left ventricular dysfunction but athletes are 
usually asymptomatic. It is important to clarify whether there is a family history 
of sudden cardiac death to help guide diagnosis (Fig. 15.5).

• Electrocardiogram: Common electrocardiogram (ECG) patterns seen in 
patients with LVNC are:
 – T-wave inversion in inferolateral leads
 – ST depression
 – Left bundle branch block (LBBB) or other ventricular conduction delay

Athletic individuals may express similar ECG changes, but subtle differences 
may prevent overdiagnosis of LVNC in this cohort. Whilst LVNC patients have 
T-wave inversion in the inferolateral leads, athletes typically show T-wave inver-
sion in V1–V3. LBBB is common in LVNC but is rarely seen in athletes [3].
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T-wave inversion on ECG
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Exercise induced VT/AF
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Fig. 15.5 Differentiating 
physiological increased left 
ventricular trabeculation 
from pathological left 
ventricular non- 
compaction. AF atrial 
fibrillation, CMR cardiac 
magnetic resonance, LBBB 
left bundle branch block, 
LV left ventricular, PVO2 
peak oxygen uptake, VT 
ventricular tachycardia
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• Echocardiography and cardiac MRI: Individuals with a diagnosis of LVNC 
often have impaired left ventricular filling (E’ < 9  cm/s), an ejection fraction 
<45%, a left ventricular cavity of >64 mm in diameter and poor longitudinal left 
ventricular function (S′ < 9 cm/s). This differs from athletes presenting with a 
reduced ejection fraction and increased left ventricular trabeculations. In athletic 
individuals, the ejection fraction is typically 45–50% and their diastolic and lon-
gitudinal LV functions are usually within normal parameters [3, 7].

• Further testing: Further testing may be required to differentiate between the 
athlete’s heart and pathological LVNC [1].
 – An exercise stress test may reveal a high peak VO2 in athletes (>120% pre-

dicted for age and size) and a low peak VO2 in LVNC patients. Identification 
of exercise induced ventricular arrhythmia particularly non-sustained ven-
tricular tachycardia would support pathology [7].

 – A peak exercise echocardiogram is often considered for individuals with 
low LV ejection fraction to assess dynamic left ventricular contraction. In 
athletes, an increase in contractile reserve of >10% represents physiology [7].

• Genetic testing
Genetic inheritance of LVNC is not yet fully understood and there is a poor cor-
relation between genotype and LVNC phenotype [34]. However, a study by 
Waning et al. [12] examined the genetics and clinical features of children and 
adults with a diagnosis of LVNC. LVNC usually follows an autosomal dominant 
pattern of inheritance with variable penetration. Waning et al. [12] showed that 
nearly one-third of their LVNC patients had a mutation in a cardiomyopathy 
gene, 71% of which appeared in MYH7, MYBPC3 or TTN. They also noted that 
paediatric patients with confirmed LVNC genetic mutations were more likely to 
experience major adverse cardiovascular events than those with sporadic, 
acquired disease.

15.11  Management of LVNC

As observed in 1% of athletes [3], if there is a triad of:

 1. Deep T-wave inversion on electrocardiogram
 2. Reduced ejection fraction on echocardiography
 3. Non-compaction features

then these individuals should remain under follow up to evaluate the natural history 
and progression of the disease process.

In the majority of athletes, isolated LV hypertrabeculation in the absence of 
symptoms and family history, is likely to be an epiphenomenon due to an increase 
in cardiac preload and does not require further follow up.

In the recent recommendations for participation in competitive and leisure time 
sport in athletes with cardiomyopathies, myocarditis, and pericarditis: position 
statement of the Sport Cardiology Section of the European Association of Preventive 
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Cardiology (EAPC) by Pelliccia et al. [35] guidance is given for athletic individuals 
with a suspected diagnosis of LVNC:

Athletes with an unequivocal diagnosis of LVNC should be advised to partici-
pate in leisure activities only and be closely monitored. Occasionally a period of 
detraining for 6–8 weeks may be required to aid diagnosis of LVNC.

15.12  Prognosis

Initial studies suggested that LVNC had a mortality rate of 35%, however, more 
recent research has found the mortality rate to be closer to 2–15% [36–39].

• A study by Stanton et al. [40] found that patients with LVNC had a similar mor-
tality rate to patients with non-ischaemic dilated cardiomyopathy with a 3-year 
survival of 83–85%. Poor prognostic factors include increasing age, NYHA class 
III/IV, increased left ventricular filling pressures, an enlarged left atrium, concur-
rent ventricular arrhythmias, left ventricular dilatation, systolic dysfunction and 
cardiac complications. However, the prognosis of LVNC in low risk cohorts is 
good.

• A study by Oechslin et al. [13] examined 34 patients with known LVNC and 
found that those patients with complications such as low ejection fraction, atrial 
fibrillation and bundle branch block were found to be ‘high risk’ and as such had 
a poor prognosis. The authors suggest consideration of an implantable cardiac 
defibrillator or heart transplant in these patients.

 1. Athletes with incidental discovery of LV hypertrabeculation should not 
be diagnosed as LVNC in the absence of symptoms, positive family his-
tory, abnormal ECG patterns and, most importantly, impaired LV function. 
In such cases, no restriction for all competitive sports apply.

 2. Athletes with unequivocal/reasonable diagnosis of LVNC but near- 
normal LV systolic function may participate in all competitive sports, 
with the exception of those where occurrence of syncope may cause seri-
ous harm or death, if they are:
 (a) asymptomatic,
 (b) without frequent and/or complex ventricular arrhythmias, or non- 

sustained VT on ambulatory monitoring and exercise ECG testing, and
 (c) no prior history of unexplained syncope

 3. Athletes with an unequivocal diagnosis of LVNC and
 (a) impaired LV systolic function and/or
 (b) frequent and/or complex ventricular arrhythmias, or non-sustained VT 

on ambulatory monitoring or exercise testing should be advised to 
abstain from participation in competitive sports.
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15.13  Conclusion

In conclusion, LVNC may be genetic or acquired, however, the etiology of LVNC 
remains unclear. The identification of a high prevalence of hypertrabeculations in 
athletes and pregnant women suggests that, in low risk cohorts, LVNC may be an 
epiphenomenon associated with an increased cardiac preload. The echocardio-
graphic and cardiac MRI diagnostic criteria for LVNC is based on small cohorts and 
is not ethnically diverse, risking overdiagnosis in some populations. Clearer diag-
nostic criteria, modified for ethnicity, is required. There is a poor genotype and 
phenotype correlation, so it is important to look at the overall clinical picture. 
However, prognosis of LVNC in low risk cohorts remains good.

Clinical Pearls
• LVNC is characterised by prominent myocardial trabeculations and deep 

recesses. The clinical spectrum of LVNC ranges from being completely asymp-
tomatic to progressive LV systolic impairment

• The current imaging criteria for LVNC are non-specific in athletes and prone to 
erroneous diagnosis. The diagnosis of LVNC relies on multimodality imaging 
including echocardiography and cardiac MRI.

• Around 18% of asymptomatic athletes exhibit increased LV trabeculations and 
8% fulfil echocardiographic criteria for LVNC suggesting that in most athletes, 
these findings represent an epiphenomenon in response to chronic increase in 
preload and afterload associated with exercise in the absence of a positive family 
history.

• A small minority of athletes (0.9%) fulfilling a triad of T-wave inversion, reduced 
resting indices of systolic function and LVNC imaging criteria may be support-
ive for a diagnosis of cardiomyopathy and require further evaluation and long- 
term follow-up.

• Cardiopulmonary exercise stress test followed by a peak exercise echocardiogra-
phy is useful in differentiating athlete’s heart from pathology. Athletes reveal a 
high peak VO2 (>120% predicted for age and size) and dynamic LV contraction, 
whereas patients with LVNC show low peak VO2 and poor contractile reserve.

 Clinical Application

 Questions

 1. A 17-year-old male, Caucasian, competitive rower is found to have features of 
LVNC on cardiac MRI, following a private health screening. He has no family 
history of cardiac disease or sudden cardiac death. His electrocardiogram is nor-
mal, and an echocardiogram shows an ejection fraction of 50% and normal LV 
function. What is the diagnosis, and can he continue to compete in his chosen 
sport?
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 2. A 23-year-old male, Afro-Caribbean, professional football player presents with 
syncopal episodes, shortness of breath on exertion and palpitations. His maternal 
Grandmother died aged 46  in unclear circumstances. His electrocardiogram 
shows deep inferolateral T-wave inversion. His echocardiogram shows an ejec-
tion fraction of 43% and normal LV function. A cardiac MRI shows features of 
mild myocardial non-compaction. What further tests would you order and how 
would you manage this patient?

 3. A 34-year-old female, Caucasian, air race pilot has an annual health check 
as requested by her insurance company. She is asymptomatic apart from a 
recent bad cold. Her latest electrocardiogram shows ST depression. An echo-
cardiogram shows an ejection fraction of 49% and normal LV dimensions 
and function. Cardiac MRI shows evidence of myocardial non-compaction. 
Ambulatory monitoring and an exercise electrocardiogram show no arrhyth-
mias and no episodes of non-sustained VT. Can she compete in the air show 
this weekend?

 Answers

 1. Although this young athlete has a feature of LVNC on imaging, in the absence of 
symptoms, positive family history, abnormal ECG patterns and, most impor-
tantly, impaired LV function, he has no restriction for any competitive sports.

 2. This patient is symptomatic with concerning features on electrocardiogram and 
cardiac MRI. He should undergo further testing: an exercise stress test and peak 
exercise echocardiogram and should refrain from competitive sport until a diag-
nosis has been confirmed.

 3. This air race pilot should not compete in the air show this weekend and should 
refrain from further air races. She is asymptomatic with no prior history of unex-
plained syncope and has no complex ventricular arrhythmias or episodes of non- 
sustained VT.  She may compete in all competitive sports except those where 
occurrence of syncope may cause serious harm or death to herself or others. She 
should be encouraged to consider a ground sport if she wishes to continue 
competing.
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Learning Objectives
 1. Learn how to diagnose different valve defects.
 2. Learn which diagnostic tool is needed to find the adequate diagnosis.
 3. Learn how sports activity influences the progression of VHD.
 4. Learn how sports activity influences pulmonary pressure and ventricular 

function.
 5. Learn which type of sports can be recommended in VHD individuals.

16.1  Introduction

The scope of this chapter is to provide an overview on the different types of VHD 
and to suggest a strategy how to diagnose them adequately. As the evaluation of the 
hemodynamic effects of competitive sport in individuals with VHD is challenging 
we describe the different consequences on cardiac function [1].

16.2  Aortic Valve Stenosis

The most common cause for aortic valve stenosis (AVS) is a rheumatic or congeni-
tal origin. Calcified degenerative stenosis is often associated with congenital abnor-
mality of the aortic valve (e.g. bicuspid valve), especially when aortic stenosis is 
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identified in young patients [2, 3]. Hemodynamic progression often shows marked 
individual variability and is not reflected by a single objective parameter.

Symptoms such as angina pectoris or dyspnea usually appear in a late stage of 
the disease. Occurrence of sudden cardiac death (SCD) is by far more probable if 
one of these symptoms is present. LA size can reflect hemodynamic burden in 
patients with asymptomatic severe aortic stenosis. Quantitative measurements of 
LA and diastolic function are helpful to evaluate left ventricular filling pressures 
with exercise and could be used to identify asymptomatic patients with increased 
hemodynamic burden [4].

• Congenital bicuspid aortic valve (BAV), one of the most common congenital 
heart diseases (0.9–2%), can lead to both AVS and aortic valve regurgitation 
(AVR; see below). In these individuals LV dimensions of athletes are often near 
the upper limits of normal.

Evaluation. AVS is frequently detected by auscultation. Determination of the 
gradient and valve opening area is initially carried out by Doppler-echocardiography 
(Table 16.1). Exercise testing is recommended in certain cases to assess LV func-
tion, development of ST segment depression, blood pressure behavior and possible 
arrhythmias [5, 6]. The role of exercise testing to clarify symptom status and the use 
of stress imaging (e.g. stress echocardiography) to evaluate the dynamic component 
of valvular abnormalities and to unmask subclinical myocardial dysfunction that 
could be missed at rest is of utmost importance. In patients with “low-flow, low- 
gradient AVS” (reduced systolic function, a valve opening area <1.0 cm2 and a mean 
aortic valve gradient <40 mmHg) the use of stress echocardiography is often helpful 
when attempting to differentiate true severe aortic stenosis from pseudo-severe aor-
tic stenosis, and it provides guidance for adequate therapy through evaluating the 
contractile reserve of the left ventricle.

Table 16.1 Echocardiographic parameters indicative of the degree of severity of different valve 
lesions (adapted from [4])

A
Aortic valve stenosis
Low Moderate Severe

Vmax (m/s) 2.6–2.9 3.0–4.0 ≥4.0
Δpmean (mmHg) <30 30–40 ≥40
Valve orifice area (cm2) >1.5 1.0–1.5 <1.0

B
Mitral valve stenosis
Low Moderate Severe

Valve orifice area (cm2) >1.5 1.0–1.5 <1.0
Δpmean (mmHg) <5 5–10 >10
Pulmonary artery pressure (mmHg) <30 30–50 >50

C
Tricuspid valve stenosis
Clinical significant degree

Δpmean (mmHg) >5
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The application of strain analysis during transthoracic echocardiography (TTE) 
allows a deeper physiological understanding of left ventricular (LV) contraction and 
its relationship with LV structure. Given that the severity of AVS is often progres-
sive, periodical evaluation is necessary. Athletes with a BAV complicated by AVS 
are managed in the same fashion as athletes with a trileaflet valve.

Classification. Classification is based on the mean aortic valve gradient and aor-
tic valve opening area (AVA):

 1. Mild = mean gradient <20 mmHg (AVA > 1.5 cm2).
 2. Moderate = mean gradient between 21 and 49 mmHg (AVA 1.0–1.5 cm2).
 3. Severe = mean gradient ≥50 mmHg (AVA < 1.0 cm2).

Recommendations for the allowed physical activity should be based on a distin-
guished strategy. Figure 16.1 shows an example for patients with AVS.

16.3  Aortic Valve Regurgitation

The commonest causes of AVR include BAV, rheumatic fever, infectious endocardi-
tis, Marfan syndrome, aortic dissection, systemic arterial hypertension and rheuma-
toid spondylitis. AVR causes dilatation of the LV cavity with increases in LV 
diastolic and systolic volumes. Bradycardia can worsen the hemodynamic pattern, 
due to lengthening of the diastolic duration and increase of the regurgitant volume. 
AVR causes both pressure and volume loading of the left ventricle.

• Athletes involved in mainly isometric exercise can develop pressure overloads 
due to high systemic arterial pressure. Hence, the resulting chronically elevated 
aortic wall tension in strength-trained athletes can be associated with aortic dila-
tation and regurgitation.

Management of aortic valve stenosis

Evaluation: physical examination, ECG, exercise test, echocardiography

Mild stenosis

Normal LV size/function
Normal exercise testing

No arrhythmia
Normal systolic PAP

All sports

Normal LV function under stress
No arrhythmias

Normal systolic PAP

All sports but power-, mixed- and
endurance- sports not on a very

intensive level.
Annual evaluation recommended

Moderate stenosis

Normal LV function under stress
Frequent and complex

arrhythmias

Severe stenosis

LV dysfunction at rest or under stress
Frequent and complex arrhythmias

Angina, syncope or shortness of breath

No sports No sportsOnly skill sports allowed

Fig. 16.1 Decision tree on eligibility for different types and intensities of sport according to the 
clinical severity of aortic valve stenosis (see Chap. 1 for classification of sports). ECG electrocar-
diogram, LV left ventricular, PAP pulmonary artery pressure
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• Athletes with AVR in the chronic compensated phase are often asymptomatic 
and can remain so far for many years.

• In patients with AVR, static exercise causes a reduction of preload resulting in a 
reduction in LV stroke volume and regurgitant volume.

AVR can be detected by auscultation and, of course, LV dilatation should be 
evaluated by echocardiography. Facing the fact that LV cavity dimension can also 
be increased in healthy athletes as a consequence of regular training, this should be 
considered when assessing LV size in the presence of AVR.  As LV dysfunction 
proceeds, symptoms occur including dyspnea on exertion, arrhythmias and, in 
advanced cases, angina [7, 8].

People of Afro-Caribbean origin have a lower incidence of BAV. In athletes with 
BAV, aortic and LV dimensions increase significantly more than in athletes with 
tricuspid valves, but do not differ from those in the general, non-athlete BAV popu-
lation. A normally functioning BAV usually does not represent a limit for competi-
tive sport. However, progressive increase in the sizes of both aorta and LV in BAV 
athletes needs thorough and regular follow-up. Apart from echocardiographic eval-
uation also Cardiac Magnetic Resonance Imaging (MRI) is of good use. If LV 
dimensions and Doppler variables fall outside normal values, it may be necessary to 
interrupt or even stop competitive sport.

Exercise testing (or cardiopulmonary testing) can be helpful in the evaluation of 
exercise tolerance and blood pressure response. It should be carried out up to the 
level that is consistent with the particular sport in order to assess ventricular 
tolerance.

Because of possible progression of AVR over time, periodical evaluation is 
recommended.

Classification. The hemodynamic severity of AVR can be classified as follows:

 1. Mild = absence of peripheral signs of AVR and normal LV and atrial size and 
function; small dimension of the diastolic flow signal on Doppler- 
echocardiography.

 2. Moderate = peripheral signs of AVR, mild to moderate enlargement of the LV, 
normal systolic function, moderate dimension of the diastolic flow signal on 
Doppler-echocardiography.

 3. Severe = peripheral signs of AVR, marked dilatation of the LV and/or evidence 
of LV dysfunction; enlarged atrial size and large dimension of the diastolic flow 
signal on Doppler-echocardiography.

16.4  Mitral Valve Stenosis

Mitral valve stenosis (MVS) in young individuals is generally of rheumatic origin. 
This disease can result in elevated left atrial (LA) pressure, leading to pulmonary 
hypertension. The increase in heart rate and cardiac output associated with intensive 
exercise can markedly increase the pulmonary arterial pressure and may eventually 
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lead to acute pulmonary edema. In severe disease, left-sided cardiac output is com-
promised as a result of poor LV filling. However, exercise intolerance can also be 
influenced by restrictive lung function and chronotropic intolerance. Embolization 
by atrial thrombus represents a further complication, which usually occurs in the 
presence of atrial fibrillation and an enlarged left atrium. Long-term effects of 
repeated exertion-related increases in pulmonary artery wedge pressure on pulmo-
nary circulation and on the right ventricle are still not well understood.

It still remains elusive to which extend chronic physical activity and especially 
competitive sports contribute in case of a negative course.

Evaluation. Presence of MVS can be detected by characteristic auscultation, and 
severity can be determined by non-invasive testing which includes

• ECG
• Echocardiography
• Chest x-ray
• Exercise testing.

TTE and transesophageal echocardiography (TOE) allow assessment of valve 
opening area, presence of calcification and papillary muscle function. The contribu-
tion of regurgitation should also be considered in the calculation of the valve open-
ing area (Table  16.1). Pulmonary systolic arterial pressure can be assessed by 
Doppler-echocardiography in the presence of tricuspid regurgitation, even during or 
after exercise.

• Exercise testing (or cardiopulmonary testing) can add information regarding the 
hemodynamic behavior and occurrence of arrhythmias (particularly atrial 
fibrillation).

• Invasive testing, e.g. Swan Ganz catheterization, is indicated only in selected 
cases, when accurate assessment of pressure in the pulmonary circulation is 
needed for therapeutic or legal purposes.

• Stress echocardiography may provide additional objective information by assess-
ing changes in mitral gradient and pulmonary artery pressure.

Athletes who develop a significant pulmonary artery systolic pressure during 
exercise are likely to develop severe adverse effects on RV function over time. 
Athletes/patients with MVS and atrial fibrillation must receive anticoagulation 
treatment to avoid systemic embolism. These individuals should avoid contact col-
lision sport. Hemodynamic severity is best characterized by the planimetered mitral 
valve area and the calculated mitral valve area from the diastolic pressure 
half-time.

Classification. The severity of MVS can be categorized as follows:

 1. Mild = mitral valve opening area 1.5–2.5 cm2, with pulmonary systolic arterial 
pressure <35 mmHg, and mean gradient <7 mmHg.
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 2. Moderate = mitral valve opening area 1.0–1.5 cm2, with resting pulmonary sys-
tolic arterial pressure between 35 and 50 mmHg, and a mean gradient between 8 
and 15 mmHg.

 3. Severe = mitral valve opening area <1.0 cm2, with resting pulmonary systolic 
arterial pressure >50 mmHg, and a mean gradient >15 mmHg.

16.5  Mitral Valve Regurgitation

The most frequent cause of mitral valve regurgitation (MVR) is the prolapse of 
leaflets (mitral valve prolapse (MVP)). MVP can appear as a single or bileaflet pro-
trusion and is of relevance in cases of a protrusion of at least 2 mm beyond the long- 
axis annular plane into the left atrium.

• It is worth to know that some trials showed that the prevalence of mitral valve 
prolapse syndrome is lower in black individuals.

Other causes include

• post-rheumatic fever
• infectious endocarditis
• coronary heart disease (ischemic cardiomyopathy)
• connective tissue disease (e.g. Marfan syndrome)
• dilated cardiomyopathy.

MVR is responsible for regurgitated blood into the left atrium, which causes 
increased LV diastolic filling and subsequently raises left atrial pressure. Highly 
trained athletes presenting with mild mitral (and aortic) valve regurgitation are not 
disadvantaged regarding their cardiopulmonary capacity, but they have to be evalu-
ated thoroughly.

MVR is clinically detected by dyspnea, exercise intolerance and auscultation. 
However, the majority of people with mild or moderate MVR remain asymptom-
atic. The severity of MVR can be assessed by Doppler-echocardiography. TTE is 
recommended as the first-line imaging modality, two-dimensional TOE is advo-
cated when TTE is of non-diagnostic value or when further diagnostic refinement is 
required. Three-dimensional echo can provide additional information in patients 
with complex valve lesions. In assessing the severity of MVR, ECG and chest x-ray 
are also useful.

Since well-trained athletes often have an increased LV end-diastolic size due to 
their training history, this should be considered when a decision has to be made 
whether LV enlargement is caused by MVR or by a physiological adaptation to the 
years of training. MVR contributes to the unload of LV during systole which can 
lead to overestimation of true myocardial performance.

• In athletes, severity of MVR should be based on LV end-systolic volume, and a 
cut-off of 35 mm/m2 in men (respectively 40 mm/m2 in women) turned out to be 
useful to distinguish individuals with LV enlargement of clinical relevance.
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Physical activity rarely leads to an increased regurgitation fraction due to the 
reduced systemic vascular resistance, but this effect can be diminished by elevated 
heart rate. The use of global longitudinal strain could be of potential interest for the 
detection of subclinical LV dysfunction.

The extent of LA enlargement should also be considered, because of the procliv-
ity for atrial fibrillation. LA volume, systolic pulmonary artery pressure, tricuspid 
regurgitation, annular size and right ventricular (RV) function are important addi-
tional parameters.

• A significant increase of pulmonary artery pressure with exercise of >60 mmHg 
has been reported to be of prognostic value.

• 24-h Holter monitoring is recommended when arrhythmias are evident or sus-
pected, and when MVR is due to prolapse of the leaflets.

Athletes with atrial fibrillation must receive anticoagulation treatment, and they 
should avoid sports with risk of bodily collision. When MVR is due to an isolated 
MVP the prognosis is good and no sport restriction should be applied.

Classification. There are several methods to classify MVR. The widely accepted 
PISA-method uses the width of the jet and the velocity to assess the degree of regur-
gitation, but also CW Doppler characteristics are helpful:

 1. Mild  =  regurgitation width <0.3  cm (PISA), soft density and parabolic CW 
Doppler MR signal

 2. Moderate = regurgitation width 0.3–0.6 cm (PISA).
 3. Severe = regurgitation width >0.6 cm (PISA), dense and triangular CW Doppler 

MR jet, large central MR jet

16.6  Tricuspid Valve Stenosis

In most cases tricuspid valve stenosis (TVS) is caused by rheumatic fever and is 
associated with MVS. In the presence of MVS and TVS, patients should be assessed 
with reference to the MVS. An isolated TVS is very rare (Table 16.1).

• If the patient is asymptomatic (no dizziness, no dyspnea or peripheral edema), 
participation in competitive sports may be possible.

Thorough echocardiographic evaluation of the anatomy of the valve and its sub-
valvular apparatus is important to evaluate the therapeutic strategy. There is no gen-
erally accepted grading of TVS but a mean gradient ≥5 mmHg at normal heart rate 
is considered indicative of clinically significant TVS.

16.7  Tricuspid Valve Regurgitation

Tricuspid valve regurgitation (TVR) is often the consequence of RV dilatation. 
Rheumatic fever or infectious endocarditis are less common causes. Primary TVR 
leads to volume overload of the RV, increased venous pressure and congestive 
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symptoms. The severity of TVR can be determined non-invasively by physical 
examination, chest x-ray and especially echocardiography. Dense and triangular 
early peaking regurgitant signal on colour flow, vena contracta flow, PISA radius 
and early diastolic filling velocity and RV outflow velocity are established echocar-
diographic parameters to assess the severity of TVR.

16.8  Multi-valvular Diseases

Multi-valvular diseases frequently occur in connection with rheumatic fever, myxo-
matous valvular diseases or infectious endocarditis. These conditions can be diag-
nosed by physical examination and assessed quantitatively by 
Doppler-echocardiography. If one valvular disease worsens, it might impact the 
other and result in unfavorable hemodynamic effects. Therefore, close follow-up is 
warranted in these athletes with regard to participation in competitive sports (see 
Table 16.1 for recommendations).

16.9  Postoperative Athletes with a (Bio)prosthetic  
Heart Valve

Although patients usually improve clinically after heart valve replacement, the 
long-term mortality can be higher than in a healthy control population. Furthermore, 
patients with normal hemodynamic patterns at rest may have abnormal values under 
physical stress.

• Exercise testing, preferably spiroergometry, should be carried out up to the inten-
sity consistent with that of the sport the athlete wishes to pursue.

Noteworthy, patients with mechanical valves (or bioprosthetic valves in selected 
cases) need systematic anticoagulation treatment, which further limits their choice 
of competitive sports. Athletes with artificial valves should undergo periodic reeval-
uation. Athletes with a prosthetic or bioprosthetic valve who are receiving antico-
agulation treatment should not participate in sports with a risk of bodily collision.

16.10  Athletes Post-valvuloplasty

Valvuloplasty is still performed in some patients with MVS, despite the probability 
of restenosis and no clear advantage when compared with valve replacement. Aortic 
valvuloplasty is performed extremely rare in young patients with AVS.

• In athletes after valvuloplasty, recommendations for sports participation are 
based on the residual degree of severity of stenosis and/or regurgitation.

• Exercise testing should be carried out up to the level consistent with the level 
reached in the sport in which the patient participates.
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16.11  Mitral Valve Prolapse

Mitral valve prolapse (MVP) is mostly associated with myxomatous degeneration 
of the valve. It preferentially occurs in athletes of tall stature and shows a familial 
cluster. Ischemic cardiomyopathy and hypertrophic obstructive cardiomyopathy are 
potential secondary etiologies. Mitral valve prolapse is a disease of all connective 
tissues, including the tendinous chords; and so, the risk of chordal rupture remains 
after repair of the regurgitant valve.

• MVP is often associated with mitral regurgitation.
• Rhythm disorders (i.e. brady- or tachyarrhythmias), endocarditis, syncope or 

embolism can also occur.
• SCD in MVP patients is more common in women, occurs regardless of the 

degree of regurgitation, and is often associated with myocardial fibrosis in the 
papillary muscles on contrast-enhanced cardiac magnetic resonance imaging.

The typical auscultatory finding is a late-systolic click and a murmur due to late 
systolic or holosystolic regurgitation. Elongation and thickening of valve leaflets, 
degree of mitral regurgitation and LV dimension and function should be assessed by 
echocardiography. Evaluation should include exercise testing and/or Holter moni-
toring to assess the presence of arrhythmias. Frequent cardiological evaluation is 
recommended, because the regurgitation can get worse by progressive degeneration 
of the leaflets.

16.12  Transcatheter Interventions for Valvular Heart Disease

The recent development of devices for transcatheter aortic valve implantation 
(TAVI), mitral repair (mitral clipping), and closure of prosthetic paravalvular leaks 
has led to a greatly expanded armamentarium of catheter-based approaches to 
patients with regurgitant as well as stenotic valvular disease.

• The use of these new techniques is supposed to be rare in competitive athletes.
• However, athletes concerned should be judged according to the remaining car-

diac defect and with respect to anticoagulation therapy.

In patients after TAVI, combined exercise training (endurance and resistance 
component) is safe and highly effective and often results in improved quality of 
life, muscular strength and exercise capacity. However, TAVI procedures are 
mainly used in elderly patients so far, showing corresponding comorbidities that 
make competitive sports in these individuals almost impossible. Latest trials on 
TAVI procedures showed also advantages in younger patients receiving this 
technique.
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16.13  Prophylaxis for Endocarditis

Infective endocarditis (IE) is an endovascular, microbial infection of intracardiac 
structures facing the blood, including infections of the large intrathoracic vessels. 
The early lesion is a vegetation of variable size, although destruction, ulceration or 
abscess may follow. The increasing accuracy of echocardiography and therapeutic 
progress have contributed to the prognostic improvement in the last few years.

Patients with

• previous history of infective endocarditis
• prosthetic heart valves
• acquired valve disease

are considered high risk patients and should receive antibiotic prophylaxis when 
exposed to risk of bacteremia in accordance with the ESC recommendations.

• As a general rule, all sports activity should be avoided when active infection with 
fever is present. Resumption of sport activity can be considered when the inflam-
matory process is completely extinguished, and systematic maintenance of endo-
carditis prophylaxis must be observed strictly.

16.14  Aortopathies

The term aortopathies includes several aortic diseases that account for 1.6–5% of 
SCD in young athletes. Although Marfan syndrome (MFS) is the prototype for the 
aortopathies, maladaptive remodelling of the vascular extracellular matrix is not 
unique to MFS. Irrespective of etiology, altered vascular structure may lead to an 
increase propensity for aortic dilation, dissection, or rupture of aortic wall.

The evaluation of an athlete with suspected MFS includes

• family and personal medical history
• physical examination
• echocardiography
• genetic testing.

If transthoracic echocardiographic evaluation does not allow precise visual-
ization of the aorta, computed tomography (CT) or MRI should be performed. 
Particular care should be paid in evaluating tall athletes engaged in certain sports 
such as basketball and volleyball which may exhibit most of the systemic fea-
tures of the syndrome. The diagnosis of MFS relies on defined clinical criteria 
(Ghent nosology; see Chap. 7). Several factors influence aortic root dimensions, 
including body size, age, height, and gender, and they have to be taken into 
account [9].
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• The abnormal range is an enlargement at the level of sinuses of Valsalva with a 
Z-score ≥2.

• Particular attention with close clinical surveillance should be paid when a rapid 
change in aortic dilatation is demonstrated (i.e. ≥0.5 cm/year) or when heart or 
valve function deteriorates.

Also, other rare connective tissue disorders may increase the risk of aortic dilata-
tion/dissection in competitive athletes. These conditions may present a clinical 
overlap with MFS in the cardiovascular, ocular or skeletal systems.

Whether regular and intensive exercise has an impact on aortic root dimensions 
is still debated. However, a marked aortic root dilatation does not represent a physi-
ological adaptation to exercise. Life expectancy in patients with aortopathies is 
largely determined by the risk of aortic dissection and lifestyle risk factors.

Clinical Pearls
• The majority of athletes with VHD are often asymptomatic for a long time and 

an abnormal ECG pattern raises a first suspicion on a potential valve defect. 
Possible symptoms are breathlessness that is disproportionate to the amount of 
exercise being performed, palpitation or syncope.

• TTE is the first line investigation to confirm the diagnosis of VHD and provides 
essential prognostic information in relation to severity of valve dysfunction, ven-
tricular function and pulmonary artery pressure.

• Valve defects with a predominantly regurgitant component are often better toler-
ated than stenotic lesions.

• Recommendations for athletes with VHD need a detailed diagnostic approach and 
tailored guidance that respect not only the valve disease itself but also potential 
arrhythmia, pulmonary pressure, size and function of cardiac chambers.

 Review

 Questions

 1. What is the most frequent cause of mitral valve regurgitation (MVR) and how 
can it be diagnosed adequately?

 2. Are athletes with bicuspid aortic valve (BAV) allowed to perform sport on a 
higher level?

 3. Which left ventricular size can be accepted in athletes with MVR?

 Answers

 1. The prolapse of leaflets (mitral valve prolapse (MVP)) is the most frequent cause 
of MVR and can appear as a single or bileaflet protrusion. Typical symptoms are 
dyspnea, exercise intolerance and auscultation. Many individuals are 
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asymptomatic. MVR can be assessed by Doppler-echocardiography. Next to the 
valve function the extent of left atrial enlargement should also be evaluated, 
because of the proclivity for atrial fibrillation.

 2. Congenital BAV is one of the most common congenital heart diseases appearing 
in up to every 50th individual and can lead to both AVS and aortic valve regurgi-
tation. A normally functioning BAV usually does not represent a limit for com-
petitive sport but these athletes need regular follow-up evaluation of both aorta 
and left ventricular size.

 3. The relevance of MVR in athletes should also be based on LV end-systolic vol-
ume. A cut-off of 35 mm/m2 in men (respectively 40 mm/m2 in women) turned 
out to be useful to distinguish individuals with LV enlargement of clinical 
relevance.

References

 1. Pelliccia A, Fagard R, Bjornstad HH, Anastassakis A, Arbustini E, Assanelli D, et  al. 
Recommendations for competitive sports participation in athletes with cardiovascular disease: 
a consensus document from the study group of sports cardiology of the working group of 
cardiac rehabilitation and exercise physiology and the working group of myocardial and peri-
cardial diseases of the European society of cardiology. Eur Heart J. 2005;26(14):1422–45.

 2. Gati S, Malhotra A, Sharma S. Exercise recommendations in patients with valvular heart dis-
ease. Heart. 2019;105(2):106–10.

 3. Mellwig KP, van Buuren F, Gohlke-Baerwolf C, Bjornstad HH. Recommendations for the man-
agement of individuals with acquired valvular heart diseases who are involved in leisure-time 
physical activities or competitive sports. Eur J Cardiovasc Prev Rehabil. 2008;15(1):95–103.

 4. Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, Holm PJ, et al. 2017 ESC/EACTS 
Guidelines for the management of valvular heart disease. Eur Heart J. 2017;38(36):2739–91.

 5. Levine BD, Baggish AL, Kovacs RJ, Link MS, Maron MS, Mitchell JH, et  al. Eligibility 
and disqualification recommendations for competitive athletes with cardiovascular abnor-
malities: task force 1: classification of sports: dynamic, static, and impact: a scientific state-
ment from the American heart association and American college of cardiology. Circulation. 
2015;132(22):e262–6.

 6. Pelliccia A, Adami PE, Quattrini F, Squeo MR, Caselli S, Verdile L, et al. Are olympic athletes 
free from cardiovascular diseases? Systematic investigation in 2352 participants from Athens 
2004 to Sochi 2014. Br J Sports Med. 2017;51(4):238–43.

 7. Booher AM, Bach DS. Exercise hemodynamics in valvular heart disease. Curr Cardiol Rep. 
2011;13(3):226–33.

 8. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP 3rd, Guyton RA, et al. 2014 
AHA/ACC guideline for the management of patients with valvular heart disease: executive 
summary: a report of the American college of cardiology/American heart association task force 
on practice guidelines. Circulation. 2014;129(23):2440–92.

 9. Boraita A, Heras ME, Morales F, Marina-Breysse M, Canda A, Rabadan M, et al. Reference 
values of aortic root in male and female white elite athletes according to sport. Circ Cardiovasc 
Imaging. 2016;9(10):e005292.

F. van Buuren and K. P. Mellwig



303© Springer Nature Switzerland AG 2020
A. Pressler, J. Niebauer (eds.), Textbook of Sports and Exercise Cardiology, 
https://doi.org/10.1007/978-3-030-35374-2_17

A. Biffi 
Institute of Sports Medicine & Science, Italian Olympic Committee, Rome, Italy 

A. Zorzi · D. Corrado (*) 
Department of Cardiac, Thoracic, Vascular and Public Health Sciences, University of Padova, 
Padova, Italy
e-mail: domenico.corrado@unipd.it

17Specific Cardiovascular Diseases 
and Competitive Sports Participation: 
Arrhythmias

Alessandro Biffi, Alessandro Zorzi, and Domenico Corrado

Learning Objectives
 1. Learn to distinguish those cardiac rhythm disorders which are the expression of 

physical training and do not have significant clinical impact (such as sinus bra-
dycardia, low degree AV block etc.).

 2. Give attention to the atrial and ventricular arrhythmias which may have a malig-
nant consequence on athlete careers.

 3. Set up a correct and appropriate diagnostic work up using modern and useful 
diagnostic tools.

 4. Learn the decision-making protocols to grant sports eligibility and follow-up in 
athletes with arrhythmias.

17.1  Introduction

Arrhythmias represent a common finding in the evaluation of the athlete. They can 
be the expression of a benign phenomenon, such as bradyarrhythmias due to an 
increase of the vagal tone or raise the clinical suspect of an underlying heart disease, 
such as ventricular arrhythmias. In this chapter, we summarize the most frequent 
arrhythmias that can be encountered in athletes and the criteria for sports 
eligibility.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_17&domain=pdf
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17.2  Sinus Bradycardia and Atrio-Ventricular Conduction 
Disturbances

17.2.1  Sinus Bradycardia, Sinus Arrhythmia and Sinus Pauses

Sinus bradycardia is a non-pathologic condition that represents a common fea-
ture of the athlete’s heart as a consequence of the increased vagal tone [1]. Its 
prevalence varies widely among the populations oscillating from 4% to 8% in 
non-athletes, and from 40% to 90% in athletes according to the degree of train-
ing [1–5]. Sinus pauses > 2 s at 24-h ambulatory electrocardiogram (ECG) mon-
itoring are also quite common and are observed in more than one third of athletes 
[6]. Sinus rates at rest in the 40–50 bpm range are common in endurance ath-
letes [1–6].

• In highly trained athletes, even marked sinus bradycardia may be observed 
(<40 bpm), without pathological significance.

• Conversely, in athletes practicing sport at low cardiovascular intensity, a  
daytime resting heart rate (HR) <40  bpm is infrequent and potentially 
pathological.

With significant sinus bradycardia, a junctional or ventricular escape rhythm  
can compete with the sinus rhythm. Sinus arrhythmia and wandering atrial  
pacemaker are also more prevalent in athletes compared with the general  
population.

Sports eligibility can be granted in athletes without heart disease and without 
bradycardia-related symptoms (syncope, pre-syncope, dizziness, dyspnea, etc.).

• In cases of athletes with marked sinus bradycardia, exercise testing (ET) should 
show a normal chronotropic response (achievement of at least 85% of maximum 
theoretical heart rate for age) and 24-h ambulatory ECG monitoring should not 
record pauses >3 s.

• In athletes practicing aerobic sports, sinus pauses >3 s should not be considered 
as a sign of sinus node dysfunction, as long as they are not associated to symp-
toms or arrhythmias correlated with bradycardia.

• In selected case, 3–6 months of detraining can be very useful in documenting the 
significant reduction of the sinus arrhythmia or pauses, as expression of vagal 
tone.

17.2.2  Atrioventricular Block (AVB)

First-degree and second-degree type 1 AVB are not rare in athletes practicing aero-
bic sports and are also considered a major expression of adaptation to physical 
training, while Mobitz type II second-degree AVB and third-degree AVB are very 
rare and often pathological [7–11]. Second-degree type 1 AVB is frequently 
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a

b

c

Fig. 17.1 Cross-country skier, 28 years old, with asymptomatic resting/nocturnal Mobitz-1 atrio- 
ventricular block (panel a), occasionally advanced (3:1; panel b). The atrio-ventricular conduc-
tion disturbance is completely normalized by physical exercise (panel c)

observed during nighttime (i.e. when the vagal tone is highest) at 24-h ambulatory 
ECG monitoring, but it may rarely be observed at rest during daytime. Both first-
degree and second-degree type 1 AVB should normalize during exercise or hyper-
pnoea (Fig.  17.1). On the other hand, appearance of an AVB during exercise is 
always pathological, suggesting an infra-hissian block (i.e. secondary to a disease 
of the conduction system).
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17.2.3  Sports Eligibility

• First-degree AVB, which disappears during exercise or hyperventilation, does 
not contraindicate any sports activity.

• In second-degree AVB with narrow QRS and Luciani-Wenckebach periodism 
(Mobitz type-1), eligibility is granted in the absence of heart disease or symp-
toms and in the case of normalization of the atrioventricular conduction with the 
increase in HR during ET.

• Second-degree AVB Mobitz type-2, advanced and complete AVB require inves-
tigation of the conduction system by invasive electrophysiologic study [12].
 – If a disease of the cardiac conduction system is excluded and the AVB is con-

sidered to be secondary to hypervagotonia, they may be compatible with 
sports if the atrioventricular conduction normalizes during ET, no prolonged 
(>3 s) ventricular pauses are recorded at 24-h ambulatory ECG monitoring 
and the athlete is asymptomatic.

 – Persistent forms and those unrelated to physical training contraindicate sports 
activity.

 – In controversial cases, re-evaluation after 3–6 months of detraining may be 
useful.

17.3  Supraventricular Arrhythmias

17.3.1  Premature Atrial Beats

The presence of occasional premature atrial beats can be considered a common 
finding in healthy athletes. Frequent and/or repetitive premature atrial beats require 
further diagnostic testing, such as ET and echocardiography to rule out an underly-
ing heart disease. Electrolytes and thyroid function should also be checked.

Sports eligibility may be granted in the absence of significant symptoms or 
underlying heart disease.

17.3.2  Paroxysmal Supraventricular Tachycardias (with No Overt 
Pre-Excitation)

Atrio-ventricular nodal re-entrant tachycardia (AVNRT) and orthodromic atrio- 
ventricular re-entrant tachycardia (ARVT) through a concealed accessory pathway 
are the two most common paroxysmal supraventricular tachycardias in young peo-
ple [13]. Although benign, these arrhythmias may be poorly tolerated in athletes 
because they may occur during sports activity, and sympathetic stimulation increases 
their HR.

As a consequence, sports eligibility can be granted only if there is:

• no history of severe symptoms and the recurrences are rare and non-exercise 
related.
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• In the other cases, catheter ablation is the best option, given the very high success 
rate (approximately 90% for AVRT and >95% for AVNRT) and the low risk of 
complications [14].
 – One month after successful ablation, in the absence of complications and 

recurrences, the athlete can resume competitions [15].

17.3.3  Wolff-Parkinson-White Syndrome

Wolff-Parkinson-White (WPW) syndrome is a congenital heart disease character-
ized by the abnormal persistence of a muscular bundle (accessory atrioventricular 
pathway) which provides an alternative way of electrical connection between atrial 
and ventricular myocardium, other than the normal atrioventricular node-His bun-
dle axis [14, 15]. Typical ECG features of ventricular pre-excitation in the WPW 
syndrome include:

 1. a PR interval less than 0.12 s
 2. with a slurring of the initial segment of the QRS complex, known as a delta 

wave, and
 3. a QRS complex widening with a total duration greater than 0.12 s.

The delta wave may be particularly evident in highly trained athletes who exhibit 
an increased vagal tone and prolonged atrioventricular node conduction time.

The WPW syndrome may be complicated by different types of arrhythmia, in 
particular:

 (a) AVRT, either orthodromic or antidromic and
 (b) pre-excited atrial fibrillation (AF) that can degenerate into lethal ventricular 

fibrillation in case of very rapid atrioventricular conduction through the acces-
sory pathway.

Physical activity may increase the occurrence of arrhythmias in WPW syndrome 
[14, 15]. As the risk of sudden death is proportional to the ability of the accessory 
pathway to provide fast atrioventricular conduction in case of AF, evaluation of the 
accessory pathway refractoriness by transesophageal or endocavitary electrophysi-
ological study is a prerequisite for sports eligibility. The study can be avoided in 
asymptomatic patients with intermittent delta wave and can be delayed in asymp-
tomatic children aged <12 years who are at very low risk of sudden death [15].

Sports eligibility should be granted only in athletes

• with no history of supraventricular arrhythmias and
• if the electrophysiology study demonstrates a refractory period of the accessory 

pathway ≥250  ms at rest and ≥210  ms during exercise or isoproterenol 
infusion.

In case of previous symptoms or high-risk accessory pathway, the athlete should 
be referred for catheter ablation [15].
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17.3.4  Atrial Fibrillation and Atrial Flutter

The association between sports activity and the risk of developing AF has been 
evaluated by several studies that have provided different results depending on the 
age, years of training, and type of sport of the study population [15–28]. Overall, 
these studies suggest that moderate intensity physical activity is associated with a 
lower incidence of AF, but high-intensity endurance sports increases the risk of AF 
in middle-aged athletes but not in younger individuals (see also Chaps. 34 and 51). 
The pathophysiological mechanisms responsible for the development of AF in ath-
letes remain speculative and are mostly dependent on experimental data. Atrial 
enlargement and fibrosis, increased atrial ectopy, increased vagal tone and changes 
in electrolytes have been proposed as possible mechanisms [29].

Because AF in athletes usually occurs in the context of a structurally normal 
heart (“lone AF”) and because anti-arrhythmic drugs may be poorly tolerated, pul-
monary vein isolation by catheter ablation is been increasingly offered to athletes as 
a first line therapeutic option [30, 31]. Although observational studies suggest that 
the outcome of AF ablation in athletes is similar or better than in sedentary individu-
als, long-term arrhythmia-free survival after a single procedure ranges 50–70% and 
repeat ablations are required to achieve a 70–80% probability of freedom from AF 
[32–35]. Moreover, the rate of serious complications is not negligible (1–5%) and it 
has to be discussed with the patient before this strategy is chosen [36].

Sports eligibility in athletes with paroxysmal AF may be granted

• in the absence of structural heart disease,
• if the episodes are sporadic,
• not exercise-induced and
• not associated with severe symptoms.

Permanent AF usually contraindicates competitive sport at medium or high car-
diovascular demand. In case of one of more risk factors for AF-related arterial 
thromboembolism (such as age > 65 years old, hypertension and diabetes) antico-
agulation therapy should be considered and, if this is initiated, sports at-risk for 
trauma should be avoided because of the risk of bleeding.

Atrial tachycardia and atrial flutter are uncommon in athletes without heart dis-
ease and may cause elevated heart rates during exercise. Therefore, such arrhyth-
mias are not usually compatible with athletic activity at medium-high cardiovascular 
intensity. Catheter ablation of the cavo-tricuspidal isthmus is a highly effective and 
safe therapy for the treatment of typical atrial flutter and should thus be considered 
as the treatment of choice [37].

17.4  Ventricular Arrhythmias

In the majority of cases, ventricular arrhythmias that may be encountered in athletes 
consists of simple premature ventricular beats (PVBs) resulting from the activity of 
a benign and idiopathic automatic focus that is usually suppressed by exercise, 
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similarly to the sedentary population [38]. Only occasionally, idiopathic PVBs may 
increase in number and complexity during effort and cause non-sustained or sus-
tained ventricular tachycardia that may be fast enough as to cause severe symptoms 
such as syncope [30, 31, 39], or be numerous enough as to cause PVBs-mediated 
left ventricular dysfunction [40]. Rarely, PVBs may represent the clinical manifes-
tation of an underlying heart disease potentially at-risk of sudden cardiac death. 
Hence, the first objective in evaluating an athlete with ventricular arrhythmias is to 
exclude life-threatening cardiovascular diseases [41].

17.4.1  Features that may Suggest an Underlying Heart Disease

An increase in the arrhythmia at the beginning of exercise, disappearance at peak 
exercise, and reappearance during recovery usually suggest a benign process [38]. 
On the other hand, triggering or worsening of the arrhythmia during exercise may 
indicate an underlying cardiomyopathy or ion channel disease [42–49].

Careful assessment of the morphology of the arrhythmic QRS complex may help 
to identify the anatomic origin and the probability of an underlying disease:

• The most common benign PVBs of the athletes show a negative QRS complex in 
V1 (left-bundle-branch-block, LBBB pattern) and inferior axis in the limb leads 
(positive QRS complex in II, III and aVF), indicating origin from the ventricular 
outflow tract (either right or left).
 – Also, ventricular arrhythmias with a slightly prolonged QRS (0.12–0.13  s) 

and a morphology of the ectopic QRS resembling a typical right-bundle- 
branch-block (RBBB) in V1 suggests the origin from a fascicle of the left 
bundle and are usually benign.

• In contrast, arrhythmias with different configurations such as LBBB and inter-
mediate/superior axis or RBBB with wide QRS are rarer in healthy athletes and 
may be the sign of an underlying structural heart disease [40–47] (Fig. 17.2).
 – In particular, PVBs with a RBBB configuration indicate a left ventricular ori-

gin and suggest possible left ventricular diseases such as
dilated/inflammatory cardiomyopathy,
hypertrophic cardiomyopathy,
left ventricular non-compaction, or
a predominantly left-sided arrhythmogenic cardiomyopathy (ARVC),

particularly if the arrhythmia increases in number and complexity with increas-
ing workload during ET [39, 48].

The prevalence of concomitant repolarization/depolarization ECG abnormali-
ties increases the probability of an associated disease. The association between 
PVBs with a LBBB pattern and repolarization abnormalities, such as T-wave 
inversion in the right precordial leads is highly suggestive of ARVC. The coexis-
tence of a right ventricular conduction defect in the form of a prolonged QRS 
duration or a delayed S-wave upstroke in V1–V3 further increases the likelihood 
of ARVC [49].
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Finally, the induction of polymorphic VT during exercise always carries a bad 
prognosis. Polymorphic VT with alternating complexes (“bidirectional” pattern), 
induced during exercise, suggests the inherited ion channel disorder, catechol-
aminergic polymorphic ventricular tachycardia, which causes exercise-induced 
arrhythmic cardiac arrest in the absence of structural heart disease as discussed 
above [50].

17.4.2  Work-Up of Athletes with Ventricular Arrhythmias

The work-up of athletes with ventricular arrhythmias should always include

 (a) echocardiography,
 (b) 24-h ambulatory ECG monitoring and
 (c) ET.

Ambulatory ECG monitoring should include a training session and, possibly, 
have a 12-lead configuration that allows to evaluate the PVBs morphology. Exercise 
tests should mimic the exercise/sport practiced by the patient, because a 

Fig. 17.2 Swimmer, 26 years old, with a brief episode of exercise-induced non-sustained ven-
tricular tachycardia. The ventricular arrhythmia has an uncommon morphology with wide right 
bundle branch block. Constrast enhanced cardiac magnetic resonance showed the presence of a 
subepicardial left ventricular scar
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conventional ET may not replicate the specific clinical situation and the arrhythmo-
genic mechanisms produced by the sport. Echocardiography is the preferred imag-
ing modality in the evaluation of athletes with ventricular arrhythmias in order to 
exclude an underlying a cardiomyopathy or a congenital heart disease. However, 
even if echocardiography is negative, contrast-enhanced cardiovascular magnetic 
resonance imaging may be particularly indicated in athletes with complex and/or 
exercise-induced PVBs with a RBBB configuration and wide-QRS, in order to 
exclude concealed left-ventricular scar tissue that may be a substrate for life- 
threatening ventricular arrhythmias and sudden cardiac death in the athlete [39, 48].

In selected athletes in whom non-invasive clinical and instrumental findings are 
inconclusive, other invasive tests such as

 (a) electrophysiological study,
 (b) coronary angiography (particularly in older athletes with coronary risk factors), and
 (c) endomyocardial biopsy

may be required to achieve a definite diagnosis. Molecular genetic studies are 
increasingly available for the diagnosis of inherited arrhythmogenic heart muscle 
diseases, including channelopathies, and are particularly indicated if catecholamin-
ergic polymorphic ventricular tachycardia is suspected (see Chap. 12). Work-up 
should also include a search for agents that may enhance electrical ventricular irri-
tability, such as the use of excessive amount of alcohol, illicit drugs, or stimulants, 
particularly ephedrine and caffeine (see Chap. 28).

17.4.3  Sports Eligibility in Athletes with Premature  
Ventricular Beats

• The 2006 consensus document of the Working Group on Sports Cardiology of 
the European Society of Cardiology recommended to exclude from competitive 
sports activity athletes with >2000 PVBs/day, repetitive or exercise-induced 
PVBs even in the absence of an underlying structural heart disease, unless they 
disappear after 3–6 months of detraining [51].
 – However, these recommendations appear out-of-date considering the current per-

spective on the clinical meaning of PVBs based on more recent scientific data.
• The 2015 recommendations of the American Heart Association/American 

College of Cardiology suggest that athletes with PVBs and no underlying disease 
can participate in all competitive sports.
 – However, when PVBs increase in frequency during exercise or exercise test-

ing and convert to repetitive forms, further evaluation by appropriate imaging 
or monitoring strategies is recommended before clearance for participation in 
high-intensity sports.

 – If exercise-induced arrhythmias cause symptoms, the athlete should be lim-
ited to exercise below the level at which arrhythmias occur.

 – Conversely, athletes with defined structural heart disease should be limited to 
low-intensity competitive sports.
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• Finally, according to the 2017 recommendations of the Italian Society of Sports 
Cardiology, athletes with PVBs should be carefully assessed for an underlying 
heart disease.
 – The work-up should include cardiac magnetic resonance in case of PVBs with 

a left ventricular origin.
 – In case no disease is detected, the athlete is considered eligible to competitive 

sports activity in the absence of severe symptoms, complex arrhythmias 
(short-coupled PVBs or narrow couplets) or PVBs-induced left ventricular 
dysfunction [52].

17.4.4  Ventricular Tachycardia

Ventricular tachycardia (VT) can be either non-sustained (3 or more beats but last-
ing less than 30 s) or sustained (>30 s) and not leading to hemodynamic deteriora-
tion. Similar to PVBs, VT may be idiopathic and result from the activity of an 
ectopic focus or be secondary to a heart disease.

Benign idiopathic VTs include fascicular VT and ventricular outflow tract 
VT. These VTs are usually well tolerated but if they occur during exercise, they can 
show a high heart rate and lead to syncope [53, 54].

Consequently, sports eligibility can be granted only in cases there is

• no underlying heart disease (particularly arrhythmogenic cardiomyopathy),
• the athlete is asymptomatic, and
• the episodes are sporadic, of short duration, with low heart rate and unrelated to 

exercise.

In the other cases, catheter ablation is the preferred therapeutic option.
The occurrence of monomorphic sustained VT (>30  s) other than fascicular 

and infundibular, polymorphic VT, torsades de pointes, and/or cardiac arrest due 
to ventricular fibrillation, contraindicate both competitive and recreational sports 
activity. The only exceptions are VT arising in the context of acute and fully 
reversible disease with a low probability of recurrence, such as myocarditis, elec-
trolyte disturbances and intake of drugs. In these cases, suspension of physical 
activity for 3–6  months and subsequent cardiovascular reassessment is recom-
mended [51].

Clinical Pearls
• Due to an increased vagal tone, trained athletes commonly develop benign 

rhythm and conduction disturbances including sinus bradycardia, junctional 
rhythm, first-degree and second-degree Mobitz type-I atrioventricular block.

• These alterations usually disappear with adrenergic stimulation during exercise 
and do not preclude sports participation.

• Paroxysmal supraventricular tachycardia and atrial fibrillation usually occur in 
athletes with a structurally normal heart but may be incompatible with 
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competitive sports activity in case of severe symptoms or exercise-dependent 
episodes.

• Ventricular arrhythmias ranging from isolated premature ventricular beats to 
ventricular tachycardia require careful clinical investigation aiming to exclude 
an underlying structural heart disease potentially at risk of sudden cardiac death 
before the athlete can safely engage in high-intensity exercise.

 Review

 Questions

 1. Top-level athlete, male, 28 years old, practicing soccer from 15 years, asymp-
tomatic, without family and personal history for cardiovascular disease, pre-
senting with a second-degree, type 1 atrio-ventricular block during resting 
12-lead ECG.  What examination may be useful to guarantee his sport 
eligibility?

 2. Volleyball player, male, 27 years old, without clinical history of sudden death, 
asymptomatic, during pre-participation screening; occurrence of exercise- 
induced ventricular arrhythmias during an exercise stress test, sometimes as cou-
plets, with RBBB morphology and wide QRS complex. What further 
examinations do you suggest?

 3. 24 years old, male tennis player, presenting with paroxysmal palpitations and 
resting ECG showing a supraventricular tachycardia at HR 220 bpm, with nar-
row and regular QRS.  The tachycardia has a spontaneous interruption after 
10 min. When sinus rhythm is restored, ECG shows the presence of an overt 
ventricular pre-excitation. Can the athlete be considered eligible for competitive 
sports activity at this point?

 Answers

 1. Exercise stress testing (EST) is the first exam to confirm the physiological, adap-
tive response of atrio-ventricular node to exercise training. EST usually normal-
izes the atrio-ventricular conduction during exercise and recovery phase. Also 
24-h Holter ECG monitoring, including a training session, could be useful to 
verify the normalization of AV conduction during an exercise session and to 
show the maximal expression of AV disturbances during night sleeping.

 2. The arrhythmia morphology (RBBB with wide QRS) is uncommon and could be 
associated with a concealed arrhythmogenic substrate, such as left ventricular 
scar. Therefore, beyond carrying out colour-doppler echocardiogram and 24-h 
Holter ECG monitoring, also contrast enhanced cardiac magnetic resonance, 
with tissue imaging typing, is requested.

 3. No. Symptomatic WPW syndrome is not compatible with competitive sports 
activity. The athlete can be considered suitable for RF catheter ablation.
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18Specific Cardiovascular Diseases 
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Pacemakers and ICD
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Learning Objectives
 1. Understand the data on safety of sports for athletes with CIEDs, and the limita-

tions of the data.
 2. Obtain insight in available technologies and their place in the athletic 

population
 3. Obtain knowledge of the scientific evidence concerning the rationale for choices 

regarding products and programming in the athletic population.
 4. Obtain insight in the holistic approach of athletes with devices, including coun-

seling, decision making and follow-up.

18.1  Athletes with Devices

• Before discussing or evaluating the CIED one should consider the underlying 
disease. If any cardiac condition such as congenital heart disease, cardiomyopa-
thy or primary electrical disease (e.g. CPVT carries a higher risk for exercise 
induced arrhythmia) is present, the recommendations concerning management 
and sports eligibility for these specific conditions should be taken into account in 
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addition to the presence of the ICD [1–6]. These particular aspects are described 
in other chapters of the current book. The next paragraphs will cover the more 
specific issues concerning cardiac implantable devices in athletes.

• A second important message is that every patient is an autonomous individual. 
Physicians are counselors, not judges. If the safety of the environment and 
society are secured and the athlete/patient chooses to participate in sports 
despite a negative advice, our task is still to optimize his/her health and safety 
and not to leave the athlete without medical attention because of lack of 
compliance.

18.2  Pacemaker

18.2.1  General Considerations

• The vast majority of pacemakers are implanted in patients over 40 years of age 
[7, 8].
 – Very few professional athletes will be affected by this condition.
 – Exceptions are those with congenital complete AV-block or after congenital 

surgery.
 – However, pacemakers may be seen more commonly in master competitive 

athletes.
• Two main indication groups:

 – Sinus bradycardia with preserved AV-conduction.
 – AV-conduction disturbances, either permanent or intermittent.

• Recommendations for sports participation in the pacemaker population have 
changed considerably over the last decade:
 – Earlier recommendations were restricting pacemaker patients to sports with 

minor or moderate cardiovascular demand [4].
 – More recent guidelines are more liberal, generally allowing athletic participa-

tion in athletes with a pacemaker but without underlying structural heart dis-
ease [2].

 – A restriction is made for athletes participating in sports with risk of direct col-
lision or impact to the device:

Pacemaker dependent: cannot participate.
Not pacemaker dependent: can participate, provided that adequate infor-
mation of the potential risks and possible preventive measures is given.

 – Protective equipment must be considered for those participating in sports that 
are potentially hazardous to the device, although no prospective data have 
proven the effectiveness of such equipment.

 – Diving with a pacemaker is relatively contra-indicated. Outside pressure by 
the water can cause activity sensors to increase sensor indicated heart rate, 
and can even cause deformation of the can dependent on the depth [9]. As a 
general rule, diving must be restricted to depths of 20 m [10].
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• Few data exist on sports participation in patients carrying a cardiac pacemaker.
 – Early Danish observation [11]: about half of the 72 patients that com-

pleted follow-up (aged 20–60 years) performed a type of leisure time sport 
in the 3 years following implantation, 83% of them felt improved or did 
not experience either psychological or physical hindrance from the 
pacemaker.

 – More recent Dutch study [12]: nine pacemaker patients were trained to suc-
cessfully complete the Amsterdam (half) marathon without any evidence of 
pacemaker dysfunction or other complications during 2 years of follow-up.

18.2.2  Peri-Implant Management

• Side of implantation:
 – For some sports (e.g., riflery) direct impact on the side of implantation can 

lead to lead fracture and even complete detachment of the pacemaker header 
from the rest of the generator [13, 14]. Preferentially, implantation should be 
performed on the side least prone to such impacts.

 – Classification of sports according to their risk of impact can be found in the 
paper by Levine et al. [15].

 – Repetitive ipsilateral arm movements have the potential to result in lead fail-
ure [16, 17]. For these, the side of implantation should preferably be opposite 
to the dominant arm.

• Implantation technique:
 – Cephalic vein cutdown or, if not possible or sufficient, extra-thoracic axillary 

vein puncture is preferable to medial subclavian access, to reduce the risk of 
subclavian crush of the lead [18, 19].

 – The distance to the ipsilateral shoulder should be sufficient to allow for a full 
range of motion of this shoulder without hindrance by the device.

 – Subpectoral muscular implantation can be considered when the athlete per-
forms a sport type that carries the risk of impact (for non-pacing-dependent 
athletes, or if a pacing-dependent athlete is not willing to follow the advice 
not to practice this sport at all). Only older ICD data are available compar-
ing submuscular to subcutaneous placement. These data show no difference 
in pocket related complications between the two techniques [20]. However, 
replacement of the devices is more cumbersome. A randomized trial is 
ongoing [21].

• Material: one general concept should be kept in mind: the simpler the better.
 – Unipolar or bipolar lead design: while unipolar leads carry some advantages 

(lead design is less complex than in bipolar leads), and some evidence sug-
gests an improved longevity [22], these benefits are outweighed by the pos-
sibility of unipolar oversensing of myopotentials [23]. This is of particular 
relevance in a more active population like athletes. Furthermore, clinical evi-
dence demonstrates a considerable higher incidence of pacemaker malfunc-
tion (chest wall stimulation, myopotential oversensing) during unipolar as 
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compared to bipolar configuration [24, 25]. In the light of these findings we 
advocate use of bipolar leads.

 – Passive or active fixation: conflicting evidence exists regarding complication 
rates in passive fixation leads as compared to active fixation models [8, 26–
28]. Young (more active) people are prone to a higher long-term lead related 
complication rate than elderly (more sedentary) people [29]. This implies a 
higher probability of a future lead extraction. As this is less complicated in 
active fixation leads, we routinely use this lead type in the athletic population 
[30, 31].

 – VVI, DDD or CRT: device related complications are linked to complexity, i.e. 
every additional lead implanted carries an increased risk of lead related com-
plications [8]. The indication for more than an AAI or VVI device should 
therefore be carefully considered in light of available scientific evidence. The 
patient/athlete must be equipped with the least complex device possible.

 – Lead position:
Atrial:

Some data point to less development of atrial fibrillation when the 
atrial lead is placed at Bachmann’s bundle as compared to the right 
atrial appendage [32]. Because the available data are based on rather 
small groups, we feel that only in experienced hands lead placement in 
this position should be considered, since dislocation rates may be 
higher.

Ventricular:
RV apical pacing has potential deleterious effects, mainly new onset 
heart failure. The incidence of pacing-induced cardiomyopathy lies 
between 20 and 26% [33, 34]. In how far this is true in a younger ath-
letic population with normal baseline LV function is unknown.

Older data suggest that heart failure can occur with a cumulative 
ventricular pacing percentage of ≥40% [35]. More recent data suggest 
that this percentage may be even lower [33].

CRT has shown to be of benefit when baseline ejection fraction is 
below 50% and a high pacing percentage is expected [36]. While some 
data do not suggest benefit in those with normal EF [37], data on young 
patients, who will be paced over decades, is not yet available.

Permanent His bundle pacing might be an alternative in the athletic 
population to avoid development of heart failure when a high pacing 
percentage is expected. However, reported implant success rates are 
lower than for conventional pacing (average 92% when using catheter 
delivery) and chronic thresholds are higher (1.7 V) [38]. The pros and 
cons need to be discussed with the athlete.

Lesion wave:
During implantation special attention should be paid to obtaining a 
“sound” lesion wave (current of injury) on the signal, defined as at least 
25% of the intrinsic atrial or ventricular amplitude. This is a marker of 
a good lead-tissue fixation [39].
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 – Leadless pacing: recently the advent of leadless pacing provides one more 
option in this context, completely eliminating lead related issues [40, 41]. No 
data are available on athletes with such devices and real long-term data are not 
yet available. Although holding a certain promise for the future, we would not 
routinely advise implantation of such a system in young athletes since it is far 
from clear how patients needing many replacements in life will fare.

 – MRI conditionality: as various injuries in athletes are best imaged with MRI, 
we advise implantation of an MRI conditional device [42].

• Post implantation management:
 – Keep wounds dry until healed.
 – Avoid frequent or extreme ipsilateral arm movement until complete fixation 

of the leads (6 weeks).
 – Return to sports: this fully depends on the type of sports and should be dis-

cussed with the athlete, the trainer and the physician. A 6-week period of light 
training and abstinence from competition to allow fixation is recommended.

18.2.3  Device Programming

• Upper Tracking Rate (UTR)
 – In the absence of chronotropic incompetence, a maximum exercise test, or 

preferably Holter data or heart rate monitor data during a maximum training 
effort or competition, can be used to determine maximum heart rate. The UTR 
needs to be programmed accordingly.

 – If chronotropic incompetence is present, the maximum predicted heart rate 
for age must be employed as UTR. We routinely use 220 minus age in years 
for UTR programming.

 – Specific attention must be paid to allow tracking up to the desired UTR, tak-
ing the total atrial refractory period into account (TARP  =  AV inter-
val + PVARP [post-ventricular atrial refractory period]). TARP (in ms) needs 
to be programmed below the upper tracking interval.

In order to achieve this, rate dependent AV interval and PVARP may need 
to be programmed “ON”.

• Minimize RV pacing
 – As RV pacing has the potential to provoke heart failure and algorithms to 

minimize ventricular pacing have demonstrated to be of benefit in patients 
with sinus node disease, we advise to program this algorithm “ON” in athletes 
with sinus node disease [43]. All manufacturers have such algorithms.

• Rate response
 – Guidelines state that rate response features should be activated for patients 

with chronotropic incompetence, especially if young and physically active (II 
A recommendation, level of evidence C) [44].

 – Attention must be payed to provide the athlete with a device with at rate 
response sensor that is compatible with the dominant type of sports performed 
by the athlete: a piezo-electric motion sensor will do less well in a cyclist who 
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does not generate excessive upper body movement during exercise. Horse 
riding would give the opposite result: here the horse generates the movement 
resulting in an increase in heart rate, while the rider does not necessarily per-
form the same heavy exercise [45].

 – Minute ventilation sensors have been developed to overcome these limita-
tions. They respond more proportionally but more slowly to exercise [46]. 
Currently they are most commonly used in dual sensor systems.

 – Another option is closed loop stimulation where intracardiac impedance is 
measured on a beat-to-beat basis and compared to a reference curve.

There is limited evidence that patients prefer this rate response method to 
an accelerometer [47].
The largest body of evidence concerns patients with vasovagal syn-
cope [48].
No evidence in athletes is available.

 – Dual sensor devices can be considered in selected cases. They have demon-
strated to improve quality of life but not exercise capacity in a limited group 
of patients [49].

 – Holter monitoring and exercise testing can be useful to optimize sensor 
response.

18.2.4  Follow-Up

• Training
 – Inform the athlete of possible sources of electromagnetic interference (start-

ing gates, scoring equipment during fencing, also TENS during physical ther-
apy). In case of doubt, a Holter or other heart rate monitor could be applied to 
evaluate device function under such circumstances.

 – Heart rate monitors:
Measurement by heart rate monitors using a chest strap seems to be accurate 
when a bipolar but not always when a unipolar pacing mode is used [50].
Limited data suggest that such heart rate monitors do not interfere with the 
pacemaker [51].
There are no data on other means of heart rate monitoring in pacemaker 
patients (e.g. photoplethysmography). There should be no interference 
with unipolar and bipolar sensing, as there are no electromagnetic waves 
elicited by these systems. PPG-based monitors have demonstrated validity 
in measuring heart rate, also during exercise [52].

 – Ab stimulators, electronic body fat scales, and some other equipment produc-
ing electrical or electromagnetic signals have the potential to interfere with 
the pacemaker and need to be avoided. The following web-site lists sources of 
interference for devices: https://www.heart.org/en/health-topics/arrhythmia/
prevention-treatment-of-arrhythmia/devices-that-may-interfere-with-icds- 
and-pacemakers
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 – CRT pacing will rarely be an issue in recreational or competitive athletes, by 
nature of its use in patients with severe LV systolic dysfunction, unless indi-
cated prophylactically to prevent heart failure development in those with a 
high proportion of anticipated pacing.

In this case His-bundle pacing can be considered (see above).
If a CRT device is implanted, AV and VV optimization should be per-
formed during exercise, as ventricular dyssynchrony can change during 
exercise [12, 53, 54].

• Remote monitoring is highly recommended: it allows for early detection of 
potential problems with the device or the leads, and also identifies arrhythmias 
that may impact sports participation.

18.3  ICD

18.3.1  General Considerations

• Patient population
 – In the general ICD population the median age for ICD-implantation is over 

60 years old [55], with a limited number of younger patients (5.6% under 
40 years of age) [56].

 – In a registry of 440 athletes continuing to compete with an ICD (the ICD 
Sports Safety registry) 61% of subjects were under 40 years of age. The aver-
age ejection fraction in this group was normal (60%) [57, 58].

 – As in the pacemaker population, CRT-patients (outside the above-mentioned 
prophylactic indication) will be rare. There were no CRT patients in the ICD 
Sports Registry.

• Existing recommendations
 – Older recommendations left no room for participation in sports more inten-

sive than low dynamic, low static demand (IA (see Chap. 1), e.g., golf, bowl-
ing, and riflery) [6, 59, 60].

 – More recently, there has been a movement towards a more liberal approach to 
sports participation supported by reassuring findings from the ICD Sports 
Registry as described below [58, 61].

 – In this context the more recent (American) guidelines state [2]:
Participation in IA sports is reasonable if more than 3  months free of 
device therapy (IIa, level of evidence C)
Participation in more intensive sports may be considered if more than 
3 months free of device therapy, after proper counseling is provided. (IIb, 
level of evidence C) The underlying cardiac condition should form the 
basis of sports eligibility, rather than the ICD itself.

 – The current European recommendations [5, 6] are in revision and will be 
published in 2019.

18 Specific Cardiovascular Diseases and Competitive Sports Participation…



324

• Available scientific data
 – Even in the era of the more stringent 2005 guidelines, 71% of physicians 

reported to have ICD patients participating in numerous kinds of sports, even 
contact (15%) and high intensity (49%) sports (published 2006) [62].

 – Recently, the 4 year (median 44 months) follow-up data of the ICD Sports 
Safety Registry on 440 subjects (20% LQTS, 17% HCM, 13% ARVC/D, par-
ticipating in mostly running, soccer, basketball, and for dangerous sport ski-
ing) have been published [57].

46% had a pre-ICD history of ventricular arrhythmia and/or cardiac 
arrest.
No resuscitated sudden cardiac death or significant arrhythmia related 
injury occurred during follow-up (primary outcome).
Two athletes died (one of worsening heart failure, the other at his desk 
after receiving multiple shocks). Neither death occurred during athletic 
participation.
There were no generator malfunctions, and lead survival was similar to 
prior data in unselected populations (freedom of definite or possible lead 
failure 94% at 5 years, 85% at 10 years).
10% of athletes received appropriate shocks during competition or prac-
tice, equaling 3/100 person-years.
4% of athletes received multiple shocks for episode termination (0.5/100 
person years)
More participants received shocks during physical activity than while at 
rest (20% vs. 10%, p < 0.0001).
The presence of ARVC/D was the only predictor of appropriate shocks 
during activity.
A previous report from the same population reported that of those that 
received shocks, 27% stopped sports at least temporarily although most 
returned eventually [58].

 – A separate analysis was performed on 129 young (≤21 years) athletes with 
ICDs [63]:

No resuscitated sudden cardiac death or significant arrhythmia related 
injury occurred over a median follow-up of 42 months.
There were 20 varsity athletes, participating in soccer, baseball, basketball, 
tennis, triathlon, running, lacrosse and paintball.
27% of athletes received at least one shock.
Two athletes required more than one shock to convert an arrhythmia.
Five athletes received inappropriate shocks during competition of practice.
Freedom of lead malfunction was 92.3% at 5 years and 79.6% at 10 years.

 – An additional report compared 80 recreational athletes from Europe, Israel 
and Australia, who were engaged in intense physical activity on a regular 
basis (≥2×/week and/or ≥ 2 h/week, with the adults in the competitive cohort) 
[64, 65].

Recreational athletes were older (median 44 vs. 37  years; p  =  0.0004), 
more frequently men (79% vs. 68%; p = 0.06), with less idiopathic VF or 
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CPVT (1.3% vs. 15.4%), less congenital heart disease (1.3% vs. 6.9%) and 
more ARVC (23.8% vs. 13.6%) (p < 0.001).
They more often had a prophylactic ICD implant (51.4% vs. 26.9%; 
p < 0.0001) or were given a beta-blocker (95% vs. 65%; p < 0.0001).
Recreational athletes received fewer total (6.3% vs. 20.2%; p  =  0.003), 
appropriate (3.8% vs. 11.4%; p = 0.06) and inappropriate (2.5% vs. 9.5%; 
p = 0.04) shocks during physical activity.
VT/VF storms during physical activity occurred in 0/80 recreational vs. 
7/317 competitive athletes.

• Danger to patient
 – Unlike patients with an implanted pacemaker, ICD patients can experience 

unexpected loss of conscience at the time of occurrence of an arrhythmia or 
shock. Therefore, sports that carry risks when loss of conscience occurs, such 
as rock-climbing or open-water swimming, carry higher risk in this group. 
For patients choosing to participate in these sports, precautions (such as wear-
ing a life-preserver when swimming in open water) should be taken.

18.3.2  Peri-Implant Management

Similar considerations as for pacemakers regarding the side of implantation, implan-
tation technique and complexity of the device hold true for ICDs. Again the general 
rule is: the simpler the better [66]. The more ICD specific considerations will be 
discussed here.

• Implantation technique
 – Site of implantation of the can:

Conventionally the left prepectoral position is used, because the field 
between the shock coil(s) and the active can covers a large area of the left 
ventricle.
Alternative positions have been tested:

Abdominal position: Historically the ICD can was placed abdominally. 
However, the risk of device infection increases about fourfold with an 
abdominal generator position [67] and dual-coil leads are necessary.
Subcostal placement of the device in young patients has been reported 
[68]. In that series, the 2-year outcome was equivalent to prepectoral 
positioning. Longer follow-up is needed to know what happens with the 
long (100 cm) or epicardial leads used for subcostal placement.
Right-sided implantation of the active can is an independent predictor 
of higher defibrillation thresholds [69, 70].

For these reasons left-sided pectoral implantation still should be the tech-
nique of choice.
Submuscular implantation may be considered in patients prone to direct 
impact on the can (see Sect. 18.2).
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If the left side is not preferred or possible (e.g. for reasons of expected 
repeated left arm movements or other sports related issues) the right side is 
a valid alternative. In that case, however, Defibrillation Threshold Testing 
is mandatory [71].

 – Specific points of attention during implantation:
Signal amplitude: the R-wave signal needs to be large enough during 
implantation to reduce the risk of re-intervention for poor sensing or over-
sensing issues. Typically, one should strive for R-wave amplitudes of 
≥7.0 mV.
The presence of a lesion wave (current of injury) predicts a good lead sta-
bility, with few revisions for lead-dislocation. See Sect. 18.2.
Ratio between T-wave amplitude and R-wave amplitude: the larger this 
ratio, the less risk of T-wave oversensing, understanding that the patient is 
supine and at rest during the procedure, so that no information can be gath-
ered on this ratio when upright or exercise.
Potential far-field signals. If atrial far field signal is present, repositioning 
is mandatory.

 – Ventricular lead position:
As a result of both the increased attention to the potential deleterious 
effects of apical pacing and the awareness that the RV apex is the thinnest 
region of the RV, which can lead to more complications during extraction, 
non-apical positions have been evaluated.
A recent meta-analysis found non-inferiority of non-apical lead positions 
with regard to mortality, number of shocks (total, appropriate, inappropri-
ate) and implant procedure time [72].
A septal position is optimal, as the chance of a clinically significant perfo-
ration is lower. If no good sensing or stability can be obtained here, a 
switch to an apical position is defendable in athletes in whom the projected 
RV pacing percentage is low.

18.3.3  Material

 – Integrated vs. true bipolar lead
The potential advantage of integrated bipolar sensing is the lower lead com-
plexity (obviating the additional ring electrode that is needed for true bipolar 
sensing)
The limitation of using integrated bipolar leads is the impossibility of “electri-
cal repositioning”, switching the sensing from one mode to the other with the 
potential to have an increased R-wave sensing or better R-to-T-wave ratio.
Taking those points into consideration we have no clear preference for either 
lead type.

 – Single vs. dual coil lead
The presence of an SVC coil increases the complexity of the lead design and 
lead extraction is more complex carrying a higher risk of complications when 
an SVC coil is present [73].
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Recent data show similar defibrillation thresholds in dual and single coil leads 
[74, 75] and no difference in lead related complications was observed between 
the two lead types [76].
With these data in mind, we advocate the use of single coil leads for implanta-
tion of left prepectoral ICDs in most athletes. This is in line with reported 
trends [77, 78].

 – Single vs. dual chamber ICD:
Historically the majority of ICD implantations have been dual chamber 
devices [56].
As with pacemaker therapy, patients with bradycardia indications should 
receive a dual chamber device (typically in 4–14% of the ICD population but 
probably lower in athletes) [71, 79].
Dual chamber ICD can be considered in other specific conditions (e.g. LQTS3 
with pause dependent arrhythmias, HCM with outflow tract gradient)
Implantation of a dual chamber device for the sole purpose of tachycardia 
discrimination is not advocated (level of evidence IIa-NR) [71], due to the 
lack of firm evidence that dual chamber algorithms reduce the number of  (in)
appropriate shocks or improve mortality [79], including in the athlete popula-
tion [80].
As a general rule, unless DDD pacing is specifically indicated, we prefer 
implantation of single chamber devices in athletes, as an increased complex-
ity carries an increased risk of complications [56, 81].

 – S-ICD
In patients without a pacing indication or need for ATP, the subcutaneous ICD 
has shown to be a valid alternative to the transvenous ICD (TV-ICD) with 
similar reported mortality rates in non-randomized trials [82], as well as simi-
lar shock success and fewer complication rates [77, 83, 84].
With the currently optimal program settings for S-ICD the rate of inappropri-
ate shocks is 4.3% in 1 year [85]. This must be compared with the PainFree-
SST data, where optimal ICD programming resulted in a 1-year rate of 
inappropriate shocks of 2.5% in single chamber ICDs [86]. Real world data 
from the Altitude registry however show an inappropriate shock rate in 
TV-ICD of 6% at 1 year [87].
There were no S-ICDs in the ICD Sports Registry, and no other data on 
S-ICDs in athletes. Theoretically, S-ICDs could be beneficial in sports with 
extensive arm-movement (swimming, rowing) in avoiding subclavian crush. 
For contact sports, whether the lead position outside of the protection of the 
thorax would increase likelihood of damage is unknown.
In conclusion, the S-ICD is effective and as safe as the TV-ICD. The different 
location of the can and the probably lower lead related complication rates 
certainly hold a promise for athletes in the future. However, prospective data 
in athletes are not available. Moreover, the longevity of contemporary S-ICD 
is lower than that of TV-ICD. An open and honest discussion with the athlete 
on which system to implant is imperative in this context.
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• Post implantation management
 – Instructions about (electromagnetic) interference:

The athlete (and those in his environment) should be aware that the appli-
cation of a magnet can switch off the device so that it does not deliver 
therapy (for the duration of the magnet application). This is important to 
avoid inadvertent inactivation in specific situations, although extremely 
rare.
As for pacemakers, electromagnetic interference can cause oversensing. In 
ICDs, this can provoke inappropriate shocks [88]. This phenomenon seems 
to be declining over time [89].

 – Instruct the athlete about maximum heart rate:
Inform the athlete of the programmed rate cut-offs.
Performing an exercise test or Holter monitoring during training or compe-
tition can be of value to identify potential sensing of sinus tachycardia.
Encourage the athlete to wear a heart-rate monitor during exercise.
Some perform an exercise test while monitoring the ICD electrogram with 
the programmer to evaluate for T-wave oversensing. We do not routinely 
perform such a test.
We usually advise the athlete to stay at least 10 bpm below the lowest pro-
grammed zone. This implies strategic programming of the device (see 
Sect. 18.3.4)

 – Instruct the athlete about what to do if a shock or syncope occurs [90]:
One shock at rest, no symptoms: contact treating physician and discuss 
course of action
One shock during exercise, no symptoms: stop the exercise, get home 
safely, contact treating physician and discuss further action.
More than one shock over 24 h at rest or during exercise: immediate medi-
cal attention mandatory.
Most often, physician consultation to determine any need for change in 
therapy or programming should be performed after one or more shocks 
during exercise, prior to resuming sports participation
Remote monitoring can help to determine the actions that need to be taken.

 – Instruct those in the athlete’s environment about possible shocks and actions 
that can be taken in case of the occurrence of shocks:

Trainers, coaches, family members need to be aware of the presence of the 
ICD. Whether and how team members should be notified, should be dis-
cussed with the athlete, and the athlete should be encouraged to discuss 
team dynamics with his or her coach.
Complete information about the possibility and consequences of a shock 
should be provided to these persons.
We do not advocate specific extra measures while athletes with an ICD 
participate in sports, like having a resuscitation team on-site. Most sports 
venues now have AEDs available. In specific situations, it can be advisable 
that someone who knows how to perform CPR and use an AED is on-site 
while the athlete engages in sports.
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 – Driving restrictions:
EHRA has issued recommendations concerning driving after ICD implan-
tation or shocks [91]. Every country, however, has its own laws concerning 
this matter, which should be adhered to.

 – Return to sports:
No data are available on timing of return to sports. It seems reasonable to 
avoid vigorous arm movements or competition for at least 6 weeks after 
TV-ICD implantation
After S-ICD implantation a similar period of time seems reasonable.
The effective return to sports depends on the type of sports and needs to be 
the result of a clear communication between the physician, the athlete, and 
potentially other stakeholders (family, trainer, coaches, team).

18.3.4  Device Programming

• Allow for the necessary UTR/USR (see Sect. 18.2).
• Detection enhancements

 – No specific data for athletes is available. We recommend to use the settings 
proposed by the consensus document [71].

• Long detection times
 – The ICD programming consensus statement states that the tachyarrhythmia 

detection duration should be programmed to require the tachycardia to con-
tinue for at least 6–12 s or for 30 intervals before completing detection (class 
I A for primary and class II B-R for secondary prevention) [71].

 – In athletes programming detection times longer than factory settings reduces 
total and inappropriate shocks, with a trend toward reduction of “appropriate” 
shocks [80].

• VT zone programming:
 – The ICD programming consensus grants a class I level of evidence A indica-

tion to programming rate cut-offs for the VT zone of 185/min to 200/min in 
primary prevention [71].

 – The recommendation for zone programming in secondary prevention if VT 
cycle length is known is class IIa level of evidence C for VT rate minus  
10/min [71].

 – Both recommendations state that rate cut-offs may be higher for young 
patients or those in whom SVT detection criteria cannot reliably distinguish 
SVT from VT [71].

 – Recent data in athletes show that programming higher rate cut-offs (≥200/min) 
did not increase the risk of syncope, and reduces total and inappropriate shocks, 
with a trend toward reduction in “appropriate” shocks [80].

 – This also allows for programming higher upper tracking and upper sensor 
rates (in most ICDs UTR and VT detection zones may not overlap).

• ATP and shock
 – Again, no specific data on athletes are available.
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 – It seems logical, in the light of the PainFREE Rx II data, to program at least 
one sequence of ATP [92].

 – We routinely program all shocks at maximum output, the second to last one at 
reversed polarity if possible.

• S-ICD
 – Dual zone programming in S-ICD has the potential to reduce the rates of inap-

propriate shocks [93].
 – The Smart-Pass filter should be programmed “ON”, as this halved the inci-

dence of inappropriate shocks in a recent series [85].

18.3.5  Follow-Up

• One general point of attention in an ICD population is zone programming and 
change of medication: if e.g. betablocker or antiarrhythmic drug therapy is asso-
ciated or increased, VT CL will likely decrease. Programming zones should be 
adapted accordingly.

• Exercise testing:
 – Exercise stress testing can be helpful to ensure that the slowest VT rate cut-off 

is above the maximum reached sinus rate.
 – In this context Holter monitoring “in the field” may even be more useful to 

identify maximum heart rate during competition, which in general can be 
higher than in lab settings.

 – Both in TV-ICD and S-ICD, exercise can provoke oversensing of T-waves 
(Fig. 18.1) or noise (Fig. 18.2) [94, 95].

Unfortunately performing an exercise stress test with optimization of the 
device settings does not necessarily translate in less inappropriate shocks 
for this phenomenon [96, 97]. Therefore, we do not routinely perform 
exercise testing for this indication.

• Management of arrhythmias:
 – Supraventricular: endurance athletes have a higher risk of the development of 

atrial fibrillation [98]. This calls for aggressive treatment in ICD patients, 
including pulmonary vein isolation, to reduce the risk of inappropriate shocks 
as a result of fast conduction of AF. Also, other supraventricular arrhythmias 
should be treated aggressively and pro-actively to avoid inappropriate shocks.

 – Ventricular: if sustained VT or VF triggered by VPBs is the cause of appropri-
ate therapy, VT ablation should be considered.

 – Sports participation should be deferred after device therapy of ventricular 
arrhythmias while evaluation and treatment are initiated.

• Remote monitoring:
 – Remote monitoring has shown to reduce mortality in the ICD population 

[99, 100].
 – It offers the possibility for early identification of arrhythmias and device 

related issues
 – All athletes should be monitored remotely.
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Clinical Pearls
• Clinical decisions in the context of sports participation in patients with cardiac 

electronic devices should be based on a process of shared decision making.
• Both the underlying disease and the device should be considered in this 

discussion.
• Recent scientific evidence can be helpful in supporting this process.

a

b

Fig. 18.1 Exercise induced T-wave oversensing resulting in an inappropriate shock in a patient 
with Brugada Syndrome. Panel a shows the interval plot of the episode. One can appreciate a 
gradual increase in heart rate (exercise-related), with initially intermittent T-wave oversensing 
(arrows) and from the asterisk onwards sustained T-wave oversensing, giving rise to a typical 
“train-rail” aspect of the VV interval plot ending in an inappropriate shock. Panel b shows the 
EGM of the same episode. VV VV intervals, VF VF zone (faster than 270  ms), VT VT zone: 
between 330 ms and 270 ms, VS sense in the sinus rhythm zone, FS sense in the VF zone
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 Review

 Questions

 1. A 33-year-old male athlete with ARVC presents to your office. He has received 
a VVI-ICD 2  years ago for sustained ventricular tachycardia (VT). After the 
implantation he underwent a radiofrequency ablation for recurrent VT.  Since 
then no arrhythmias have occurred. He is taking Sotalol 80 mg bid. He wants to 
restart playing soccer. What would be your advice?

 2. A 50-year-old male marathon runner has experienced three sudden, non- 
prodromal syncopes during the last year, not exercise-related. There is no indi-
cation of inducible ischemia and an echocardiography and cardiac MRI are 
normal. His Ajmaline test turns out positive. What would you discuss with this 
patient?

 3. A 23-year-old female is planning to pick up her athletic career after a 2-year 
break. She was diagnosed with LQT syndrome and received an ICD for recur-
rence of syncope in spite of optimally titrated betablocker. She visits your con-
sultation for cardiologic advice. What would be your standpoint?

Fig. 18.2 Exercise induced noise sensing in an S-ICD in a young patient with hypertrophic car-
diomyopathy. As a result of the poor signal-to-noise ratio both undersensing (e.g. asterisk) appro-
priate sensing (open arrow) and inappropriate sensing (closed arrow) can be appreciated. N signal 
classified as noise, S signal classified as ventricular sensing in sinus rhythm zone, T signal classi-
fied as sensing in the VT zone, C tachycardia confirmation. Lightning Flash, shock. As a result of 
the poor signal-to-noise ratio both undersensing (e.g. asterisk) appropriate sensing (open arrow) 
and inappropriate sensing (closed arrow) can be appreciated
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 Answers

 1. The discussion on participation in sports should start from the underlying heart 
disease. As ARVC can potentially worsen with exercise, high intense and/or 
endurance exercise should be discouraged, and hence, participation is not desir-
able from the perspective of the underlying disease state itself. If the athlete 
expresses a wish to participate regardless of your advice, he should be informed 
that there is a risk for collision during a match, with a potential harm to device 
and lead. Padding and protective garment should be explained. He must be aware 
of programmed rate cut-offs (that need to be programmed sufficiently high). 
Trainings and matches should preferably be conducted under heart rate monitor-
ing and remote monitoring should be activated. His current medication should be 
continued unchanged. More frequent follow up of heart function should be 
performed.

 2. The athlete has Brugada syndrome. There is a clear indication for an ICD given 
his recurrent syncope. There is no association between Brugada syndrome and 
exercise-induced arrhythmias. Based on the findings of the International ICD 
Sports Registry, there is no contra-indication for sports continuation. On the 
other hand, overheating and circumstances of hypervagotony could increase the 
propensity for arrhythmias, during sports or at rest. This is especially important 
in a long-distance runner. Moreover, there should be careful evaluation for supra-
ventricular arrhythmias, as both Brugada syndrome and endurance exercise 
increase the risk of atrial fibrillation. The patient should also be evaluated for 
chronotropic incompetence to determine whether a dual chamber ICD is war-
ranted. As he is still running marathons, this is unlikely. If a single chamber 
device suffices the option of transvenous or subcutaneous technology should be 
discussed, touching upon longevity, possibility of inappropriate shocks and the 
inability to pace with an S-ICD, and lead-related complications with a TV- 
ICD. After implantation, the patient must be instructed about the programmed 
rate cut-offs, the actions needed after experiencing a shock and sports participa-
tion. He can continue marathon running after a 6-week resting period, provided 
attention is payed to maintaining hydration and overheating. If shock recur at 
rest, hypervagotony induced by high-intensive endurance sports should be evalu-
ated. Remote monitoring is highly recommended.

 3. A first step, if not already performed, should be to perform genetic testing. If 
LQT1 is present, discuss the importance of exercise as trigger of events in this 
disease. As swimming has been shown to be important in this context, the patient 
should be advised to avoid swimming, especially when unsupervised. In LQT2 
and LQT3 exercise as a trigger is less important but still can trigger events. As 
for sports participation and competition: if the athlete has been asymptomatic for 
at least 3 months and is fully evaluated, treated, and counseled by a LQT expert, 
participation can be considered, including competition. This can be placed in the 
context of the ICD Sports Safety Registry. Optimal betablocker therapy should 
be continued. The patient must be aware of a higher risk of shocks: this implies 
that those in the environment of the patient must be well-aware of the condition 
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and the presence of an ICD. Obviously, electrolyte disturbances (e.g. in the con-
text of dehydration or overheating) and QT-prolonging drugs must be avoided. 
Again, remote follow-up is highly recommended.
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19Specific Cardiovascular Diseases 
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Myocarditis and Myocardial Fibrosis
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Learning Objectives
 1. How to prevent myocarditis in athletes.
 2. How to diagnose myocarditis in athletes.
 3. How to treat myocarditis in athletes.
 4. What are the current recommendations as regards to sport practice?

19.1  Introduction

Myocarditis is an inflammatory disease of the myocardium. There is a large hetero-
geneity in clinical presentation making myocarditis a very challenging diagnosis. 
In  athletes, myocarditis is an underlying cause of sudden cardiac death (SCD), 
accounting for a rate of 5–24% of deaths in this population [1, 2]. Indeed, the impact 
of intense exercise on the occurrence of myocarditis in case of an infectious disease 
as well as its deleterious effect on ventricular remodelling and occurrence of ven-
tricular arrhythmias in case of acute myocarditis has been demonstrated in animal 
models [3]. In this chapter, we will review the aetiology, diagnosis, treatment, and 
outcomes related to myocarditis in athletes. We will discuss the evidence of tempo-
rary restriction of sport practice. Lastly, we will also deal with the topic of non-
myocardial scar without documented cardiomyopathy.
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19.2  Aetiology of Myocarditis

19.2.1  General Population

A large variety of infectious agents, systemic diseases, drugs and toxins can cause 
myocarditis (Table 19.1).

Table 19.1 Causes of myocarditis and inflammatory cardiomyopathy

Infectious causes
Viral RNA viruses: Coxsackieviruses A and B, echoviruses, polioviruses, 

influenza A and B viruses, respiratory syncytial virus, mumps virus, measles 
virus, rubella virus, hepatitis C virus, dengue virus, yellow fever virus, 
Chikungunya virus, Junin virus, Lassa fever virus, rabies virus, human 
immunodeficiency virus
DNA viruses: adenoviruses, parvovirus B19, cytomegalovirus, human herpes 
virus-6, Epstein-Barr virus, varicella-zoster virus, herpes simplex virus, 
variola virus, vaccinia virus

Bacterial Chlamydia, Staphylococcus, Streptococcus, Pneumococcus, 
Meningococcus, Gonococcus, Salmonella, Corynebacterium diphtheriae, 
Haemophilus influenzae, Mycobacterium (tuberculosis), Mycoplasma 
pneumoniae, Brucella

Spirochaetal Borrelia, Leptospira, Treponema pallidum
Fungal Aspergillus, Actinomyces, Blastomyces, Candida, Coccidioides, 

Cryptococcus, Histoplasma, Mucormycoses, Nocardia, Sporothrix
Protozoal Plasmodium falciparum, Trypanosoma cruzi, Toxoplasma gondii, 

Entamoeba, Leishmania
Parasitic Trichinella spiralis, Echinococcus granulosus, Taenia solium
Rickettsial Coxiella burnetii, R. rickettsii, R. tsutsugamushi
Non-infectious causes
Immune- 
mediated 
myocarditis
Allergens Tetanus toxoid, vaccines, serum sickness

Drugs: penicillin, cefaclor, colchicine, furosemide, isoniazid, lidocaine, 
tetracycline, sulfonamides, phenytoin, phenylbutazone, methyldopa, thiazide 
diuretics, amitriptyline

Auto-antigens Infection-negative lymphocytic, infection-negative giant cell
Associated with autoimmune or immune-oriented disorders:
systemic lupus erythematosus, rheumatoid arthritis, Churg-Strauss 
syndrome, Kawasaki’s disease, inflammatory bowel disease, scleroderma, 
polymyositis, myasthenia gravis, insulin-dependent diabetes mellitus, 
thyrotoxicosis, sarcoidosis, Wegener’s granulomatosis, rheumatic heart 
disease (rheumatic fever)

Allo-antigens Heart transplant rejection
Toxic 
myocarditis
Drugs Amphetamines, anthracyclines, cocaine, cyclophosphamide, ethanol, 

fluorouracil, lithium, catecholamines, hemetine, interleukin-2, trastuzumab, 
clozapine

Heavy metals Copper, iron, lead
Miscellaneous Scorpion sting, snake, and spider bites, bee and wasp stings, carbon 

monoxide, inhalants, phosphorus, arsenic, sodium azide
Hormones Pheochromocytoma, vitamins: beri-beri
Physical agents Radiation, electric shock
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• Viral infections are the most important causes of myocarditis in North America 
and Europe. The most common virus involves are
 – Enterovirus
 – Adenovirus
 – Influenza viruses
 – Human Herpes Virus 6
 – Epstein-Barr-virus
 – Cytomegalovirus
 – Hepatitis C virus
 – Parvovirus B19.

In human myocarditis, there is evidence for both viral and autoimmune mecha-
nisms. The pathogenesis of myocarditis consists of three overlapping phases:

 (a) Acute injury,
 (b) The host innate and acquired immunologic response, and
 (c) Recovery or a transition to scar and in few cases dilated cardiomyopathy (DCM).

Enteroviruses, for example, enter the host through the gastrointestinal or respira-
tory tract, reside in the reticuloendothelial system as an extra-cardiac reservoir, and 
attack the heart as a secondary target organ. There is a direct virus-related cytolysis 
of cardiomyocytes, but the antiviral immune response can also lead to acute myo-
cardial injury [4]. Some other cardiotropic viruses such as human herpes virus 6 
rather infect the vascular endothelium cells than directly the cardiomyocytes. This 
affects the myocardial contractility indirectly. Distinct viruses with different infec-
tion sites explain the heterogeneity of clinical presentation and prognosis. It is likely 
that there is a genetic predisposition in some cases of myocarditis, even if evidence 
is lacking in humans [5].

• Auto-immune myocarditis can occur with exclusive cardiac involvement or in 
the context of autoimmune disorders with extra-cardiac manifestations, most fre-
quently in sarcoidosis, hypereosinophilic syndrome, scleroderma, and systemic 
lupus erythematosus. This underlines the importance of considering co- 
morbidities and extra cardiac symptoms.

• Myocarditis can also be caused by a great variety of medical drugs or toxic 
causes [6]. In the case of cocaine, drug-induced myocarditis is classified in 
dose- dependent hypersensitivity myocarditis and dose-dependent toxic myo-
carditis [7].

Nevertheless, the aetiology of myocarditis often remains undetermined. Indeed, 
although viral infections can cause symptoms, the majority of them are asymptom-
atic or oligosymptomatic; furthermore, due to a delayed onset of heart disease after 
the initial infection, these infections are frequently not recognized as the causes of 
myocarditis.
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19.2.2  Distinctive Features in Athletes

In case of athletes, some specific features should be considered with respect to the 
aetiologies of myocarditis, in order to decrease their occurrence:

 1. Avoidance of recreational drugs or doping agents: Recreational drugs or dop-
ing agents are responsible for myocarditis, for example anabolic androgenic ste-
roids [8], amphetamines [9] or cocaine [7]. Unfortunately, the use doping agents 
appears not so rare among elite athletes [10], underlying the importance of a 
thorough lifestyle history in athletes (see Chap. 28). Of course, athletes may not 
always disclose the use of any performance enhancing substance to their care-
giver. The risk of doping should be well explained to athletes, and this aetiology 
should be sought in order to prevent recurrences.

 2. Prevention of infectious diseases and restriction of sport in case of infection: 
Athletes are more susceptible to viral illness than the untrained population 
[11]. Indeed, intensive sport can weaken immune function. Strenuous exercise 
has been shown to increase susceptibility to Coxsackie B3 infection in mice [12], 
and to upper respiratory tract infection in athletes [13]. A decrease in salivary 
IgA concentration was demonstrated in Nordic cross-country skiers [14]. This 
temporary antibody deficiency on the mucosal surface might lead to a suscepti-
bility to acquiring viral and bacterial infections, especially during the interval 
immediately following strenuous exercise.

In case of viral infection, it has been demonstrated that intense exercising during 
an infectious illness may exacerbate symptoms, prolong the length of illness and 
increase the risk of potentially serious complications such as myocarditis [15]. 
Indeed, mice forced to exercise during the initial days of coxsackie B3 infections 
developed a replacement fibrous scar and had a poorer outcome (Fig. 19.1) [3]. In 
humans, 30 years ago, sudden cardiac deaths among young orienteers in Sweden 
were reduced after a recommendation not to train while infected [16], demonstrat-
ing that prevention can lead to a decrease of viral myocarditis in athletes.

19.2.3  When Should an Athlete Return to Play in Case 
of Infectious Disease?

This question is rather tricky, particularly at critical moments during an athlete’s 
competitive season. In general, decisions about whether to continue exercising dur-
ing an illness can be made using a ‘neck check’ [17]. If symptoms are confined to 
above the neck, such as a runny nose, nasal congestion or sore throat, athletes may 
continue to participate as long as they feel able. If symptoms are below the neck 
(e.g., fever, malaise, severe cough, gastrointestinal symptoms), exercise should be 
delayed until all symptoms have resolved. If athletes have systemic symptoms, such 
as fever, myalgias, diarrhea or an elevated resting heart rate, they should refrain 
from exercising until symptoms have resolved for a period of 7–14 days. Indeed, in 
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these circumstances, there is an increased risk of dehydration, prolonged illness or 
more serious complications [18].

Of course, when resuming training after recovering from an illness, athletes 
should start at a moderate pace and gradually increase his or her training intensity.

19.2.3.1  Prevention of Myocarditis in Athletes
• Restrict from training in case of infection and systemic symptoms (fever, myal-

gias, diarrhoea or an elevated resting heart rate).
• Education on the effect of doping agents and of recreational drugs.

19.2.3.2  Diagnosis of Myocarditis
As stated above, the diagnosis of myocarditis can sometimes be challenging due to 
its heterogenous clinical presentation and the lack of imaging finding being clearly 
diagnostic. The following paragraphs describe potential alterations suggestive of 
myocarditis, summarized in Table 19.2.
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Fig. 19.1 Externally induced myocarditis and outcome in a mouse model. Animals were either 
artificially infected with coxsackie B3 or not (I+ or I−) and were forced to swim or not (S+ or S−) 
and were followed up for a maximum of 15 months. Mice that were both infected and forced to 
swim showed the highest percental proportion of ∗pathological findings in their hearts (including 
fibrosis, mononuclear infiltrate, calcium deposition, and atrial thrombi) and also the highest mor-
tality (created from data presented in [3]). AV atrioventricular, LV left ventricular
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19.2.4  Clinical Presentation

Myocarditis is a challenging clinical scenario, given its heterogeneous presentation. 
The suspicion of myocarditis may be raised when an athlete complains of chest pain 
simulating myocardial infarction, symptoms related to arrhythmia (palpitations, 
dizziness, syncope), or heart failure (dyspnoea or physical performance drop). The 
illness may be preceded by coryza or diarrhoea [19] or occur in the context of toxic 
drug intake or of auto immune disease.

19.2.5  12-Lead Electrocardiogram

ECG abnormalities are common in case of myocarditis; in a recent study ECG were 
abnormal in 42% of 670 patients with suspected myocarditis [20] (Fig. 19.2). These 
include repolarization changes such as ST-segment alterations and T-wave inversion, 
arrhythmias with frequent and/or complex ventricular and/or supraventricular 
arrhythmia, and occasionally conduction abnormalities with left bundle branch block 
or atrioventricular block [21]. Individuals may also present with low QRS voltages 
or PQ depression, particularly in the presence of an associated pericardial effusion.

Table 19.2 Diagnostic criteria of myocarditis

Clinical 
presentation

Heterogeneous presentation
• Chest pain
• Symptoms related to arrhythmia (palpitations, dizziness, syncope)
• Symptoms related to heart failure (dyspnea, performance drop)
Context of infectious disease, drug intake or auto immune disease

ECG • Arrhythmia (ventricular, supraventricular)
• PQ depression
• Conduction abnormalities (LBBB, AV block)
• Low QRS voltage
• Repolarization changes (ST-segment alterations, T-wave inversion)

Echocardiography • LV dilation with thin myocardial walls
• Increase in myocardial wall thickness (myocardial oedema)
• Altered LV global systolic function
• Regional wall motion abnormalities
• Alteration of RV systolic function
• Alteration of diastolic function
• Pericardial effusion

Biomarkers • Increase of Troponin
•  Increase of serum markers of inflammation (erythrocyte sedimentation 

rate, C-reactive protein and leucocyte count)
CMR • Oedema (regional increase in water content in T2-weighted images)

•  Hyperaemia (increase in regional contrast-enhanced T1-weighted 
epicardial/midmyocardial signal within few minutes of gadolinium bolus)

• Myocardial fibrosis (epicardial/midmyocardial LGE)

LV left ventricle, RV right ventricle, LBBB left bundle branch block, AV atrio-ventricular, LGE late 
gadolinium enhancement, CMR cardiac magnetic resonance imaging
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19.2.6  Echocardiography

The left ventricle (LV) can be mildly dilated with thin myocardial walls, resembling 
a dilated cardiomyopathy, or there may be a non-dilated cavity with increased myo-
cardial wall thickness due to myocardial oedema. Regional wall motion abnormali-
ties can be present, and LV global systolic function can range from normal to 
severely altered. The right ventricle can also be altered, as well as diastolic function. 
Concomitant pericardial effusion suggests pericardial involvement [22].

19.2.7  Biomarkers

Cardiovascular biomarkers. Troponin is a hallmark for myocardial injury. It is not 
specific for inflammatory-mediated myocyte injury, but it will increase during the 
acute phase of myocarditis.

• Indeed, in patients aged less than 50 years, myocarditis is the second most cause 
of elevated troponins, after myocardial infarction [23].

Smith et al. demonstrated that among 53 patients with biopsy-proven myocardi-
tis, 34% were found to have elevated cardiac troponin I (cTnI) values [24]. Of 
course, timing is a critical parameter for the efficacy of troponin measurement to 
detect myocarditis. cTnI is most likely to be elevated in patients with myocarditis 
early after the onset of symptoms (within 1 month). This finding is consistent with 
the hypothesis that the majority of myocyte injury and necrosis may occur early in 
the patient’s clinical course [23].

Fig. 19.2 Example of an ECG in an athlete with acute myocarditis. Relative tachycardia for 
an athlete, infero-lateral ST elevation with T wave inversion, without reciprocal mirror 
ST-depression
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Nevertheless, blood troponin T (cTnT or high-sensitive (hs)-cTnT) values are 
also prone to alterations due to strenuous exercise.

• In a recent meta-analysis, about 51% of individuals had cTnT concentrations that 
were at least mildly increased; and 83% of individuals showed an increase in hs- 
cTnT [25].

This exercise-induced increase in blood troponin due to release of cytoplas-
mic cTnT and cTnI, because exercise may increase membrane permeability of 
cardiomyocytes. This reversible membrane leakage might be due to increased 
mechanical stress on the cardiomyocytes, overload with free radicals, increased 
body temperature, or prolonged acidosis [26]. Serial measurements of cardiac 
troponin may help to differentiate between physiological and pathological 
changes of this parameter. Indeed, the troponin increase after strenuous exercise 
tends to be less prominent and monophasic rather than biphasic and resolves 
faster than in myocardial injury caused by myocarditis or acute coronary syn-
drome [26].

Hence, it is always necessary in athletes to take previous physical exercise into 
account when a cardiac emergency is suspected.

19.2.7.1  Troponin Elevation After Exercise
• Take previous physical exercise into account, as intense exercise can at least 

temporarily increase cardiovascular biomarkers.

Serum markers of inflammation. Although non-specific as well, an elevation 
of several inflammatory biomarkers (erythrocyte sedimentation rate, C-reactive 
protein and leucocyte count) can be observed at the acute phase of myocarditis. 
The issue remains that these biomarkers can also be elevated in many other 
conditions.

Viral serologies. A previous study on the use of virus serology for patients with 
suspected myocarditis has shown limited utility [27]. Indeed, there was no correla-
tion between virus serology and viral genome detected in the myocardium by endo-
myocardial biopsy. Circumstances in which serological testing might be helpful 
include suspected hepatitis C, rickettsia, Lyme disease in endemic areas, and HIV in 
high-risk patients [6].

19.2.8  Cardiac Magnetic Resonance Imaging (CMR)

CMR has evolved as the primary non-invasive diagnostic modality in sus-
pected  myocarditis cases. Indeed, beyond the assessment of wall motion and 
left  ventricular ejection fraction, CMR is a non-invasive modality that allows 
 tissue characterization with visualization of myocardial oedema and fibrosis 
(Fig. 19.3).
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According to the Lake Louise Criteria (LLC) [28], CMR features that may be 
used to diagnose probable myocarditis include:

 1. a regional increase in water content visible on T2-weighted images,
 2. an increase in regional contrast-enhanced T1-weighted epicardial or midmyocar-

dial signal obtained within a few minutes of the gadolinium bolus (“hyperaemia” 
or “early-enhancement” sequences),

 3. an epicardial or midmyocardial late gadolinium enhancement (LGE) indicating 
myocardial fibrosis as a residual finding after initial inflammation (i.e. non- 
ischemic pattern of LGE).

Regional and reversible increases in wall thickness might indicate myocardial 
oedema and are therefore a supportive finding of acute myocarditis. However, the 
sensitivity of CMR for the diagnosis of myocarditis also decreases a few weeks after 
the initial illness.

Some limitations of LGE have to be underlined. First of all, a certain number of 
patients with biopsy proven myocarditis do not show LGE [29, 30]. Indeed, active 
myocarditis may not always lead to regions with necrotic myocytes of sufficient 
size to be visually detectable with LGE-CMR. Secondly, myocardial fibrosis, the 
late sequelae of myocarditis, may be indistinguishable from active myocarditis on 
LGE sequences.

CMR may detect isolated myocarditis-like LGE on CMR in an athlete with non- 
acute symptoms (e.g. syncope, or palpitations without any clinical signs of acute 
myocarditis). Whether these findings represent an acute myocarditis, a myocarditis 
in a late stage without presence of myocardial oedema, a resolved myocarditis or 
another pathology can be challenging (we will discuss this question in the last para-
graph of this chapter).

Furthermore, some clinical expressions of myocarditis do not fulfil the Lake 
Louise Criteria [28]. Therefore, LLC are now often complemented by novel CMR 

T2-w LGE LGE

Fig. 19.3 Example of CMR images in an athlete with acute myocarditis. On the T2 weighted 
images, the arrows indicate the regions with a regional increase in water content, which are related 
to intramyocardial oedema. On the LGE images, the arrows indicate the regions with sub- epicardial 
late gadolinium enhancement, which are related to focal fibrosis. T2-w T2 weighted imaging, LGE 
late gadolinium enhancement
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techniques such as T1/T2 mapping and extracellular volume fraction (ECV) mea-
surement to provide a higher sensitivity and specificity [31, 32].

Nevertheless, even if LGE can fail to detect myocarditis, it seems to be a good 
prognostic marker in myocarditis. In fact, patients with suspected myocarditis with 
a large extent of LGE showed an increased risk for major adverse cardiovascular 
events (MACE) at follow-up [20]. Regarding location and pattern, septal, mid-wall, 
and patchy LGE demonstrated strong relations with MACE. On the contrary, a nor-
mal CMR study corresponded to low annual MACE and death rates of 0.8% and 
0.3%, respectively [20].

Lake Louise Consensus Criteria should be used for CMR interpretation in sus-
pected myocarditis. These criteria are based on:

• a regional increase in water content visible on T2-weighted images,
• an increase in regional contrast-enhanced T1-weighted epicardial or midmyo-

cardial signal obtained within a few minutes of the gadolinium bolus (“hyperae-
mia” or “early-enhancement” sequences),

• an epicardial or midmyocardial late gadolinium enhancement (LGE) (i.e., non- 
ischemic LGE). Regional and reversible increase in wall thickness might indicate 
myocardial oedema and is therefore a supportive finding of acute myocarditis. 
The sensitivity of CMR for myocarditis decreases a few weeks after the initial 
illness.

19.2.9  Invasive Endomyocardial Biopsy (EMB)

EMB is presented as the gold standard diagnostic tool for the diagnosis of myocar-
ditis. Indeed, the World Health Organization/International Society and Federation 
of Cardiology definition of myocarditis is based on histology:

An inflammatory disease of the myocardium diagnosed by established histological, immu-
nological and immunohistochemical criteria.

According to the position statement on the diagnosis and management of myo-
carditis by the European Society of Cardiology Working Group on Myocardial and 
Pericardial Diseases “all patients with clinically suspected myocarditis should be 
considered for EMB” [6]. Nevertheless, they recognize that this is not done in rou-
tine practice. In a scientific statement from the American Heart Association, the 
American College of Cardiology, and the European Society of Cardiology, the role 
of EMB in the management of cardiovascular disease is recommended in more 
selective indications. Indeed, EMB should be performed in patients with severe 
clinical presentation in terms of recent heart failure or life-threatening arrhythmias, 
refractory to usual care [33].

EMB can differentiate between different types of inflammation (infectious, auto-
immune, idiopathic) causative of myocarditis. Therefore, EMB might allow tailor-
ing of therapy to the individual. However, EMB is an invasive diagnostic test, 
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although with a rather low complication rate of <1% in experienced centres [34]. 
Hence, EMB should be performed for the in-depth evaluation of recent-onset high- 
risk major clinical syndromes not responding to standard optimized medical therapy 
in the short term [19].

One of the limitations of EMB is the rate of false negative results (sampling 
error) [35], the exact number of which is not known. To avoid focal sampling error, 
several precautions have to be undertaken. Preferably, EMB is performed soon after 
presentation, and at least three myocardial samples, each of sufficient size (1–2 mm), 
should be taken from the right or from the left ventricle [6]. Tissue obtained from 
EMB should be analysed using histology, immunohistochemistry and viral PCR (on 
heart tissue and blood sample).

• EMB is the gold standard diagnostic tool for the diagnosis of myocarditis.
• EMB should be performed in of recent-onset high-risk major clinical syndromes 

not responding to conventional medical therapy.

19.3  Therapy

In most of cases, myocarditis is a benign pathology which resolves favourably. To 
our knowledge, no controlled trial exists on the optimal therapy. Therefore, treat-
ment is based on expert consensus [6], and is focused on optimal care of arrhyth-
mias and heart failure. In all case of acute myocarditis, admission to hospital and 
clinical monitoring is mandatory.

• Treatment of heart failure. In patients with hemodynamic instability, a mechani-
cal cardio-pulmonary assist device might be needed as bridge to recovery or to 
heart transplantation. As recovery may occur, cardiac transplantation should be 
deferred in the acute phase.
In patients with hemodynamically stable heart failure, management should be in 
line with current guidelines on heart failure [36]. The decision for discontinuing 
heart failure therapy following recovery of ventricular function should be made 
on a case-by-case basis, as there is no defined consensus.

• Treatment of arrhythmia. Drug treatment of arrhythmia in patients with myocar-
ditis does not differ from generally accepted clinical principles [37]. Pacemaker/
ICD implantation should be deferred until resolution of the acute episode, as the 
conduction disorders may resolve spontaneously. Therefore, temporary pacing 
might be needed for complete atrio-ventricular block and bridging in-hospital 
monitoring with a wearable life-vest might be a transient solution.

• Non-steroidal anti-inflammatory treatment is recommended in acute pericarditis 
[38]; to date clinical data are inconclusive about their use in myocarditis.

• Immunomodulatory anti-viral therapies can be used in selected cases; the deci-
sion should be based on a shared consensus with an infectious disease 
specialist.
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• Immunosuppressive therapy should be used in proven auto-immune forms of 
myocarditis (giant cell myocarditis, cardiac sarcoidosis, myocarditis with known 
extra-cardiac auto-immune disease).

Treatment is based on expert consensus and is focused on optimal care of 
arrhythmia and heart failure.

• Pacemaker/ICD implantation should be deferred until resolution of the acute 
phase of myocarditis

• Immunosuppressive therapy can be used in proven auto-immune forms of 
myocarditis

19.3.1  Sport Restriction After Myocarditis

In the beginning of the chapter, we have already demonstrated that intense sport 
practice can favour infectious disease. Furthermore, it has been demonstrated in a 
murine model of coxsackie B3 myocarditis, that infected mice forced to swim 
developed more pronounced myocardial damage and had a higher mortality [39]. 
Furthermore, myocarditis is a leading cause of sudden cardiac death during strenu-
ous physical exertion in young athletes or military recruits [1, 40].

• General consensus exists that athletes with a diagnosis of myocarditis should be 
restricted from exercise programs for a period of 3–6 months [41, 42], according 
to the clinical severity and duration of the illness, LV function at onset, and 
extent of inflammation on CMR. This time period is considered appropriate to 
ensure clinical and biological resolution of myocarditis.

After this period, the athletes should be tested thoughtfully before resuming 
training and competitive sport practice. They should undergo a resting echocardio-
gram, 24-h Holter monitoring (including a supervised training session), and an exer-
cise test. Indeed, even if acute inflammation has resolved, these athletes may still be 
at risk for arrhythmias related to the resultant myocardial scar, or for heart failure 
related to negative ventricular remodeling.

Patients might be able to resume training and competition if:

 1. asymptomatic
 2. serum markers of myocardial injury, inflammation, and heart failure have 

normalized.
 3. LV systolic function has returned to the normal range.
 4. no significant arrhythmia occurs (such as frequent or complex repetitive forms of 

ventricular or supraventricular arrhythmias) on a 24-h ECG monitoring and dur-
ing an exercise test.

Due to the risk of recurrence and silent progression of the disease, the ESC guide-
lines recommend a periodical re-assessment, particularly within the 2 first years.
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The clinical significance of persistent LGE in an asymptomatic athlete with clin-
ically healed myocarditis is unknown; however, myocardial scar is a potential 
source of ventricular tachyarrhythmias [43, 44]. At present, it seems reasonable for 
these athletes to resume training and participate in competitive sport if LV function 
is preserved and in the absence of frequent or complex repetitive forms of ventricu-
lar or supraventricular arrhythmias during maximal exercise and on 24-h ECG mon-
itoring (including session of training/competition). Asymptomatic athletes with 
LGE, however, should remain under annual clinical surveillance [42].

• Athletes with a diagnosis of myocarditis should be restricted from exercise pro-
grams for a period of 3–6 months

• Patients might be able to resume training and competition if:
 – asymptomatic
 – serum markers of myocardial injury, inflammation, and heart failure have 

normalized.
 – LV systolic function has returned to the normal range.
 – no significant arrhythmia occurs on a 24-h ECG monitoring and during an 

exercise test.

19.3.1.1  Focal Myocardial Fibrosis
Several studies have described an important prevalence of LGE in mostly asymp-
tomatic middle-aged or veteran athletes, ranging from 12 to 50% [45–47]. According 
to the pattern of the LGE some aetiologies can be easily identified (Fig. 19.4).

• Ischemic cardiomyopathy: Sub-endocardial LGE is related to an ischemic car-
diomyopathy. This pattern is the most frequently found in veteran athletes [45–
47]. In the presence of such an ischemic scar the patients should be managed like 
every myocardial infarction patient to reduce their risk of an acute cardiac event. 
Indeed, ischemic LGE demonstrated the strongest association with major adverse 
cardiac events and cardiac mortality [48]. According to the latest recommenda-
tions for participation in leisure time or competitive sports in athletes-patients 
with coronary artery disease from the Sports Cardiology Section of the European 
Association of Preventive Cardiology (EAPC), a “high degree of myocardial 
scarring on CMR imaging “is related to a high probability for exercise-induced 

Ischemic cardiomyopathy Underlying cardiomyopathy:
Hypertrophic cardiomyopathy

Sub-epicardial scar without
labelled cardiomyopathy

Small patches at insertion points

Fig. 19.4 Examples of different patterns of Late Gadolinium Enhancement (LGE)
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adverse cardiac events, and therefore this patients should be restricted from 
intense/competitive sport practice [49].

• LGE can also be related to an underlying cardiomyopathy. In hypertrophic 
cardiomyopathy (HCM), the presence of LGE can support the diagnosis in bor-
derline cases, since this cannot be considered as physiological [41, 42, 50]. Some 
publications have underlined the relationship between LGE and cardiovascular 
mortality, heart failure death and all-cause death, as well as the occurrence of 
non-sustained ventricular tachycardia [51, 52]. Nevertheless, to date, there is no 
recommendation to adapt the management of these patients regarding to the 
presence/absence of myocardial scar; neither to adapt the recommendations with 
regard to their sport practice.

• In some cases, sub-epicardial or mid-ventricular LGE is observed without 
underlying cardiomyopathy. In two recent longitudinal series, which included 
athletes who had undergone CMR because of abnormal screening first line 
examination, a high rate of cardiac events during follow-up was reported in those 
with sub-epicardial LGE [53, 54]. This finding might be related to previous myo-
carditis, but this might also be related to a form of cardiomyopathy, for instance 
left dominant arrhythmogenic cardiomyopathy. Nevertheless, more data is 
needed in order to better characterize prevalence and outcome. For the moment, 
the same strategy might be applied as the one used in a scar resulting from previ-
ous myocarditis. This question has been addressed in the latest position state-
ment of the Sport Cardiology Section of the EAPC on management with athletes 
with a myocarditis [42]. Although myocardial scar is a potential source of ven-
tricular tachyarrhythmias, it seems reasonable for these athletes to resume train-
ing and participate in competitive sport if LV function is preserved and in the 
absence of frequent or complex repetitive forms of ventricular or supraventricu-
lar arrhythmias during maximal exercise and on 24-h ECG monitoring (includ-
ing session of training/competition). Asymptomatic athletes with LGE, however, 
should remain under annual clinical surveillance.

• On the opposite of these pathological findings, small patches of LGE at inser-
tion points are frequent in athletes, especially in the elite veterans [47]. As this 
is described in patients with more extensive history of training and greater car-
diac dimensions it is hypothesized that this is related to stress bouts of intense 
exercise. Since the same pattern of scar is described in patients with pulmonary 
hypertension, it is supposed that this is due to increased interventricular wall 
stress due to chronic RV pressure overload [46]. A recent study has demonstrated 
a good prognosis in these athletes, even if associated with ventricular arrhyth-
mias [54].

Clinical Pearls
• Prevention of myocarditis in athletes

 – Restrict from training in case of infection and systemic symptoms (fever, 
myalgias, diarrhea or an elevated resting heart rate).

 – Education on the effect of doping agents and of recreational drugs.
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• Sport restriction after myocarditis
 – Athletes with diagnosis of myocarditis should be restricted from exercise pro-

grams for a period of 3–6 months
 – Patient might be able to resume training and competition if:

asymptomatic
serum markers of myocardial injury, inflammation, and heart failure have 
normalized.
LV systolic function as returned to the normal range.
no significant arrhythmia occurs on a 24-h ECG monitoring and exercise 
test.

 Review

 Questions

 1. Regarding different diagnostic tools of myocarditis in athletes, which of the fol-
lowing statements is correct?
 (a) A slight increase of troponin after intense exercise is always pathological.
 (b) Pathological ECG changes are always present in myocarditis.
 (c) Regional wall motion abnormalities on imaging techniques are always pres-

ent in myocarditis.
 (d) Late gadolinium enhancement is always present in myocarditis.
 (e) None of the answers is correct.

 2. Which of the following statements are correct? Clearance of athletes regarding 
competitive sports practice after a myocarditis is possible:
 (a) If the athlete is asymptomatic.
 (b) If serum markers of myocardial injury, inflammation, and heart failure have 

normalized.
 (c) If LV systolic function has returned to the normal range.
 (d) If no significant arrhythmia occurs on a 24-h ECG monitoring and exercise 

test.
 (e) If there is no more LGE on control CMR.

 Answers

 1. (e)
The diagnosis of myocarditis is difficult. Indeed, except endomyocardial biopsy, 
none of the diagnostic tools that are at our disposal are specific nor sensitive.
• Troponin can increase slightly after endurance exercise. Therefore, it is nec-

essary to take previous physical exercise into account when a cardiac emer-
gency is suspected.

• ECG abnormalities are only present in less than 50% of patients with sus-
pected myocarditis.
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• Regional wall motion abnormalities can be present, and LV global systolic 
function can range from normal to severely altered, but this is also not always 
the case.

• A certain number of patients with biopsy proven myocarditis do not show 
LGE.

 2. (a–d)
The clinical significance of persistent LGE in an asymptomatic athlete with clin-
ically healed myocarditis is unknown, however, myocardial scar is a potential 
source of ventricular tachyarrhythmias. At present, it seems reasonable for these 
athletes to resume training and participate in competitive sport if LV function is 
preserved and in the absence of frequent or complex repetitive forms of ventricu-
lar or supraventricular arrhythmias during maximal exercise and on 24-h ECG 
monitoring (including a session of training or competition). Asymptomatic ath-
letes with LGE, however, should remain under annual clinical surveillance.

References

 1. Bohm P, Scharhag J, Meyer T. Data from a nationwide registry on sports-related sudden car-
diac deaths in Germany. Eur J Prev Cardiol. 2016;23(6):649–56.

 2. Harmon KG, Asif IM, Maleszewski JJ, Owens DS, Prutkin JM, Salerno JC, et al. Incidence, 
cause, and comparative frequency of sudden cardiac death in National Collegiate Athletic 
Association Athletes: a decade in review. Circulation. 2015;132(1):10–9.

 3. Reyes MP, Ho KL, Smith F, Lerner AM. A mouse model of dilated-type cardiomyopathy due 
to coxsackievirus B3. J Infect Dis. 1981;144(3):232–6.

 4. Rose NR. Myocarditis: infection versus autoimmunity. J Clin Immunol. 2009;29(6):730–7.
 5. Schultheiss HP, Kuhl U, Cooper LT.  The management of myocarditis. Eur Heart J. 

2011;32(21):2616–25.
 6. Caforio AL, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, et al. Current 

state of knowledge on aetiology, diagnosis, management, and therapy of myocarditis: a posi-
tion statement of the European Society of Cardiology Working Group on Myocardial and 
Pericardial Diseases. Eur Heart J. 2013;34(33):2636–48, 48a-48d

 7. Rump AF, Theisohn M, Klaus W. The pathophysiology of cocaine cardiotoxicity. Forensic Sci 
Int. 1995;71(2):103–15.

 8. Montisci M, El Mazloum R, Cecchetto G, Terranova C, Ferrara SD, Thiene G, et al. Anabolic 
androgenic steroids abuse and cardiac death in athletes: morphological and toxicological find-
ings in four fatal cases. Forensic Sci Int. 2012;217(1-3):e13–8.

 9. Schurer S, Klingel K, Sandri M, Majunke N, Besler C, Kandolf R, et al. Clinical characteris-
tics, histopathological features, and clinical outcome of methamphetamine-associated cardio-
myopathy. JACC Heart Fail. 2017;5(6):435–45.

 10. Ulrich R, Pope HG Jr, Cleret L, Petroczi A, Nepusz T, Schaffer J, et al. Doping in two elite ath-
letics competitions assessed by randomized-response surveys. Sports Med. 2018;48(1):211–9.

 11. Roberts JA. Viral illnesses and sports performance. Sports Med. 1986;3(4):298–303.
 12. Reyes MP, Lerner AM. Interferon and neutralizing antibody in sera of exercised mice with 

coxsackievirus B-3 myocarditis. Proc Soc Exp Biol Med. 1976;151(2):333–8.
 13. Nieman DC. Is infection risk linked to exercise workload? Med Sci Sports Exerc. 2000;32(7 

Suppl):S406–11.
 14. Tomasi TB, Trudeau FB, Czerwinski D, Erredge S. Immune parameters in athletes before and 

after strenuous exercise. J Clin Immunol. 1982;2(3):173–8.
 15. Primos WA Jr. Sports and exercise during acute illness. Phys Sportsmed. 1996;24(1):44–54.

F. Schnell and F. Carré



357

 16. Wesslen L, Pahlson C, Lindquist O, Hjelm E, Gnarpe J, Larsson E, et al. An increase in sudden 
unexpected cardiac deaths among young Swedish orienteers during 1979-1992. Eur Heart J. 
1996;17(6):902–10.

 17. Metz JP.  Upper respiratory tract infections: who plays, who sits? Curr Sports Med Rep. 
2003;2(2):84–90.

 18. Exercise and febrile illnesses. Paediatr Child Health. 2007;12(10):885–92.
 19. Sinagra G, Anzini M, Pereira NL, Bussani R, Finocchiaro G, Bartunek J, et al. Myocarditis in 

clinical practice. Mayo Clin Proc. 2016;91(9):1256–66.
 20. Grani C, Eichhorn C, Biere L, Murthy VL, Agarwal V, Kaneko K, et al. Prognostic value of 

cardiac magnetic resonance tissue characterization in risk stratifying patients with suspected 
myocarditis. J Am Coll Cardiol. 2017;70(16):1964–76.

 21. Morgera T, Di Lenarda A, Dreas L, Pinamonti B, Humar F, Bussani R, et al. Electrocardiography 
of myocarditis revisited: clinical and prognostic significance of electrocardiographic changes. 
Am Heart J. 1992;124(2):455–67.

 22. Pinamonti B, Alberti E, Cigalotto A, Dreas L, Salvi A, Silvestri F, et al. Echocardiographic 
findings in myocarditis. Am J Cardiol. 1988;62(4):285–91.

 23. Wu C, Singh A, Collins B, Fatima A, Qamar A, Gupta A, et al. Causes of troponin elevation 
and associated mortality in young patients. Am J Med. 2018;131(3):284–92. e1

 24. Smith SC, Ladenson JH, Mason JW, Jaffe AS. Elevations of cardiac troponin I associated with 
myocarditis. Experimental and clinical correlates. Circulation. 1997;95(1):163–8.

 25. Sedaghat-Hamedani F, Kayvanpour E, Frankenstein L, Mereles D, Amr A, Buss S, et  al. 
Biomarker changes after strenuous exercise can mimic pulmonary embolism and cardiac 
injury—a metaanalysis of 45 studies. Clin Chem. 2015;61(10):1246–55.

 26. Shave R, Baggish A, George K, Wood M, Scharhag J, Whyte G, et  al. Exercise-induced 
cardiac troponin elevation: evidence, mechanisms, and implications. J Am Coll Cardiol. 
2010;56(3):169–76.

 27. Mahfoud F, Gartner B, Kindermann M, Ukena C, Gadomski K, Klingel K, et al. Virus serology 
in patients with suspected myocarditis: utility or futility? Eur Heart J. 2011;32(7):897–903.

 28. Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G, Alakija P, Cooper LT, et  al. 
Cardiovascular magnetic resonance in myocarditis: a JACC white paper. J Am Coll Cardiol. 
2009;53(17):1475–87.

 29. Grun S, Schumm J, Greulich S, Wagner A, Schneider S, Bruder O, et al. Long-term follow-up 
of biopsy-proven viral myocarditis: predictors of mortality and incomplete recovery. J Am 
Coll Cardiol. 2012;59(18):1604–15.

 30. Yilmaz A, Kindermann I, Kindermann M, Mahfoud F, Ukena C, Athanasiadis A, et  al. 
Comparative evaluation of left and right ventricular endomyocardial biopsy: differences in 
complication rate and diagnostic performance. Circulation. 2010;122(9):900–9.

 31. Nadjiri J, Nieberler H, Hendrich E, Greiser A, Will A, Martinoff S, et al. Performance of native 
and contrast-enhanced T1 mapping to detect myocardial damage in patients with suspected 
myocarditis: a head-to-head comparison of different cardiovascular magnetic resonance tech-
niques. Int J Cardiovasc Imaging. 2017;33(4):539–47.

 32. Radunski UK, Lund GK, Saring D, Bohnen S, Stehning C, Schnackenburg B, et al. T1 and T2 
mapping cardiovascular magnetic resonance imaging techniques reveal unapparent myocar-
dial injury in patients with myocarditis. Clin Res Cardiol. 2017;106(1):10–7.

 33. Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M, Kuhl U, et al. The role of 
endomyocardial biopsy in the management of cardiovascular disease: a scientific statement 
from the American Heart Association, the American College of Cardiology, and the European 
Society of Cardiology. Endorsed by the Heart Failure Society of America and the Heart Failure 
Association of the European Society of Cardiology. J Am Coll Cardiol. 2007;50(19):1914–31.

 34. Holzmann M, Nicko A, Kuhl U, Noutsias M, Poller W, Hoffmann W, et  al. Complication 
rate of right ventricular endomyocardial biopsy via the femoral approach: a retrospective and 
prospective study analyzing 3048 diagnostic procedures over an 11-year period. Circulation. 
2008;118(17):1722–8.

19 Specific Cardiovascular Diseases and Competitive Sports Participation…



358

 35. Baughman KL.  Diagnosis of myocarditis: death of Dallas criteria. Circulation. 
2006;113(4):593–5.

 36. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC guide-
lines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for 
the diagnosis and treatment of acute and chronic heart failure of the European Society of 
Cardiology (ESC)Developed with the special contribution of the Heart Failure Association 
(HFA) of the ESC. Eur Heart J. 2016;37(27):2129–200.

 37. Priori SG, Blomstrom-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, Camm J, et  al. 
2015 ESC guidelines for the management of patients with ventricular arrhythmias and the 
prevention of sudden cardiac death: The Task Force for the Management of Patients with 
Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death of the European Society 
of Cardiology (ESC). Endorsed by: Association for European Paediatric and Congenital 
Cardiology (AEPC). Eur Heart J. 2015;36(41):2793–867.

 38. Adler Y, Charron P, Imazio M, Badano L, Baron-Esquivias G, Bogaert J, et  al. 2015 ESC 
Guidelines for the diagnosis and management of pericardial diseases: The Task Force for the 
Diagnosis and Management of Pericardial Diseases of the European Society of Cardiology 
(ESC)Endorsed by: The European Association for Cardio-Thoracic Surgery (EACTS). Eur 
Heart J. 2015;36(42):2921–64.

 39. Kiel RJ, Smith FE, Chason J, Khatib R, Reyes MP. Coxsackievirus B3 myocarditis in C3H/HeJ 
mice: description of an inbred model and the effect of exercise on virulence. Eur J Epidemiol. 
1989;5(3):348–50.

 40. Phillips M, Robinowitz M, Higgins JR, Boran KJ, Reed T, Virmani R. Sudden cardiac death in 
Air Force recruits. A 20-year review. JAMA. 1986;256(19):2696–9.

 41. Maron BJ, Udelson JE, Bonow RO, Nishimura RA, Ackerman MJ, Estes NAM 3rd, et  al. 
Eligibility and disqualification recommendations for competitive athletes with cardiovascular 
abnormalities: task force 3: hypertrophic cardiomyopathy, arrhythmogenic right ventricular 
cardiomyopathy and other cardiomyopathies, and myocarditis: a scientific statement from 
the American Heart Association and American College of Cardiology. J Am Coll Cardiol. 
2015;66(21):2362–71.

 42. Pelliccia A, Solberg EE, Papadakis M, Adami PE, Biffi A, Caselli S, et al. Recommendations 
for participation in competitive and leisure time sport in athletes with cardiomyopathies, myo-
carditis, and pericarditis: position statement of the Sport Cardiology Section of the European 
Association of Preventive Cardiology (EAPC). Eur Heart J. 2019;40(1):19–33.

 43. Mewton N, Dernis A, Bresson D, Zouaghi O, Croisille P, Flocard E, et al. Myocardial bio-
markers and delayed enhanced cardiac magnetic resonance relationship in clinically sus-
pected myocarditis and insight on clinical outcome. J Cardiovasc Med (Hagerstown). 
2015;16(10):696–703.

 44. van de Schoor FR, Aengevaeren VL, Hopman MT, Oxborough DL, George KP, Thompson PD, 
et al. Myocardial fibrosis in athletes. Mayo Clin Proc. 2016;91(11):1617–31.

 45. Breuckmann F, Mohlenkamp S, Nassenstein K, Lehmann N, Ladd S, Schmermund A, et al. 
Myocardial late gadolinium enhancement: prevalence, pattern, and prognostic relevance in 
marathon runners. Radiology. 2009;251(1):50–7.

 46. La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bogaert J, et al. Exercise-induced 
right ventricular dysfunction and structural remodelling in endurance athletes. Eur Heart J. 
2012;33(8):998–1006.

 47. Wilson M, O’Hanlon R, Prasad S, Deighan A, Macmillan P, Oxborough D, et  al. Diverse 
patterns of myocardial fibrosis in lifelong, veteran endurance athletes. J Appl Physiol (1985). 
2011;110(6):1622–6.

 48. Kwong RY, Chan AK, Brown KA, Chan CW, Reynolds HG, Tsang S, et al. Impact of unrec-
ognized myocardial scar detected by cardiac magnetic resonance imaging on event-free sur-
vival in patients presenting with signs or symptoms of coronary artery disease. Circulation. 
2006;113(23):2733–43.

 49. Borjesson M, Dellborg M, Niebauer J, LaGerche A, Schmied C, Solberg EE, et  al. 
Recommendations for participation in leisure time or competitive sports in athletes-patients 

F. Schnell and F. Carré



359

with coronary artery disease: a position statement from the Sports Cardiology Section of the 
European Association of Preventive Cardiology (EAPC). Eur Heart J. 2019;40(1):13–8.

 50. Authors/Task Force members, Elliott PM, Anastasakis A, Borger MA, Borggrefe M, Cecchi 
F, et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: 
the Task Force for the Diagnosis and Management of Hypertrophic Cardiomyopathy of the 
European Society of Cardiology (ESC). Eur Heart J. 2014;35(39):2733–79.

 51. Chan RH, Maron BJ, Olivotto I, Pencina MJ, Assenza GE, Haas T, et al. Prognostic value of 
quantitative contrast-enhanced cardiovascular magnetic resonance for the evaluation of sudden 
death risk in patients with hypertrophic cardiomyopathy. Circulation. 2014;130(6):484–95.

 52. Rowin EJ, Maron MS. The role of cardiac MRI in the diagnosis and risk stratification of hyper-
trophic cardiomyopathy. Arrhythm Electrophysiol Rev. 2016;5(3):197–202.

 53. Schnell F, Claessen G, La Gerche A, Bogaert J, Lentz PA, Claus P, et al. Subepicardial delayed 
gadolinium enhancement in asymptomatic athletes: let sleeping dogs lie? Br J Sports Med. 
2016;50(2):111–7.

 54. Zorzi A, Perazzolo Marra M, Rigato I, De Lazzari M, Susana A, Niero A, et al. Nonischemic 
left ventricular scar as a substrate of life-threatening ventricular arrhythmias and sudden car-
diac death in competitive athletes. Circ Arrhythm Electrophysiol. 2016;9(7):e004229.

19 Specific Cardiovascular Diseases and Competitive Sports Participation…



361© Springer Nature Switzerland AG 2020
A. Pressler, J. Niebauer (eds.), Textbook of Sports and Exercise Cardiology, 
https://doi.org/10.1007/978-3-030-35374-2_20

S. Castelletti 
Center for Cardiac Arrhythmias of Genetic Origin, Istituto Auxologico Italiano, IRCCS, 
Milan, Italy
e-mail: s.castelletti@auxologico.it 

L. Crotti (*) 
Center for Cardiac Arrhythmias of Genetic Origin, Istituto Auxologico Italiano, IRCCS, 
Milan, Italy

Laboratory of Cardiovascular Genetics, Istituto Auxologico Italiano, IRCCS, Milan, Italy 

Department of Cardiovascular, Neural and Metabolic Sciences, San Luca Hospital,  
Istituto Auxologico Italiano, IRCCS, Milan, Italy 

Department of Medicine and Surgery, University of Milano-Bicocca, Milan, Italy
e-mail: l.crotti@auxologico.it

20Specific Cardiovascular Diseases 
and Competitive Sports Participation: 
Channelopathies

Silvia Castelletti and Lia Crotti

Learning Objectives
 1. To learn the most important information about epidemiology, genetic back-

ground, clinical presentation, diagnosis, risk stratification and management of 
patients affected by cardiac channelopaties.

 2. To learn when a cardiac channelopathy should be suspected.
 3. To select the key diagnostic tools necessary to achieve the right diagnosis.
 4. To learn the basis for correct treatment.

20.1  Long QT Syndrome

20.1.1  Definition and Prevalence

• The Long QT Syndrome is an inherited cardiac disorder characterized by QT 
prolongation on the ECG and increased risk of life-threatening arrhythmias, typi-
cally stress-induced Torsade-De-Point (TdP) [1, 2].
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• The QT corrected for heart rate (QTc) has traditionally been defined prolonged 
when it measures >440 ms in men and >460 ms in women after puberty [2]. 
Importantly, in athletes less stringent cut-off values are used to define a QTc as 
prolonged, based on expert consensus [3, 4]; specifically, a QTc > 470 ms in 
male athletes and a QTc > 480 ms in female athletes have been set as cut-off 
values (see Chap. 8).

• The prevalence of the disease is 1/2000 live births [5].
• Due to incomplete penetrance and phenotypic variability, affected individuals 

among family members may have a normal QT on ECG [6], and those are defined 
as “silent mutation carriers”.

• Even though the risk of cardiac events in “silent mutation carriers” is lower than 
in patients with a prolonged QT, they have a 10% risk of experiencing a major 
cardiac event by age 40, with a 4% risk of cardiac arrest/sudden cardiac death 
[7]. Therefore, it is almost mandatory to perform a genetic testing in all family 
members, regardless of their QT interval, to identify all affected subjects [8].

20.1.2  Genetic Basis

Since the first genetic description, 17 genes have been linked to the disease. In the 
1990s three genes have been associated with LQTS: KCNQ1, KCNH2 and SCN5A. 
These genes are mutated in 75–80% of affected LQTS cases [9–12] and therefore 
are considered as the “major LQTS genes”.

• KCNQ1 encodes the α-subunit of the K+ channel, generating IKs, which is essen-
tial for QT adaptation when heart rate increases. When IKs is defective, the QT 
interval fails to shorten during tachycardia, thus creating a highly arrhythmo-
genic condition [12].
 – Heterozygous KCNQ1 mutations cause the autosomal dominant Romano- 

Ward LQT1 syndrome [13–15].
 – Homozygous mutations in KCNQ1, or compound heterozygous mutations, 

cause the recessive Jervell and Lange-Nielsen Syndrome variant, character-
ized by deafness and aggressive cardiac phenotype [16, 17].

• KCNH2 encodes the α-subunit of the K+ channel conducting the rapid potassium 
rectifier current (IKr). Mutations in KCNH2 cause a reduction in IKr current and 
therefore a prolongation of action potential duration and QTc [10].

• SCN5A encodes the α-subunit of the cardiac sodium channel conducting the 
depolarizing sodium inward current. Mutations in this gene produce the LQTS 
phenotype by increasing the delayed Na+ inward current and, therefore, prolong-
ing the action potential duration [18].

Among the 14 “minor LQTS genes”, those worth of note are the ones associated 
with specific or quite aggressive features:

• KCNE1 and KCNE2 encoding for the β-subunits of KCNQ1 and KCNH2 are 
responsible for LQT5 and LQT6 respectively. Mutations in KCNE1 may cause 
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either the dominant Romano Ward Syndrome or the recessive Jervell and Large- 
Nielsen Syndrome. Mutations in KCNE2 are rare causes of LQTS while are 
more frequently implicated in acquired LQTS [19–24].

• KCNJ2 is associated with a complex clinical disorder called “Andersen-Tawil 
Syndrome” (LQT7) in which the prolongation of the QT interval is modest and 
usually associated with prominent U waves. Additional clinical features, vari-
ably present, are ventricular arrhythmias, dysmorphic features and periodic 
paralysis [25].

• CACNA1C, encoding for the voltage-gated calcium channel, is the gene 
 responsible for Timothy syndrome (TS; LQT8), a rare and syndromic dis-
ease,  characterized by a malignant cardiac phenotype, with extracardiac 
 findings ranging from syndactyly to cardiac developmental defects and 
autism [26].

• CALM1, CALM2 and CALM3 are genes encoding calmodulin, a Ca2+-binding 
signal transducer messenger protein that influences the activity of ion channels. 
Mutations on these genes have been recently associated with aggressive forms 
(LQT14, LQT15, LQT16) characterized by extreme QTc prolongation and early- 
onset recurrent life-threatening arrhythmias [27–30].

• TRDN is the last gene identified. It encodes triadin, a major anchoring protein 
responsible for the structural integrity and crosstalk of sarcoplasmic reticulum 
Ca2+-release channels, L-type Ca2+ channels and Ca2+-sensitive proteins. 
Homozygous or compound heterozygous mutations in this gene are responsible 
for another aggressive form of LQTS, the LQT17 [31, 32].

20.1.3  Clinical Presentation

• Syncopal episodes under emotional or physical stress are the main manifesta-
tions of the disease and are due to a typical polymorphic ventricular arrhyth-
mia, i.e. TdP. This often degenerates into ventricular fibrillation accounting 
for a mortality rate of 5% per year among untreated symptomatic patients 
[33, 34].

• Due to incomplete penetrance and clinical heterogeneity, even in the presence of 
the same disease-causing mutation [35], clinical manifestation can range from 
no symptoms to sudden cardiac death [6, 35].

• Sudden death may represent the first clinical manifestation of the disease in 12% 
of untreated patients [6].

• Trigger for cardiac events is gene-specific [34, 36, 37]:
 – in LQT1 the main trigger is exercise or stress, with swimming being involved 

in 33% of cases [36];
 – LQT2 patients experience events during emotional stress, sudden auditory 

stimuli are responsible for 63% of cases. LQT2 women are particularly at risk 
also during hormonal changes like in the post-partum period and during 
menopause transition [36, 38];

 – in LQT3 patients, events occur typically while asleep or at rest [36].
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20.1.4  Diagnostic Work-up

20.1.4.1  ECG
Typical features on surface ECG are: QTc prolongation; peculiar T wave morpholo-
gies; T wave alternans; 2:1 functional atrio-ventricular blocks.

• QTc prolongation: an obvious QT prolongation is the main feature of the dis-
ease. QTc cut-offs are indicated above, and the most widely recognized formula 
to correct the QT is the Bazett’s formula [1, 39–41]. Although in general, the 
longer the QT the greater is the risk for malignant arrhythmias, patients affected 
with normal QTc have a higher risk of cardiac events compared to normal sub-
jects [6].

• T wave morphology: notched T waves in more than three precordial leads or 
diphasic T-waves are typical of the disease, and gene-specific ECG patterns 
(Fig. 20.1) exist [15, 29, 42]: LQT1 patients may present with broad based T 
waves, LQT2 patients have more frequently diphasic or notched T waves, while 
LQT3 patients, but also patients with Timothy Syndrome and CALM-LQTS, 
have late onset peaked T-waves [6, 29].

Fig. 20.1 Electrocardiographic strips showing three LQTS ECG patterns: (1) LQT1 patient 
(upper panel): typical broad-based T waves, (2) LQT2 patient (middle panel): biphasic and notched 
T waves, and (3) LQT3 patient (lower panel): prolonged ST segment with sharpened T waves. 
Tracings are from a 24-h Holter recording. (Adapted from Crotti L, Kotta MC, Castelletti S. Long 
and Short QT Syndromes, in D. Thomas, C.A. Remme (eds.), Channelopathies in Heart Disease, 
Cardiac and Vascular Biology, p. 147–185, Springer International Publishing AG, part of Springer 
Nature 2018)

S. Castelletti and L. Crotti



365

• T wave alternans: a beat-to-beat alternation of the polarity or amplitude of 
the T wave is a peculiar feature representing a sign of major electrical insta-
bility [43].

• 2:1 functional atrio-ventricular block, also called pseudo 2:1 AV block, occurs in 
very young patients with extreme QT prolongation: when sinus intervals are 
shorter than the ventricular refractory period, every two sinus beats one is not 
conducted because the ventricle is still in refractory period. This ECG feature 
represents a negative prognostic sign.

20.1.4.2  Exercise Stress Test
• Exercise stress test is useful to check for QT adaptation during exercise that it is 

typically unpaired mainly in LQT1 patients, but also to a lesser extent in LQT2 
patients [6].

• QT prolongation during the recovery phase of the exercise test is a typical feature 
of the disease and indeed a cut-off of QTc ≥  480 ms at the fourth minute of 
recovery has been included among the last diagnostic criteria for the disease [44, 
45]. In this phase, it is also possible to note the appearance of typical major repo-
larization changes [44]. Therefore, the exercise test should not be interrupted 
before the fourth minute after cessation of exercise.

• Heart rate reduction during the first minute of recovery could provide prognostic 
information in LQT1 patients [46].

20.1.4.3  12-Lead 24-h Holter Monitoring
A 12-lead 24-h Holter recording is quite useful in the diagnostic process and for the 
follow-up [33, 47] as it allows the identification of:

• changes in QT duration during daytime and nighttime and the identification of 
the maximum QTc recorded;

• sudden sinus pauses;
• lower heart rate to modulate beta-blocker therapy;
• repolarization abnormalities, including T wave alternans.

20.1.5  Diagnosis

A score, the so-called “Schwartz score” (Table 20.1), has been developed to help the 
clinician in performing the diagnosis of LQTS [44] (see also Chap. 11). According 
to guidelines [2], clinical diagnosis can be performed:

• when the patient has a Schwartz score of ≥3.5 points;
• in presence of an unequivocally pathogenic mutation and/or in presence of a QTc 

≥ 500 ms in repeated 12-lead ECGs.
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20.1.6  Differential Diagnosis

A QT prolongation can be caused also by

 1. Drugs: a list of medication causing QT prolongation in available on the website 
www.azcert.org;

 2. Bradycardia;
 3. Hypokalemia;
 4. Hormonal changes.

It is therefore important to exclude secondary causes of QT prolongation that 
may lead to the so-called acquired Long QT Syndrome (aLQTS).

• A genetic predisposition is present in around one third of the subjects with 
aLQTS.

• A score, based on QTc, age and symptoms allow the identification of the aLQTS 
patients more likely to carry a predisposing mutation [48].

Table 20.1 Diagnostic criteria for Long QT Syndrome (adapted from [42])

11 Points
Electrocardiographic findingsa

QTcb

≥480 ms 3
460–479 ms 2
450–459 ms (in males) 1
QTc fourth minute of recovery from exercise stress test ≥480 ms 1
Torsade de pointesc 2
T wave alternans 1
Notched T wave in three leads 1
Low heart rate for aged 0.5
Clinical history
Syncopec

With stress 2
Without stress 1
Congenital deafness 0.5
Family history
Family members with definite LQTSe 1
Unexplained SCD below age 30 among immediate family 
memberse

0.5

SCORE: ≤1 point: low probability of LQTS; 1.5–3 points: intermediate probability of LQTS; ≥3.5 
points high probability of LQTS
aIn the absence of medications or disorders known to affect these electrocardiographic features
bQTc calculated by Bazett’s formula
cMutually exclusive
dResting heart rate below the second percentile for age
eThe same family member cannot be counted in both
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20.1.7  Risk Stratification

Risk stratification includes:

• gender, age, QTc and genotype [4];
• symptoms (patients with a previous syncopal episode are at higher risk for sub-

sequent cardiac events if not correctly treated; clearly patients with a previous 
cardiac arrest are high-risk patients);

• Additional ECG features such as T-wave alternans, 2:1 functional AV block and 
sinus pauses, may increase the risk of events [46, 49, 50];

• Not only the gene, but also the type of mutation, the position of the mutation in 
the protein (i.e. pore region for KCNH2 or transmembrane region for KCNQ1) 
and sometimes the specific mutation can carry important prognostic information. 
Furthermore, common genetic variants, known as modifiers genes [51], may 
influence the arrhythmic risk [51, 52].

20.1.8  Therapy

The mainstay treatments for LQTS are beta-blockers and left cardiac sympathetic 
denervation (LCSD). ICD implantation is necessary only in a minority of the 
patients [2, 53]. Few gene-specific treatments are also available. All patients should 
be strongly advised to avoid QT-prolonging drugs (www.azcert.org) and to use 
potassium supplements whenever needed to keep adequate potassium levels.

• Betablockers: as the trigger for most of the events is a sudden increase in sympa-
thetic activity, it is not surprising that the most effective therapy is represented by 
beta-blockers [53–56]. Not all of them, however, are equally effective: proprano-
lol and nadolol are the wider used as they have been demonstrated to reduce the 
risk of recurrences of events more than metoprolol and bisoprolol [57].

• LCSD, a mini-invasive surgical approach consisting in the removal of the lower 
third of left stellate ganglion and the subsequent four thoracic ganglia [58], 
should be performed in patients symptomatic despite a full dose of beta-blockers 
or in those not tolerant to beta-blockers. The rationale for LCSD is largely based 
on its antifibrillatory effect and on the major reduction of norepinephrine release 
at ventricular level in the absence of post-denervation supersensitivity [53].

• The Implantable cardioverter defibrillator (ICD) is indicated in patients with a 
previous cardiac arrest and in patients with recurrences despite full antiadrener-
gic therapy possibly including LCSD [2].

• Gene-specific therapy and gene-specific recommendations:
 – LQT1 should avoid competitive sports activity, particularly swimming, as 

they are at higher risk during sympathetic activation [6, 59, 60];
 – LQT2 patients are at higher risk when aroused from sleep or rest by a sudden 

noise, therefore telephone and alarm clocks should be removed from the bed-
rooms. As they are also particularly sensitive to serum potassium levels, a 
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combination with potassium sparing agents should be considered in those 
patients with difficulties in maintaining reasonable levels of potassium [2, 36, 
53]. Recently, in some specific KCNH2-mutations, Lumacaftor has been 
shown to correct the trafficking defect and shorten the QTc [61, 62].

 – LQT3 patients may benefit from mexiletine in addition to beta-blockers. As 
the effect of mexiletine is mutation-specific, its effectiveness should be tested 
by the acute oral drug test technique [63–65]. Recently, mexiletine showed to 
be effective also in some LQT2 patients [66].

20.2  Short QT Syndrome

20.2.1  Definition and Prevalence

• The Short QT syndrome (SQTS) is an arrhythmic cardiac disorder characterized 
by a short QT interval at the basal ECG and increased risk of life-threatening 
arrhythmias.

• SQTS is an autosomal dominant disease and it is expected to be equally preva-
lent in male and female patients; however, data from the European SQTS Registry 
suggest a higher prevalence of the disease among males with a mean age at diag-
nosis between 20 and 30 years [67].

20.2.2  Molecular Basis

• The genetic substrate is partially in common with Long QT Syndrome: while 
loss-of-function mutations in the KCNQ1, KCNH2 and KCNJ2 genes cause 
LQTS, gain-of-function mutations on the same genes cause SQTS [68–70]. On 
the contrary, loss-of-function mutations in genes encoding calcium channel sub-
units have been identified in patients with short QT, frequently associated with a 
Brugada ECG pattern [68–71].

• The first three are the main genes causing the disease [8, 72], with KCNH2 being 
the most frequently involved.

20.2.3  Clinical Presentation

• The severity of symptoms and their age of onset are quite variable.
• The severity of symptoms ranges from asymptomatic (38%) [67] to sudden 

death, from atrial fibrillation to syncope [67, 72, 73].
 – Atrial fibrillation and flutter are probably due to short atrial refractory periods 

[67, 72, 73].
• The age of onset of clinical manifestations ranges from in utero to age 70 

[67, 72, 73].
 – SQTS may manifest as sudden infant death syndrome (SIDS) [74];
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 – the peak of occurrence of life-threatening arrhythmias seems to be the first 
year of life and then between age 14 and 40 [67, 72, 73]: more than 90% of 
males have cardiac arrest between 14 and 40 years of age; amongst females, 
the events are widely distributed across the years [67].

20.2.4  Diagnosis

• The diagnosis of SQTS is performed considering ECG data, symptoms and fam-
ily history. Regarding the ECG, it is still debated how short the QTc should be to 
make a diagnosis of SQTS: SQTS patients reported so far have QTc in the range 
of 250–380 ms;

• In healthy populations (altogether >28,000 individuals) a QTc in the lowest 0.5 
percentile of the normal distribution (≤330 ms) [75] or below 340 ms [76] and 
320 ms [76, 77] was not associated with increased risk of SCD.

• Athletes have shorter QT intervals than non-athletes but athletic status does not 
predict short QT intervals [77].

• A diagnosis of SQTS should be performed, according to the 2015 ESC Guidelines 
for the prevention of SCD [65]:
 – in all patients with a QTc ≤ 340 ms;
 – in patients with a QTc between 340 and 360 ms, only in the presence of at 

least one additional criterion, such as either presence of a pathogenic muta-
tion, family history of SQTS, family history of SCD below age 40 or survival 
of a VT/VF episode in the absence of heart disease.

• The HRS/EHRA/APHRS expert consensus statement on the diagnosis and man-
agement of patients with inherited primary arrhythmia syndromes [2] is more 
stringent, posing at 330 ms the cut off for the diagnosis of SQTS in the absence 
of additional criteria.

• Other ECG characteristics useful to suspect or diagnose the disease include 
(Fig. 20.2):

Fig. 20.2 Electrocardiographic strip showing SQTS ECG typical features: tall, sharp, narrow and 
fine T waves with an early repolarization pattern and QTc 263 ms
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 – a short or absent ST segment, with the T wave initiating immediately from the 
S wave;

 – SQT1 patients (those with a mutation in KCNH2) may have tall, sharp, nar-
row, fine and symmetrical T waves, especially in leads V2-V4, with a rela-
tively prolonged Tpeak-Tend interval [78];

 – SQT2 patients (those with a mutation in KCNQ1) show less narrow symmetri-
cal T waves [79];

 – SQT3 patients (those with a mutation in KCNJ2) present an asymmetrical 
pattern with a less steep ascending section of the T wave followed by a rapid 
descending terminal phase;

 – Early repolarization has been described in 65% of SQTS patients and associ-
ated with arrhythmic events [80].

• Features that may help distinguishing healthy people from SQTS patients 
include:
 – a significantly shorter J point-T peak interval, a shorter Tpeak − Tend/QT ratio 

[76, 80];
 – a less steep slope of the QT-RR relationship due to the lack of adequate QT 

shortening to heart rate increases during 24-h ECG recordings and exercise 
stress test [81];

 – presence of a PQ depression ≥0.05 mV, due to the heterogeneous abbrevia-
tion of atrial repolarization, rarely observed in healthy individuals [82].

• Reversible causes of short QTc should be excluded [78, 83, 84]:
 – hypercalcemia, hyperkalemia
 – digital toxicity
 – acidosis
 – hyperthermia
 – androgens use
 – increased vagal tone

• Genetic testing has a relatively low yield, ranging from 11 to 20% of cases [8, 72];
 – It may be considered for patients with a strong clinical suspicion [8];
 – it is recommended for the family members of a proband in whom a disease- 

causing mutation has already been identified [8].

20.2.5  Therapy

The therapy is quite challenging in SQTS patients and so far, only ICD implantation 
showed to be effective in preventing sudden cardiac death. Hydroquinidine and 
sotalol may have a role in some patients.

• ICD implantation:
 – is clearly indicated in survivors of a cardiac arrest or in patients with sponta-

neous sustained VT [2];
 – is quite controversial in asymptomatic patients for the high rate of inappropri-

ate shocks due to T wave oversensing [85];
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 – risk stratification remains challenging in asymptomatic patients as there are 
no data supporting the role of invasive electrophysiological study with pro-
grammed ventricular stimulation [2, 65].

• Hydroquinidine (HQ)
 – significantly increases QT interval and effective refractory period [67, 86] in 

SQT1 patients;
 – in patients without a mutation the effect appears weaker and quite variable 

[67, 86];
 – may represent an alternative option to ICD in those patients who would qual-

ify for an ICD but present contraindications or refusal [65].
• Sotalol is considered a possible alternative to hydroquinidine [65]
• A pharmacological treatment may be considered also in asymptomatic patients 

with a family history of SCD and in those who already have an ICD to prevent 
the occurrence of multiple arrhythmic events [65].

20.3  Brugada Syndrome

20.3.1  Definition and Prevalence

• Brugada Syndrome (BrS) is a genetically transmitted heart disease characterized 
by coved-type ST elevation in the right precordial ECG leads and increased risk 
of sudden cardiac death (SCD).

• The diagnostic ECG pattern is not always present, even in affected subjects, 
therefore the prevalence of the disease is unclear and estimated to be between 
5:10,000 and 1:2000 [87].

• It is considered responsible of 4–12% of all cases of SCD and 20% of those SCD 
with a structural normal heart [88], however a recent study evaluating relatives of 
SCD victims suggested that the prevalence may be even higher [89].

20.3.2  Molecular Basis

• BrS has always been considered a monogenetic disease with autosominal domi-
nant pattern of inheritance; however, increasing evidences suggest that the BrS 
phenotype can be modulated by common genetic variants [90].

• SCN5A, encoding for the voltage-gated Nav1.5 sodium channel, is the major 
gene involved in the disease: mutations on this gene account for 20–30% of 
genotype positive patients [91].

• Other genes have been implicated in the disease [92–96]; however, they are 
responsible for a small number of cases.

• The emerging evidence of minor structural abnormalities in the right ventricular 
outflow has led to the identification of mutations also in genes responsible for the 
Arrhythmogenic Cardiomyopathy, of which BrS may be part of the spectrum 
[94, 97–99].
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20.3.3  Clinical Presentation

• The clinical manifestation of the disease is quite heterogenous, ranging from no 
symptoms to syncope, from supraventricular arrhythmias to sudden cardiac 
death.

• Potentially lethal arrhythmias usually occur
 – at a mean age of 41 ± 15 years, eight times more frequently in males than 

females [100–102]. However, malignant forms responsible for SIDS or SCD 
in young children have been described [103, 104];

 – during fever [100, 105–107];
 – under vagal triggers [108–111]:

at rest or while asleep, with a significant peak from midnight to 6 am, less 
frequently in the evening and during daytime [112, 113];
after heavy meals and high alcohol intake [114, 115].

• Supraventricular arrhythmias have been reported in approximately 20% of 
patients [116–120], including
 – Atrial fibrillation
 – Atrioventricular nodal re-entrant tachycardia
 – Wolff-Parkinson-White syndrome

• Conduction delays have been reported in association with the syndrome, 
including:
 – prolonged sinus node recovery time and sinoatrial conduction time [121]
 – slowed atrial conduction and atrial standstill [122, 123]
 – prolonged atrio-ventricular conduction [96]

• Overlaps with Sick Sinus Syndrome and Lev-Lenègre syndrome (also called 
progressive cardiac conduction disease) have been reported, particularly in 
patients carrying mutations in SCN5A gene [124–128].

20.3.4  Diagnostic Work-up

20.3.4.1  ECG
• Three ECG repolarization patterns in the right precordial leads have been associ-

ated with the disease (Figs. 20.3 and 20.4):
 – Type 1 ECG pattern (“coved-type”) is characterized by incomplete right bun-

dle brunch block and a coved ST-segment elevation ≥2 mm (0.2 mV) fol-
lowed by a negative T wave in ≥1 right precordial lead (V1–V3).

 – Type 2 ECG pattern (“saddle-back type”) is characterized by an ST-segment 
elevation ≥2 mm, in ≥1 right precordial lead (V1–V3), followed by a convex 
ST. The r′-wave may or may not overlap the J point, but it has a slow down-
ward slope. The ST segment is followed by a positive T-wave in V2 and is of 
variable morphology in V1.

 – Type 3 ECG pattern has either a saddleback or coved appearance with an ST- 
segment elevation of <1 mm.
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• The type 1 ECG pattern:
 – is the only one considered diagnostic for the disease [2];
 – may be absent on the surface ECG (concealed BrS);
 – can be unmasked by sodium channel blockers, during a febrile state or in 

vagotonic conditions [107, 108, 129, 130];
 – can be detected in the third or second intercostal spaces due to the variable 

anatomical correlation between the right ventricular outflow tract and V1–
V2 in the standard position [131, 132]. The identification of a spontaneous or 
induced type 1 ECG in an high intercostal space is considered equal to its 
detection with a standard ECG in fourth intercostal space [133].

• The type 2 and type 3 ECG patterns are not diagnostic for the disease. Their 
detection should prompt further investigations [2].

• Conduction abnormalities are frequently observed [96, 124, 134]:
 – they include prolonged P wave, PR or QRS duration;
 – they are more common in patients carrying a mutation in SCN5A gene [96, 124];
 – PR prolongation is likely due to HV conduction delay [134].

Fig. 20.3 Electrocardiographic strips showing the three BrS ECG patterns: Type 1 (“coved-type” 
pattern) upper panel; type 2 (“saddle-back type”) middle panel; Type 3 ECG lower panel. Only the 
type 1 ECG is diagnostic for the disease. Tracing are from a 24-h Holter recording of the same 
patient at different hours, reflecting the great fluctuation of the ECG pattern even in the single 
patient and the higher probability to see a diagnostic pattern during the night when there is an 
increased vagal-tone. The patient is a 59-year-old asymptomatic man referred for further investiga-
tions after an ECG performed for atypical chest pain showing a suspicious pattern
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• Depolarization and repolarization abnormalities in the inferior and lateral 
leads have been described and associated with a more severe phenotype 
[135–139].

• A slightly prolonged QTc can be occasionally observed [134, 140–142] and 
overlapping cases with LQTS have also been described [140, 143].

20.3.4.2  12-Lead 24-h Holter Monitoring
• The fluctuation of the ECG pattern even in the single patient and the higher prob-

ability to see a diagnostic pattern during the night when there is an increased 
vagal tone justify the use of the 12-lead 24-h Holter monitoring (Fig. 20.3).

• Prolonged ECG monitoring has uncovered spontaneous intermittent type 1 ECG 
patterns in 20–34% of patients with only drug-induced type 1 ECG [113, 144].

• ECG recording should be performed placing the leads also in the higher intercos-
tal spaces to increase the probability of identifying a diagnostic spontaneous 
Type 1 ECG pattern.

Basal ECG Flecainide 2 mg/kg

Fig. 20.4 Induction of a Type 1 “coved-type” ECG by a flecainide drug challenge test. Lead V1 
and V2 are placed in the second intercostal space, lead V3 and V4 are placed in the third intercostal 
space, lead V5 and V6 are placed in the fourth intercostal space. The type 1 ECG is clearly visible 
in the second and third intercostal space
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20.3.4.3  Exercise Stress Testing
• Type 1 ECG pattern may be unmasked during the recovery phase of the exercise 

stress testing [111, 145, 146].
• The augmentation of ST-segment elevation during the recovery phase may iden-

tify patients with an higher risk profile [111, 146].

20.3.4.4  Drug Challenge Test
• The detection of a type 2 or type 3 ECG pattern on surface ECG in absence of 

appearance of type 1 ECG during exercise testing and 12-lead 24-h Holter moni-
toring cannot exclude a concealed BrS (Fig. 20.3).

• Considering the greatness of ST-segment elevation fluctuation, when there is a 
clinical suspicious of the disease a drug challenge test with a sodium-channel 
blocking agent should be performed [2, 130].

• The drug challenge test (Fig. 20.4)
 – is considered positive when a type 1 ECG pattern appears [2];
 – is performed using a sodium-channel blocking agent such as ajmaline, fle-

cainide, procainamide [147–150];
 – requires a continuous ECG monitoring because of its potential pro- arrhythmic 

risk: ECG monitoring should continue until the ECG reverts to the baseline 
condition [147];

 – should be interrupted before the end of the infusion when an excessive widen-
ing of the QRS is observed (>30% over the baseline value) or in the presence 
of frequent ventricular premature beats [147];

 – may result in false-negative in nearly 25% of cases [149];
flecainide and procainamide lead more often to false-negative results com-
pared to ajmaline [131];
a repeated test using ajmaline should be considered in cases with a high 
probability of the disease;

• Drug-induced conversion of type 3 to type 2 ST-segment elevation is considered 
inconclusive for a diagnosis of Brugada syndrome [2].

20.3.4.5  Genetic Testing
• According to the consensus statement on the state of genetic testing for the chan-

nelopathies and cardiomyopathies [8], genetic screening
 – is considered useful in all patients with a definitive diagnosis;
 – cannot be used to rule out BrS diagnosis in presence of an isolated type 2 or 

type 3 ECG pattern;
 – is recommended for family members following the identification of the BrS- 

causative mutation in the index case.
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20.3.5  Diagnosis

• BrS is diagnosed when a type I ST-segment elevation is observed
 – either spontaneously or after intra-venous administration of a sodium channel 

blocking agent (ajmaline, flecainide or procainamide)
 – in at least one right precordial lead (V1 and V2), in a standard or a higher 

intercostal space (up to the second intercostal space) [2, 65].

20.3.6  Differential Diagnosis

• ST-segment elevation can be observed in several conditions (Brugada ECG phe-
nocopies) [151] that should therefore be excluded before establishing a definite 
diagnosis. These conditions include:
 – Medical illness: RV ischemia, acute pulmonary embolism, acute pericarditis, 

acute myocardial ischemia or infarction, Prinzmetal angina, dissecting aortic 
aneurysm, Duchenne muscular dystrophy, various central and autonomic ner-
vous system abnormalities [152–157];

 – Mechanical compression of RVOT: pectus excavatum, hemopericardium, 
mediastinal tumor [158, 159];

 – Cardiomyopathies: arrhythmogenic right ventricular cardiomyopathy, ven-
tricular hypertrophy [160, 161];

 – Electrolyte imbalances: hyperkalaemia, hypercalcemia [162–165];
 – Hyperthermia and hypothermia [166, 167];
 – Other conditions: thiamin deficiency, elevated insulin level [168];

• The prominent differential diagnosis is with the ST-segment elevation 
observed in well-trained athletes, characterized by an upslope rather than a 
downslope. To help in the differentiation several criteria that use the triangle 
formed by the ascending and descending branch of the r′-wave have been sug-
gested, such as:
 – The measurement of the β-angle [169];
 – The triangle base duration at the isoelectric line [170];
 – The relationship between the triangle base at the isoelectric line and its height 

[170];
 – Length of the base triangle of the r′-wave 5 mm below the maximum rise 

point [170];
 – The evolution of the β-angle during exercise testing [171];
 – The ratio between the measurement of the ST segment at the J point (STJ) and 

then 80 ms after the J point (ST80) [172].
• None of these additional criteria allow to definitely rule out the BrS diagnosis: a 

sodium-channel blocker test should be performed to exclude the diagnosis in 
athletes when there is a suspicious of BrS diagnosis.
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20.3.7  Risk Stratification

• Clinical variables able to predict a worse outcome in patients with BrS include:
 – Presence of symptoms before diagnosis [102, 173–175];
 – Spontaneous type 1 ECG [102, 174–176];
 – Male gender [102, 174, 175, 177];

• Several additional clinical variables with prognostic significance have been pro-
posed, however some of them derive from small observational studies and require 
validation. They include:
 – spontaneous atrial fibrillation [119];
 – presence of an SCN5A mutation, especially if in the pore region of the pro-

tein [178];
 – presence of QRS fragmentation [136];
 – augmentation of ST-segment elevation during recovery from exercise [146];
 – presence of late potentials [179];
 – early repolarization pattern in the inferior and/or lateral leads [180];
 – a prolonged Tpeak–Tend interval [181–183];
 – sinus node dysfunction [184];
 – prolonged QRS in V2 [184];
 – duration of the S-wave in DI [184];
 – prolonged QTc in V2 [184];
 – the “aVR sign” [184];
 – presence of the type 1 ECG pattern on limb leads [184];
 – presence of T-wave alternans [185, 186];

• The combined presence of a spontaneous type 1 ECG and the history of syncope 
identifies subjects at risk of cardiac arrest in which an ICD implantation should 
be considered [2, 65].

• The risk of life-threatening arrhythmias among asymptomatic patients without a 
spontaneous ECG pattern is below 0.5% a year. Only life-style changes are rec-
ommended [187].

• The risk of life-threatening arrhythmias among asymptomatic patients with a spon-
taneous type 1 ECG is not so high to require an ICD implantation, but it is higher 
than in those with only an induced ECG pattern [187]; there is not a consensus on 
what to do in this subgroup of patients, a possible option is the use of an electro-
physiological study to evaluate inducibility of arrhythmic events. The current 
guidelines neither encourage nor discourage its use for BrS stratification [2, 65].

20.3.8  Therapy

Therapy include life-style changes in all patients and ICD and/or drugs in selected 
cases [8, 65].

• ICD implantation is
 – mandatory in patients with history of life-threatening arrhythmias;
 – can be useful in patients with a spontaneous diagnostic type I ECG who have 

a history of syncope suggestive of malignant arrhythmia origin;
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 – may be considered in patients with a diagnosis of BrS who develop VF during 
programmed electrical stimulation;

 – is not indicated in asymptomatic patients with drug-induced type 1 ECG.
• Isoprotenerol has proved to be useful for the treatment of electrical storm 

in BrS.
• Quinidine, a Class Ia antiarrhythmic drug:

 – has shown to prevent the induction of VF and suppress spontaneous ventricu-
lar arrhythmias

 – can be useful in patients
with BrS, carrying an ICD and experiencing arrhythmic storms;
with a diagnosis of BrS who present a contra-indication to the ICD or 
refuse it;
with supraventricular arrhythmias that require treatment.

 – may be considered in asymptomatic patients with a diagnosis of BrS with a 
spontaneous type I ECG.

• All patients should avoid
 – a list of drugs able to induce a type 1 ECG and VF, available on the website 

www.brugadadrugs.org;
 – prolonged febrile state at high temperatures (paracetamol should be promptly 

assumed);
 – electrolyte unbalance;
 – heavy meals in the evening;
 – excessive alcohol intake;

• Ablation of a fractionated electrogram in the epicardial RVOT may be consid-
ered in patients with a recurrent VF (Class IIb level C).

20.4  Catecholaminergic Polymorphic Ventricular  
Tachycardia

20.4.1  Definition and Prevalence

• Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a genetic 
cardiac disorder characterized by adrenergically-induced life-threatening 
arrhythmias.

• Basal ECG and echocardiogram are normal.
• The diagnosis is performed with exercise stress test that typically shows the 

occurrence of isolated ventricular beats at around 100–110 bpm; the complexity 
and frequency of arrhythmias progressively increase with the increase in work-
load, and the typical bidirectional ventricular tachycardia may occur. When the 
exercise is interrupted, arrhythmias generally disappear quickly.

• Prevalence is estimated to be 1:10,000, sudden cardiac death can be the first 
presentation, with a mortality rate in severely untreated patients up to 50% before 
age of 20 [2, 188].
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20.4.2  Molecular Basis

All major genes causing the disease are involved in calcium handling. Mutations in 
these genes usually cause an excess calcium leak from the sarcoplasmic reticulum 
and electrical instability. The disease may be inherited with a:

• autosomal dominant trait, usually due to mutations in the following genes:
 – RyR2: is the gene responsible for the main form of the disease. It encodes the 

cardiac ryanodine receptor involved in the electromechanical coupling. 
Mutations in this gene are identified in approximately 60% of cases [189] and 
are responsible for the so-called CPVT type 1 form of the disease. They cause 
Ca2+ “leakage” from the sarcoplasmic reticulum in conditions of sympathetic 
activation, creating an abnormal increase of the cytosolic free Ca2+concentration 
leading to an electrically unstable substrate.

 – KCNJ2: mutations in this gene encoding the potassium inwardly rectifying 
channel, which usually is responsible for the Andersen-Tawil syndrome, are 
identified in less than 5% of cases and may be responsible for an atypical 
CPVT [190, 191].

 – CALM1–3: mutations in these genes causing a reduction of the calcium- 
binding affinity and an impaired calmodulin-ryanodine receptor interaction, 
may be responsible of a dominant form of the disease in less than 1% of cases 
[27, 29, 192].

• autosomal recessive trait, usually due to mutations in the following genes:
 – CASQ2: mutations in this gene encoding for cardiac calsequestrin, a calcium- 

buffering protein situated within the sarcoplasmic reticulum that also has 
inhibitory effects on RYR2 activity, underlie a malignant autosomal recessive 
form of the disease. Mutations in this gene have been identified in 5% of cases 
[193] and are responsible for the so-called CPVT type 2 form of the disease.

 – TRDN: mutations in triadin, a transmembrane sarcoplasmic reticulum protein 
functionally and physically related to RyR2, may affect the calcium release 
process leading to a calcium leak during diastole either though a reduction in 
CASQ2 protein levels or through an indirect destabilization of the RyR2 
channel opening. Mutations in this gene are identified in 1% of cases [194].

20.4.3  Clinical Presentation

• Syncopal episodes triggered by exercise or acute emotion, due to ventricular 
tachycardia, are the typical manifestation of the disease.

• The first symptom usually occurs in childhood or early adolescence; less fre-
quently later in life [188, 189, 195].

• Patients may also simply report palpitations or dizziness during exercise or emo-
tion as the heart is structurally normal and therefore non-sustained ventricular 
arrhythmias can be tolerated.
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• Sudden death may be the first manifestation of the disease [188].
• Supraventricular arrhythmias are part of the disease expression [120, 196, 197].
• Family history may be positive for juvenile sudden cardiac death or syncope 

under similar conditions.

20.4.4  Diagnostic Work-up

• Basal ECG and echocardiogram are normal.
• The exercise stress testing is the golden standard for diagnosis, as it allows to 

reproducibly induce ventricular arrhythmias.
• The pattern of arrhythmias onset is quite typical:

 – Ventricular arrhythmias are usually elicited when heart rate is >100–110 bpm.
 – The frequency and the complexity of arrhythmias increase with the 

increase in the workload: they start as isolated ventricular ectopic beats, 
then they increase in frequency becoming trigeminy and bigeminy, then 
couplets and runs of non-sustained ventricular tachycardia usually appear. 
If the exercise is not interrupted sustained ventricular tachycardia may 
occur.

 – Ventricular arrhythmias are typically polymorphic, with the bidirectional VT 
being the hallmark of the disease: there is an alternating QRS axis, with a 
rotation of 180 degrees, on a beat-to-beat basis (Fig. 20.5).

 – The QRS axis alternans may not be always present and patients may manifest 
an irregular polymorphic VT (Fig. 20.5).

 – Arrhythmias may originate from both the left and the right ventricle.
 – Isolated atrial ectopics, non-sustained supraventricular tachycardia and run of 

atrial fibrillation may occur during exercise with a pattern similar to the ven-
tricular arrhythmias [196, 197].

• The arrhythmic pattern may be evoked also with isoprotenerol infusion in those 
patients who are unable to exercise. However, the sensitivity of this method is 
debated [198].

• A 12-lead 24-h Holter monitoring is useful in those patients with events during 
emotional stress. It is also very important in infants and younger children.

• The electrophysiological study has no diagnostic value as neither bidirectional 
nor polymorphic VT depends on re-entrant circuits [65, 115].

20.4.4.1  Genetic Testing
• Molecular screening is recommended for any patient in whom a cardiologist has 

established a clinical index of suspicion for CPVT [2, 8].
• Mutation-specific genetic testing following the identification of the CPVT- 

causing mutation in the index-case, is recommended for all family members.
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Fig. 20.5 Electrocardiographic strips showing a bidirectional ventricular tachycardia (on the left) 
and a polymorphic ventricular tachycardia (on the right). There is an alternating QRS axis, with a 
rotation of 180°, on a beat-to-beat basis (on the left). The QRS complexes have a different mor-
phology (on the right)
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20.4.5  Diagnosis

Diagnosis is performed in:

• subjects younger than 40 years, with normal ECG and structurally normal heart, 
unexplained exercise or inducible polymorphic or bidirectional VT;

• subjects carrying a disease-causing mutation;
• in family members with premature ventricular beats or with bidirectional/poly-

morphic VT during exercise [2, 65];

CPVT can be diagnosed in

• subjects older than 40 years, with normal ECG and structurally normal heart, 
unexplained exercise or inducible polymorphic or bidirectional VT [2, 65].

20.4.6  Differential Diagnosis

• Andersen-Tawil Syndrome (ATS, LQT7): it is considered a phenocopy of the 
disease. However, unlike CPVT, patients with ATS have prominent U-waves on 
basal ECG, bidirectional VTs are often unrelated with adrenergic stimulation and 
show extracardiac abnormalities (typically facial dysmorphism and periodic 
paralysis). In those cases without extracardiac abnormalities, the presence of 
frequent ventricular ectopies on 12-lead 24-h Holter monitoring should raise the 
suspicion of ATS [191, 199].

• Arrhythmogenic Cardiomyopathy (AC): as AC patients have arrhythmias dur-
ing exercise, and evidence of overlapping phenotypes have been reported, 
imaging assessment with echocardiogram and CMR should be performed in 
order to exclude the typical structure abnormalities of AC (such as fibrofatty 
replacement, ventricular dilatation, regional wall motion abnormalities; see 
Chap. 21) [200].

• Idiopathic ventricular fibrillation: it has recently been demonstrated that patients 
labelled as idiopathic VF may be affected by CPVT. Diagnosis in these cases 
may be missed because a maximal exercise testing without therapy is not always 
performed as part of the diagnostic work-up [201, 202].

20.4.7  Risk Stratification

There are no risk-scores available.

• The electrophysiological study is not indicated for risk stratification.
• Occurrence of cardiac arrest before diagnosis and/or the persistence of arrhyth-

mias during exercise stress testing in patients on therapy are the two indicators of 
worse outcome [203, 204].
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20.4.8  Therapy

Therapy includes: exercise restriction; beta-blockers; flecainide; left sympathetic 
cardiac denervation; ICD implantation [2, 65].

• Life-style changes: all patients are restricted from competitive sports and strenu-
ous exercise and whenever possible they should also limit the exposure to stress-
ful environments [2, 65].

• Beta-blockers: the adrenergic-mediated mechanism of the arrhythmias explains 
the high efficacy of the betablockers in the disease, acting through both a reduc-
tion in heart rate and a direct effect on calcium release from the sarcoplasmic 
reticulum.
 – Nadolol has been demonstrated to be the most effective [203].
 – Propranolol can be an alternative for those patients living in Countries where 

nadolol is not available.
 – Beta-blockers are recommended in all patients diagnosed with CPVT, and it 

is suggested also for patients with a disease-causing mutation even with a 
negative exercise stress testing [2, 65].

 – Exercise stress testing and 12-lead 24-h Holter monitoring should be periodi-
cally performed on therapy to assess the heart rate threshold of the arrhyth-
mias onset.

• Flecainide: the addition of flecainide to beta-blockers has been shown to improve 
the arrhythmia control. This dual therapy should be considered in those patients 
with recurrence of syncope on beta-blocker therapy or complex arrhythmias dur-
ing exercise [205].

• Left sympathetic cardiac denervation (LCSD): LCSD has been demonstrated to 
be able to provide an additional antiarrhythmic protection. It should be consid-
ered in symptomatic patients despite drug therapy and in those not tolerating 
beta-blockers [206].

• Implantable defibrillator: the implantation of an ICD should be the last choice 
therapy in CPVT due to its potential pro-fibrillatory effect. It is recommended in 
all symptomatic patients despite full medical therapy, plus LCSD [206] and in 
those with aborted sudden cardiac death, but always in conjunction with optimal 
medical therapy [2, 65].

Clinical Pearls
Long QT Syndrome

• Patients reporting syncopal events during exercise or awakening in the morning 
after the alarm clock sound should be checked for LQTS as they may be affected 
by LQT1 or LQT2 syndrome, respectively.

• As some patients may have a normal QTc on surface ECG, the LQTS diagnostic 
work-up should always include exercise stress test and 12-lead 24-h ECG 
recording.
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• The QTc after cessation of exercise is a criterion for the LQTS diagnosis, there-
fore the ECG recording during exercise test should last at least until the fourth 
minute of the recovery phase.

• Genetic screening should be performed in all LQTS affected subjects because a 
gene-specific clinical management is available. Furthermore, if the disease-caus-
ing mutation is identified, it allows the identification of all affected family mem-
bers in which preventive strategies should be employed.

Short QT Syndrome

• Although atrial fibrillation and a short QT can be observed in athletes, differen-
tial diagnosis with SQTS should be carefully performed considering: personal 
and family history, length of QTc, arrhythmic events, T-wave morphology, 
QT-RR relationship, PQ depression ≥0.05 mV and in some selected cases also 
molecular screening could be of some support;

• As the risk stratification of SQTS patients is challenging, a pharmacological 
treatment should be considered in asymptomatic patients with SQTS.

Brugada Syndrome

• An increased vagal tone may induce a spontaneous type 1 ECG diagnostic pat-
tern. As athletes have an increased vagal tone and ST-segment elevation, it is 
important to correctly distinguish affected patients.

• Asymptomatic patients without a spontaneous type 1 ECG diagnostic pattern 
should only follow life-style changes.

Catecholaminergic Polymorphic Ventricular Tachycardia

• Whenever ventricular arrhythmias are evoked during exercise stress testing or 
syncope occurs during adrenergic stimulation, a diagnosis of CPVT should be 
taken in account.

• Life-style changes, including restriction from competitive sport and intensive 
exercise, and beta-blocker therapy are the first line treatments that should be 
recommended in all CPVT patients.

 Review

 Clinical Case 1

An 18-year-old girl has a syncope whilst swimming. Her physical examination is 
normal. She denies taking medications and any hormonal condition. On blood tests, 
potassium is 4.4 mEq/lt (normal values 3.5–5 mEq/lt). Also, glycemia is normal. 
Her ECG is shown below (Fig. 20.6). QTc is 460 ms.
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 Question 1
Would you perform further investigations?

 (a) The QTc is upper normal, the syncope may be of vasovagal origin. A tilt-testing 
is the next step.

 (b) Her ECG is normal. Electroencephalogram and head MRI should be performed 
to exclude an epilepsy.

 (c) The QTc is upper normal, we cannot exclude a long QT syndrome based on this 
ECG: detailed personal and family history collection, exercise stress testing and 
12-lead 24-h ECG monitoring should be performed.

 (d) The QTc is upper normal, we cannot exclude a long QT syndrome based on this 
ECG: a genetic screening should be performed.

The patient reports a previous syncope when aged 16 whilst practicing sport at 
school. Her family history is positive for syncopal events: her mother reports loss- 
of- consciousness events in her teenage, all of them occurring during sport activity. 
Brain MRI and echocardiogram are normal. During exercise stress-testing, a QTc 
inability to shorten was observed. The ECG on the fourth minute of the recovery 
phase is shown below (Fig. 20.7). A 24-h 12-lead ECG monitoring was performed, 
and biphasic T-waves were observed during recording.

Fig. 20.6 Clinical case 1. Basal ECG trace. It shows sinus rhythm, normal PR and QRS conduc-
tion, upper normal QTc (460 ms)

20 Specific Cardiovascular Diseases and Competitive Sports Participation…



386

 Question 2
Based on the new information, what would you do next?

 (a) According to the Schwartz score (=5), this patient has a high probability to be 
affected with long QT syndrome: a beta-blocker therapy with metoprolol should 
be started.

 (b) According to the Schwartz score (=5), this patient has a high probability to be 
affected with long QT syndrome: a genetic testing should be performed. If posi-
tive, she will be started on betablocker therapy.

 (c) According to the Schwartz score (=5), this patient has a high probability to be 
affected with long QT syndrome: a genetic testing should be performed, and the 
patient should be started on bisoprolol.

 (d) According to the Schwartz score (=5), this patient has a high probability to be 
affected with long QT syndrome: a genetic testing should be performed and 
beta-booker therapy (propranolol or nadolol) should be prescribed. She 
should also be advised to avoid QT-prolonging drugs and to keep within a 
normal range potassium levels. Participation in competitive sports should be 
forbidden.

The patient was started on Propranolol 2 mg/kg/die. Genetic screening was per-
formed and a KCNQ1 mutation was identified. Cascade genetic screening was car-
ried out and the mother was found to carry the same mutation. Since started on 
therapy, the patient has been asymptomatic.

Fig. 20.7 Clinical case 1. ECG trace on the fourth minute of the recovery phase of the exercise 
stress test. It shows marked prolonged QT interval (QTc 581 ms in lead II; QTc 589 in lead V1)
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 Question 3
Which one of the following may be included among the ECG features of SQTS?

 (a) Biphasic T-waves
 (b) Long QT segment
 (c) tall, sharp, narrow, symmetrical T waves
 (d) a long PQ interval

 Question 4
Which one of the following may be responsible of a shorter QTc?

 (a) Hypokalaemia
 (b) Androgens use
 (c) Alkalosis
 (d) Hydroquinidine toxicity

 Question 5
Which one of the following is false? A diagnosis of BrS can be performed

 (a) in the presence of a type 1 ECG recorded at fourth intercostal space
 (b) in the presence of a type 1 ECG recorded at third or second intercostal space
 (c) when a type 2 to type 1 pattern conversion is observed after sodium channel 

blocker administration at fourth intercostal space
 (d) when drug-induced conversion of type 3 to type 2 ST-segment elevation after 

sodium channel blocker administration is observed in fourth intercostal space

 Question 6
Which one of the following is not responsible of BrS pattern?

 (a) Hyperkalaemia
 (b) Fever
 (c) Hypothermia
 (d) Anti-allergic drugs

 Clinical Case 2

A 30-year-old swimmer with no family history for sudden death, syncope, or sei-
zures started to report palpitations mainly during exercise and emotional stress. 
Basal ECG is shown below (Fig. 20.8).

 Question 7
Based on the ECG, what is the most likely diagnosis?

 (a) Long QT Syndrome
 (b) Short QT Syndrome
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 (c) Brugada Syndrome
 (d) None of them

Echocardiogram was normal. A 12-leads 24-h Holter monitoring showed a run 
of non-sustained polymorphic ventricular tachycardia whilst exercising.

 Question 8
What would be the most useful test to perform?

 (a) Exercise stress testing
 (b) Cardiac Magnetic Resonance
 (c) Flecainide drug challenging test
 (d) Electrophysiological study

Exercise stress testing was performed (Bruce protocol). Isolated ventricular ecto-
pic beats were noted when his heart rate was 113 bpm (Fig. 20.9a). A triplet and a 
couple appeared at 115 bpm (Fig.  20.9b) and a NSVT appeared at 123 bpm 

Fig. 20.8 Basal ECG of clinical case 2

S. Castelletti and L. Crotti



389

a
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c

Fig. 20.9 Electrocardiographic 
strips of the exercise stress test of 
clinical case 2. They show 
increasing frequency and 
complexity of ventricular 
arrhythmias with the increase in 
the workload
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(Fig.  20.9c). The test was therefore interrupted, and arrhythmias disappeared as 
soon as he stopped cycling. The patient was started on Nadolol 2 mg/kg/die. Genetic 
analysis was performed on the major CPVT-related genes and a disease-causing 
mutation was identified on RyR2. The same mutation was then detected in the 
father.

 Answers

 1. Correct answer: (c).
Swimming is a well-known arrhythmic trigger in LQTS and the diagnosis cannot 
be excluded by a ECG [6]. Family history would elucidate her probability of 
being affected with a congenital Long QT Syndrome. The workup for clinical 
diagnosis includes exercise stress test and 12-lead 24-h ECG monitoring [2]. 
Genetic screening is recommended when there is an established strong clinical 
suspicious of LQTS [8].

 2. Correct answer: (d).
The Schwartz score of the patient is 5, this equals high probability of being 
affected with Long QT Syndrome (Table 20.1) [44, 53]. Therefore, betablocker 
therapy should be started [2]. Propranolol and nadolol are the two betablockers 
more effective in preventing arrhythmic events in patients with LQTS [57]. The 
trigger of the event and the morphology of the ECG are suggestive for LQT1 [6]. 
In this form, events typically occur upon exercise or stress, as the impairment of 
the IKs current prevents the shortening of the QT during increases in heart rate 
[6]. Therefore patients are not allowed to participate in competitive sport activi-
ties [53]. Genetic screening is mandatory to confirm diagnosis: it would allow 
the genetic screening of family members and a genetic-specific therapy [8].

 3. Correct answer: (c).
Besides the short QTc, basal ECG of affected patients present with the T wave 
initiating immediately from the S wave, therefore with a short or absent ST seg-
ment [78]. T waves are tall, sharp, narrow, fine and symmetrical, especially in 
leads V2–V4, suggesting increased transmural dispersion of repolarization [78]. 
The heterogeneous abbreviation of atrial repolarization is responsible for the 
presence of a PQ depression ≥0.05 mV [82].

 4. Correct answer: (b).
Acquired causes of short QTc include electrolyte imbalance, such as hyperkale-
mia and hypercalcemia, acidosis, digitalis toxicity, increased vagal tone, and 
androgen use. A study in orchiectomized male rabbits showed that dihydrotes-
tosterone (DHT) increased IK1 and IKr current densities and produced a left-shift 
in the V(1/2) for IKr that could account, at least in part, for the observed differ-
ences in QTc between males and females [84].

 5. Correct answer: (d).
BrS is definitively diagnosed when a type I ST-segment elevation is observed
 (a) either spontaneously or after intra-venous administration of a sodium chan-

nel blocking agent (ajmaline, flecainide, pilsicainde or procainamide)
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 (b) in at least one right precordial lead (V1 and V2), which are placed in a stan-
dard or a superior position (up to the second intercostal space) [2, 65].

Drug-induced conversion of type 3 to type 2 ST-segment elevation is considered 
inconclusive for a diagnosis of Brugada syndrome.

 6. Correct answer: (d).
Several conditions may mimic a BrS, including medical illness [152–157], 
mechanical compression of RVOT [158, 159], cardiomyopathies [160, 161], 
electrolyte imbalances, hyperkalaemia, hypercalcemia [162–165], hyperthermia 
and hypothermia [166, 167], thiamin deficiency, elevated insulin level [168]. 
Anti-allergic drugs are not included. A list of drugs able to induce a type 1 ECG 
and VF is available on the website www.brugadadrugs.org.

 7. Correct answer: (d).
ECG shows sinus rhythm at 52 bpm, normal PR (160 ms) and QRS duration 
(90 ms), with a normal QTc. Therefore, LQTS and SQTS should be excluded. 
The repolarization is normal, therefore there are no criteria for a Brugada 
Syndrome diagnosis, even though this cannot be excluded, as the diagnostic 
ECG pattern is not always present.

 8. Correct answer: (a).
As echocardiogram is normal, an exercise stress testing should be performed 
to better evaluate the correlation with heart rate. Indeed, the ECG is normal. 
The absence of arrhythmias during the night-time on the 12-lead 24-h Holter 
monitoring and the correlation of the symptoms with exercise and emotional 
stress should arise the suspicious of CPVT diagnosis [65, 188, 189, 195].
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Learning Objectives
 1. Coronary artery anatomy.
 2. Congenital coronary artery anomalies and risk of sudden death.
 3. Prevalence of congenital coronary artery anomalies.
 4. Identification in vivo of coronary artery anomalies.

21.1  Introduction

Coronary artery anomalies account for a significant rate of sudden cardiac deaths in 
the young [1–12] and particularly in athletes. Of 75 consecutive cases of sudden 
death in athletes, studied pathologically in the time interval 1981–2017 in the Veneto 
Region, Italy, 12 (16%) were ascribed to congenital malformations, either of origin 
or course, of coronary arteries as the sole cause of fatal outcome, the third major 
morbid entity, following arrhythmogenic right ventricular cardiomyopathy (27%) 
and coronary atherosclerosis (24%) (Fig.  21.1). Clearly, their detection at pre- 
participation screening for competitive sport eligibility plays a fundamental role for 
sudden death prevention. However, it represents a great challenge since it requires 
clinical imaging [13–24], because ECG (both 12 leads basal and stress test) has a 
scarce sensibility to raise suspicion. Classification of coronary artery anomalies is 
out of the scope of this chapter.
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21.2  Relevant Normal Anatomy

• The origin of the coronary arteries is extracardiac, in contrast to the venous 
drainage that occurs inside the right atrium through the coronary sinus.

• The coronary ostia are located at the aortic root, opposite to the sinuses of 
Valsalva facing the pulmonary artery, the right from the right anterior sinus and 
the left from the left sinus [25, 26]. The origin is perpendicular to the aorta and 
extraarterial, without the pulmonary trunk interfering with their proximal course 
(Fig. 21.2). Normally, the coronary ostia are round and located at the sino- tubular 
junction or up to 2.5 mm at maximum [27].

• In 75–90% of normal hearts, the coronary arterial circulation is right dominant, 
with the right coronary artery perfusing the postero-septal and sometimes even 
lateral walls of the left ventricle.

• Both the sino-atrial and atrioventricular (AV) node arteries originate from the 
right coronary artery in the right dominant pattern.

It was Banchi in 1903 [28] who first reported the various patterns of coronary 
circulation, introducing the concept of coronary arterial dominance. In 1965, 
Baroldi confirmed the variability by applying post-mortem injections with casts and 
published these in a book which is still considered a “bible” of coronary artery 
anatomy and pathology [29].

CCA
16%

A(RV)C
27%

HCM
5%

CAD, ATH 24%

normal heart
10%

PE
1%

aortic dissection
1%

cond system
7%

mvp
3%

DCM
1%

myocarditis
4%

Fig. 21.1 Causes of Sudden Cardiac Death in 75 athletes, Veneto Region Registry, Italy (1981–
2014). Coronary artery anomalies accounted for 16% of cases. A(RV)C arrhythmogenic right ven-
tricular cardiomyopathy, CAD coronary artery disease,  ATH atherosclerosis, CCA congenital 
coronary anomalies, DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopathy, mpv 
mitral valve prolapse, PE pulmonary embolism
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The left circumflex artery is a branch of the left main trunk or exceptionally 
originates separately from the left coronary sinus of Valsalva, a normal variant 
without pathological significance. Along its course overriding the anterior inter-
ventricular septum, in about 30% of normal hearts the left anterior descending 
coronary artery is covered by a thin (1–2 mm) layer of myocardium (“myocardial 
bridging”) [30]. Intramural course of a major subepicardial coronary artery, 
mainly the left anterior descending artery, usually consists of such a thin layer of 
myocardium, overriding the coronary segment and considered as a benign variant. 
Floriano Caldani published the first beautiful drawing of this anomaly in Padua in 
1810 [31].

Pulmonic valve
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c

Fig. 21.2 (a) Schematic representation of the origin of the coronary arteries. The coronary 
arteries normally arise perpendicularly from the aortic sinuses facing the pulmonary trunk, 
which does not interfere with their proximal course. (b) View of the left ventricle and aorta: 
note the origin of the right and left coronary artery (arrows) from the corresponding aortic 
sinus and the posterior non coronary aortic sinus in between. (c) Anatomical specimen corre-
sponding to the diagram (a) with the relation of aorta and pulmonary trunk and the origin of 
the coronary arteries (arrows). Ao aorta, L left aortic  coronary sinus, LAD left anterior 
descending artery, LC left circumflex artery, NC non-coronary aortic sinus, PT pulmonary, R 
right aortic sinus and right coronary artery
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21.3  Coronary Artery Anomalies Associated with Sudden 
Cardiac Death

The incidence of reported coronary artery anomalies is

• 0.17% in autopsy,
• 1.2% in coronary angiography, and
• 0.17% in echo series [32–34].

The true prevalence in general population is unknown, but presumably it is no 
more than 0.2%. In the Cardiac Registry with specimen collection of congenital 
heart diseases in our Institute (about 1700 hearts), isolated congenital anomalies of 
coronary arteries account for 3.5%.

Ogden [35] distinguished major, like origin from the pulmonary artery 
(Fig. 21.3) [36–38], and minor anomalies, such as high take off, single coronary 
artery, origin from a wrong coronary sinus [3, 8, 39–44]. However, this classifica-
tion turned out to be untenable since Ogden “minor” anomalies may be life threat-
ening as well.

Familial clustering of coronary artery anomalies has been sporadically reported 
[45]; however, it does not exceed the rate of recurrence in siblings and off-springs 
of other congenital heart diseases and, as such, they cannot be considered a mende-
lian disorder.

LC

LAD

R

PT

Ao

a b c

Fig. 21.3 Origin of the left coronary artery from the pulmonary trunk. (a) Diagram of the origin 
of the left coronary artery from the pulmonary artery. (b) Left ventricle and aorta: only the orifice 
of the right coronary is present (arrow). (c) View of the right ventricular outflow and pulmonary 
artery: note the origin of the left coronary artery (arrow) from the pulmonary artery. Ao aorta, LAD 
left anterior descending artery, LC left circumflex artery, PT pulmonary trunk, R right coronary 
artery
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21.4  Anomalous Origin of a Coronary Artery 
from the Opposite, Wrong Aortic Sinus

There are hearts in which both coronary ostia are located in one of the sinuses facing 
the pulmonary root: the right coronary artery from the left [46–48] (Fig. 21.4) or the 
left coronary artery from the right sinus [49–53] (Fig. 21.5).

• The proximal coronary artery originating from the opposite sinus displays a 
“flute bill” ostium and an inter-arterial course (Fig. 21.5), frequently within the 
aortic wall tunica media (intramural course) with a slit-like lumen (Fig. 21.6).

• Regarding the anomalous origin of left coronary artery from right aortic sinus, 
the intramural course corresponds to the left main trunk, which then bifurcates 
into left anterior descending and circumflex arteries (Fig. 21.7). When the aorta 
and the pulmonary artery dilate due to the increased cardiac output on effort, the 
lumen of the left main trunk is flattened. With this shape, the anomalous coro-
nary artery is unable to compensate for the increased blood flow demand during 
exercise, thus resulting in an imbalance and mismatch between myocyte oxygen 
supply and request. A commissure is frequently located close to the anomalous 
coronary ostium (Fig. 21.7), thus interfering with the surgical repair.

• When the proximal course of the anomalous coronary artery lies anterior to the 
pulmonary outflow, the condition is not at risk of myocardial ischemia even dur-
ing effort. Origin of a coronary artery from the posterior sinus is quite rare [49, 
50, 54, 55].
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a b

Fig. 21.4 Origin of the right coronary artery from the left aortic sinus. (a) Diagram illustrating the 
anomalous origin of the right coronary artery from the opposite-wrong left sinus. (b) Anatomical 
specimen: the right coronary ostium is placed in the left aortic sinus, close to the left coronary 
ostium (arrows). The pathologist, while inspecting the right sinus, did not find a coronary ostium. 
Ao aorta, LAD left anterior descending artery, LC left circumflex artery, LS left aortic sinus, PT 
pulmonary trunk, R right coronary artery
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Fig. 21.5 Origin of the left coronary artery from the right aortic sinus. (a) Schematic representa-
tion of the origin of the left coronary artery from the right anterior aortic sinus with a course 
between the aorta and the pulmonary trunk. (b) The left coronary ostium is located in the right 
aortic sinus close to the right coronary ostium (arrows). Note the “flute bill” shape with a slit-like 
lumen. (c) The left coronary artery courses between the aorta and the pulmonary trunk (arrows). 
Ao aorta, LAD left anterior descending artery, LC left circumflex artery, RS right aortic sinus, PT 
pulmonary trunk, R right coronary artery

a b

Fig. 21.6 Anomalous origin of a coronary artery from the opposite wrong aortic sinus. Note the 
aortic intramural proximal course (arrow), at both gross (a) and microscopic (b) examina-
tion, (Heidenhain stain) with slit-like lumen. Ao aorta, PT pulmonary trunk
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Sudden cardiac death (SCD) occurs during strenuous exercise. Premonitory 
symptoms are present only in 30% of subjects (syncope, chest pain, palpitations on 
effort) and 12-lead ECG at rest or during exercise testing are normal [3], making 
clinical suspicion difficult and diagnosis almost impossible without imaging [13–
24]. Moreover, in our experience, adverse cardiac events usually occur after long 
endurance performance (running, cycling, soccer in the second half), thus induced 
by an effort which is by far higher than that of exercise testing. This may explain the 
failure of the latter to unmask the underlying malformation. Beyond ECG end exer-
cise testing, in the hands of experts and in case of good imaging quality 2-D echo-
cardiography may be able to detect the anomaly [18, 19, 22, 24].

The mechanism of cardiac arrest is clearly arrhythmic in the form of ventricular 
fibrillation triggered by myocardial ischemia. Both acute myocardial injury follow-
ing the last effort and chronic patchy fibrosis induced by previous strenuous epi-
sodes of exercise represent the structural substrates for life-threatening re-entry 
tachyarrhythmias (Fig.  21.8). The basic pathophysiological background is thus 
clearly ischemic. Acute take off, intramural aortic course and the “squeezing” effect 
of the inter-arterial course contribute to the myocardial blood flow mismatch, pre-
cipitating fatal tachyarrhythmias.

Of the two anomalous conditions, the most dangerous is the left from right, 
because of the greater proportion if involved myocardium at risk of ischemia. It can 
be regarded as an equivalent of left main coronary trunk disease (Fig. 21.7). In case 
of right from left, both sinus and AV node arteries are exposed to acute ischemia in 
a right dominant pattern, and cardiac arrest may occur with asystole due to sino-
atrial or AV block.

a b

c

Fig. 21.7 Origin of the left coronary artery from the right aortic sinus. Origin of the left coronary 
artery from the right wrong sinus, at gross anatomy (a, b) and histology (c). Note the intramural 
aortic course of the left main coronary trunk (arrows), reaching its normal position before bifurcat-
ing into descending and circumflex branches, and the position of the commissure. Ao aorta
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21.5  Anomalous Origin of the Left Circumflex Coronary 
Artery

• In this condition, the left circumflex artery, instead of originating from the left 
main stem, takes origin from the right coronary artery or from a separate ostium 
of the right sinus of Valsalva [56–58]. It runs behind the aortic root, reaches the 
left AV sulcus and, according to the type of coronary dominance, perfuses the 
lateral or even the posterior wall of the left ventricle (Fig. 21.9).

• During effort, the dilated aortic root may exert a squeezing effect with lumen 
stenosis.

The significance of this anomaly, whether a variant of normal or truly patho-
genic, is still debated, despite being the only potential substrate in an otherwise 
normal heart. However, a case came to our attention (Fig. 21.10) presenting this 
abnormality with a patent lumen and posterolateral, subendocardial healed myocar-
dial infarction, a clear-cut evidence for a pathogenic link.

a

b

Fig. 21.8 Acute (cell death) (a) and chronic (fibrosis) (b) ischemic damage in the correspondence 
of left ventricular myocardium supplied by an anomalous coronary artery originating from wrong 
sinus. (a) Haematoxylin-Eosin stain, (b) Heidenhain stain
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21.6  High Take-off of a Main Coronary Artery

We observed cases of SCD in athletes, in whom at post-mortem evaluation the right 
coronary artery ostium was found to be located in the tubular part of the ascending 
aorta [59–61], well above the established normal upper limit of 2.5 mm [27]. The 
proximal course appeared vertical before reaching the right AV sulcus (Fig. 21.11).

LC

LADR

a b

Fig. 21.9 Origin of the left circumflex artery from the right coronary artery. (a) Diagram illustrat-
ing the anomalous origin of the left circumflex from the right coronary artery with a retro-aortic 
course. (b) Corresponding anatomical specimen. The arrow indicates the retro-aortic course of the 
circumflex artery. Ao aorta, LAD left anterior descending artery, LC left circumflex artery, PT pul-
monary trunk, R right coronary artery

a b c

Fig. 21.10 Origin of the circumflex artery from the right coronary artery. A case of sudden death 
with anomalous origin of the left circumflex coronary artery from the right aortic sinus, running 
behind the aorta (a, b). Note the presence subendocardial chronic myocardial infarction of the 
lateral wall of the left ventricle (c), in the absence of obstructive atherosclerosis in the infarct- 
related circumflex artery (a, b). (b) Heidenhain stain
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• Once again, intramural aortic course or squeezing during exercise-induced aortic 
dilatation may account for relevant lumen stenosis and imbalance between blood 
flow demand and actual supply.

21.7  Myocardial Bridging

This anomaly has been observed in athletes who died suddenly, in the absence of 
any other plausible explanation of the unexpected and abrupt fatal outcome 
(Fig. 21.12).

• An intramyocardial course with a depth of >5 mm and a length of >2.5 cm has 
been advocated to be severe enough to explain a narrow, flattened lumen during 
systole, also persisting during diastole when most of the coronary perfusion 
occurs [62–70].

• Histologic examination reveals that these intramural coronary segments with a 
flat lumen are surrounded by a muff of myocardium with disarray, in keeping 
with a sphincteric contraction that persists during diastole (Fig. 21.13).

It is interesting to observe that in the original paper by Morales et al. [69], who 
first drew the attention to mural left anterior descending coronary artery as a cause 
of sudden death during strenuous exercise, the accompanying picture of a heart 
discloses an asymmetric hypertrophy of the antero-lateral wall of the left ventricle, 
consistent with hypertrophic cardiomyopathy (HCM). In Fig. 21.14, we report a 
case of SCD in a boy with HCM and a massive infarction in a pronounced septal 
asymmetric hypertrophy, associated with long and deep intramural course of the left 
anterior descending coronary artery [71].

Fig. 21.11 High take off coronary artery. Sudden cardiac death in a patient with high take off of 
the right coronary artery (18 mm) and vertical proximal course

G. Thiene et al.
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• A recent investigation of our group in a large cohort of HCM patients [72] 
revealed that the occurrence of “myocardial bridging” was much more frequent 
in this population as compared to healthy controls or to other causes of LV hyper-
trophy, suggesting that this phenomenon should be included in the spectrum of 
structural phenotypes of this cardiomyopathy.

The question is whether “myocardial bridging” plays a role in precipitating car-
diac ischemic injury, which together with myocardial disarray may represent a mor-
phological “cocktail” for triggering life-threatening arrhythmias and SCD as part of 
the natural history of HCM. Myocardial scars within asymmetric hypertrophy (but 
also elsewhere) are frequently observed in HCM patients dying suddenly, with 
(Fig. 21.15 left) or without (Fig. 21.15 middle) myocardial bridging, questioning 
the exclusive role of the latter in precipitating sudden death. Even intramural course 
without myocardial scarring was observed (Fig. 21.15 right).

Fig. 21.12 Intramyocardial course. Deep intramural course of the left anterior descending coro-
nary artery segment, just over the first septal branch, in a patient having died suddenly
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a b

Fig. 21.13 Intramural course of the left coronary artery. A segment of the left coronary artery 
runs deep in the myocardium and is surrounded by a muff of myocardium. Gross view of the heart 
(a) and histology (Heidenhain stain) (b)

a b

c

Fig. 21.14 Intramural coronary course and hypertrophic cardiomyopathy. (a) Long and deep 
intramural course of the left anterior descending artery in a child with hypertrophic cardiomyopa-
thy who died suddenly. (b) Anatomical specimen with massive acute myocardial infarction: note 
the huge asymmetric septal hypertrophy. (c) Corresponding histological view (Haematoxylin- 
Eosin stain)
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21.8  Causal Relationship Between Coronary Artery 
Anomalies and SCD

According to the autopsy guidelines for the study of SCD cases of the Association 
for European Cardiovascular Pathology [73, 74] (Table  21.1), among coronary 
artery anomalies

 1. an origin from the pulmonary trunk should be considered as a certain cause of 
SCD, in the absence of otherwise plausible explanations.

 2. the origin of left coronary artery from the opposite right sinus of Valsalva has 
been classified as a highly probable cause of SCD

 3. other forms (right from left, left circumflex from right and retro-aortic course, 
high take off and myocardial bridging) are classified as uncertain causes.

We believe that, if uncertain in the absence of other structural abnormalities, 
molecular genetic investigation together with family genetic study cascades should 
be carried out in search of pathogen mutations for channelopathies, to exclude a 
genetic origin.

Clinical Pearls
• Classically, coronary artery anomalies are divided in major, like those with ori-

gin from the pulmonary artery, and minor when originating from the aorta. This 
is not true since they are apparently minor anomalies that have been shown to 
cause arrhythmic sudden death.

a

b b b

a a

Fig. 21.15 Hypertrophic cardiomyopathy. Three cases of hypertrophic cardiomyopathy and sud-
den death with scarring and intramural course (left panels), scarring and no intramural course 
(middle panels) and no scarring with intramural course (right panels) (a, gross view, b, histologic 
view)
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• Among these, origin of the left coronary artery from the right aortic sinus has 
been proven a highly probable cause of sudden death during effort because not 
only the interarterial course, but also because mural running of the first tract into 
the tunica media. The mechanism is arrhythmic due to ischemic injury of the 
myocardium.

Table 21.1 Certainty of diagnosis in sudden cardiac death autopsies (issues referring to coronary 
artery anomalies are highlighted in bold; modified from [74])

Certain Highly probable Uncertain
Massive pulmonary 
embolism

Stable atherosclerotic plaque 
with luminal stenosis >75% 
with or without healed 
myocardial infarction

Minor anomalies of the 
coronary arteries from the 
aorta:
• RCA from the left sinus
•  LCA from the right without 

inter-arterial course
•  high take-off from the 

tubular portion
•  LCx originating from the 

right sinus or RCA
• coronary ostia plication
• fibromuscular dysplasia
•  intramural small vessel 

disease
Haemopericard due to aortic 
or cardiac rupture

Anomalous origin of the LCA 
from the right sinus and 
inter-arterial course

Intra-myocardial course of a 
coronary artery (myocardial 
bridge)

Mitral valve papillary muscle 
or chordae tendineae rupture 
with acute mitral valve 
incompetence and 
pulmonary edema

Cardiomyopathies 
(hypertrophic, arrhythmogenic, 
dilated, others)

Focal myocarditis, 
hypertensive heart disease, 
idiopathic left ventricular 
hypertrophy

Acute coronary occlusion 
due to thrombosis, dissection 
or embolism

Myxoid degeneration of the 
mitral valve with prolapse, with 
atrial dilatation or left 
ventricular hypertrophy and 
intact chordae

Myxoid degeneration of the 
mitral valve with prolapse, 
without atrial dilatation or left 
ventricular hypertrophy and 
intact chordae

Anomalous origin of the 
coronary artery from the 
pulmonary trunk

Aortic stenosis with left 
ventricular hypertrophy

Dystrophic calcification of the 
membranous septum (± mitral 
annulus/aortic valve)

Neoplasm/thrombus 
obstructing the valve orifice

ECG documented ventricular 
pre-excitation (Wolff-Parkinson- 
White syndrome, Lown Ganong 
Levine syndrome)

Atrial septum lipoma

Thrombotic block of the 
valve prosthesis

ECG documented sinoatrial or 
AV block

AV node cystic tumor without 
ECG evidence of AV block, 
conducting system disease 
without ECG documentation

Laceration/dehiscence/
poppet escape of the valve 
prosthesis with acute valve 
incompetence

Congenital heart diseases, 
operated

Congenital heart diseases, 
un-operated with or without 
Eisenmenger syndrome

Massive acute myocarditis
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 Clinical Cases

 Questions

 1. A 53-year-old man was admitted to the coronary care unit complaining of 
chest pain. ECG showed ST-segment elevation in leads II, III, aVF, V5 and 
V6 as well as a ST-segment depression in V1-V4. Echocardiogram showed 
posterolateral left ventricular wall akinesia with preserved ejection fraction. 
There was an increase of the serum level of troponin. The patient was found 
dead 1 month later. At autopsy, no signs of obstructive coronary atheroscle-
rotic disease were found. The left circumflex coronary artery took off at an 
acute angle from the anterior right aortic sinus, separately from the right 
coronary ostium, and run behind the aorta to reach the left atrioventricular 
groove. Moreover, a myocardial infarction was detected in the posterolateral 
wall of the left ventricle. Which imaging testing do you perform in this man 
to rule out coronary artery disease? In the guidelines of autopsy of sudden 
death, is this anomaly considered as a certain, a probable or an uncertain 
cause of death?

 2. A 3-month-old male baby was found dead in his crib. At autopsy, the origin 
of the dominant right coronary artery was found originating from above the 
left coronary sinus with an acute angle take-off, and the proximal segment 
coursed intramurally within the aortic tunica media, passing between the 
aorta and the pulmonary trunk before reaching the right atrioventricular 
groove. Could a fetal echocardiography provide the correct diagnosis of this 
condition?

 Answers

 1. Coronary angiography is the gold standard method to provide an accurate 
study in vivo of coronary anatomy, to look at the origin and course of the 
proximal segments of right and left coronary artery, but also to rule out ath-
erosclerotic coronary artery disease. Computed tomography angiography, 
due to its non- invasiveness and multiplanar reconstruction, is increasingly 
utilized for characterization of coronary artery origin anomalies. It provides 
a more accurate evaluation of the ostium as well as of the course and the 
presence of calcifications. Diagnostic methods such as computed tomo-
graphic angiography, nuclear magnetic resonance or coronarography are 
characterized by higher sensitivity and specificity as compared to 
echocardiography.
The anomaly is considered an uncertain cause of sudden death; however, the 
subendocardial healed myocardial infarction in the setting of patently related 
coronary arteries strongly support a causal relationship.

 2. Prenatal echocardiography does not allow visualization of the coronary artery 
origins in foetuses.

21 Specific Cardiovascular Diseases and Competitive Sports Participation: Coronary…



418

References

 1. Basso C, Corrado D, Thiene G. Congenital coronary artery anomalies as an important cause of 
sudden death in the young. Cardiol Rev. 2001;9(6):312–7.

 2. Basso C, Corrado D, Thiene G.  Coronary artery anomalies and sudden death. Card 
Electrophysiol Rev. 2002;6(1–2):107–11.

 3. Basso C, Maron BJ, Corrado D, Thiene G. Clinical profile of congenital coronary artery anom-
alies with origin from the wrong aortic sinus leading to sudden death in young competitive 
athletes. J Am Coll Cardiol. 2000;35(6):1493–501.

 4. Basso C, Perez-Pomares J, Thiene G, Houyel L. Coronary anomalies. In: Perez-Pomares J, 
Kelly R, editors. The ESC textbook of cardiovascular development. 1st ed. Oxford: OUP; 
2018. p. 250–60.

 5. Burke AP, Farb A, Virmani R, Goodin J, Smialek JE. Sports-related and non-sports-related 
sudden cardiac death in young adults. Am Heart J. 1991;121(2 Pt 1):568–75.

 6. Cheitlin MD, MacGregor J. Congenital anomalies of coronary arteries: role in the pathogen-
esis of sudden cardiac death. Herz. 2009;34(4):268–79.

 7. Corrado D, Thiene G, Cocco P, Frescura C. Non-atherosclerotic coronary artery disease and 
sudden death in the young. Br Heart J. 1992;68(6):601–7.

 8. Frescura C, Basso C, Thiene G, Corrado D, Pennelli T, Angelini A, et al. Anomalous origin of 
coronary arteries and risk of sudden death: a study based on an autopsy population of congeni-
tal heart disease. Hum Pathol. 1998;29(7):689–95.

 9. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO.  Sudden deaths in young com-
petitive athletes: analysis of 1866 deaths in the United States, 1980-2006. Circulation. 
2009;119(8):1085–92.

 10. Maron BJ, Haas TS, Doerer JJ, Thompson PD, Hodges JS. Comparison of U.S. and Italian 
experiences with sudden cardiac deaths in young competitive athletes and implications for 
preparticipation screening strategies. Am J Cardiol. 2009;104(2):276–80.

 11. Maron BJ, Shirani J, Poliac LC, Mathenge R, Roberts WC, Mueller FO.  Sudden death in 
young competitive athletes. Clinical, demographic, and pathological profiles. JAMA. 
1996;276(3):199–204.

 12. Taylor AJ, Rogan KM, Virmani R. Sudden cardiac death associated with isolated congenital 
coronary artery anomalies. J Am Coll Cardiol. 1992;20(3):640–7.

 13. Angelini P, Cheong BY, Lenge De Rosen VV, Lopez A, Uribe C, Masso AH, et al. High-risk 
cardiovascular conditions in sports-related sudden death: prevalence in 5,169 schoolchildren 
screened via cardiac magnetic resonance. Tex Heart Inst J. 2018;45(4):205–13.

 14. Cheng Z, Wang X, Duan Y, Wu L, Wu D, Liang C, et al. Detection of coronary artery anoma-
lies by dual-source CT coronary angiography. Clin Radiol. 2010;65(10):815–22.

 15. Duran C, Kantarci M, Durur Subasi I, Gulbaran M, Sevimli S, Bayram E, et al. Remarkable 
anatomic anomalies of coronary arteries and their clinical importance: a multidetector com-
puted tomography angiographic study. J Comput Assist Tomogr. 2006;30(6):939–48.

 16. Engel HJ, Torres C, Page HL Jr. Major variations in anatomical origin of the coronary arter-
ies: angiographic observations in 4,250 patients without associated congenital heart disease. 
Catheter Cardiovasc Diagn. 1975;1(2):157–69.

 17. Harikrishnan S, Jacob SP, Tharakan J, Titus T, Kumar VK, Bhat A, et al. Congenital coronary 
anomalies of origin and distribution in adults: a coronary arteriographic study. Indian Heart J. 
2002;54(3):271–5.

 18. Labombarda F, Coutance G, Pellissier A, Mery-Alexandre C, Roule V, Maragnes P, et  al. 
Major congenital coronary artery anomalies in a paediatric and adult population: a prospective 
echocardiographic study. Eur Heart J Cardiovasc Imaging. 2014;15(7):761–8.

 19. Maron BJ, Leon MB, Swain JA, Cannon RO 3rd, Pelliccia A. Prospective identification by 
two-dimensional echocardiography of anomalous origin of the left main coronary artery from 
the right sinus of Valsalva. Am J Cardiol. 1991;68(1):140–2.

G. Thiene et al.



419

 20. Miller JA, Anavekar NS, El Yaman MM, Burkhart HM, Miller AJ, Julsrud PR.  Computed 
tomographic angiography identification of intramural segments in anomalous coronary arter-
ies with interarterial course. Int J Cardiovasc Imaging. 2012;28(6):1525–32.

 21. Norgaard BL, Leipsic J, Gaur S, Seneviratne S, Ko BS, Ito H, et al. Diagnostic performance of 
noninvasive fractional flow reserve derived from coronary computed tomography angiography 
in suspected coronary artery disease: the NXT trial (Analysis of Coronary Blood Flow Using 
CT Angiography: Next Steps). J Am Coll Cardiol. 2014;63(12):1145–55.

 22. Pelliccia A, Spataro A, Maron BJ.  Prospective echocardiographic screening for coronary 
artery anomalies in 1,360 elite competitive athletes. Am J Cardiol. 1993;72(12):978–9.

 23. Yamanaka O, Hobbs RE. Coronary artery anomalies in 126,595 patients undergoing coronary 
arteriography. Catheter Cardiovasc Diagn. 1990;21(1):28–40.

 24. Zeppilli P, dello Russo A, Santini C, Palmieri V, Natale L, Giordano A, et al. In vivo detection 
of coronary artery anomalies in asymptomatic athletes by echocardiographic screening. Chest. 
1998;114(1):89–93.

 25. Angelini P. Normal and anomalous coronary arteries: definitions and classification. Am Heart 
J. 1989;117(2):418–34.

 26. Angelini P, Villason S, Chan AJ, Diez J. Normal and anomalous coronary arteries in humans. 
In: Angelini P, editor. Coronary artery anomalies: a comprehensive approach. Philadelphia: 
Lippincott, Williams & Wilkins; 1999. p. 27–150.

 27. Muriago M, Sheppard MN, Ho SY, Anderson RH. Location of the coronary arterial orifices in 
the normal heart. Clin Anat. 1997;10(5):297–302.

 28. Banchi A.  Le variazioni delle “arterie coronariae cordis” e la morfologia di questi vasi. 
Sperimentale. 1903;57:367–9.

 29. Baroldi G, Scomazzoni G.  Coronary circulation in the normal and the pathologic heart. 
Washington, DC: Armed Forces Institute of Pathology; 1965. p. 1–37.

 30. Angelini P, Trivellato M, Donis J, Leachman RD.  Myocardial bridges: a review. Prog 
Cardiovasc Dis. 1983;26(1):75–88.

 31. Caldani L, Caldani F.  Icones anatomicae ex optimis neotericum operibus summa diligentia 
depromtae et collectae. In: Picotti J, editor. Venetiis ex Calcographia; 1810.

 32. Davis JA, Cecchin F, Jones TK, Portman MA. Major coronary artery anomalies in a pediatric 
population: incidence and clinical importance. J Am Coll Cardiol. 2001;37(2):593–7.

 33. Kardos A, Babai L, Rudas L, Gaal T, Horvath T, Talosi L, et al. Epidemiology of congenital 
coronary artery anomalies: a coronary arteriography study on a central European population. 
Catheter Cardiovasc Diagn. 1997;42(3):270–5.

 34. Yildiz A, Okcun B, Peker T, Arslan C, Olcay A, Bulent VM. Prevalence of coronary artery 
anomalies in 12,457 adult patients who underwent coronary angiography. Clin Cardiol. 
2010;33(12):E60–4.

 35. Ogden JA. Congenital anomalies of the coronary arteries. Am J Cardiol. 1970;25(4):474–9.
 36. Bland E, White P, Garland J.  Congenital anomalies of the coronary arteries: report of an 

unusual case associated with cardic hypertrophy. Am Heart J. 1933;8:787–801.
 37. Dodge-Khatami A, Mavroudis C, Backer CL.  Anomalous origin of the left coronary 

artery from the pulmonary artery: collective review of surgical therapy. Ann Thorac Surg. 
2002;74(3):946–55.

 38. Yau JM, Singh R, Halpern EJ, Fischman D. Anomalous origin of the left coronary artery from 
the pulmonary artery in adults: a comprehensive review of 151 adult cases and a new diagnosis 
in a 53-year-old woman. Clin Cardiol. 2011;34(4):204–10.

 39. Chaitman BR, Lesperance J, Saltiel J, Bourassa MG.  Clinical, angiographic, and hemo-
dynamic findings in patients with anomalous origin of the coronary arteries. Circulation. 
1976;53(1):122–31.

 40. Elias MD, Meza J, McCrindle BW, Brothers JA, Paridon S, Cohen MS. Effects of exercise 
restriction on patients with anomalous aortic origin of a coronary artery. World J Pediatr 
Congenit Heart Surg. 2017;8(1):18–24.

21 Specific Cardiovascular Diseases and Competitive Sports Participation: Coronary…



420

 41. Liberthson RR, Dinsmore RE, Fallon JT.  Aberrant coronary artery origin from the aorta. 
Report of 18 patients, review of literature and delineation of natural history and management. 
Circulation. 1979;59(4):748–54.

 42. Lim JC, Beale A, Ramcharitar S. Medscape. Anomalous origination of a coronary artery from 
the opposite sinus. Nat Rev Cardiol. 2011;8(12):706–19.

 43. Lipsett J, Byard RW, Carpenter BF, Jimenez CL, Bourne AJ. Anomalous coronary arteries 
arising from the aorta associated with sudden death in infancy and early childhood. An autopsy 
series. Arch Pathol Lab Med. 1991;115(8):770–3.

 44. Palmieri V, Gervasi S, Bianco M, Cogliani R, Poscolieri B, Cuccaro F, et al. Anomalous origin 
of coronary arteries from the “wrong” sinus in athletes: Diagnosis and management strategies. 
Int J Cardiol. 2018;252:13–20.

 45. Youniss MA, Ghoshhajra B, Bernard S, Bhatt AB, Aranki SF, MacGillivray TE, et  al. 
Familial anomalous origin of right coronary artery from the left coronary sinus. Am J Cardiol. 
2018;122(10):1800–2.

 46. Duran AC, Angelini A, Frescura C, Basso C, Thiene G. Anomalous origin of the right coronary 
artery from the left aortic sinus and sudden infant death. Int J Cardiol. 1994;45(2):147–9.

 47. Munoz-Guijosa C, Permanyer E, Leta R.  Anomalous origin of right coronary artery from 
the left coronary sinus: sudden death and successful surgical reimplantation. Eur Heart J. 
2012;33(11):1308.

 48. Roberts WC, Siegel RJ, Zipes DP. Origin of the right coronary artery from the left sinus of 
valsalva and its functional consequences: analysis of 10 necropsy patients. Am J Cardiol. 
1982;49(4):863–8.

 49. Angelini P, Uribe C.  Anatomic spectrum of left coronary artery anomalies and associated 
mechanisms of coronary insufficiency. Catheter Cardiovasc Interv. 2018;92(2):313–21.

 50. Arque JM, Thiene G, Cardo M, Franco D, Duran AC, Sans-Coma V. Anomalous origin of the 
left coronary artery from the nonfacing aortic sinus: a study in the Syrian hamster. Cardiovasc 
Pathol. 1993;2(1):35–9.

 51. Barth CW 3rd, Roberts WC.  Left main coronary artery originating from the right sinus 
of Valsalva and coursing between the aorta and pulmonary trunk. J Am Coll Cardiol. 
1986;7(2):366–73.

 52. Cheitlin MD, De Castro CM, McAllister HA. Sudden death as a complication of anomalous 
left coronary origin from the anterior sinus of Valsalva, A not-so-minor congenital anomaly. 
Circulation. 1974;50(4):780–7.

 53. Murphy DA, Roy DL, Sohal M, Chandler BM.  Anomalous origin of left main cononary 
artery from anterior sinus of Valsalva with myocardial infarction. J Thorac Cardiovasc Surg. 
1978;75(2):282–5.

 54. Adebo D, Jacobson Z, Harris MA. Anomalous origin of the right coronary artery from the 
posterior, non-coronary sinus of Valsalva diagnosed by cardiac magnetic resonance imaging. 
Cardiol Young. 2015;25(5):1006–8.

 55. Padalino MA, Franchetti N, Hazekamp M, Sojak V, Carrel T, Frigiola A, et al. Surgery for 
anomalous aortic origin of coronary arteries: a multicentre study from the European Congenital 
Heart Surgeons Association dagger. Eur J Cardiothorac Surg. 2019;56(4):696–703.

 56. Corrado D, Pennelli T, Piovesana P, Thiene G.  Anomalous origin of the left circumflex 
coronary artery from the right aortic sinus of valsalva and sudden death. Cardiovasc Pathol. 
1994;3(4):269–71.

 57. Page HL Jr, Engel HJ, Campbell WB, Thomas CS Jr. Anomalous origin of the left circum-
flex coronary artery. Recognition, antiographic demonstration and clinical significance. 
Circulation. 1974;50(4):768–73.

 58. Piovesana P, Corrado D, Contessotto F, Zampiero A, Camponeschi M, Lafisca N, et  al. 
Echocardiographic identification of anomalous origin of the left circumflex coronary artery 
from the right sinus of Valsalva. Am Heart J. 1990;119(1):205–7.

 59. Loukas M, Andall RG, Khan AZ, Patel K, Muresian H, Spicer DE, et al. The clinical anatomy 
of high take-off coronary arteries. Clin Anat. 2016;29(3):408–19.

G. Thiene et al.



421

 60. Purvis J, Howe A, Morgan D. Aortic step: a clue to unusually high origin of right coronary 
artery. Heart. 2010;96(16):1334.

 61. Virmani R, Chun PK, Goldstein RE, Robinowitz M, McAllister HA. Acute takeoffs of the 
coronary arteries along the aortic wall and congenital coronary ostial valve-like ridges: asso-
ciation with sudden death. J Am Coll Cardiol. 1984;3(3):766–71.

 62. Alegria JR, Herrmann J, Holmes DR Jr, Lerman A, Rihal CS. Myocardial bridging. Eur Heart 
J. 2005;26(12):1159–68.

 63. Bourassa MG, Butnaru A, Lesperance J, Tardif JC. Symptomatic myocardial bridges: over-
view of ischemic mechanisms and current diagnostic and treatment strategies. J Am Coll 
Cardiol. 2003;41(3):351–9.

 64. Cheitlin MD. The intramural coronary artery: another cause for sudden death with exercise? 
Circulation. 1980;62(2):238–9.

 65. Corban MT, Hung OY, Eshtehardi P, Rasoul-Arzrumly E, McDaniel M, Mekonnen G, et al. 
Myocardial bridging: contemporary understanding of pathophysiology with implications for 
diagnostic and therapeutic strategies. J Am Coll Cardiol. 2014;63(22):2346–55.

 66. Faruqui AM, Maloy WC, Felner JM, Schlant RC, Logan WD, Symbas P. Symptomatic myo-
cardial bridging of coronary artery. Am J Cardiol. 1978;41(7):1305–10.

 67. Feldman AM, Baughman KL. Myocardial infarction associated with a myocardial bridge. Am 
Heart J. 1986;111(4):784–7.

 68. Mohlenkamp S, Hort W, Ge J, Erbel R.  Update on myocardial bridging. Circulation. 
2002;106(20):2616–22.

 69. Morales AR, Romanelli R, Boucek RJ. The mural left anterior descending coronary artery, 
strenuous exercise and sudden death. Circulation. 1980;62(2):230–7.

 70. Schwarz ER, Gupta R, Haager PK, vom Dahl J, Klues HG, Minartz J, et al. Myocardial bridg-
ing in absence of coronary artery disease: proposal of a new classification based on clinical- 
angiographic data and long-term follow-up. Cardiology. 2009;112(1):13–21.

 71. Gori F, Basso C, Thiene G. Myocardial infarction in a patient with hypertrophic cardiomyopa-
thy. N Engl J Med. 2000;342(8):593–4.

 72. Basso C, Thiene G, Mackey-Bojack S, Frigo AC, Corrado D, Maron BJ. Myocardial bridging, 
a frequent component of the hypertrophic cardiomyopathy phenotype, lacks systematic asso-
ciation with sudden cardiac death. Eur Heart J. 2009;30(13):1627–34.

 73. Basso C, Aguilera B, Banner J, Cohle S, d'Amati G, de Gouveia RH, et al. Guidelines for 
autopsy investigation of sudden cardiac death: 2017 update from the Association for European 
Cardiovascular Pathology. Virchows Arch. 2017;471(6):691–705.

 74. Basso C, Burke M, Fornes P, Gallagher PJ, de Gouveia RH, Sheppard M, et al. Guidelines for 
autopsy investigation of sudden cardiac death. Virchows Arch. 2008;452(1):11–8.

21 Specific Cardiovascular Diseases and Competitive Sports Participation: Coronary…



423© Springer Nature Switzerland AG 2020
A. Pressler, J. Niebauer (eds.), Textbook of Sports and Exercise Cardiology, 
https://doi.org/10.1007/978-3-030-35374-2_22

T. Takken (*) 
Department of Medical Physiology, Child Development & Exercise Center,  
University Medical Center Utrecht, Utrecht, The Netherlands
e-mail: t.takken@umcutrecht.nl 

J. Müller 
Department of Preventive Pediatrics, Technical University of Munich, Munich, Germany
e-mail: j.mueller@tum.de

22Specific Cardiovascular Diseases 
and Competitive Sports Participation: 
Congenital Heart Disease

Tim Takken and Jan Müller

Learning Objectives
 1. General importance of physical activity, recreational and competitive sport par-

ticipation of patients with CHD.
 2. Physical activity and exercise recommendations for patients with CHD.
 3. General limitations to exercise in patients with CHD and physiological demands 

of competitive sports.
 4. Actual situation of patients with CHD in competitive sports.
 5. Necessity and content of a pre-participation screening before participation in 

competitive sports.
 6. Exercise and training advices as well as specific recommendations for diagnostic 

subgroups.

22.1  Introduction

The importance of a physically active lifestyle to the health and wellbeing of children 
and adults with congenital heart defects (CHD) is undisputed [1–3]. Patients who are 
regularly participating in sports are generally more physically active, have a better 
exercise capacity and experience superior psychosocial outcomes. Moreover, in light 
of the improved life expectancy that has been observed in this cohort, sports partici-
pation is of particular relevance [4]. Adding to the consequences related to their type 
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of CHD, patients are also affected by co-morbidities and risk factors that may favor-
ably be influenced by regular PA and exercise [5]. These are in particular:

• Hypertension
• Overweight and Obesity
• Dyslipidemia
• Type 2 diabetes mellitus
• Cardiovascular events such as stroke and myocardial infarction
• Several types of cancer (e.g., colon and breast carcinoma)

Regular PA, exercise and sport participation do not only contribute to a favorable 
modification of the above-mentioned risk factors, they also improve:

• exercise capacity, the major predictor of morbidity and mortality in patients with 
CHD,

• health-related quality of life,
• self-confidence, and
• social relationships.

Several cardiac rehabilitation and exercise training studies [6–14] in patients 
with CHD have shown that exercise of moderate intensity is:

 1. safe
 2. improves exercise capacity
 3. improves physical activity levels
 4. improves health-related quality of life
 5. beneficially contributes to psychosocial function.

22.2  Physical Activity Recommendations  
for Patients with CHD

Similar to their healthy counterparts children and adolescents with CHD should [15]:

• accumulate at least 60 min of moderate-to vigorous PA daily.
• Greater amounts than 60 min PA provide additional health benefits.
• Most of the daily physical activity should be aerobic.
• Vigorous-intensity activities should be incorporated, including those that 

strengthen muscles and bones (at least 3 times per week).

Likewise, the WHO recommendations for healthy adults can also be applied in 
adults with CHD. These patients should adhere to [15]:

• 150 min of moderate-intensity aerobic PA throughout the week or at least 75 min 
of vigorous-intensity aerobic physical activity throughout the week or an equiva-
lent combination of moderate- and vigorous-intensity activities.
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• Aerobic PA should be performed in bouts of at least 10 min duration.
• For additional health benefits, adults should increase their moderate-intensity 

aerobic physical activity to 300 min per week or engage in 150 min of vigorous- 
intensity aerobic physical activity per week, or an equivalent combination of 
moderate- and vigorous-intensity activity.

• Muscle-strengthening activities should be performed involving major muscle 
groups on 2 or more days per week.

22.3  Classification of Sports

To characterize whether a particular competitive sport is safe for an athlete with a 
specific cardiovascular abnormality, the Mitchell classification (Fig. 1.1) of sports is 
most widely used because it has been developed to specifically address this question 
[16]. It classifies an activity

 1. on the basis of the mechanical action of the muscles and not on the metabolism.
 2. according to two general types of exercise: dynamic (mainly involving endur-

ance components) and static (mainly strength components).
 3. by also recognizing those sports that pose significant risks due to bodily colli-

sion, or of hard impact between an object, projectile, or the ground.
 4. on the degree of the risk of a sudden syncopal event.

For example, a sport with high static and high dynamic components will be clas-
sified as IIIC, whereas an exercise with low static and moderate dynamic compo-
nents will be IB, and further on.

However, there are also some limitations to this classification that have to be 
taken into account:

• It does not consider the emotional stress and an increase in sympathetic drive, 
catecholamine concentrations and myocardial oxygen demand.

• Environmental exposure during athletic competition is not considered.
• In team sports, the classification is based on the highest cardiovascular demands.
• During training, stimuli might be higher than during the competition itself.

22.4  Exercise Limitations in CHD

Limitations to exercise in patients with CHD have been reported from the first 
studies on exercise testing until today. These impairments are prominent in all of 
the different diagnostic subgroups of patients with CHD, but the severity depends 
on complexity of the heart defect and the particular consequences [17]. 
Figure  22.1 characterizes the “Fick principle” where peak oxygen uptake 
(VO2peak) is an estimate of cardiac output multiplied by the arteriovenous oxy-
gen difference.
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Based on this principle the three following components are relevant:

 1. Chronotropic insufficiency:
 (a) due to surgical scars around the right atria,
 (b) sinus node dysfunction, and
 (c) delayed electric conduction.

 2. The inability to increase stroke volume under exercise:
 (a) Valvular stenosis limiting an adequate increase in stroke volume.
 (b) Right to left shunting where parts of the forward stroke volume shunt to the 

right heart side.
 (c) Systemic right ventricle that is morphologically not able to drive the sys-

temic circulation.
 (d) Progressive heart failure due to systemic right ventricle.

 3. Oxygen utilization:
 (a) Deconditioning or detraining leads to diminished oxygen utilization in the 

muscle.
 (b) Central cyanosis.
 (c) Comorbidities like respiratory diseases, asthma, obesity and scoliosis, lead-

ing to a ventilation-perfusion mismatch.

22.5  Physiological Demands of Competitive Sports

While in most exercise intervention studies on patients with CHD the chosen inten-
sities are moderate and dynamic, the physiological demands of competitive sport 
are different to those applied in these interventions. Competitive athletes often per-
form higher dynamic intensities of both short and long nature, or have static 

chronotropic insufficiency
heart block

beta-blocker, digoxin, ...

heart failure
cardiomyopathies

valve stenosis/incompetence
pulmonary hypertension

dehydration
left-right shunt

kachexia
detraining

muscle dystrophy
muscle atrophy

mitochondrial defects
glycogen storage

disease

cyanosis
right-to-left shunt

ventilatory disease
(asthma, cystic fibrosis)
scoliosis, severe obesity

ventilation-perfusion
mismatch

Met-hemoglobinemia
CO intoxication

Sulf-hemoglobinemia

anemia

VO2peak = HRpeak . SVpeak . 1.36 . Hb . (SaO2 - SvO2)
.

Fig. 22.1 The classic Fick equation, calculating peak oxygen uptake (VO2peak) as a function of 
arteriovenous oxygen difference (S saturation, a arterial, v venous), stroke volume (SV), hemoglo-
bin concentration (Hb), and peak heart rate (HR). Each factor may be influenced and altered by 
particular conditions shown in the boxes, with impact on overall exercise capacity (used with 
permission from Müller and Hager [28])
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components included as well as increased psychological pressure. However, there 
are only few studies that have implemented such demands as part of their interven-
tions. The effect of aerobic training at higher exercise intensities has been evaluated 
in two studies:

 1. Novaković and colleagues [12] randomized repaired Tetralogy of Fallot patients 
to either high-intensity interval, moderate intensity continuous training or usual 
care (no exercise) for 36 sessions of two to three times a week:
 (a) No adverse events occurred in none of the groups.
 (b) Both training groups improved in at least some parameters of cardiovascular 

health compared to no exercise.
 (c) Interval, but not continuous training improved VO2peak.
 (d) Interval training appeared more effective in improving exercise capacity, 

vascular function, NT-proBNP and fibrinogen levels.
 (e) Continuous training was more effective in improving cardiac autonomic 

function and health-related quality of life.
 2. Sandberg and colleagues [18] randomized 26 adults with complex CHD into 

12 weeks of moderate-to-high intensity interval exercise training on a bicycle 
ergometer or to maintaining habitual physical activities as a control group:
 (a) Exercise time at a constant work rate cardiopulmonary exercise test increased 

in the intervention group compared to controls.
 (b) Peak workload at incremental cardiopulmonary exercise testing increased in 

the intervention group compared to controls.
 (c) At incremental cardiopulmonary exercise testing, VO2peak increased 15% 

in relative terms in the intervention group, but this was not statistically dif-
ferent to the control group.

Currently there are a couple of randomized controlled trials underway, investi-
gating the effect of high-intensity interval training in patients with CHD. Over the 
next few years, we will see what the actual requirements of competitive sports at 
CHD look like, how the body copes with these requirements and how physiologi-
cal or pathological adaptive mechanisms work in these patients. Not to mention 
whether intensive and highly intensive exercise poses a safety risk in individual 
patients.

22.6  Competitive Sports Participation in CHD

Several competitive athletes with CHD have participated in the Olympic games. 
Examples are snowboarder and Olympic gold medal winner Shaun White or short 
track speed skater Yara van Kerkhof (silver medal winner). Beyond these single 
cases, there is not much data available on participation of CHD patients in sports in 
general or in competitive sports. Two studies have dealt with that issue so far. Both 
studies [19, 20] did not observe an increased incidence of adverse cardiac events in 
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participants. On the other hand, both studies reported beneficial associations with 
exercise capacity and quality of life:

 1. A survey of 177 adolescents and young adults with a mean age of 20 years that 
focused on physical activity, sports participation and sports restrictions, defining 
competitive sports as any sport with organized practices and competitions 
yielded the following findings [21]:
 (a) 52% of patients with CHD participated in competitive sports and 25% in 

recreational sports; 23% were inactive.
 (b) Male CHD patients were engaged more frequently in competitive sports 

(60%) than female patients (45%).
 (c) Patients participated in a wide range of competitive sports of different inten-

sities and classifications.
 (d) Almost half of the patients with moderate or severe CHD participated in at 

least one competitive sport.
 (e) Almost a third of patients with severe CHD and almost half of the patients 

who had undergone a Fontan procedure participated in sports that would be 
restricted by the 36th Bethesda guidelines.

 2. In adults with CHD a longitudinal study in patients with corrective surgery for 
atrial septal defect, ventricular septal defect, pulmonary stenosis, tetralogy of 
Fallot or transposition of the great arteries observed the following [19]:
 (a) Adults with CHD spent less hours in sports as compared with the general 

population.
 (b) More than half of the patients were involved in high-dynamic sports (Fig. 22.2).
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Fig. 22.2 Distribution of sports participation in various disciplines among CHD patients, accord-
ing to the Mitchell criteria (used with permission from Opic et al. [19])
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 (c) The rate of major cardiac events was similar in patients who participated or 
did not participate in sports.

 (d) No relationship was found between practicing sports and the occurrence of 
sudden death.

 (e) Patients who participated in sports showed better exercise capacity and sys-
temic ventricular function.

22.7  Aspects of the Congenital Heart Defects

• Patients with CHD show on average a reduced exercise capacity [17, 22].
• The function of the respiratory, cardiovascular and musculoskeletal system are 

the most important contributing factors:
 – Pulmonary vascular disease with pulmonary hypertension and restrictive pul-

monary function disorders can contribute to a reduced exercise capacity as 
well as a reduced ventilation-perfusion mismatch [23].

 – Cardiovascular factors such as volume and pressure load by the abnormality 
itself or by residual abnormalities, ventricular dysfunction, coronary anomaly, 
chronotropic incompetence and arrhythmias, pacing, intracardiac (rest) shunt-
ing and (relative) anemia, but also effects of medication may lead to reduction 
of the exercise capacity (Fig. 22.3).

 – Also, skeletal abnormalities (e.g. scoliosis) can give a limitation.
• Deconditioning is also an important factor in CHD, possibly because patients 

have often been subject to restrictions to PA in the past [24].

Impaired exercise capacity

High ventilatory equivalentsVentilation to perfusion
mismatch

Fast breathing

Ventilatory limitation

Low SpO2 and fall in SpO2

low respiratory exchange ratio
Pre-termination of exercise

Low increase in oxygen pulse
Depressed heart rate

Decline in oxygen saturation

Low End-Tidal PETCO2

Chronotropic regulation

Fig. 22.3 Special characteristics of a 9-panel-plot in a cardiopulmonary exercise test in a patient 
with Eisenmenger Syndrome
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• Information is scarce on how many patients with CHD are actually engaged in 
recreational or competitive sport and on the type and intensities of sports they 
preferably are performing.

22.8  Pre-participation Screening

• A preparticipation screening following the Lausanne recommendations [25] 
including personal and medical history, physical examination, blood pressure 
and ECG is advised.

• Patients with positive personal history, family history of potentially inherited 
cardiac disease, or positive physical or ECG findings require further evaluation 
by cardiac specialist experienced with the particular age group to decide on med-
ical clearance of the athlete for sports participation.

• Further evaluation may include transthoracic echocardiography, cardiac mag-
netic resonance imaging (MRI), cardiopulmonary exercise test (CPET), and 24-h 
ECG monitoring.

• Figure 22.4 outlines a thorough assessment in patients with CHD required prior 
to recommending exercise [14].

22.9  Exercise and Training Advices

A certain minimum amount of physical activity (150 min/week in adults; 60 min 
daily for children and adolescents) is required to achieve health effects. Hemodynamic 
balance in patients with CHD can vary considerably, also among patients with the 
same heart defect. Therefore, it is impossible to make recommendations that are 
applicable in all cases. The risk of sports and exercise participation depends on the 
specific heart defect and residual abnormalities, the tendency to arrhythmias and the 
type of sport. Recreational sports participation and exercise in daily life (cycling, 
walking, gardening, etc.), especially dynamic exercise, is usually possible and 
advisable for almost all patients with CHD [26].

• Only patients who may deteriorate hemodynamically as a result of exercise, or 
those with exercise-induced arrhythmias, should be subject to an exercise 
limitation;

• The large majority with a very low risk can be reassured and encouraged to par-
ticipate in sporting activities;

• Competitive sports is generally not recommended for CHD patients if an inter-
ruption is not possible in case of complaints (logistically or socially).

Although pediatric and congenital cardiologists in general are not trained to pro-
vide detailed training advice, they are often confronted with individual requests 
regarding this issue. Sport cardiologists, rehabilitation specialists, sports physi-
cians, but also exercise physiologists working in the sports medical advice centers 
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can be consulted to give a formal training advice. The cardiologist will have an 
advisory role to adapt the advice to the specific CHD. Exercise is prescribed accord-
ing to the FITT principle, indicating frequency, intensity, duration and type of sport 
(see also Chap. 11). A recommendation can be for example three times a week (F) 
at a moderate to intensive level (I) for 30–60 min (T) cycling (T) with the aim of 
aerobic endurance training. According to the same principle, the structure of inter-
val training and strength training can be described. The results of a CPET are also 
useful to determine the extent and causes of potential limitations during physical 
effort.

Peak oxygen consumption (VO2max), peak oxygen pulse

VE/VCO2 slope and VE/VO2 slope

Anaerobic or lactate threshold

Oxygen saturation during exercise, exercise duration

Heart rate and blood pressure response

C-Assessment for pulmonary hypertension

D-Rule-out aortic dilation

B-Ambulatory ECG monitoring (detection of asymptomatic arrhythmias)

C-Blood tests (anemia/relative anemia, iron deficiency)

A-Recent assessment of systemic and subpulmonary ventricular function

[standard or stress echocardiography, magnetic resonance imaging (right ventricle),

nuclear ventriculography]

C-Oxygen saturation at rest

B-Electrocardiogram (rhythm, repolarization abnormalities, QRS duration, QTc)

A-Physical examination [including a detailed cardiopulmonary exam, skeletal

assessment (scoliosis, malformations), and neurologic exam (motor/sensory deficits)]

A-Assessment of daily activities, including current exercise

(type, intensity, duration, frequency)
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A-Type of congenital heart disease, severity, physiological ramifications

E-Associated comorbidities and cardiovascular risk factors

D-Cardiac arrhythmia device (pacemaker, defibrillator, cardiac resynchronization

therapy)

C-Pharmacological history (including anticoagulants and beta-blockers)

B-Clinical history (functional status, exercise intolerance, pre-syncope/syncope,

chest pain, palpitations, hypoxia)

C-Assessment of expectations regarding intended physical activities

(description, duration, enviorment)

B-Evaluation of the motivation for exercise training

Fig. 22.4 Preparticipation assessment scheme (used with permission from Chaix et al. [14])
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• The scientific knowledge regarding the effects of training in CHD is limited. The 
studies that have been carried out show that patients basically benefit from a 
training program [10, 12] with respect to beneficial physical and psychosocial 
outcomes.

• An obstacle for implementing cardiac rehabilitation for patients with CHD is 
that, compared to standard cardiac rehabilitation, there are fewer patients who 
can participate in such a program and that reimbursement from insurance com-
panies is not guaranteed in every case.

• In addition, the age of patients with CHD is much lower than the average partici-
pant in regular cardiac rehabilitation; CHD patients are thus underrepresented 
and do often not feel comfortable in these programs.

22.10  Specific Recommendations

The most recent eligibility and disqualification recommendations for competitive 
athletes with CHD have been published by the American Heart Association and the 
American College of Cardiology [27]. In this document, the level of sports partici-
pation recommended includes consideration of both the training and the competi-
tive aspects of the activity; these must be individually tailored to the particular 
patient, taking into account the patient’s functional status and a history of surgery.

22.10.1  Atrial Septal Defect (ASD)

• Small ASD with normal right ventricle (RV) and no pulmonary hypertension: 
Full participation (Class I, Level of evidence C)

• Large ASD and no pulmonary hypertension: Full participation (I, C)
• ASD and pulmonary hypertension: Allowed to participate in low intensity IA 

sports (Fig. 1.1) (I, C)
• ASD and pulmonary vascular disease, cyanosis, and right to left shunt: Restricted 

from all competitive sports, with the possible exception of IA (III, C)
• History of ASD repair or device and no pulmonary hypertension: Full participa-

tion (I, C)
• History of ASD repair or device and residual pulmonary hypertension, arrhyth-

mias, or myocardial dysfunction: Allowed to participate in IA sports (IIb, C)

22.10.2  Ventricular Septal Defect (VSD)

• Small or restrictive VSD with normal RV size and no pulmonary hypertension: 
Full participation (I, C)

• Large, hemodynamically significant VSD and pulmonary hypertension: Allowed 
to participate in IA sports (IIb, C)

• History of VSD repair with no pulmonary hypertension, arrhythmias, or myocar-
dial dysfunction: Full participation (I, C)
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• History of VSD repair and residual pulmonary hypertension: Allowed to partici-
pate in IA sports (I, B)

• History of VSD repair with mild to moderate pulmonary hypertension or ven-
tricular dysfunction: Restricted from all competitive sports, with the possible 
exception of IA (III, C)

22.10.3  Persistent Ductus Arteriosus (PDA)

• Small PDA with normal pulmonary artery pressures and normal left heart cham-
bers: Full participation (I, C)

• Moderate to large PDA with persistent pulmonary hypertension: Only allowed to 
participate in IA sports (I, B)

• Moderate to large PDA with left ventricular enlargement: Full restrictions (III, C)
• History of surgical or catheter PDA closure and no evidence of pulmonary hyper-

tension: Full participation (I, C)
• History of surgical or catheter PDA closure and residual pulmonary hypertension: 

Restricted from all competitive sports, with the possible exception of IA (I, B)

22.10.4  Pulmonary Valve Stenosis

• Mild pulmonary valve stenosis and normal RV function: Full participation (I, B)
• Moderate or severe pulmonary valve stenosis: Allowed to participate in IA and 

IB sports (IIb, B)
• History of pulmonary valve surgery or balloon valvuloplasty and gradient 

<40 mmHg: Full participation (I, B)
• Severe pulmonary insufficiency with marked RV enlargement: Allowed to par-

ticipate in IA and IB sports (IIb, B)

22.10.5  Aortic Valve Stenosis

• Mild aortic valve stenosis: Full participation (I, B)
• Moderate aortic valve stenosis: Allowed to participate in IA, IB, IIA sports (IIb, B)
• Severe aortic valve stenosis: Allowed to participate in IA sports (I, B)
• Severe aortic valve stenosis: Restricted from all competitive sports, with the pos-

sible exception of IA (III, B)
• Residual aortic valve stenosis after surgical or catheter intervention: Considered 

for participation based on untreated recommendations (IIb, C)

22.10.6  Coarctation of the Aorta

• Untreated coarctation of the aorta without ascending aorta dilation and normal 
exercise test and <20 mmHg blood pressure gradient: Full participation (I, C)
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• Untreated coarctation of the aorta and blood pressure gradient >20 mmHg or 
abnormal exercise stress test or significant ascending aorta dilation: Allowed to 
participate in IA sports (IIb, C)

• History of coarctation repair or stent and blood pressure gradient <20 mmHg, normal 
exercise test, no ascending aorta dilation, no aneurysm, and no concomitant aortic 
valve disease: Allowed to participate in IA, IB, IC, IIA, IIB, IIC sports (IIb, C)

• History of coarctation of the aorta repair or stent and significant aortic dilation or 
aneurysm: Allowed to participate in IA and IB sports (IIb, C)

22.10.7  Tetralogy of Fallot (ToF)

• History of ToF repair and no ventricular dysfunction, arrhythmias, or outflow 
tract obstruction and a normal exercise test: Full participation (IIb, B)

• History of ToF repair and severe ventricular dysfunction, severe outflow tract 
obstruction or recurrent or uncontrolled atrial or ventricular arrhythmias: 
Restricted from all competitive sports, with the possible exception of IA (III, B)

22.10.8  Ebstein Anomaly

• Mild to moderate Ebstein anomaly without cyanosis, normal RV size, less than 
moderate tricuspid valve regurgitation, and no arrhythmias: Full participation 
(IIb, C)

• Ebstein anomaly with severe tricuspid valve regurgitation but no arrhythmias: 
Allowed to participate in IA sports (IIb, C)

22.10.9  Transposition of the Great Arteries (d-TGA) After Atrial 
Switch (Senning or Mustard Procedure)

• History of Mustard or Senning procedure operation for d-TGA arteries if they 
have no arrhythmias or ventricular dysfunction: Allowed to participate in IA, IB, 
IIA, IIB sports (IIb, C)

• History of Mustard or Senning procedure operation for d-TGA and a history of 
arrhythmias, RV dysfunction, or severe RV outflow tract obstruction: Restricted 
from all competitive sports, with the possible exception of IA (III, C)

22.10.10  Transposition of the Great Arteries After Anatomical 
Correction (Arterial Switch Procedure)

• History of arterial switch procedure for d-TGA without symptoms, normal ven-
tricular function and no tachyarrhythmias: Full participation (IIb, C)

• History of arterial switch procedure for d-TGA and more than mild hemody-
namic abnormalities or ventricular dysfunction with normal exercise testing: 
Allowed to participate in IA, IB, IC and IIA (IIb, C)

T. Takken and J. Müller



435

• History of arterial switch procedure for d-TGA with evidence of ischemia: 
Restricted from all sports with possible exception of IA (III, C)

22.10.11  Congenital Corrected Transposition of the Great 
Arteries (CCTGA)

• CCTGA without arrhythmias, ventricular dysfunction, exercise intolerance, or 
exercise-induced ischemia: Participation in IA and IB sports and may be consid-
ered for IIA, IIB, IIIB and IIIB (IIb, C)

• CCTGA severe clinical systemic RV dysfunction, severe RV outflow tract obstruc-
tion, or recurrent or uncontrolled atrial or ventricular arrhythmias: Restricted 
from all competitive sports, with the possible exception of IA (III, C)

22.10.12  Univentricular Heart After any Kind of Fontan 
Procedure

• History of Fontan procedure with no symptoms and no hemodynamic abnor-
malities: Allowed to participate in IA sports (I, C)

• History of Fontan procedure without evidence of abnormalities on exercise stress 
test: Sports may be considered on individual basis (IIb, C)

22.10.13  Unrepaired or Palliated Cyanotic CHD

• Unrepaired cyanotic heart disease who are clinically stable and asymptomatic: 
Allowed to participate in IA sports (IIb, C)

Clinical Pearls
• Patients with CHD should adhere to an active lifestyle and participate in leisure 

sport activities. However, the boundaries between leisure time and competitive 
sport have already become blurred.

• Comprehensive pre-participation screening is essential for minimizing the risk 
of adverse events during sport participation.

• Recommendations for competitive sports but must be individualized to the par-
ticular patient, taking into account the patient’s preferences, functional status and 
history of surgery.

 Review

 Questions

 1. During preparticipation screening a 20-year old male soccer player with repaired 
coarctation of the Aorta develops slight ST segment depression during a cardio-
pulmonary exercise test. Would you initiate further examinations, or would you 
basically disqualify him from exercising, with this information in mind?

 2. Why is chronotropic insufficiency often observed in patients with CHD?
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 3. Which factors play a role in the observed exercise intolerance of patients with 
CHD?

 Answers

 1. Mild ST depressions can frequently be observed during physical stress in patients 
with coarctation of the Aorta; they do not require further diagnostics. Therefore, 
at this point there is no reason to prohibit exercise. However, this finding should 
nonetheless be monitored regularly.

 2. Chronotropic incompetence is often caused by surgical scars around the right 
atria, sinus node dysfunction and/or delayed electric conduction.

 3. The function of the respiratory, cardiovascular and musculoskeletal system are 
the most important factors. Musculoskeletal abnormalities can also play a role 
(e.g. scoliosis). Moreover, deconditioning is also an important factor contribut-
ing to reduced exercise capacity.
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23.1  Introduction

23.1.1  Paediatric Activity Recommendations

Overall, healthy children are more active than adults. Public health guidelines rec-
ommend that children should minimise sedentary activity and integrate sports and 
exercise into their daily lives.

Selected international activity recommendations, adapted from [1]:

• World Health Organisation (WHO 2011, 5–17 years)
 – At least 60 min of moderate to vigorous physical activity daily, >60 min pro-

vide additional health benefits. Most physical activity should be aerobic.
 – Vigorous-intensity activities at least 3 days/week.
 – Activities that strengthen muscle and bone at least 3 days/week.

• Canadian Society for Exercise Physiology (CSEP 2012, 5–17 year)
 – 60 min of moderate to vigorous physical activity daily.
 – Vigorous-intensity activities at least 3 days/week,
 – Activities that strengthen muscle and bone at least 3 days/week.
 – Sedentary screen time max. 2 h/day.

• U.S.  Department of Health and Human Services (HHS 2008, update 2018, 
Children and adolescents)
 – At least 60 min of moderate to vigorous physical activity daily
 – Most moderate or vigorous aerobic physical activity,
 – Vigorous-intensity activities at least 3 days/week
 – Activities that strengthen muscle and bone at least 3 days/week.

• UK Department of Health (DoH, 2011, 5–18 years)
 – At least 60 min of moderate to vigorous physical activity daily
 – Activities that strengthen muscle and bone at least 3 days/week.
 – Minimise sedentary time.

• Australian Government Department of Health, 2005, 5–18 years)
 – At least 60 min of moderate to vigorous physical activity daily
 – 2 hours per day maximum time using electronic media for entertainment.

The need for this formal guidance reflects both the overwhelming evidence of 
health benefit from regular physical exercise and the increasingly sedentary nature of 
childhood. For example, in the United Kingdom, only 14% of 13–15 year old boys 
and 9% of girls achieved recommended physical activity levels—a figure which has 
fallen from 28% in boys and 14% in girls in 2008 [2] (Figs 23.1, 23.2, and 23.3).

At the other end of the activity spectrum, there is a subgroup of paediatric athletes 
who compete at an increasingly high level. Many elite, competitive paediatric ath-
letes will train for over 20 h per week—a duration of exercise similar to professional 
adult athletes. Excessive training can have a detrimental effects on the developing 
musculoskeletal system leading to overuse injuries [3]. Similarly, the syndrome of 
overtraining and burnout is now well recognised in elite paediatric athletes [4] and 
this emphasises the need for specialised medical care for the paediatric athlete 
population.
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Fig. 23.1 Effects of resistance training on various measures of muscular strength, derived from a 
comprehensive analysis of controlled trials. (a) shows the overall effects in paediatric athletes aged 
6–18 years, whereas (b) compares subgroup effects in children vs. adolescents (reprinted with 
permission from [126]). SMD standard mean difference
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23.1.2  Epidemiology of Disease and Sudden Cardiac Death

2000 children die each year from sudden cardiac death (SCD) in the US, the inci-
dence from available studies ranges from 0.6 to 8/100,000 [5, 6]. The prevalence of 
conditions associated with SCD in young athletes is as high as 0.2–0.7% [7]. The 
aetiology of SCD in childhood is comparable to those in young adult athletes; how-
ever, age of presentation differs for inherited cardiac conditions explaining slightly 
different aetiological frequencies [8, 9]. The first disease presentation is in 50% 
sudden cardiac arrest, providing a strong argument of early detection of disease by 
screening [10, 11]. Despite controversy regarding the most suitable methodology to 
perform cardiac screening to prevent SCD [12], there is evidence that screening 
strategies have reduced the number of SCD in childhood, adolescent and young 
adult athletes [13–15].

Causes of SCD in the paediatric athlete population [16, 17]:

• Structural heart disease (44%):
 – Coronary artery abnormalities (11%)
 – Idiopathic left ventricular hypertrophy/fibrosis (10%)
 – Arrhythmogenic right ventricular cardiomyopathy (6%)
 – Hypertrophic cardiomyopathy (6%)
 – Myocarditis (2%)
 – Other structural diseases (9%)

• Non-structural heart disease (56%; individual incidence uncertain):
 – Long QT syndrome
 – Brugada syndrome
 – Catecholaminergic polymorphic ventricular tachycardia
 – Idiopathic ventricular tachycardia
 – Wolf-Parkinson-White syndrome
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Fig. 23.3 Heart rate over 
the course of exercise 
stress testing in a 
10-year-old with a history 
of SSA-mediated 
congenital complete heart 
block that improved by 
3 years of age to first- 
degree and intermittent 
second-degree heart block 
at rest. Upon exercise 
testing, the normal sinus 
rhythm with first degree 
block reverts to 2:1 block 
with intermittent complete 
heart block
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23.2  Specifics of Cardiac Training Adaptation 
in the Paediatric Athlete

The management of paediatric athletes is complicated by the fact of somatic growth 
and psycho-cognitive maturation and peculiar entities of the pediatric age group 
including legal aspects with integration of the parents. Therefore, an interdisciplin-
ary approach of paediatrics, paediatric cardiology and sports medicine is essential. 
Commonly, the paediatric patient is defined as an individual of up to 16 years of 
age, we follow here the following definition.

 1. Population and physiological maturation
 (a) Definition of young athlete: 12–17 years old [18]
 (b) Physiological gender related development during this period: puberty 

growth, hormone dependent bone and muscle mass maturation, changes of 
motoric entities (endurance, speed, strength, balance), age and weight 
related heart rate, blood pressure and cardiac output, respiratory capacity, 
peak oxygen uptake.

 (c) Higher rate of sport related accidents at younger age due to physiological 
changes of psychological and cognitive system (e.g. self-overestimation at 
pubertal age).

 2. Structural and functional adaptations to exercise
 (a) Adaptation of muscle strength and athletic performance: dependent on age 

and gender.
 (b) Cardiovascular adaptation: response to regular training (especially endur-

ance) comparable to adult life (decrease of resting heart rate, increase of 
cardiac output, ventricular cavity size and wall thickness, enlargement of 
aortic root diameter). Endurance sport at ages <15 years: more pronounced 
heart rate mediated adaptation and attenuated diastolic function; long term 
effect unknown [19].

 (c) Development of “athlete’s heart” hormone and age dependent, mostly from 
puberty on and more common in males.

 (d) Corresponding ECG changes also more pronounced >14 years [20].
 3. Sport specific adaptations and considerations

 (a) Most pronounced cardiovascular adaptations in classical endurance sports 
like rowing, triathlon and swimming [21].

 (b) Contact sports: capability of the still flexible thorax to transduce pressure 
waves conveys a higher risk for commotio cordis (Chap. 27).

23.3  Diagnostic Tools and Their Specific Use in the Paediatric 
Athlete

There has been much of discussion on when, to which extent and if at all the young 
athlete, especially before puberty, should be screened before participating in com-
petitive sports. However, even if the tragic event of sudden cardiac death is rare, 
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many inherited diseases can be suspected, defined or excluded by experienced pae-
diatric cardiologists. One of the most important and less expensive diagnostic tools 
are family and the personal medical history and physical examination. The AEPC 
working group Sports Cardiology, Physical Activity and Prevention stresses this 
point in its recommendations [22].

23.3.1  Medical History

• Number and extent of weekly training and the beginning of the career as an ath-
lete in order to interpret ECG findings, echocardiography and exercise test.

• Recent infections (myocarditis risk) to give advice on training intensity and vol-
ume. In general, infections with pyrexia should mandate a break, whereas in 
simple upper airway infections without severe clinical signs, light endurance 
training can be continued [23, 24].

• Nutritional aspects: athlete’s anorexia is common especially in gymnastics 
with a female predominance [25]. Moreover, nutritional supplements can 
show many side effects, like adrenergic overstimulation with the risk of life 
threatening arrhythmias in energy drinks [26] or the risk of liver adenoma in 
steroids [27].

• Symptoms of palpitations, exercise dependent respiratory symptoms, dizziness 
and syncope should be evaluated.

• Medication use needs to be determined, as some medicaments are listed 
(“Cologne List”) equivalent to doping, and some can cause side effects.

• Vaccination status should be documented, and recent vaccinations might influ-
ence training recommendations.

23.3.2  Family History

• Cardiovascular disease (either congenital or acquired) and risk factors (dyslipid-
emia, hypertension, diabetes) as well as sudden cardiac death.

• Assessment for syndromes, many are associated with cardiac disease (e.g. signs 
of connective tissue disease, Marfan syndrome, Williams syndrome, Turner syn-
drome). This is particularly important when assessing Paralympic athletes.

23.3.3  Physical Examination

• Full cardiac examination including pulses in hand and feet (cave: coarctation).
• Assessment for signs of cardiac disease and cardiac compromise.
• Assessment for syndromes.
• Blood pressure measurement. Elevated isolated systolic blood pressure is often 

found during physical examination of young athletic men and has to be followed 
up closely after ruling out arterial hypertension by ambulatory blood pressure 
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monitoring. Central blood pressure should be estimated using an oscillometric or 
tonometric device: in case it’s normal, there is no need for antihypertensive treat-
ment [28]. Exclude aortic pathology (e.g coarctation).

23.3.4  12-Lead ECG

The minimum of pre-participation screening besides a proper history and physical 
examination includes a resting ECG. The interpretation follows routine age- and 
height-dependent reference values [29] with respect to heart rate, time intervals, 
heart axis, negative precordial T waves, and signs of hypertrophy. At present, ECG 
interpretation is based on the international criteria for athlete’s ECG [30] (Chap. 8). 
They have reasonable accuracy in the paediatric athletes [31], but it has to be taken 
into consideration, that they are valid only from 14 years of age. Thus, in younger 
age, there is a grey zone regarding young athlete’s ECG.

23.3.5  Echocardiography

As in the interpretation of the ECG, also echocardiographic examinations should 
be in the hands of experienced paediatric cardiologists. At least once in the 
career of a young athlete, at the beginning, congenital heart disease should be 
ruled out. There is no consensus on frequency of echocardiography in this set-
ting, but there is also no clear evidence, at which time some cardiomyopathies 
start to develop. There seems to be an influence of testosterone around puberty, 
so it may be wise to echocardiographically follow up young elite athletes every 
2 years. In many cases, it might be difficult to differentiate the cardiac remodel-
ling caused especially by endurance sports from beginning pathological cardio-
myopathies. In these cases, more detailed examinations should be undertaken 
(see below).

Echocardiographic examination should not only rule out congenital heart dis-
ease; also signs of myocarditis have to be distinguished. The routine morphometric 
and functional measurements are age and length dependent [32], should hence be 
z-scored and should include:

• left and right ventricular dimensions and function (at least shortening fraction, 
diastolic Doppler and myocardial Doppler parameters like E/A and E/e’, left 
atrial and aortic root diameters, mitral and tricuspid annular plane systolic excur-
sion (MAPSE, TAPSE)).

• assessment of structural and functional adaptation to training. The developmen-
tal process (onset, duration) of structural and functional cardiac response to 
training in the young is still not completely understood, and differentiation is 
challenging between athlete’s heart and early pathological myocardial changings 
in LV non-compaction (LVNC), hypertrophic cardiomyopathy (HCM), and 
arrhythmogenic right ventricular cardiomyopathy (ARVC).
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• assessment for coronary artery anomalies. This might require cross-sectional 
imaging in some cases.

• Speckle tracking, tissue Doppler imaging and stress echo as specific methods for 
further secondary investigations and scientific research.

23.3.6  Exercise Assessment

The tools of exercise assessment of athletes are presented in detail in Chap. 11. This 
section highlights the differences in the paediatric athlete population. Exercise test-
ing in the paediatric athlete differs from that of the adult athlete, as the paediatric 
athlete demonstrates additional challenges in utilizing various exercise protocols 
and in attaining similar exercise endpoints compared to adults. They also demon-
strate a different cardiovascular response to exercise. Moreover, attaining peak per-
formance may be limited primarily by conditions such as pulmonary disease, 
arrhythmias, chest wall and spine deformities, and presence of congenital heart dis-
ease rather than by signs of myocardial ischaemia.

Exercise testing in the paediatric athlete is usually done to

 (a) document physical work capacity.
 (b) be a provocative challenge.
 (c) provide additional diagnostic information about exercise limitations to guide 

possible medical management.
 (d) allay the concerns for sports participation by parents, coaches, and physical 

education instructors over cardiac symptoms which have been fuelled by the 
tragic events of sudden cardiac death [33].

23.4  Exercise Stress ECG

The unique cardiopulmonary, vascular, and musculoskeletal variants and patholo-
gies of the paediatric athlete necessitate additional roles of exercise testing. The 
specific indication will guide the specific procedure selected. In its simplest use, 
exercise ECG interpretation of electrophysiological changes can assess such pathol-
ogies as:

• Impairment in chronotropy due to degrees of heart block and congenital heart 
disease.

• Ventricular ectopy response with increasing heart rate.
• Functional coronary insufficiency in Kawasaki’s disease or congenital coronary 

anomalies.
• Determination of ventricular repolarization in those with Long QT syndrome, 

perhaps more accurately than that calculated by sedentary 12-lead [34].
• Changes in antegrade conduction via accessory pathways in WPW [35, 36].
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• Elicitation of suspected occult arrhythmias such as catecholaminergic polymor-
phic ventricular tachycardia (CPVT) [37] or arrythmogenic right ventricular car-
diomyopathy (ARVC).

Exercise ECG interpretations can lead to risk stratification allowing clearance for 
participation, informing on the necessity of interventions before clearance, or the 
necessity of prohibiting further athletic participation.

23.5  Cardio-pulmonary Exercise Testing (CPET)

Adding in pulmonary function assessment and gas exchange, cardio-pulmonary 
exercise testing (CPET) measures allow more detailed evaluations of various parts 
of the respiratory chain [38].

• Pulmonary function assessment begins with the airways and lungs identifying 
the degree of impairment caused by
 – reactive airways disease,
 – pectus excavatum/carinatum [39], or
 – muscular dystrophy.

• Gas exchange measures can identify impairment of
 – stroke volume caused by cardiomyopathy or ventricular dysfunction,
 – pulmonary vascular disease,
 – dysfunction of the autonomic nervous system, or
 – peripheral defects in oxygen transport and oxygen utilization at the working 

muscle.

23.6  Differences in Procedure

• Body size and strength, the developmental age, and individual motivation must be 
taken into consideration when selecting the best protocol in paediatric athletes:
 – Equipment that is scalable to the size of the athlete (cycle ergometers with 

height-adjustable seats, reach-adjustable handlebars, and pedal cranks, tread-
mills with adjustable handrails).

 – Blood pressure cuffs in multiple sizes.
 – Personnel trained at working with young people, paramount to encourage 

maximal effort [33].
• Testing equipment modalities:

 – Treadmill or cycle ergometer.
 – Crank arm ergometry when handicapped or an injured lower limb [40].
 – Rowing ergometry is also feasible in paediatrics [41].

The choice of modality is based on an athlete’s discipline and comfort, familiar-
ity, safety, and the potential for reproducing signs and symptoms that occurred with 
a similar stress in the ambulatory setting.
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23.7  Differences in Outcome Variables

The outcome variables assessed by CPET are similar to those used in adults, but 
there is a different emphasis on some variables (see also Chap. 45).

23.7.1  Maximal and Submaximal Exercise Parameters

• VO2max is the “gold standard” of physical fitness in adults, but it’s difficult to 
get a paediatric athlete to achieve a true VO2max [42].
 – submaximal values are emphasized in paediatrics (e.g. peak VO2) which cor-

relate well with predicted VO2max.
 – correlation of predicted peak VO2 is improved by application of correction 

factors for weight [43].
• PWC170 measures physical work capacity at a heart rate of 170 bpm achieved 

by cycle ergometry.
• Oxygen Uptake Efficiency Slope (OUES): Newer concepts have been devel-

oped to better assess peak fitness especially in those with congenital heart dis-
ease [44–46].

• Ventilatory Anaerobic Threshold (VAT):
 – the measure of VO2 at the point during a progressive exercise test where 

anaerobic metabolism begins to supplement aerobic efforts [38, 47, 48].
 – better marker for endurance performance than VO2max in paediatrics [49].
 – highly reproducible measure that correlates strongly with peak VO2 and is 

sensitive enough to detect fitness improvements [50, 51].
 – Specificity of onset of anaerobic metabolism in children and adolescents, 

e.g. no particular point in young athletes as many mechanisms begin to 
come into play to convert over to anaerobic metabolism: two distinct venti-
latory thresholds, VAT1 and VAT2 and the midpoint between the two 
(MPVT; [52, 53]).

• Peak Oxygen Pulse:
 – Good indicator of cardiovascular function in the paediatric population.
 – Particularly useful in those with congenital heart disease and with autonomic 

dysfunction.
 – Because the oxygen pulse is derived by dividing the VO2 by the heart rate at 

any given time it’s a surrogate measure for stroke volume.
• Maximal Workload:

 – Metabolic equivalence (METS) in adults and Watts in paediatric athletes.
 – MET is a means of expressing the oxygen requirement of physical activity 

relative to an assumed resting value (1 MET = 3.5 ml/kg/min).
 – Resting energy expenditure is age- and body mass-dependent.
 – 8–12 year olds have a resting oxygen requirement per kg body weight that is 

70% higher than adults [54].
 – Corrections for body weight and fat-free mass have additional utility [55].
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• Ventilatory Efficiency:
 – Ratio of VE/VCO2.
 – Improves with age due to a relative increase in alveolar tissue making up tidal 

volume comparted to increase in dead space (mouth, trachea, bronchi). Thus, 
VD/VT falls with age [56].

 – Ventilatory efficiency slope at submaximal testing correlates with peak VO2 in 
healthy youths and in paediatric patients with pulmonary vascular disease 
[57, 58].

23.7.2  Pulmonary Function Testing

Assessment of common pathologies (asthma, vocal cord dysfunction syndrome, 
congenital heart disease surgery-related low lung volume, pectus excavatum, 
scoliosis).

Common basic parameters:

• Forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1),
• Maximum forced expiratory flow (FEFmax).
• Maximal voluntary ventilation (MVV) measured while stationary.
• Selective analysis of breath to breath tidal volume versus minute ventilation dur-

ing exertion which further defines the extent of pulmonary limitations in patients 
with lung disease [59].

23.8  Direct Cardiac Assessment During Exercise Stress by 
Cardiac Imaging

In the paediatric athlete, stress echocardiography can unmask subclinical ventricu-
lar dysfunction and valvar stenosis or regurgitation which may not be apparent at 
rest. Although large scale normative data during exercise stress have not been estab-
lished, less load dependent parameters, such as myocardial deformation (strain) and 
Tissue Doppler imaging can provide information on force-frequency relationship 
and myocardial contractility reserve during exercise stress, and paediatric norma-
tive data exist [60, 61]. Exercise stress is superior to dobutamine stress in the assess-
ment of the athlete as it assesses ventricular function in relation to other physiological 
exercise adaptations and can be combined with cardiopulmonary exercise testing. 
Dobutamine stress echocardiography can have a role in assessing morphological 
and functional coronary artery problems.

Indications for exercise stress echocardiography assessing:

• systolic and diastolic function (strain, PW TDI, inflow PW).
• valve function (PW inflow and outflow gradients).
• myocardial exercise reserve (increase in strain, PW TDI, EF).
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• wall motion abnormalities in cardiomyopathies and Kawasaki disease (qualita-
tive, strain, TDI).

• interventricular coupling and dyssynchrony assessment (TDI, strain).

Exercise stress cardiac magnetic resonance (CMR) imaging has recently been 
introduced in the assessment of athletes and is superior to exercise stress echo in 
assessing cardiac volumes and wall motion abnormalities [62]. While stress CMR 
using pharmacological agents is standard in adult ischaemic heart disease it does 
not have a main stream diagnostic role in the paediatric athlete; however, it is 
becoming a useful secondary investigation in pediatrics [63].

23.8.1  Cardiac Magnetic Resonance (CMR) and Computed 
Tomography (CT)

CMR allows window-independent imaging, accurate delineation of detailed anat-
omy including 3-D reconstruction, and tissue characterization and is the gold stan-
dard in ventricular and regurgitant volume quantification.

Use of CMR in:

• Ventricles: RV and LV volumes, myocardial mass, myocardial scar (which may 
act as a surrogate for arrhythmia risk).

• Valves and prosthetic material: regurgitation fraction, visualization of prosthetic 
materials (conduits).

• Myocardial pathologies including fibrosis (HCM, LVNC, ARVC) using 
contrast.

• Detailed morphological studies (e.g. pulmonary veins, coronary arteries).
• Size and gender specific paediatric centiles are available for both echocardio-

graphic measurements and cardiac MRI [64–66].

Cardiac CT is the imaging modality of choice in the delineation of small ana-
tomical structures such as coronary arteries and collateral arteries and for imaging 
parenchymal lung pathology. The main disadvantage of CT is lower temporal reso-
lution and radiation, however modern techniques have reduced the exposure to 
radiation.

23.8.2  Mobile Monitoring

While standard functional laboratory tests (exercise stress ECG, CPET, exercise 
imaging) should always be included in the secondary assessment of the paediatric 
athlete, mobile monitoring is increasingly becoming a diagnostic tool of choice in 
certain conditions. Advantages are its use in the athlete specific and chosen training 
environment, portability and prolonged monitoring during exercise with potentially 
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higher pick up rates of pathology (e.g. arrhythmias). Cableless mobile and app 
based devices are available for clinical use in children, and early data on feasibility 
and diagnostic value are encouraging [67].

Indications are:

 (a) Cardiac symptoms during exercise,
 (b) On-field cableless monitoring during training and competition,
 (c) Paroxysmal symptoms of palpitations, dizziness and syncope,
 (d) Post-intervention (e.g. arrhythmia ablation) monitoring,
 (e) Risk stratification in pathologies (e.g. cardiomyopathies, congenital heart 

disease),
 (f) Continuous monitoring of up to a week.

23.9  Common Cardiac Problems, Their Diagnoses 
and Treatment in the Paediatric Athlete

Congenital heart disease in the paediatric athlete population is discussed in Chap. 
22 and will not be discussed here in detail. Activity recommendations for patients 
with congenital heart disease should be followed [68].

23.9.1  Cardiomyopathies

The main differential diagnoses of athlete’s heart also in the paediatric athlete are 
HCM, LVNC and AVC. Echocardiography is the primary imaging tool but does not 
have optimal sensitivity and specificity in detecting inherited myocardial disease, 
and young adolescents often have minimal symptoms. CMR is of high value as 
secondary imaging tool in assessing the presence of cardiomyopathy. CMR is par-
ticularly useful in the context of 12-lead ECG T-wave changes that may reflect an 
ethnically-related variant or mild hypertrophy that seems disproportionate to the 
level of exercise participation. The presence of late gadolinium enhancement or 
diastolic dysfunction support the presence of underlying cardiomyopathy, but 
absence does not exclude it. In the paediatric athlete the developing nature of car-
diomyopathies means that a single point assessment does not exclude subsequent 
manifestation of a genotype positive, phenotype negative inherited cardiomyopathy. 
Serial annual evaluation is paramount. Index case and family cascade genotyping in 
paediatric cardiomyopathies should be performed when clinically indicated. 
However, age of independent—and legal—capacity to consent to genetic testing is 
debated and a close collaboration with a geneticist and genetic counsellor is recom-
mended. No specific paediatric guidelines for paediatric cardiomyopathy genetic 
testing exist, but there is emerging evidence, that genotyping can help in risk strati-
fication (reviewed in [69]).
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• Hypertrophic cardiomyopathy

Diagnosis of HCM in the paediatric athlete population remains a challenge as the 
majority of cases remain phenotypically dormant during childhood.

 – Family history is central.
 – First line 12-lead ECG screening should follow the international criteria; their 

accuracy in paediatric athletes has recently been assessed [31], and subsequent 
assessment for suspected HCM should follow ESC and AHA guidelines.

 – Echocardiography and CMR are the imaging tools of choice.
LV hypertrophy should be categorised as abnormal if the LV end-diastolic wall 
thickness z-score is >2. A diagnostic help can be the LV end-diastolic diame-
ter, which is reduced in the majority of phenotypic paediatric HCM [70]; how-
ever, mild and developing or subclinical phenotypes in childhood and 
adolescence are common.
As in adults, abnormal echocardiographic diastolic tissue Doppler parameters 
or myocardial systolic strain can be first indicators of an evolving phenotype 
[70].

 – The use of de-training in the paediatric athlete population to ascertain a diagnosis 
of HCM has not been sufficiently explored and should be used judiciously. Adult 
sports participation guidelines should be followed [71].

In athletes with suspected HCM, serial annual evaluation is paramount and 
should include ECG, echocardiogram, exercise testing and CMR.

• Arrhythmogenic Ventricular Cardiomyopathy (AVC)

Clinical diagnosis of AVC in the paediatric population is challenging and often 
delayed until late adolescence and adulthood. The disease can be concealed in 
childhood, progresses with period bursts rather than continuous progression and 
signs of disease often mimic changes seen in the healthy young athletic population 
[72]. Diagnostic criteria have evolved solely based on evidence from the affected 
adult patient population but are currently also used for paediatric ARVC patients 
with a lower sensitivity and specificity. Echocardiographic revised task force crite-
ria rarely trigger suspicion in children and adolescents as they rely on adult RV 
diameters and are less sensitive and specific in paediatric AVC [73] with recent stud-
ies suggesting that additional modalities such as 2-D strain are more sensitive in 
assessing adolescents with AVC [74].

 – CMR is the diagnostic imaging modality of choice also in children, but recent 
studies have shown that predictive parameters differ from those regarded as 
mainstay in adults [75].
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 – CPET including exercise ECG can occasionally be helpful in arrhythmia 
detection, but arrhythmic activity is highly variable in adolescent patients 
with AVC [76].

 – Enlarged cardiac diameters in paediatric athletes can mimic cardiomyopathic 
changes [77] and tools such as CMR and arrhythmia monitoring need to be 
performed.

 – In AVC, CMR findings such as fatty infiltration and fibrosis are of limited value 
in children and focus lies on ventricular function, regional wall motion abnor-
malities and z-scores of RV and LV dimensions [75].

 – As with HCM, longitudinal assessment is warranted.

Little data on the onset and incidence of LV involvement in children and adoles-
cents exist. The different phases in the natural history of classic AVC are also found 
in the paediatric disease:

 (a) “concealed”, with subtle RV structural changes, with or without ventricular 
arrhythmias.

 (b) “overt electrical disorder”, with symptomatic life-threatening ventricular 
arrhythmias associated with obvious RV morpho-functional abnormalities.

 (c) “RV failure”, due to progression and extension of RV disease.
 (d) “biventricular failure”, caused also by pronounced LV disease [78].

AVC in childhood is less common than in the adult population, it is however 
important to realise that adult modified task force criteria [79] diagnostic tools are 
less sensitive and specific in paediatric AVC [74] and this remains true when dif-
ferentiating athletic adaption (e.g. RV dilatation) from AVC in the paediatric athlete. 
As for adult athletes with AVC, competition guidelines from ESC and AHA should 
be followed and paediatric athletes with definite, borderline or even possible diag-
nosis of AVC are restricted from most competitive sports with the possible excep-
tion of low-intensity class IA sports. In athletes monitored for suspicion of AVC, 
serial annual evaluation is paramount and should include ECG, echocardiogram, 
exercise testing and CMR.

• Left-ventricular non-compaction cardiomyopathy (LVNC)

LVNC in childhood is very heterogeneous and often presents with an undulat-
ing phenotype of mild but also severe forms [80]. Left ventricular hypertrabecu-
lation is not uncommon in the healthy adult athlete [81] population. No 
comparable data exist for the childhood athlete, and a differentiation between 
physiologically pronounced trabeculation and LVNC disease in this age group is 
a challenge as accuracy of adult LVNC diagnostic criteria have not been evalu-
ated in children.
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 – Suspicion of LVNC on echocardiography in the paediatric athlete needs to lead 
to careful further assessment by CMR and rhythm monitoring.

 – Mild hypertrabeculation in the setting of normal function, without CMR features 
such as wall motion abnormalities or fibrosis, and without evidence of rhythm abnor-
malities can be regarded as a normal phenomenon, but serial monitoring is advised.

 – Advanced echocardiographic imaging tools such as strain can help detect disease 
[82].

23.9.2  Arrhythmia Syndromes

Hereditary primary electrical disorders may account for up to 30% of all SCD 
between the ages of 5 and 35 years [83]. Details of these syndromes are provided in 
separate chapters. The following are details specific to the paediatric population. 
They include the following.

• Congenital Long QT Syndrome (LQTS)
 – Although most patients remain asymptomatic throughout life, up to 13% may 

experience SCD and 36% may experience syncope before the age of 40 years 
if untreated.

 – The mean age at the time of the first symptom is around 14 years of age.
 – Participation in competitive sports should follow adult guidelines [84].
 – Genetic testing is recommended in all patients with diagnosis of LQTS [85, 

86].
• Short QT Syndrome

 – Presenting as cardiac arrest resulting in either SCD or aborted SCD, often at 
a young age, in 34% and a family history of SCD in 15% of those who have 
it. Up to 60% experience syncope [87–89].

 – A benign variety of the disease has been observed in children with atrial fibril-
lation and a KCNH2 mutation [90].

 – AHA/ACC and ESC guideline recommendations are discussed in Chap. 20 
[84].

• Early Repolarization Syndrome (ERS)
 – Distinct from the entity of a short QT syndrome.
 – Heterogeneous group of specific QRS-T junction patterns that are commonly 

found on the electrocardiograms of young healthy subjects. ERS is defined as 
>1 mm of J-point elevation in any two contiguous ECG leads, with the excep-
tion of the right precordial leads (V1-V3).

 – May be associated with an increased risk of sudden cardiac death and there 
may be some overlap in pathophysiology with the Brugada syndrome (see 
below).

 – Diagnosis can be made when the ECG features of ERS are present in an indi-
vidual with a history of idiopathic VF or polymorphic ventricular 
tachycardia.

 – Therapy for ERS has been proposed along the lines of that for CPVT [91].
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• Brugada Syndrome (BrS)
 – May be responsible for 4 to 12% of all SCD [92, 93] and may be has high as 

20% of sudden unexplained deaths in infancy and young childhood [94, 95].
 – Strong male predominance with one series being 70% male [96]. A more 

recent study found a higher frequency of females in the paediatric population 
[97].

 – In the Asian population, the male to female ratio is nine-fold higher than in 
Caucasian populations.

 – Although not often identified until the third to fourth decade of life, identifica-
tion in the paediatric population is common particularly when investigating 
family cohorts.

 – When found in those under 20 years of age, BrS is drug-induced rather than 
spontaneous in 2/third of cases.

 – Of those cases occurring spontaneously, most are found on family screening 
(63%) or as an incidental finding (12%) [98].

 – Often asymptomatic and may remain so, particularly below the age of 
20 years.

 – Syncope or sudden cardiac death or aborted death due to a ventricular arrhyth-
mia may happen in up to 42% of those above 20 years of age who are diag-
nosed [99] while syncope occurs in 14%, aborted sudden death in 6% of those 
under 20 [98].

 – For the most common type, SCN5A defect, symptoms usually occur when 
sleeping.

 – About 6% of arrhythmic events occur while febrile with disproportionally 
higher rates at younger ages, as well as disproportionally higher rates in males 
and Caucasians [100].

 – Primary prophylaxis is essential with strict antipyresis and even sometimes 
hospitalization during febrile illnesses, as well as avoidance of contraindi-
cated medications and alcohol.

 – Adult AHA/ACC and ESC sports participation guidelines should be followed 
[84].

 – Quinidine or hydroquinidine are often used to treat asymptomatic children 
and these have been found to normalize ECGs, and suppress electric storm 
and recurrent VF [101, 102]. Mexiletine and beta-blockers are sometimes 
employed as well.

 – Symptomatic paediatric patients nearly uniformly are recommended for 
implantable cardioverter defibrillators (ICDs). The rate of inappropriate shock 
at all ages is high, and children have additional complications of ICDs [103].

• Catecholaminergic Polymorphic Ventricular Tachycardia (CVPT):
 – Presents with the mean age of onset of symptoms and that of diagnosis at 

about 8 and 10.5 years of age, respectively [104].
 – May cause syncope, convulsions, and sudden death during physical activity or 

emotional distress, although in about 25% of patients under 20  years life- 
threatening events occurred during normal wakeful activities [105].
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 – 18% of patients and 36% of positive first degree relatives had life-threatening 
symptoms including syncope, aborted SCD or SCD [106].

 – Up to 80% will experience arrhythmia and 30% will succumb to SCD [107].
 – Regardless of expediency of other therapies, lifestyle modifications should be 

pursued immediately.
 – AHA/ACC and ESC guideline recommendations are discussed in Chap. 20 

[84].

23.9.3  Supraventricular Arrhythmias

Children with structurally normal hearts have the same mechanisms of arrhythmias 
than those found in adults but with great differences in prevalence. Accessory path-
ways, atrial foci, and dual AV nodal physiology represent the vast majority of pae-
diatric supraventricular arrhythmias. Arrhythmias in structural heart disease may be 
due to the disease or may result from chronic hemodynamic stress or from the surgi-
cal intervention [108].

• Prevalence of supraventricular arrhythmias of 2.25 per 1000 persons with an 
annual incidence of those being diagnosed under 19  years of age of 13 per 
100,000.

• Atrioventricular re-entrant tachycardia (AVRT; see below) is by far the most 
common in the paediatric age group, with 55 to 60% of those with an accessory 
pathway who undergo EP study manifesting some degree of ventricular pre- 
excitation consistent with Wolff-Parkinson-White Syndrome (WPW) [109].

• Atrio-fascicular accessory pathways (AFP via Mahaim fibers) and permanent 
junctional reciprocating tachycardia represent a small proportion of AVRT.

• Atrioventricular nodal re-entrant tachycardia (AVNRT) whereby two distinct 
pathways exist within the Triangle of Koch (dual AV node pathophysiology) 
accounts for 17% of children going to EP study.

• Ectopic atrial tachycardia accounts for 4 to 6% in this group.
• Atrial flutter and de novo atrial fibrillation are rare in children.
• Atrial fibrillation as a consequence of a degeneration from an activated accessory 

pathway is more frequent. However, sudden cardiac death from pre-excitation 
remains uncommon [110].

• Atrioventricular Reentrant Tachycardia (AVRT)
 – Caused by anomalous and accessory AV connections made of muscle bundles 

breaching the separation of atria from ventricles at any point across the AV 
junction which can be present in both structurally normal hearts and in those 
with congenital malformations.

 – The presence of these pathways allows for a circus rhythm to occur usually in 
an antegrade fashion down the normal AV node and back up through the 
accessory pathway.

 – Those without pre-excitation may have a normal baseline ECG but a history 
of paroxysmal tachycardia. The abnormal rhythm can only be detected by 
capturing an event with event recorder or by EP study.
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 – For those with pre-excitation, the accessory pathway is inferred from the 
baseline ECG with the presence of a short PR interval made short by the onset 
of delta waves. Identification of the location of the pathway is further inferred 
from the direction of the deflection of the delta waves across the 12 leads. 
Such an ECG pattern is found in 0.15 to 0.25% of the population and about 
one third of these people go on to develop an arrhythmia during a 10-year 
follow-up [108, 111].

• Wolff-Parkinson-White Syndrome
 – The lifetime incidence of SCD from WPW is estimated to be 3–4%. Especially 

in the paediatric population, VF and SCD can be the first arrhythmic event 
[112, 113].

 – Regardless of expediency of other therapies, lifestyle modifications should be 
pursued immediately. Certainly, vagal maneuvers should be taught right away 
and a medication plan considered. Of those who are symptomatic (in other 
words, have Wolff-Parkinson-White syndrome), the evaluation and recom-
mendations are more clear-cut and involve catheter ablation.

 – For those that are asymptomatic, the evaluation and treatment remain some-
what controversial.

 – AHA/ACC and ESC guideline recommendations are discussed in  
Chap. 20 [84].

23.9.4  Acquired Arrhythmias

• Atrial Tachycardias
There is some evidence that young athletes are at increased risk of developing 
atrial fibrillation (AF) and flutter (AFL) and perhaps even atrial ectopic tachycar-
dia (AT) [114–116]. Athletes may be particularly prone because of a particularly 
high vagal tone, as well as remodelling of the atria including changes in size, 
pressure, and function. Indeed, atrial function in terms of left and right atrial 
longitudinal strain may have the strongest relationship with the early onset of AF 
compared with any other factor involved in atrial remodelling. Increased myo-
cardial inflammation and fibrosis as well as an increased presence of sympathetic 
tone, alterations in thyroid function, and use of performance-enhancing or stimu-
latory substances may also contribute [84, 117]. More recent evidence attributes 
some cause to a disorder in myocardial energy metabolism [118].
 – In elite athletes under age 25 with some sort of arrhythmia, 9% were found to 

have AF—all being male.
 – AF was the cause of long-lasting palpitations in 40% of these athletes.
 – Nearly half of those with AF have underlying substrate; WPW, arrhythmo-

genic cardiomyopathy (AC), and post-myocarditis. The other half are consid-
ered idiopathic [115].

 – AHA/ACC and ESC guidelines recommendations are discussed in  
Chap. 18 [84].

 – Athletes identified with atrial ectopic tachycardia are advised to follow the 
same recommendations as those with re-entrant tachycardia [84].
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• Heart Block:
First- and second-degree heart block is diagnosed and managed similar to that in 
the adult population. There are certain aspects of third-degree heart block that are 
unique in the paediatric population.
Congenital Complete Heart Block (CCHB)
 – often occurs from exposure to maternal SSA and SSB antibodies in mothers 

with Sjogren’s syndrome or Lupus.
 – Patients with CCHB as part of congenitally corrected transposition (L-TGA) 

are at high risk for degenerating into a life-threatening arrhythmia and 
should probably be managed as those with acquired complete heart block 
[119, 120].

 – AHA/ACC and ESC guideline recommendations are discussed in  
Chap. 22 [84].

Acquired complete heart block (ACHB)
 – can be a complication of heart surgery or, on occasion, of myocarditis [121] 

or rarely spontaneously [122].
Athletes with ACHB and those with CCHB associated with L-transposition of 
the great vessels should have a permanent pacemaker placed regardless of symp-
toms, type of structural heart disease, and exercise capacity unless the heart 
block is attributable to completely reversible causes and resolves completely 
such as might occur following resolution of myocarditis.

• Acquired Ventricular Arrhythmias
For the most part, the epidemiology, pathophysiology, diagnosis and manage-
ment of these are similar to that in the adult athlete population. AHA/ACC and 
ESC guidelines for management of athletes with ventricular arrhythmias are dis-
cussed in Chap. 17 [84].
Premature Ventricular Complexes (PVCs)
 – Most commonly benign.
 – Requires evaluation to determine their nature. By various methods, they 

should be assessed for:
frequency.
suppression with increasing heart rate—usually under the effect of exer-
cise testing.
whether they are monomorphic or polymorphic.
occur in singlets or having episodes of non-sustained VT.
occur in isolation or in the presence of more concerning cardiac pathology.

Non-sustained Ventricular Tachycardia (NSVT)
 – Short runs defined as >3 consecutive PVCs up to a maximum duration of 30 s or 

continued rhythm that does not provoke cardiovascular collapse, may be benign.
 – Their presence should be more concerning for underlying heart disease than 

single PVCs [123].
 – Evaluation for NSVT should be the same as that for PVCs.

Sustained monomorphic Ventricular Tachycardia (SMVT)
 – may be a benign arrhythmia in the paediatric population, in particular as a 

benign right ventricular outflow tract tachycardia, but its presence should be 
more concerning for underlying heart disease as well as e.g. ARVC.

 – workup is similar to that of PVCs and NSVT but must be particularly thor-
ough so as to not miss underlying developing disease.
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Sustained Polymorphic VT, Ventricular Flutter, and Ventricular Fibrillation
 – Are never benign in the paediatric population.
 – These patient/athletes require a full evaluation and generally receive an 

implantable cardioverter-defibrillator except perhaps in the setting of tran-
sient inflammatory or electrolyte disorder.

23.10  Care of the Paediatric Athlete in the Future

As sports academies undergo increasing professional development, it is imperative 
to show more diligence to safeguard the development of the paediatric athlete. 
Whilst the significant progress achieved in adult sports cardiology can guide assess-
ment guidelines and protocols in paediatric sports cardiology, adult normative data 
and current cardiac pre-participation guidelines cannot be unequivocally applied to 
the paediatric heart. Future research focusing on the development of gender, growth 
and age specific normative 12-lead ECG and echocardiographic criteria, will 
advance paediatric screening and assessment protocols; increasing diagnostic accu-
racy. At present, too few paediatricians and paediatric cardiologists are sufficiently 
trained to provide expert opinion [124] and training pathways and a stronger engage-
ment of paediatric and sports governing bodies are needed to improve this. 
Consequently, an approach requiring synergy between paediatric and sports cardi-
ologists, exercise physiologists, policy makers and sports organisations is required 
to develop paediatric cardiac monitoring tools and protocols, eventually working 
towards a child athlete centered specialty (paediatric sports cardiology) that matches 
the sports professionalism of the current and future paediatric athlete.

Clinical Pearls
• No specific paediatric guidelines exist, but current screening guidelines include 

athletes from 12 to 14 years onwards, they should be followed.
• Normal ECG parameters change during growth and somatic maturation and with 

ethnicity.
• Athletic cardiac changes can mimick but also mask underlying heart disease also 

in paediatric athletes.
• Teenage onset of cardiomyopathies (HCM, ARVC, LVNC) is less common, but 

present.
• Growth and maturation change echocardiographic parameters and need to be 

accounted for by using z-scores and also pubertal assessment.
• Growth and maturation require serial cardiac assessments, particularly during 

puberty.
• Dynamic and mobile assessment during exercise is warranted in the diagnostic 

assessment of suspected pathology.
• Pathological arrhythmias are less often acquired, compared to adults, but more 

commonly symptoms of an underlying general myocardial disease or arrhythmia 
syndrome and diagnostic assessment should be meticulous.
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• No specific paediatric participation guidelines exist and adult guidelines should 
be followed, taking into account specifics of age, maturational stage and natural 
history (time of onset) of myocardial disease and arrhythmia syndromes.

• Close collaboration between paediatricians, sports and paediatric cardiologists, 
sports physicians and coaching staff is required to provide optimal care.

 Review

 Questions

 1. Do paediatric athletes between 12 and 16 years of age show significant training 
related cardiac adaptations?

 2. Can adult cardiac screening and diagnostic criteria and guidelines be applied to 
paediatric athletes?

 3. Do paediatric athletes are at risk of developing the same arrhythmias as adult 
athletes?

 Answers

 1. Recent professionalisation of athletic training in academies has led to training 
intensity and volumes that can lead to cardiac changes in chamber size and ven-
tricular wall thickness and are also visible in the 12-lead ECG as recently shown 
in a meta-analysis. As in adults, ethnicity specific changes are detectable, and the 
sports cardiologist needs to be aware of these [125].

 2. No specific cardiac screening guidelines exist, the available recommendations 
are modelled on adult guidelines [22]. The latest adult athlete ECG screening 
guidelines (International Criteria) have been evaluated in athletes younger than 
16 years of age and found to have moderate accuracy and should be used [31].

 3. The incidence and types of arrhythmias in paediatric athletes differ slightly from 
those found in adult athletes. Accessory pathways such as WPW are most com-
mon, congenital heart blocks of varying degrees are more often observed. 
Importantly, as in adults, cardiac arrest can be the first presentation of a ventricu-
lar arrhythmia or a myocardial disease, malignant arrhythmias such as CPVT 
often present in teenage years, and early diagnosis of ventricular arrhythmias and 
arrhythmogenic cardiomyopathies remains a particular challenge in paediatric 
athletes. Atrial fibrillation and flutter are very rare.
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Learning Objectives
 1. Cardiac adaptation in (elite) female athletes.
 2. The female hormonal system and exercise.
 3. Incidence and causes of sudden cardiac death in female athletes.
 4. Pregnancy and exercise (adaptation of the cardiovascular system, safe and unsafe 

physical activities during pregnancy, exercise and pregnancy in elite athletes)
 5. Pre-participation screening in female athletes.

24.1  Introduction

Females participating in athletic activities have gained an enormous popularity in 
recent years. Many women nowadays even participate in typical masculine sports 
such as boxing, martial arts, soccer and rugby, and the female athletes do not shun 
to participate in competitive, elite sports or in master athletic activities.

• Women were allowed to participate for the first time during the IXth modern 
Olympic Games in Amsterdam (1928), but only in track & field.

• Since the XXXth Olympic Games in London (2012) women and males equally 
participate in all types of sports.
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• However, even today the financial rewards in commercial sports like soccer, ten-
nis, cycling and golf are lower for female elite athletes compared with male 
athletes.

Female athletes differ from their male counterparts in several aspects, such as in

 1. Anthropometry,
 2. The hormonal system,
 3. Physiology, and
 4. Psychology.

Female athletes tend to have a smaller body size and a lower lean body mass, but 
a higher body fat-percentage (usually between 20 and 25%). Female athletes have 
a smaller heart muscle mass, skeletal muscle mass and a lower endurance capac-
ity. Peak oxygen uptake in male athletes is higher, because of a higher cardiac 
output and higher amounts of hemoglobin transporting oxygen to the muscles. In 
addition, female athletes have a lower amount of circulation androgens. 
Furthermore, during the menstrual period loss of blood induces a reduction of 
hemoglobin transporting oxygen, thereby reducing the physical performance and 
recovery after exercise. Therefore, the male muscular system can perform better 
during exercise, and female athletes are less capable in power sports and endur-
ance sports.

In this chapter the sports cardiology issues relevant to female athletes, e.g. physi-
ologic cardiac adaptation, screening for eligibility to participate in exercise, and 
exercise during pregnancy are discussed. However, despite the increasing popular-
ity of females participating in sports and the clinical relevance of gender differ-
ences, a surprisingly low number of sports cardiology studies have been conducted 
on female athletes so far.

24.2  Cardiac Adaptation in (Elite) Female Athletes

Cardiac adaptation to exercise in athletes is regulated by the neurovegetative sys-
tem (NVS). The NVS regulates the autonomic nervous system (ANS) and the hor-
monal system. Cardiac adaptation, classified as electrical changes (or 
electrophysiological remodeling) and structural changes (or morphologic remodel-
ing), induces cardiac functional changes to increase the cardiac output and the 
maximal oxygen transport (VO2max) required for an optimal physical perfor-
mance. The determinants of cardiac adaptation in athletes are the type and intensity 
of sports, gender, age, body size, ethnicity, use of prohibited or illicit drugs, and the 
existence of inherited or congenital cardiovascular conditions [1]. Female athletes, 
like male athletes, are capable of exercise-induced electrical and morphologic car-
diac changes compared to sedentary controls. However, the cardiac changes differ 
between female and male athletes.
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24.2.1  Electrical Cardiac Changes

• The electrical cardiac changes in female athletes differ from their male counter-
parts. Gender differences are related to the influence of sex hormones on cardiac 
repolarization and the underlying transmembrane currents. An athlete’s ECG 
reflects vagotonia and the increased dimensions of the cavities and wall sizes of 
the four cardiac compartments.

• Bjornstad and Storstein et al. found significantly lower heart rates (64 bpm) and 
voltage criteria for right and left ventricular hypertrophy including taller 
T-waves among female athletes (n = 542) compared with female sedentary con-
trols [2, 3].

• In a study on computerized ECG measurements in college athletes, Gademan 
et al. found that the type of sports affected the heart rate, the QRS duration (gym-
nastics 82 ms, volleyball 95 ms), the QRS axis (basketball vertical axis, golf left 
axis), and the T-wave amplitude, that was highest in female cross-country skiers 
(0.80 mV) [4]. Among male athletes this electrical cardiac adaptation was more 
pronounced, but expressed itself in other ECG findings, which is probably attrib-
uted to a higher androgenic hormone level inducing more extensive training- 
related cardiac remodeling in male athletes.

• In contrast to male athletes, the morphologic cardiac changes among female ath-
letes involve the atria and in few cases the ventricles (see Sect. 24.2.2). Therefore, 
voltage criteria of ventricular hypertrophy are rarely seen on the ECG.

24.2.1.1  Female Hormones and the ECG
In 1920 Bazett et al. described that the QTc-interval in females was longer compared 
with males. At birth, the QTc-intervals of both genders are very similar [5]. During the 
adolescence or young adult period the sex hormones become increasingly active. In 
males, the testosterone level is high and decreases slowly during adulthood until the age 
of 50 years. During the adolescent period the QTc-interval in males becomes shorter 
compared with females (1–20 ms) until it normalizes once the testosterone levels have 
decreased [6]. The normal QTc values in athletes, described by the International recom-
mendations, are <480 ms for female athletes and <470 ms for male athletes [7].

• Estrogen affects the action potential at different levels. Estrogen reaches a high 
level during the follicular phase. Estrogen prolongs the QTc-interval by reducing 
the ‘repolarization reserve’. The concept of the ‘repolarization reserve’ hypoth-
esizes that impairment of a transmembrane ion channel induces other repolariz-
ing currents to take over and compensate. Therefore, excessive repolarization 
changes and, consequently, QTc-prolongation inducing Torsade de Pointes 
(TdP) arrhythmia do not occur [8]. Therefore, females are more susceptible for 
drug-induced TdP arrhythmias than males [8].

• Progesterone reaches high levels during the luteal phase (after the ovulation). 
Progesterone reduces the L-type inward calcium current (ICaL) in the plateau 
phase 2 of the electrical repolarization (Fig.  24.1). The plateau voltage is 
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shifted towards more positive values that may result in enhanced activation of 
outward potassium currents (IKr and IKs), shortening the repolarization dura-
tion [8, 9].

• Estrogen can oppose the effect of progesterone. Estrogen reduces the rapid 
delayed rectifier potassium current (IKr), thereby increasing after- depolarizations 
(Fig. 24.1) [8, 9].

In competitive athletes the ‘repolarization reserve’ can be impaired when an 
unknown cardiovascular condition (e.g. cardiomyopathy) is present or when illicit 
substances or drug abuse superimpose on the repolarizing currents inducing lethal 
cardiac arrhythmias [8].

24.2.1.2  Ethnical Differences
• Rawlins et  al. found in a combined British-French study, that African/Afro- 

Caribbean female athletes show a longer PR interval (162 ± 25), a shorter QRS 
duration (84 ± 10 ms), a higher prevalence of ST- segment elevation (14%), and 
a higher prevalence of T-wave inversion (11%) compared with Caucasian female 
athletes (149 ± 23 ms, 87 ± 1 ms, 2% and 1%, respectively) [10].
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Fig. 24.1 The influence of the electrical current on the different phases of the action potential (see 
text for more details)
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• There was little difference between both ethnicities regarding the QRS-axis and 
the QTc-interval duration, and the prevalence of incomplete right bundle branch 
(iRBBB) [10].

• Voltage criteria for left ventricular hypertrophy (LVH) and for right and left atrial 
enlargement (RAE/LAE) also differed little among both ethnicities (Afro- 
Caribbeans 8%, 5%,!3% and Caucasians 12%, 4% and 10%, respectively) [10].

Table 24.1 summarizes electrical cardiac changes in female athletes.

24.2.2  Morphologic Cardiac Changes

Structural cardiac changes are less pronounced in female athletes compared with 
male athletes. Power sports induce an increase in left ventricular wall thickness, as 
in men, while high dynamic sports commonly induce an increase in LV cavity size. 
Both types of training induce an increase in LV mass [11]. However, the cardiac 
dimensions in female athletes mostly are within the normal limits described for the 
general population. Echocardiography in female athletes:

• The end-diastolic left ventricular cavity size (LVEDD) in elite female athletes 
(12–49 years of age) rarely exceeded the normal limits of 54 mm (8%), and the 
wall thickness of the left ventricle (LVWT) seldom exceeded 11  mm [10, 
12–14].

• Compared with sedentary controls, the LVEDD and LVWT are larger in female 
athletes (LVEDD 49 ± 4 mm, LVWT 8.2 ± 0.9 mm; sedentary controls 46 ± 3 mm 
and 7.2 ± 0.6 mm) [10, 12–14].

• For African/Afro-Caribbean female athletes a LVWT of 12–13 mm was found 
among 3% [10].

• The systolic deformation parameters of the left ventricle in female power sports 
and endurance sports participants are within normal limits, with a slightly 
reduced global longitudinal and circumferential strain in endurance sport [11].

• Similar to the left ventricle, female athletes demonstrate an increased dimen-
sion of the right ventricular cavity, measured in the short axis view, exceed-
ing the normal limits in 40% (RVOT diameter  >28  mm, 24% of them 
>51 mm) [15].

Table 24.1 Electrical cardiac adaptations in female athletes [2, 4, 7, 10]

Caucasian African/Afro-Caribbean
Heart rate, bpm <64
PR interval, ms 149 ± 23 162 ± 25
QRS duration, ms 87 ± 10 84 ± 10
QRS axis Vertical left
ST-segment elevation, prevalence in % 2 14
T-wave amplitude, mV <0.80
T-wave inversions, prevalence in % 1 11
QTc-interval, ms <480 <480
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The challenge remains to distinguish pathology from physiologic cardiac adapta-
tion. With cardiac imaging the dimensions of the LVEDD were consistent with 
those observed in dilated cardiomyopathy (DCM) in 1% of the female athletes (14% 
in male athletes). However, in no case imaging revealed an abnormal thickening of 
the LV wall suggesting potential hypertrophic cardiomyopathy (HCM) (2% in 
Caucasian males, 13% in African/Afro-Caribbean males) [13, 16]. Interestingly, it 
seems that female endurance athletes develop a more eccentric type of LVH com-
pared with male athletes [17].

• In brief, an LVEDD exceeding 54 mm regardless of ethnicity, and an LVWT 
exceeding 11  mm in Caucasian female athletes or 13  mm in African/Afro- 
Caribbean female athletes raises suspicion for a pathological background [18].

Table 24.2 summarizes the upper limits of normal morphologic cardiac changes 
in female athletes.

24.3  Sudden Cardiac Death in Female Athletes

Exercise-related sudden cardiac arrest/death (SCA/SCD) is a tragic but very rare 
event among athletes (see also Chap. 6).

• The annual incidence rate ranges between 0.6 to 2.85 per 100,000 young athletes 
(age 12–35 years) [19–28].

• In master athletes (>35 years) the incidence is higher (2–6.7 per 100,000) and is 
expected to increase with age [26–28].

• Over 90% of all exercise-related SCA/SCD occur among recreational athletes 
[29, 30].

• Female athletes tend to have a significantly lower risk of SCA/SCD than men. 
The female-male ratio among young athletes is 1.5:8.5 (<35 years), and among 
master athletes 0.5:9.5 [20, 22, 24, 30].

• This lower risk among female athletes can be attributed to an increased preva-
lence and phenotypic expression of high-risk cardiovascular conditions in males, 
such as inherited cardiomyopathy, electrical disease and coronary artery disease, 
that are probably induced by high levels of androgen [18, 21, 22, 31].

Table 24.2 Morphologic cardiac adaptation in female athletes, transthoracic echocardiographic 
upper limits of normal (adapted from data presented in [10–18])

Caucasian African/Afro-Caribbean
Adolescent
(14–18 years)

Adult
(>18 years)

Adolescent
(14–18 years)

Adult
(>18 years)

LV enddiastolic diameter, mm 54 56–60 56 56
LV wall thickness, mm 11 11 11 12–13
RV enddiastolic diameter, mm 49 49
RV outflow tract, mm 40 40

LV left ventricular, RV right ventricular
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• Moreover, more male athletes participate in popular sports showing the highest 
incidence of SCA/SCD, such as soccer and basketball [22].

• Finocchiaro et al. described that the majority (53%) of SCD cases among female 
athletes had a structurally normal heart, suggesting that an electrical disease is 
the underlying mechanism [18].

Cardiovascular conditions associated with SCA/SCD differ in young vs. master 
athletes. In young athletes there is a predominance of inherited causes, such as 
channelopathies and cardiomyopathies, and myocarditis (see also particular chap-
ters). Among master athletes, coronary artery disease and HCM are most common 
[32]. In addition, among all age groups myocarditis and blunt chest trauma prone 
for life-threatening ventricular arrhythmia are important causes of SCA/SCD.

• In brief, female athletes die very rarely during exercise. However, when SCA/
SCD occurs, an underlying electrical heart disease is the most likely cause.

24.4  Pregnancy and Exercise

As more and more women are actively involved in sports, the proportion of pregnant 
sportswomen and athletes is also rising. For a long time, pregnant women were 
advised against sports activities. It was feared that physical exertion could lead to a 
harmful competitive situation of energy resources for both mother and child [33, 34].

• In the 1960s, light physical activity during pregnancy was recommended for the 
first time. Leisure time physical activity during pregnancy has multiple obstetric 
benefits apart from the exercise benefits—there were easier birth processes, an 
improved placental development and a favorable influence on fetal development 
in sportively active women [35].

• Based on the consistent safety evidence regarding exercise during pregnancy, 
multiple nations and health care organizations, including the American College 
of Obstetrics and Gynecology (first in 2002, reaffirmed 2009 and 2015), recom-
mend moderate-intensity exercise for 20–30 min on most if not all days of the 
week (i.e., 150–180 min per week). Most of these groups additionally recom-
mend muscle- and bone-strengthening activities using major muscle groups 
twice a week as beneficial.

• Pregnant women who were rather un-athletic before their pregnancy should in 
any case be motivated to take part in regular sporting activities [36].

24.4.1  Benefits of Sports in Pregnancy

 1. maintaining fitness at a higher level;
 2. improved body control and perception, movement safety despite the growing belly;
 3. less back pain;
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 4. more balanced, less sudden mood swings;
 5. less gestational diabetes, especially in overweight women;
 6. less development of excessive gestational weight gain;
 7. easier recovery of the initial weight;
 8. risk reduction of varicose veins and thrombosis;
 9. less preeclampsia and reduced cesarean sections.

The Norwegian Mother and Child Cohort Study (MoBa) with 61,098 pregnant 
women demonstrated lower rates of preterm birth in women exercising 
3–5 times per week at 30 weeks [37].

24.4.2  Recommendations for Exercise in Pregnancy

• Women who did not exercise before pregnancy should start at low intensity (50% 
peak oxygen uptake (VO2peak)) with 10-min intervals and 10-min breaks. After 
2–4 weeks the duration (slowly up to 30–45 min) and later the intensity of the 
training program (75% VO2peak) should be increased [38].

• Clapp et al. were able to show that it is possible until delivery to carry out weight- 
bearing exercise for 20 min, 3–5 times a week at 55–65% intensity of the precon-
ceptional aerobic capacity [39, 40].

• All pregnant women should be advised to perform a light 5-min warm-up before 
exercise and to cool down after exercise (i.e., gentle walking or cycling).

• Pregnant women who habitually engage in vigorous-intensity aerobic activity or 
are highly active can continue this activity during pregnancy.

• Healthy trained pregnant women and her fetus can tolerate somewhat higher 
exercise intensities (85–90% VO2peak). However, prolonged exercise of more 
than 45 min results in an elevated core maternal and fetal temperature, represent-
ing a potential fetal risk.

• Regular medical check-ups are of crucial importance, especially in the case of high-
intensity physical exertion and in pregnant women with no sporting experience.

Pregnancy is associated with significant anatomical, hormonal, metabolic, car-
diovascular and pulmonary changes/adaptations. In women who have obstetric or 
medical co-morbidities, exercise regimens should be individualized.

24.4.3  Cautions and Concerns for Exercise During Pregnancy

For women at risk of premature birth or fetal growth retardation, exercise beyond 
the second trimester should be discouraged [41]. According to the current ESC 
Guidelines for the management of cardiovascular diseases during pregnancy, in the 
case of known significant cardiovascular diseases as well as in the case of high-risk 
pregnancies a recommendation for sport should only be given after shared consulta-
tion with gynecologists and cardiologists [42]. Table 24.3 summarizes relative and 
absolute contraindications to exercise during pregnancy [38].
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24.4.4  Changes in the Cardiovascular System During Pregnancy

Pregnancy is associated with significant anatomical, hormonal, metabolic, cardio-
vascular and pulmonary changes/adaptations. This article focuses on the cardiovas-
cular adaptions [35, 43–46].

• Physiological adaptations of the cardiovascular system begin in the fifth week of 
pregnancy and can last up to 1 year after birth.

• Cardiac output increases by about 40% due to an increased stroke volume 
(10–20%) and an increased heart rate (5–10%).

• The blood volume increases by about 40–50% during pregnancy, dependent on 
iron and folate resources.

• Vascular tone decreases due to increased progesterone concentrations in the 
plasma.

• The systemic vascular resistance is reduced.

The cardiovascular changes caused by pregnancy are comparable to endurance 
training. Thus, trained pregnant women at rest have reduced heart rates and increased 
stroke volumes.

• Athletes who have maintained an adapted workout throughout their pregnancy 
have significantly improved post-natal fitness parameters and a higher level of 
performance [34].

• An improved oxygen transport capacity of 15–18% increase in absolute aerobic 
capacity persists for several months after giving birth [47]. Parameters such as 
increased stroke volume and reduced resistance can still be found up to one year 
after birth [39, 40].

Table 24.3 Relative and absolute contraindications to exercise during pregnancy (summarized 
recommendations from [38])

Relative contraindications Absolute contraindications
Cervical enlargement Hemodynamically significant cardiac 

disease
Poorly controlled type 1 diabetes Restrictive lung disease
Chronic bronchitis or other respiratory disorders Incompetent cervix or cerclage
Unevaluated maternal cardiac arrhythmia Multiple gestation at risk of premature 

labor
History of fetal growth restriction, miscarriage, 
premature birth or labour

Persistent second- or third-trimester 
bleeding

Orthopaedic limitations Placenta previa after 26 weeks of 
gestation
Premature labor during the current 
pregnancy
Ruptured membranes
Pre-eclampsia or pregnancy-induced 
hypertension
Severe anemia

24 Specific Populations: Female Athletes



480

The fear of many athletes having to accept a drastic loss of personal performance 
during pregnancy does not seem to be justified. In contrast, one can even expect an 
increased level of performance [48].

24.4.5  Training Recommendations

Again, according to the American College of Obstetricians and Gynecologists 2015, 
the following recommendations are applicable:

• Long-term exposure—especially anaerobic exposure—can lead to hyperthermia 
and dehydration, which can negatively affect the fetus. Thus,
 – before training sufficient food intake and sufficient hydration is recommended 

to prevent hypoglycemia.
 – a sufficient intake of calories is important to prevent weight loss, which can 

affect the growth of the fetus.
 – in extremely warm weather conditions with high/humid ambient temperature 

and humidity, the training duration should be reduced.
 – the training should generally not be perceived as too strenuous (e.g. perceived 

effort 13–14 on Borg’s 6–20 scale; see Chap. 44).

24.4.5.1  Recommended Sports
Sports with regular aerobic activity are recommended:

 1. pregnancy gymnastics;
 2. rhythmic sports such as gymnastics, yoga, Pilates and dance;
 3. sports with regular, aerobic stress such as swimming, walking or cycling 

(ergometer);
 4. Jogging (provided it has been practiced regularly before);
 5. Moderate skiing at 2000–2500 m altitude (with appropriate ability);
 6. Snorkeling, rowing, recreational tennis and golfing;
 7. Swimming and water gymnastics as an effective sport to alleviate pregnancy- 

induced back pain.

24.4.5.2  Sports That Are Not Recommended
It is not advisable to engage in sports with a risk of overstraining or even injuring 
the fetus:

 1. contact sports such as ice hockey, football or basketball, martial arts, boxing;
 2. Sports with increased risk of falling (mountain biking, inline skating, skating, 

horse riding, surfing, water skiing, trampoline jumping);
 3. Extreme sports like bungee jumping, parachuting, paragliding, etc.;
 4. Diving below 30 m (danger of decompression sickness for the fetus);
 5. Hot Yoga and Hot Pilates;
 6. Participation in marathons (cave: increase of the body core temperature).
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24.4.5.3  Warning Signs
The following symptoms should prompt immediate termination of exercise, inde-
pendent of prior well-being:

 1. vaginal bleeding;
 2. amniotic fluid leakage;
 3. decreased fetal movement;
 4. contractions more frequent than every 6 min;
 5. chest pain;
 6. irregular heartbeat;
 7. shortness of breath, dizziness, syncope;
 8. calf pain, calf swelling.

Only 10–15% of all pregnant women implement training recommendations. 
Reasons are patient specific and culturally driven and/or obstetric providers who do 
not recommend regular exercise due to a lack of specific knowledge or motivation 
[35, 43–45].

The key caveat of the aforementioned recommendations is the phrase “in the 
absence of medical or obstetric complications.” However, the majority of U.S. 
women of reproductive age (20–39  years) are unhealthy prior to conception; for 
instance, 30% are obese (BMI > 30 kg/m2), 7% have chronic hypertension, 2–3% are 
diabetic, 15–20% are active smokers, 10–15% are anemic (hemoglobin <10.0 g/L), 
and 10% have cardiovascular disease [49]. In these circumstances, a good education 
and care for the pregnant women is of utmost importance.

24.4.6  Competition Participation During and After Pregnancy

Competitions in the early pregnancy phase are basically possible [44, 45].

• The pregnancy-induced increase of human chorionic gonadotropin has a positive 
effect on performance (personal records, all between the 25th and 35th week).

• Given the lack of available research to advice elite athletes who choose to exer-
cise above moderate levels, particular attention should be paid to fetal growth in 
the second and third trimester.

• 4 weeks after birth, (performance) training can be started again; light physical 
activities are possible within a few days after delivery in the case of uncompli-
cated processes.

• Multiple national and international organizations recommend that every neonate 
should exclusively be breastfed for 6 months and continued to be at least partly 
breastfed for 12 months or more. It makes sense to breastfeed the child before 
training to avoid jamming of the milk [46].

• Competitive athletes require frequent and close monitoring as they tend to main-
tain a strenuous training schedule during pregnancy and resume high-intensity 
postpartum training earlier than others.
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Numerous studies and individual case observations - some of them by prominent 
female athletes - have shown that adapted training has not only a positive effect on 
the course of pregnancy, but that significantly improved fitness parameters and a 
higher level of performance can be observed after birth [50]. Therefore, advice to 
elite athletes regarding exercise frequency, duration and intensity beyond current 
guidelines must be individualized with a regular observation of maternal and fetal 
well-being [51].

Clinical Pearls
• Sudden cardiac arrest (SCA) among female athletes is very rare. If SCA occurs, 

an electrical cardiovascular condition is a common cause.
• Estrogen prolongs the QTc-interval by reducing the ‘repolarization reserve’. 

Female athletes are more susceptible for drug-induced Torsade-de-Pointes 
arrhythmias.

• The cardiac dimensions of the ventricles among female athletes rarely exceed the 
normal values, as measured at echocardiography.

• Regular sporting activities during pregnancy have multiple benefits. In women 
who have obstetric or medical co-morbidities, exercise regimens should be 
individualized.

• Pregnant women who were sedentary before their pregnancy should be moti-
vated to take part in leisure time physical activity.

 Review

 Questions

 1. A 24-year-old elite female volleyball player visits your out-patient sports cardi-
ology clinic. Since two weeks she suffers from near-syncope during training 
sessions. The family history for SCA and inherited cardiovascular conditions is 
negative. Her physical examination is normal. The ECG demonstrates a sinus 
rhythm, no electrical axis deviation, PR-interval 210 ms, QRS duration 90 ms, 
QTc-interval 490 ms. No voltage criteria of ventricular hypertrophy.
 (a) What is your differential diagnosis?
 (b) Do you require additional cardiac evaluation? If yes, which? If no, why not?
 (c) What is your management, including recommendations for sports 

continuation?
 2. A 28-year-old elite female middle distance runner visits you for a sport examina-

tion. She is looking to get pregnant. She is afraid having to stop training and 
undertaking competitions.
 (a) What is your recommendation?
 (b) Do you have any practical advice? If yes, which?
 (c) What is your management plan for the postpartum training?
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 3. Four months later the same 28-year-old elite female middle distance runner is 
pregnant and comes to a visit. She tolerates the training with higher exercise 
intensities (85–90% VO2peak) well but is exercising no longer than 45 min.
 (a) Which symptoms should prompt immediate termination of exercise, regard-

less of prior well being?
 (b) Which other sports are not recommended?

 Answers

 1. (a) The symptoms may indicate Torsades-de-Pointes in Long QT syndrome. 
Think of a high estrogen level prolonging the QTc-interval in females. (b) 
Additional evaluation is required here because of an exercise-related near-syn-
cope: analysis of the QTC interval during with exercise stress testing and rhythm 
assessment by Holter monitoring; echocardiography to exclude structural causes 
of near-syncope. (c) In case Long QT syndrome is demonstrated, restrictions 
apply to this patient as outlined in Chap. 20 on channelopathies.

 2. (a) Pregnant women who habitually engage in vigorous intensity aerobic activity 
or are highly active can continue this activity during pregnancy. It is not advis-
able to engage in marathons because of the increase of the body core tempera-
ture. Regular observation of maternal and fetal well-being is necessary.
(b) Sufficient food intake and sufficient hydration is recommended before train-
ing to prevent hypoglycemia. A sufficient intake of calories is important to pre-
vent weight loss, which can affect the growth of the fetus. In extremely warm 
weather conditions with high/humid ambient temperature and humidity, the 
training duration should be reduced.
(c) Light physical activities are possible within a few days after delivery if there 
were no complications. Performance training can be started again 4 weeks after 
birth. Improved fitness parameters and a higher level of performance can be 
observed after birth.

 3. (a) Warning signs to stop exercise are vaginal bleeding, amniotic fluid leakage, 
decreased fetal movement, contractions more frequent than every 6 min, chest 
pain, irregular heartbeat, shortness of breath, dizziness, syncope, calf pain, calf 
swelling.
(b) It is not advisable to engage in sports with a risk of overstraining or even 
injuring the fetus:
• contact sports such as ice hockey, football or basketball, martial arts, boxing;
• Sports with increased risk of falling (mountain biking, inline skating, skating, 

horse riding, surfing, water skiing, trampoline jumping);
• Extreme sports like bungee jumping, parachuting, paragliding, etc.;
• Diving below 30 m (danger of decompression sickness for the fetus);
• Hot Yoga and Hot Pilates
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Learning Objectives
 1. To characterise the electrical differences between the black and white athlete’s 

heart.
 2. To outline the cardiac structural differences between the black and white athlete.
 3. To understand the effect of age on the ECG and echocardiogram in black and 

white athletes.
 4. To appreciate the regional differences between black athletes from varying parts 

of the African subcontinent.

25.1  Defining Ethnicity

Being of ‘black’ ethnic origin traditionally refers to individuals of African and Afro- 
Caribbean descent.

• Athletes from this ethnic background are participating at every level of sport and 
comprise three-quarters of National Basketball Association (NBA) players in the 
USA and the majority of the French football World Cup winning team in 2018.

Data from large-scale preparticipation screening programmes have helped further 
our understanding of variations that exist between black and white (European 
Caucasian) athletes. Such studies have led to specific electrical variations in the black 
athlete being classified as a normal variant, such as anterior T wave inversion.
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Contemporary screening programmes comprise health questionnaires that more 
accurately specify which region of Africa or the Caribbean the athlete originates 
from, and recent evidence has highlighted that repolarization differences, with par-
ticular reference to T wave inversion, do exist between black athletes from different 
regions of Africa.

25.2  Sudden Cardiac Death in Black Athletes

Distinction between T-wave inversion ECG patterns associated with ethnically- 
mediated physiological cardiac adaptation and those representing a potentially fatal 
disorder is crucial. Identifying subtle forms of cardiomyopathy that can provide the 
substrate for exercise-induced fatal arrhythmias often poses a conundrum when 
evaluating black athletes.

• There is a four to six-fold higher incidence of sudden cardiac death (SCD) during 
exercise among young black athletes (aged 14–35 years) compared with young 
white athletes [1–3].

• In an American study of National Collegiate Athletic Association (NCAA) stu-
dent athletes, the risk of SCD was highest among basketball players at an overall 
rate of 1 in 11,394 person-years.

• Comparative rates among American football was 1 in 38,000.
• Among white basketball players the overall death rate was 1 in 21,824 but much 

higher in in black males (1 in 5743) [2].
• Increased rates of SCD among male basketball players compared with other ath-

letes were also noted among high-school adolescents [4]. Athletes who play bas-
ketball professionally, however, tend to have a certain body habitus in which 
morphological expression of cardiomyopathy requires a better understanding 
than is currently known.

• A study of over 11,000 adolescent football players in the UK reported an overall 
incidence of SCD of 1 in 14,794 person-years but this was much higher among 
black football players (1 in 3708) than white counterparts (1 in 25,880) [1].

The dynamic component of basketball, similar to football in the UK, may pro-
vide adrenergic triggers for an underlying substrate, with a higher participation rate 
of black athletes in these sports.

25.3  Electrical Changes

25.3.1  Adult Black Athletes

It is now well-established that both white and black athletes reveal a high prevalence 
of benign, exercise-related ECG changes, particularly ST segment elevation, 
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voltage criteria for left ventricular hypertrophy (LVH) and early repolarization [5–
9]. It is also apparent that black athletes demonstrate a higher prevalence of T wave 
inversion which would be deemed abnormal in white athletes and often associated 
with primary cardiomyopathies.

Some recommendations on interpretation of the athlete’s ECG had previously 
deemed T wave inversion beyond V1 as abnormal [10, 11] but in the Seattle criteria, 
anterior T wave inversion in V1-V2 is considered a normal finding [12, 13]. This is 
consensus-based with no studies yet done to endorse this.

• In a study of 1959 adult male American football players, T wave inversion was 
reported by Magalski et  al. as 13 times more common in black athletes than 
white counterparts [7].

• Another study by Papadakis et al. compared the ECGs of 904 black adult male 
athletes with 1819 white adult male athletes, 119 black sedentary controls and 52 
black patients with HCM [5].
 – T wave inversion was more than six times more common in black athletes 

than white athletes (22.8% vs. 3.7%; p < 0.0001).
 – Black controls demonstrated more T wave inversion than white athletes 

(10.1% vs. 3.7%; p < 0.001), suggesting that T wave inversion was an adapta-
tion of exercise rather than ethnicity alone.

 – The T wave inversion in black athletes was mainly found in the anterior leads 
V1-V4 (12.7%).

 – In nearly two-thirds of these cases, the T wave inversion was preceded by 
J-point elevation and an ST segment with a convex morphology (Fig. 25.1).
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Fig. 25.1 An example of a black athlete’s ECG with T wave inversion V1-V3 preceded by a con-
vex ST segment (red arrows)
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 – Deep T wave inversion (> −0.02 mv in depth) was more prevalent in black 
athletes compared with white athletes and black controls (12.1% vs. 1.0% vs. 
1.7% respectively; p < 0.0001).

 – T wave inversion in the inferior leads was 6% and in the lateral leads was 4%.
 – The vast majority of black individuals with HCM however, exhibited T wave 

inversion (87.2%), which was most commonly present the lateral leads (76.9%).
 – Isolated anterior T wave inversion was present in only 3.8% of patients and 

inferior T wave inversion alone was 1.9%.
 – The preceding ST segments in black patients with HCM were frequently 

depressed (50.0%) but ST depression was virtually absent in black athletes 
(0.4%) and black controls (0%).

 – While initial evaluation failed to identify an underlying cardiomyopathy in 
athletes with T wave inversion, two black athletes and one white athlete were 
subsequently diagnosed with HCM over a follow-up period of 
69.7 ± 29.6 months. All three athletes demonstrated T wave inversion in the 
inferior and/or lateral leads.

Importantly, none of the black athletes with anterior T wave inversion was diag-
nosed with a cardiomyopathy, leading to the conclusion that this particular ECG 
pattern of T wave inversion in V1-V4, when preceded by J point elevation and ST 
segment elevation with a convex morphology, is now considered a normal ethnic 
adaptation to exercise [11–13]. T wave inversion in the lateral leads, however, war-
rants comprehensive evaluation with long-term follow-up (Fig. 25.2). The signifi-
cance of inferior T wave inversion is as yet undetermined, and hence initial 
evaluation as a minimum is warranted at least with an echocardiogram.

Fig. 25.2 An ECG showing anterior T wave inversion (green arrows), inferior T wave inversion 
(blue arrows) and lateral T wave inversion (red arrows). T wave inversion in the inferior and or 
lateral leads warrants regular surveillance
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25.3.2  Regional Electrical Variations Within Africa

Further evidence has emerged that the prevalence of T-wave inversion may vary 
dependent on the geographical origin of an athlete:

• A study of nearly 1698 black male athletes underwent pre-participation ECG and 
were categorised according as north, east, middle and west African, African 
American/Caribbean, South American, and west Asian.
 – Repolarization abnormalities were significantly more common among middle 

(8.5%) and west (6.4%) African athletes than east (1.5%) and north Africans (1.2%).

This highlights that there is variability in the electrical adaptations of ‘black’ 
athletes and geographical origin should be taken into consideration.

25.3.3  Adolescent Black Athletes

Few studies to date have focused on the black adolescent athlete:

• Di Paulo et al. compared 154 black (African) football players to 62 white foot-
ball players and reported a higher prevalence of ST segment elevation (91% vs. 
56%; p < 0.001) and deep T wave inversion (14% vs. 3%; p < 0.001) [14].

• In another study on black adolescent athletes, Sheikh et al. studied 329 black 
adolescent athletes (mean age 16.4 years and 74.5% males), 903 white adoles-
cent athletes (mean age 16.4 years and 81.4% males) and black controls (mean 
age 15.3 years and 66.5% males) [15].
 – The authors reported a five-fold greater prevalence of T wave inversion in 

black adolescent athletes compared with white adolescent athletes (22.8% vs. 
4.5%; p < 0.001).

 – Black sedentary controls demonstrated more T wave inversion than white 
adolescent athletes (13.4% vs. 45%; p < 0.001).

 – As with black adult athletes, T-wave inversion in black adolescents was pre-
dominantly confined to the anterior leads V1-V4 (14.3%).

 – Black male adolescent athletes had a higher prevalence of T wave inversion 
compared with adolescent black female athletes though not deemed statisti-
cally significant (24.5% vs. 16.7%; p = 0.17).

 – No black female athlete demonstrated deep T wave inversion, compared with 
9% of black males in the study suggesting that the presence of deep T wave 
inversion in a female should warrant further investigation.

 – The prevalence of inferior and lateral T wave inversion was similar to adult 
counterparts (black adolescent athletes: 6.1% and 2.4% respectively; white ado-
lescent athletes: 1.7% and 0.3% respectively; black controls: 0.7% for both).

 – Further evaluation of T wave inversion failed to reveal any underlying pathol-
ogy, though given the association of T wave inversion with cardiomyopathy, 
regular follow-up is warranted.

25 Specific Populations: Athletes of Afro-Caribbean Origin
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25.4  Structural Changes

25.4.1  Adult Black Athletes

Black athletes demonstrate similar quantitative changes in left ventricular (LV) cav-
ity dimensions to white athletes [5, 16]. The main structural difference between 
white and black athletes, however, is LV wall thickness (LVWT).

• Basavarajaiah et al. reported a greater mean LVWT in 300 black adult male ath-
letes compared with that of 300 white adult male athletes (11.3 ± 1.6 mm vs. 
10.0 ± 1.5 mm, p < 0.001; Fig. 25.3) [16].
 – Importantly, 18% of black athletes had a LVWT >12 mm which falls within 

the range of morphologically mild HCM (12–15 mm).
 – Moreover, 3% of black athletes exhibited significant LVH  ≥  15  mm, as 

opposed to none of the white athletes having an LVWT greater than 14 mm.
 – The pattern of LVH was homogeneous and often associated with LV cavity 

dilatation between 55 and 66 mm. Further evaluation of all athletes with LVH 
failed to elucidate underlying HCM.

• These findings were reproduced in a collaborative study between the UK and 
France of 904 black athletes and 1819 white athletes.
 – 12.4% of black athletes demonstrated a LVWT >12 mm compared with just 

1.6% of white athletes [5] (Fig. 25.3).
 – No athlete exhibited a LVWT exceeding 16 mm.

• In a study by Rawlins et al. black female athletes demonstrated greater LVWTs com-
pared with white female athletes (9.2 ± 1.2 mm vs. 8.6 ± 1.2 mm; p < 0.001) [16].
 – Only 3% black female athletes revealed a LVWT >11 mm with none >13 mm.
 – None of the white female athletes exceeded 11 mm.

25.4.2  Adolescent Black Athletes

Like adult counterparts, adolescent black athletes may also develop LVH to a greater 
degree than white adolescent athletes.

• Di Paolo et al. reported a greater mean LVWT in black adolescent athletes compared 
with white adolescent athletes (9.7 ± 1.3 mm vs. 9.2 ± 1.0 mm; p < 0.001), with 2.6% 
black athletes demonstrating LVH > 12 mm compared with 0% white athletes [17].

• In the study by Sheikh et al. evaluating 245 male and 84 female black adolescent 
athletes, 7% exhibited LVH > 12 mm, compared with 0.6% of 903 white adoles-
cent athletes and none of 134 sedentary black adolescent controls [15].

• While no female adolescent athlete revealed a wall thickness > 13 mm, male 
adolescent athletes could develop LVH up to 15 mm.

• In those <16 years old, 5.5% black adolescent athletes exhibited LVH compared 
with none of the white athletes.

• No subject with LVH was subsequently diagnosed with HCM during evaluation 
or follow-up over a mean period of 99.1 ± 47.6 months.

A. Malhotra et al.
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Fig. 25.3 Bar chart (a from [28], and b from [5]) illustrating the rightward shift in normal distri-
bution of left ventricular wall thickness in black athletes compared with white athletes
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25.5  T-Wave Inversion and LV Hypertrophy in Black Athletes

Though T-wave inversion is a hallmark of cardiomyopathy, it is also possible that envi-
ronmental factors, such as the stresses of cardiac load associated with exercise, could 
interact with a pathogenic rare variant and expose a concealed disease phenotype which 
would otherwise have remained concealed or only presented later on in life. When 
however, consideration is given to the large proportion of black athletes with T-wave 
inversion, this suggests that in the majority of cases this represents an ethnic variant, or 
a so-called innocent bystander. In contrast, the rarity of T-wave inversion in white ath-
letes is more likely to represent pathology rather than physiology.

Several studies have eluded to potential genetic targets that may explain ethnic 
differences in cardiovascular adaptation to exercise [18].

• For example, the literature has many reports of ethnic variation between black 
and white individuals in several genes encoding sodium and potassium ion chan-
nels involved in the pathogenesis of LQTS and Brugada syndrome, including the 
KCN family and SCN5A, particularly the Y1102 polymorphism and its associa-
tion with SCD in the black population (see also Chap. 12) [19–22].

• Polymorphisms in some of these targets have been show to influence T-wave 
parameters including T-wave alternans and repolarisation intervals [21].

• However, as of yet there are no robust reports on potential genetic targets that 
may specifically influence T-wave inversion.

25.6  Increased Trabeculations Among Black Athletes

• In a study of over 1100 athletes without symptoms, 18% demonstrated an 
increased prevalence of left ventricular trabeculations compared with 7% of 
controls.
 – Nearly a tenth of athletes met criteria for left ventricular non-compaction [23].
 – Moreover, trabeculations were more common in black athletes compared with 

white athletes (28.8% vs 16.3%; p = 0.002), which again highlights that eth-
nicity needs to be accounted for when interpreting the echocardiogram of 
asymptomatic athletes with an unremarkable ECG.

25.7  The Right Ventricle

There are few studies reporting the ethnic variation between black and white ath-
letes for the right ventricle.

• One study compared 375 white athletes and 300 black athletes and found that 
white athletes demonstrated larger right ventricular diameter and outflow tract 
dimensions [24].
 – While such structural dilatation satisfied criteria for arrhythmogenic right 

ventricular cardiomyopathy (ARVC), the additional electrical changes of 
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anterior T-wave inversion were found in 3% of black athletes, reinforcing the 
clinical suspicion of ARVC.

 – While subsequent evaluation did not reveal underlying pathology, the applica-
tion of these criteria in non-white populations is highlighted.

Clinical Pearls
• Ethnicity needs to be accounted for when evaluating the pre-participation ECG 

and echocardiogram of an athlete.
• Black athletes reveal a greater degree of ECG repolarization changes such as 

T-wave inversion and left ventricular hypertrophy on echocardiography com-
pared with white athletes.

• The distinction between athlete’s heart and underlying mild phenotypic cardio-
myopathy is more challenging.

 Review

 Questions

 1. An asymptomatic 15-year-old black athlete underwent pre-participation screen-
ing. His ECG is displayed below (Fig. 25.4). What is your advice:
 (a) Refer for echocardiogram.
 (b) Reassure and consider repeat evaluation in 1 year.
 (c) Refer for an exercise test.
 (d) Familial evaluation.
 (e) Request a cardiac MRI.

Fig. 25.4 ECG referring to review question 1
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 2. A black male athlete of north African origin presented with chest pain and the 
ECG below (Fig. 25.5). Echocardiography revealed good biventricular systolic 
function with a left ventricular maximal wall thickness of 14 mm. What would 
you do next:
 (a) Perform an exercise test and ambulatory ECG.
 (b) Perform a cardiac MRI.
 (c) Perform genetic testing.
 (d) Perform a cardiac MRI, exercise test and ambulatory ECG monitoring.
 (e) Reassure that the LV hypertrophy on echocardiogram is within normal 

limits.

 Answers

 1. Answer is (b). Anterior T wave inversion (V1-V3) is present on this ECG which 
affects up to 13% of adult black athletes and is deemed a normal variant when 
preceded by a convex ST-segment. Among white adult athletes, the prevalence is 
0.3%, and given the rarity and extension beyond V2, it warrants further investi-
gation according to the international recommendations [25]. In addition, there 
are tall amplitude QRS complexes on the ECG that are associated with athletic 
status and likely lean body habitus.

In those under the age of 16 years, this ECG pattern is considered ‘juvenile’ 
and does not warrant further investigation in the absence of symptoms or a sig-
nificant family history. The prevalence of anterior T-wave inversion in those aged 
12 years is up to 15% [26]. A study by Migliore et al. reported a prevalence of T 

Fig. 25.5 ECG referring to review question 2
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wave inversion of 5.7% among 2765 children aged between 8–18  years who 
underwent preparticipation screening [27]. The majority of T wave inversion 
(4.7%) was localized to the right precordial leads and considered a juvenile pat-
tern. This was significantly higher (8.4%) in children aged <14 years old but fell 
to just 1.7% in those ≥14 years and affects just 0.2% of adults.

 2. Answer is (d). This patient is symptomatic with chest pain and has an ECG that 
shows left ventricular hypertrophy meeting Sokolow-Lyon criterion, early repo-
larization in V3 and V4 with an ascending ST segment morphology, a partial 
right bundle branch pattern and importantly, lateral T wave inversion in V5-V6 
and I and aVL. Additionally, there is an upright T-wave in aVR.

This distribution of T-wave inversion is found in less than 4% of black ath-
letes and prompts further evaluation given the association with hypertrophic car-
diomyopathy. Though the left ventricular maximal wall thickness is 14 mm and 
reflects the upper limit of normal, further assessment with MRI is indicated. This 
will enable accurate chamber size and wall thickness quantification as well as 
highlight any abnormal patterns of fibrosis. Ambulatory ECG monitoring and 
exercise testing will help establish if any arrhythmias are present as well as the 
haemodynamic response to exercise. Genetic testing may be useful further down 
the clinical pathway, particularly if a diagnosis is clinically established, though a 
negative result does not exclude hypertrophic cardiomyopathy.
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26Commotio Cordis

Erik Ekker Solberg and Mark S. Link

Learning Objectives
 1. Understand the mechanisms behind commotio cordis.
 2. What you should do if commotio cordis occurred in the vicinity of you.
 3. Learn about mechanisms of sudden cardiac arrest by understanding the vulner-

ability of the recovery phase of the cardiac cycle.
 4. Learn about the usefulness of an experimental model to understand different 

aspects of the pathophysiology behind commotio cordis.

26.1  Introduction

Commotio cordis (CC) is a phenomenon in which sudden cardiac arrest occurs due 
to a chest wall strike. While thought to be extremely rare a couple decades ago, it is 
now apparent that CC is a common cause of sudden cardiac death in athletes in the 
US but is more rare in Europe [1–7]. CC is not a new phenomenon. It was described 
in workplace accidents in the nineteenth century, and there is evidence of CC occur-
ring in sports in the early twentieth century, even though it was not recognized as 
such. In a 1900–1910 archival baseball report, there were 19 deaths due to ball 
strikes over the heart [8].
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26.2  Commotio Cordis in Sports

26.2.1  Epidemiology

• In American youth sports, CC is the second leading cause of death [2].
• According to the National Commotio Cordis Registry created in 1996 and closed 

in 2010, 224 cases of sudden death from chest impact have accrued during that 
period [9–12].

• Approximately 75% of these cases occurred in the setting of sport including 50% 
during competitive - and 25% during recreational sport [13].

• Approximately 25% of cases in the registry occurred during non-sporting activi-
ties such as playful fighting between individuals or child discipline [9].

In most cases victims are struck by projectiles normally implemented in the 
game, such as balls and pucks. The majority of cases occur in sports that involve a 
small projectile with a dense core that tends to be propelled at a high velocity, such 
as in baseball, lacrosse, and hockey [9]. All impacts were sustained over the left 
precordium, directly over the cardiac silhouette [7]. Every year approximately 20 
new cases of CC were reported to the registry.

• Solberg et al., by reporting a Norwegian case of CC, suggested that it was under- 
recognized in Europe [14].

• Cooper et al. confirmed this recently by presenting 17 cases of CC from the UK 
[15]. 16 of these cases were male, 11 were 18 years old or younger. 11 occurred 
whilst playing ball sports such as football, cricket and rugby, while 6 involved 
physical interaction including assault.

Thus, cases of CC in the UK followed a similar circumstantial and age profile as 
those reported from the US. An incidence number, though, is not possible to estab-
lish in a European country due to the lack of proper registration. Information from 
other parts of the world are lacking.

26.2.2  Gender

• Victims are overwhelmingly male.
• A previous explanation for the predominance of males is that they populate the 

majority of sports in which CC occurs, but it appears quite unlikely that the major 
predilection for males reflects a 95% incidence of chest wall impact in sports.

• Also, the gender difference in participation in various sports shifts.

We suspect that there may also be some gender related biological susceptibility 
to chest-wall induced sudden cardiac death. Indeed, other arrhythmic conditions 
demonstrate gender predilection for arrhythmia, including females with long QT 
syndrome [16, 17] and males with Brugada syndrome [18]. Genetic differences in 
ion channels between the sexes or biological modification of these channels by sex 
hormones may be involved in the male susceptibility to CC [19–21].
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26.2.3  Age

• CC is most commonly observed in young Americans, with a peak incidence 
between the ages 11 and 19 years old (median age 14 years old).

• Young individuals may be at higher risk for CC due to an increased compliance 
of the chest wall as compared to adults [22].

• In addition, maturation of the heart may reduce susceptibility to CC.
• Finally, the predominance of young subjects in the registry likely relates to the 

high level of participation in youth sports in American culture.

26.2.4  Collapse and Arrhythmias

• Half of the subjects in the registry collapsed instantaneously while others expe-
rienced brief lightheadedness before losing consciousness [7].

• The initial rhythm seen in the majority of patients with attempted resuscitation 
was ventricular fibrillation (VF), but in those victims undergoing prolonged 
resuscitation, asystole has also been reported [9].

• Resuscitation, once thought to be unsuccessful, has now been demonstrated to be 
successful in up to 60% (Fig. 26.1) [23].
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Whether syncope associated with chest wall impact is an aborted CC event sec-
ondary to non-sustained ventricular fibrillation or transient complete heart block is 
postulated, but not proved.

26.3  Pathophysiology

In a model developed by Mark S Link, an anesthetized juvenile swine was placed 
prone in a sling [24]. Projectiles impacted the chest wall over the cardiac silhouette, 
speed varied from 32 to 112 km/h. Impacts were gated to the cardiac cycle by a 
cardiac stimulator which triggered from the surface electrocardiogram of the swine.

• In the initial publication both VF and transient heart block were observed [24].
• Heart block was not related to timing of impact relative to the cardiac cycle and 

was always transient.
• In subsequent experiments transient heart block was observed rarely.

In the current model, VF is reproducibly induced by chest wall impact if a conflu-
ence of factors, including timing relative to the cardiac cycle, is achieved [24, 25].

26.4  Variables Important in the Generation of Ventricular 
Fibrillation

26.4.1  Timing

• Only impacts timed to strike during a narrow window of vulnerability during 
cardiac repolarization (10–30 ms prior to peak T-wave) resulted in VF (Fig. 26.2).

• Impacts at other time periods of the cardiac cycle did not result in VF, but caused 
other arrhythmic events such as
 – premature ventricular contractions,
 – transient heart block,
 – ST elevation, and
 – bundle-branch block [24].

26.4.2  Velocity of Impact

• Higher energy impacts were more likely to cause VF compared to low velocity 
impacts.

• In animals weighing between 10 and 25 kg, chest impacts induce VF approxi-
mately 50% of the time at baseball and lacrosse ball velocities of 64 km/h.

• At impact velocities of 80–112 km/h, an increased incidence of direct thoracic 
and myocardial damage was observed, suggesting cardiac contusion rather 
than CC.
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26.4.3  Impact Location

Consistent with the clinical profile of CC in humans, impact location directly over 
the cardiac silhouette is necessary for VF induction.

• In fact, 48 km/h impacts at the center of the left ventricle induced VF in 30% 
while impacts at the base caused VF in 12% and at the apex in 5% [26].

• Impacts that occurred outside the borders of the heart silhouette have never 
resulted in VF induction.

26.4.4  Hardness of Impact Object

The harder the object the more likely VF will occur. In the original model a spheri-
cal block of wood was utilized [24]. Age-appropriate safety baseballs reduced the 
risk of VF inverse to their hardness (Fig. 26.3) [24, 27]. Yet the protection is not 
absolute. Even very soft baseballs, known as T-balls, can produce VF in an animal 
model and in humans.
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Fig. 26.2 The timing of impact proved to be one of the most critical variables in the commotio 
cordis model. Only impacts on a narrow window of the upslope of the T-wave caused ventricular 
fibrillation (VF). The time window for non-sustained polymorphic ventricular tachycardia 
(NSPMVT) was slightly wider (reprinted with permission from [3])
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26.4.5  Shape

Smaller, more compact objects, such as those shaped like a golf ball, produced VF 
more frequently than objects with a larger surface that distribute the energy of 
impact over a wider area [28]. A flat sphere with the diameter of a baseball did not 
cause VF in the model.

26.4.6  Left Ventricular Pressure

Velocity, hardness, shape and impact location are likely related to the creation of a 
critical threshold pressure in the left ventricle necessary for VF induction.

• Generation of VF with ball impacts was not observed until the LV pressure 
increased to 250–300 mmHg [26, 29, 30].

• VF was more likely with greater LV pressure increases, and the optimal LV pres-
sure rise was around 500 mmHg to induce VF.
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Fig. 26.3 The risk of ventricular fibrillation (VF) is directly related to the hardness of the base-
ball. The harder balls have approximately five- to sevenfold the risk for commotio cordis compared 
to the T-balls, marketed for youth <7 years of age. In addition the intermediate grades of safety 
baseballs, marked for 8–10 and 11–13 year olds are intermediate in protection from commotio 
cordis (reprinted with permission from [41]). RIF reduced injury factor (balls were composed of a 
rubber core varying in hardness and covered by a leather exterior varying in stiffness (Newton/cm)
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26.4.7  Individual Susceptibility

• Of 1274 impacts to 139 swine, 360 impacts (28%) resulted in VF.
• The median incidence of VF was 20%; yet there was wide variability in indi-

vidual animal susceptibility to VF.
• The majority of animals (91; 65%) were relatively resistant to VF (VF < 30% of 

strikes).
• Only 14% had >50% occurrence of VF with chest wall impacts, and only 7 (5%) 

had >80% occurrence of chest impacts which induced VF.
• The animals with the longer baseline QTc appeared to be the animals more sus-

ceptible to ball induced VF (Fig. 26.4).

26.5  Mechanism of Commotio cordis

How physical trauma causes ventricular fibrillation is postulated to be a result of 
both a chest wall induced increased dispersion of repolarization and a premature 
ventricular beat (Fig. 26.5). Both of these requirements are caused by the physical 
blow.

• Physical stimulation of the heart with the production of electrical consequences 
(such as premature ventricular contractions from cardiac catheters) has been 
termed mechano-electric coupling.

This phenomenon has been attributed to the presence of stretch-sensitive ion 
channels within cardiac myocytes [31–33]. A candidate stretch-sensitive channel in 
CC is the K+

ATP channel. This channel is responsible for the phenomenon of ST seg-
ment elevation and VF in acute myocardial ischemia [29, 33–36]. In the swine 
model developed by Link et  al., K+

ATP blockade by the old anti-diabetic drug 
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Fig. 26.4 In our experimental model swine demonstrated a variability in susceptibility to chest 
blow induced ventricular fibrillation. This variable susceptibility was related to the length of the 
QTc interval. The longer the QTc the more susceptable the animal to VF with chest blows (reprinted 
with permission from [20])
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Glibenclamide (Daonil) prior to chest wall impact resulted in significantly less VF 
induction and ST elevation [34]. The potential role of other ion channels remains 
the targets of ongoing and future research. Of note, double blocking of the auto-
nomic nervous system (by beta blocker and atropine respectively) did not change 
the frequency of arrhythmias, arguing that abrupt shifts in the autonomic nervous 
system are not a source of arrhythmia induction [37].

• Despite optimization of the clinical variables for induction of VF, less than 50% 
of impacts result in VF.

• Of the impacts that do not result in VF, 70% result in premature ventricular con-
tractions, the proposed trigger in CC.

Based on the observation that the trigger is produced, but not VF, it is 
hypothesized that the necessary alteration in repolarization was not induced by 
the blow. Studies of VF induction by inflation of a balloon in Langendorff-
perfused rabbit hearts revealed that VF could only be induced during a vulner-
able time window that corresponded to a period of increased dispersion of 

Fig. 26.5 The confluence of variables and a proposed mechanism necessary for commotio cordis 
to occur. Important impact object variables are shape, hardness, diameter, and velocity. Human 
characteristics are the pliability of the chest wall, impact timing, location and orientation of blow, 
and individual susceptibility, likely carried in ion channels involved in repolarization (reprinted 
with permission from [4])
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myocardial repolarization. In addition, as compared to baseline action poten-
tials, pressure pulses that induced VF further increased repolarization disper-
sion across the myocardium [34, 38, 39]. Thus, it appears that chest impacts not 
only provide the trigger for lethal arrhythmia, but also might themselves con-
tribute to the creation of a suitable substrate for VF induction. In the swine 
model of CC it is likely that repolarization abnormalities manifested by QT 
prolongation underlie individual animal susceptibility to VF induction by chest 
wall impacts [20].

26.6  Prevention of Commotio Cordis

Prevention is potentially achievable by three means:

 1. avoidance of chest blows,
 2. chest wall protection, and
 3. by softening the ball.

Reducing chest wall impact could be accomplished by coaching and rules 
changes. In youth baseball some have prohibited the use of the chest to stop the ball. 
While unpredictable motion of the projectile cannot be prevented, coaching can 
provide a measure of preparedness and understanding that might allow the partici-
pants to avoid unnecessary chest wall impact.

• Of the 125 events that occurred during competitive sport in the National 
Commotio Cordis Registry, 32% of individuals were wearing some sort of chest 
protection at the time of impact.

• In some cases, mainly hockey, it appears the chest protector was lifted during 
play and thus not covering the heart.

• In other cases, such as during baseball and lacrosse, however, impact occurred 
directly over the heart [7].

Chest protectors are generally not designed to prevent CC, but rather soft tis-
sue injury. In the swine model of CC, seven commercially available lacrosse 
chest protectors and nine baseball chest protectors did not prevent VF induction 
(Fig. 26.6) [27, 40].

Age-appropriate softer balls, known as safety baseballs, significantly reduced 
the incidence of VF induction by chest impacts in the swine model [24, 41]. 
These data and other clinical data from the United States Consumer Protection 
Agency have led to calls for the utilization of age-appropriate safety baseballs 
in sports.
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(upper panel) or lacrosse (lower panel) in preventing ventricular fibrillation triggered by chest blows 
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26.7  Treatment

CC cases reported early in the literature were nearly universally fatal.

• In the National Registry data reported in 1995 survival was 25% [6, 9, 12, 13].
• More recent data from the registry shows that survival is reaching 60% 

(Fig. 26.1) [23].

There are several potential reasons for this improved survival. Increased recogni-
tion of this phenomenon likely plays the largest role. It is clear that early cardiopul-
monary resuscitation and defibrillation of a cardiac arrest victim is the key to 
survival. The poor survival rates of CC in the past have been in part attributed to 
delayed recognition and thus therapy [9]. With increased recognition that an indi-
vidual collapsing after a chest blow is in cardiac arrest, resuscitation can commence 
earlier [42–46].

• Coaches and trainers as well as the athletes themselves should be able to recog-
nize a cardiac arrest and use an automated external defibrillator (AED), as well 
as cardiopulmonary resuscitation.

26.8  Conclusion

CC is a rare but tragic event that typically occurs in adolescent boys during 
sports when they are struck in the chest. Because of the American Commotio 
Cordis Registry and the experimental model, the understanding of CC has 
evolved considerably over the last 10–15 years. An animal model has been uti-
lized to explore and describe the important variables and mechanism of CC 
precisely, providing substantial knowledge to the field of arrhythmias. Impact 
during a narrow window of repolarization causes ventricular fibrillation. Factors 
such as timing, hardness and shape of the object, object impact velocity, loca-
tion of impact, and individual susceptibility have been identified. Biological 
characteristics such as gender, pliability of the chest wall and genetic suscepti-
bility play a role. The induction mechanism of ventricular fibrillation appears to 
be an increase in heterogeneity of repolarization caused by induced abnormali-
ties of ion channels activated by abrupt increases in left ventricular pressure 
from the impact. CC is one of the commonest causes of SCA in the US, though 
it is rare in Europe. This difference is probably due to variation in sports between 
the continents and that CC may be under-recognized in Europe, one of the rea-
sons why it is additionally important to inform about the condition. Prevention 
of CC is attainable. Finally, improved recognition and early resuscitation has 
improved the outcome of CC victims.
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Clinical Pearls
• Expect the unexpected—would you have recognized that cardiac arrest actually 

may occur due to a blow to the chest during sports?
• Life is fragile, also an impact to the chest may induce a cascade of bodily pro-

cesses leading to sudden cardiac arrest.
• Be aware of the vulnerable recovery phase of the cardiac cycle—it is not only 

adrenergic stress that may lead to sudden cardiac arrest.

 Review

 Questions

 1. Which factors protect against commotio cordis?
 2. What part of the cardiac cycle is most prone to cardiac arrest as a consequence 

of a blow to the chest?
 3. Does a brisk alteration of the autonomic system play a role in inducing commo-

tio cordis?

 Answers

 1. Protection is potentially achievable by three means: avoidance of chest blows, at 
least on the cardiac silhouette, chest wall protection e.g. by wearing specially 
designed gear, or using softer balls.

 2. 10–30 ms prior to the peak of the T-wave in ECG.
 3. No, when double blocking the autonomic system no differences were found in 

eliciting SCA by a blow.
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27Cardiovascular Side Effects of Commonly 
Prescribed Medications and 
Performance Enhancing Drugs 
and Special Considerations 
for the Athlete

Maria Joan Brosnan and Paolo Emilio Adami

Learning Objectives
 1. Understand the cardiovascular side effects of commonly prescribed 

medications.
 2. Understand the cardiovascular effect of performance enhancing drugs.
 3. Understand the adverse cardiovascular effects of other non-prescribed, but legal 

substances such as energy drinks.
 4. Understand the implication of legal and illegal substances on exercise 

performance.

27.1  Commonly Prescribed or over the Counter Medications 
and Supplements

27.1.1  Beta Blockers and Antiarrhythmics

All substances discussed in this chapter are also summarized in the Table  27.1. 
Starting with beta blockers, they are banned in skill-based sports such as shooting 
and archery, due to the performance benefit offered due to a lowering of heart rate 
and reduction in anxiety and tremor. Conversely, there is a general reluctance 
amongst athletes and prescribers to use beta blockers in athletes with cardiovascular 
disease, due to the potentially detrimental effects of lowering of heart rate on 
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Table 27.1 List of most important substances with cardiovascular side effects. However, sub-
stances are not limited to those listed

Substance category Pharmacological class
Commonly prescribed or over 
the counter medications and 
supplements
Beta blockers and 
antiarrhythmics

Nebivolol, sotalol, atenolol, propranolol
Flecainide

Anti-inflammatory drugs
Ibuprofen, naproxen, ketoprofen, diclofenac

Anti-coagulants and 
antiplatelet

Acenocoumarin, warfarin
Dabigratan, Rivaroxaban, Apixaban, Edoxaban
Aspirin, clopidogrel, prasugrel and ticagrelor

Performance enhancing 
substances
Oxygen-carrying modulators 
and dissociation curve 
modulators

Blood doping
Recombinant human erythropoietin (rhEPO)
Cobalt chloride
RSR 13
Sildenafil

Anabolic agents
Exogenous and endogenous androgenic anabolic steroids 
(AAS) like 1-Androstenediol, 1-Testosterone, Danazol, 
Stanozolol, 5-Androstenedione, Nandrolone, Testosterone
SARMS (synthetic androgen receptor modulators) like 
andarine, enobosarm
Human Growth Hormone (hGH)

Metabolic modulators
l-Carnitine
Meldonium (mildronate)
Beta alanine

Beta 2 agonists
Salbutamol, clenbuterol

Psychoactive drugs
Benzodiazepines

Triazolam, zolpidem, zopiclone, lorazepam, diazepam
Antidepressants and 
antipsychotics

Amitriptyline, amoxapine, clomipramine, desipramine, 
doxepin, imipramine, nortriptyline, trimipramine

Selective serotonin reuptake 
inhibitors (SSRIs)

Fluoxetine, sertraline, paroxetine and citalopram
Anticomitials
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exercise performance. Interestingly, there appears to be a threshold of 15–20% of 
heart rate reduction beyond which exercise performance is reduced, but below 
which aerobic performance may be maintained [1].

• In a small group of healthy, untrained volunteers, nebivolol (a beta 1 selective 
beta blocker), at a dose of 5 mg daily, was found to result in no significant reduc-
tion in peak power output or maximal oxygen consumption as compared to pla-
cebo, despite a 14% reduction in peak heart rate [1].

• In the same study, 100 mg of atenolol was shown to result in a 25% reduction in 
maximum heart rate, and 5% reduction in both peak power output and maximal 
oxygen consumption, leading the authors to conclude that the lack of impact on 
performance of nebivolol may have been due to the lesser impact on peak heart 
rate at the prescribed dose, or perhaps the vasodilatory effects of nebivolol.

• At a dose of 240 mg/day, chronic administration of propranolol (a non-selective 
beta blocker) in untrained healthy subjects has been shown to reduce peak heart 
rate by 25%, maximal oxygen consumption by 7.5% and maximum work load by 
5% [2].

• Sotalol has been shown to have a dose-dependent reduction on maximum heart 
rate, with the reduction ranging from a 4% at a dose of 160 mg/24 h to 25% at 
640 mg/24 h [3].

• A similar dose dependent relationship with heart rate reduction has been demon-
strated for propranolol, with marked individual variability [4].

Flecainide is a Class 1c antiarrhythmic used for the suppression of supraven-
tricular and ventricular arrhythmias. It is commonly prescribed preferentially in ath-
letic populations over beta blockers due to the commonly held notion that it does not 
affect resting heart rate nor exercise performance.

• Whilst flecainide does not lower resting heart rate, it’s effect on exercise heart 
rate was documented in a placebo double blinded trial of 24 non-athletes, in 
whom exercise heart rate was reduced even at low intensity exercise levels on a 

Table 27.1 (continued)

Substance category Pharmacological class
Sodium valproate, gabapentin, lamotrigine, levetiracetam, 
oxcarbazepine, tiagabine, topiramate, vigabatrin, zonisamide 
and carbamazepine

Narcotics
Buprenorphine, dextromoramide, diamorphine (heroin), 
fentanyl and by-products such as: hydromorphone, methadone, 
morphine, oxycodone, oxymorphone, pentazocine and 
pethidine

Stimulants
Caffeine
Methylphenidate and derivates
Ephedrine-containing compounds

27 Cardiovascular Side Effects of Commonly Prescribed Medications…



516

dose of 200 mg/day, with a difference of around 15 bpm (9%) at peak exercise, 
despite no significant reduction in exercise time [5].

Thus, although maximum heart rate is not a surrogate for exercise capacity, there 
does appear to be a threshold of around 15% heart rate reduction beyond which 
exercise performance would be expected to be reduced, and individual variability in 
the dose-heart rate response. Thus, when prescribing beta blockers and antiarrhyth-
mics in athletes, it is prudent to perform maximal exercise tests at baseline and dur-
ing up-titration of therapy to guide exercise prescription and expectations.

27.2  Performance Enhancing Substances

27.2.1  Oxygen-Carrying Modulators and Dissociation Curve 
Modulators

Agents which can increase oxygen availability to the working muscles, either by

 1. increasing oxygen content in the blood,
 2. improving cardiac output, or
 3. improving peripheral oxygen extraction

are theorized to improve endurance performance; however, the evidence for a posi-
tive effect on performance for many of these agents is poor.

Blood doping, usually consisting of transfusion of autologous blood collected 
some time earlier to increase red blood cell mass, has been used for decades. There 
are small, blinded trials which support the notion that oxygen carrying capacity and 
hence performance are improved with blood doping [6, 7].

• Berglund et al. performed a single blinded study on 6 cross country skiers and 
observed a mean 6% reduction in 15 km race time both 3 and 14 days after rein-
fusion of 1350 mL of autologous blood [6].

• Similar results were observed by Brien et al., who performed a double blinded 
cross-over study on 6 high level amateur 10  km runners, where hematocrit 
increased by 5% and 10 km race time was reduced by an average of one minute 
after reinfusion of 400 ml of packed red blood cells, but not post infusion of 
sham saline [7].

Recombinant human erythropoietin (rhEPO) triggers an increase red blood 
cell mass and hemoglobin concentration similar to that of blood doping, as well as 
an improvement in maximal oxygen consumption, however good evidence that this 
translates into a positive effect on performance is lacking [8, 9].

• Birkeland et al. demonstrated an increase in both hematocrit and maximal oxy-
gen consumption (VO2max) following administration of rhEPO over 4 weeks in 
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a double-blind placebo-controlled study with only a small cohort of trained 
cyclists (n = 10). This period was needed to demonstrate a large treatment effect 
(42.7 vs. 50.8% (p < 0.0001), and 63.6 vs. 68.1 ml/min/kg (p < 0.0001) for hema-
tocrit and VO2max, respectively) [10]. Although this study did not have a direct 
performance measure, time to exhaustion was increased significantly in the EPO 
group from 12.8 to 14 min (p < 0.0001) as compared to 13.1 to 13.3 min (p = 0.04) 
in the control group who were exposed to the same training effect [10].

• Similar effects on maximal oxygen consumption have been demonstrated in 
other placebo-controlled, double blind studies of rhEPO administration [9, 11–
13]. However, in the study of Heuberger et al., no improvement in a race to Mont 
Ventoux time was observed despite a 5% improvement in VO2max [9].

Nevertheless, it is not surprising that different EPO formulations, direct EPO 
receptor agonists and micro-dosing techniques are used by athletes with the aim of 
improving performance with minimal risk of being detected.

• The potential negative cardiovascular consequences of such practices are under-
lined by a prospective cross sectional study of 3000 healthy older adults, which 
found that each doubling in serum EPO level was independently associated with a 
25% increase in risk of incident heart failure over a mean follow up of 10 years [14].

Rather than increasing the blood oxygen content (like rhEPO), theoretically the 
same effect may be achieved by increasing the amount of O2 that hemoglobin can 
deliver to the surrounding tissues. A number of agents with these properties have 
been reportedly used by athletes to aid performance:

• Cobalt chloride is a water soluble compound that can stimulate erythropoiesis 
and angiogenesis, presumably due to activation of hypoxia inducible factor 
(HIF-1) signaling [15]. Although the direct cardiovascular effects in humans has 
not been prospectively studied, unintentional ingestion of cobalt has been associ-
ated with the development of a dilated cardiomyopathy [16, 17].

• RSR 13 (right shifting reagent 13, or Efaproxiral) is a synthetic modifier of Hb, 
with in vivo studies demonstrating a shift in the Hb/O2 dissociation curve to the 
right, thereby increasing the dissociation of O2 in the peripheral muscles. RSR13 
has been shown to increase oxygen consumption in stimulated canine skeletal 
muscle [18], when inspired O2 was supplemented. However, in humans breath-
ing sea level air, the right-shift of the O2 curve RSR13 causes significant hypox-
emia under resting conditions [19] that is likely to be further exacerbated by 
exercise. The side effects associated with exercising in a hypoxemic state are not 
known and it is unlikely that the physiology and potential risks are known to the 
athletes in whom it is being used.

There have also been attempts to improve muscle oxygen delivery by improving 
cardiac output. Specific pulmonary vasodilators such as Sildenafil are rumored to 
be widely used amongst some endurance athletes. The rationale would seem that by 
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reducing pulmonary vascular resistance it may be possible to reduce cardiac work, 
particularly of the right ventricle (RV), thereby enabling the heart to maintain a high 
level of function for longer [20]. This is especially relevant given that exercise 
seems to place a disproportionate load on the pulmonary circulation and RV [21]. A 
number of studies have assessed whether pulmonary vasodilators can improve exer-
cise performance in healthy volunteers and athletes.

• Ghofrani et al. documented improvements in exercise capacity in a randomised, 
double-blind placebo controlled trial in 14 healthy subjects during normobaric 
hypoxia (10% O2) and at altitude (Mount Everest base camp, 5245 m above sea 
level) [22].

However, whilst studies using both PDE5 receptor and endothelin antagonists 
have consistently demonstrated improvements in hemodynamics and exercise per-
formance in hypoxic conditions, they have failed to show any benefit in normoxia 
[23–25]. These agents are thus currently not banned by the World Anti-Doping 
Agency (WADA) who state they are continuing to evaluate the science to assess 
whether they are performance enhancing.

27.2.2  Anabolic Agents

The WADA list of banned androgenic anabolic steroids (AAS) is extensive, and 
identification of these substances are responsible for around 60% of positive doping 
results. They represent one of the oldest classes of drugs of abuse and, accordingly, 
its effects have been most extensively investigated.

• When combined with exercise training, AAS increase muscle mass and strength 
and reduce fat [26, 27].

• Significant increases in strength have been observed in double-blinded random-
ized trails comparing 12 weeks of AAS vs placebo in small cohorts (n = 10) [28].

A common misconception is that AAS are used exclusively by strength athletes, 
but they are also used to aid in recovery and strength in endurance pursuits. The 
concomitant use of anabolic agents with EPO is common both in strength and 
endurance athletes [29].

Mortality amongst athletes using AAS is estimated to be 6–20 fold that of clean 
athletes, and around one third of these deaths can be attributed to cardiovascular 
causes [30]. Well acknowledged cardiovascular side effects of AAS are

 1. cardiomyopathy,
 2. myocardial infarction,
 3. dyslipidaemia,
 4. cardiac conduction abnormalities, and
 5. coagulation abnormalities [29, 31–33].
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A series of post-mortem studies and studies utilising echocardiography and car-
diac magnetic resonance imaging (CMR) have confirmed the existence of AAS- 
induced cardiomyopathy, which shares similar characteristics to hypertrophic 
cardiomyopathy, with greater cardiac mass, greater left ventricular wall thickness/
hypertrophy (LVH), a greater prevalence of cardiac fibrosis and impairment of sys-
tolic and diastolic left ventricular function [33–37]. The pathogenesis and preva-
lence of arrhythmic events in AAS users has not been well detailed, but both 
myocardial fibrosis and atherogenesis are plausible substrates.

Intriguingly, evidence suggests that AAS may have confounded popular understand-
ing of exercise-induced cardiac remodelling. The Morganroth hypothesis contends that 
concentric remodelling of the myocardium occurs in response to the heightened after-
load of strength training. However, when Luijckx et al. compared power-trained athletes 
with a history of AAS use with those who had not used AAS, they found that cardiac 
hypertrophy was only significantly increased in the former group [36].

SARMS (synthetic androgen receptor modulators, e.g. thymosin beta 4) are a 
newer class of drugs, designed to dissociate the androgenic and anabolic effects of 
AAS, thereby making detection more difficult. Little is known about the cardiovas-
cular side effects of the many peptides designed to modulate androgen receptor 
activity. It is likely that both the performance enhancement and side effects are less 
than AAS, but it is very difficult to know for certain.

Human Growth Hormone (hGH) is an endogenous neurohormone that is pur-
ported to have anabolic effects when used in supra-physiologic doses. Although it is 
rumoured to be widely used, there is little evidence that recombinant hGH improves 
performance although it may aid more rapid recovery from soft tissue damage [29]. 
Little is known about the direct cardiovascular effects of excessive hGH administra-
tion in athletes; however, hGH excess in patients with acromegaly results in hyper-
tension, congestive cardiac failure and cardiomyopathy [29].

27.2.3  Metabolic Modulators

l-Carnitine is an amino acid produced naturally in the body. Supplementation is 
believed to enhance fatty acid oxidation and stimulate the production of ATP, aiding 
muscular contraction during prolonged aerobic exercise. However, evidence sup-
porting performance enhancement is not compelling [38].

• There is no evidence of cardiovascular toxicity with l-carnitine.
• Rather, there is some evidence for anti-hypertensive and anti-fibrotic effects in 

hypertensive mice [39].
• Currently l-carnitine is not on the WADA list of banned substances.

Meldonium (mildronate) is licenced for clinical use in some Eastern European 
countries as an anti-anginal with a mechanism of action that is believed to be modu-
lated, at least in part, by lowering of l-carnitine availability and reducing mitochon-
drial energy production [40]. Thus, in these two agents that are believed to be widely 
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used by athletes there are opposing mechanisms of action. Neither agent has estab-
lished efficacy nor safety data for use during strenuous exercise.

• After anecdotal reports of widespread use at the London 2012 Olympics, meldonium 
was detected in the urine of 9% of athletes at the 2015 European Games [41], and 
was hence included in the list of banned substances by WADA in January 2016.

Beta alanine is a non-essential amino acid that can be synthesised in the liver and 
obtained through dietary intake of poultry and meat. Several recent studies and meta-
analyses have shown that chronic, high-dose oral supplementation with beta- alanine can

 1. increase muscle carnosine levels,
 2. intramuscular buffering capacity, and
 3. improve performance of high intensity and intermittent exercise [42–44].

Studies of adverse cardiovascular effects in humans taking oral beta-alanine 
supplements are lacking. However, neurotoxicity, myotonia and respiratory distress 
are clinical features in humans with mitochondrial disorders associated with beta- 
alanine excess, and in  vitro studies in which rat cardiomyocytes and fibroblasts 
were directly exposed to beta-alanine, oxidative stress and cell apoptosis was 
observed [45]. Therefore, it seems plausible that excess supplementation may have 
deleterious cardiovascular effects.

• Currently, beta-alanine supplementation is legal under the WADA code and its 
use among athletes is widespread, with a self-reported usage of 60% in some 
sporting codes [46].

27.2.4  Beta 2 Agonists

Beta 2 agonists such as salbutamol and clenbuterol are prescribed commonly as treat-
ment for asthma, given their bronchodilatory effects on the smooth muscles of the lung.

• In 2011, Pluim et al. performed a meta-analysis of randomised controlled trials 
comparing inhaled or systemic beta 2 agonists to placebo and concluded that 
there are no data to support a positive effect on VO2max, peak power output, 
strength or endurance performance with inhaled beta 2 agonists (salbutamol, alb-
uterol or terburaline) [47].

• There was some weak evidence in support of high dose, oral salbutamol having 
a positive anaerobic capacity and strength [47], however the doses used would be 
expected to produce adverse side effects such as tachycardia, ventricular ectopy, 
tremor and hypokalaemia [48].

Clenbuterol has emerged more recently as a drug of misuse in both elite and 
recreational athletic circles, due to its effect on beta-3 receptors in adipocytes, 
resulting in lipolysis and weight loss, a desirable side effect in sports where being 
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lean and/or light weight is desirable [49]. The doses required to achieve these effects 
are 120–160 μg daily, which is 3–4 times higher than the doses that are generally 
prescribed for asthmatics [49]. Not surprisingly, side effects such as tachycardia, 
gastrointestinal disturbances and tremor are common in individuals using clen-
buterol in these doses, and even cardiac arrest has been reported [50].

27.3  Psychoactive Drugs

27.3.1  Benzodiazepines

Often co-administered, benzodiazepines differ among one another for kinetics, 
metabolic destiny, and active metabolites and should not be taken for a period 
exceeding 3–4 weeks because of the risk of tachyphylaxis and addiction. Chronic 
use can cause nocturnal hypoventilation, with a decrease in tissue oxygenation and 
clinical consequences. Particular attention has to be paid to symptoms occurring 
after withdrawal of the agents (withdrawal syndrome):

• With drugs with a short/medium half-life (t1/2) like triazolam, the withdrawal 
syndrome is more likely to occur once the treatment is interrupted while it rarely 
appears after intake cessation of drugs with a long t1/2.

• Withdrawal syndrome is virtually absent with molecules such as zolpidem and 
zopiclone.

• Symptoms arise proportionally to t1/2 (e.g. 24 h for lorazepam, 3–7 days for 
diazepam).

• Withdrawal syndrome can cause
 – arrhythmic episodes such as

sinus tachycardia,
atrial fibrillation and atrial flutter,
supraventricular and ventricular cardiac ectopy, and

 – atrial pressure abnormalities such as
systolic hypertension,
orthostatic hypotension,
symptoms of sympathetic hyperactivity with diaphoresis, agitation, anxi-
ety, tremors and delirium.

• A beta-blocker treatment is recommended in case of withdrawal syndrome [51].

27.3.2  Antidepressants and Antipsychotics

Classic tricyclics (ADT) are, among antidepressant drugs, nonselective inhibitors of 
serotonin and noradrenaline reuptake. They can cause severe cardiovascular effects.

• The most common effects, usually depending on the dose, are QRS enlargement, 
AV blocks to different extents, QT lengthening, and negative inotropic effect 
with a reduction in the ejection fraction.
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• They can also cause, especially in older athletes, Raynaud’s phenomenon, ortho-
static hypotension and sinus tachycardia and bradycardia.

• Some antidepressants and antipsychotics might cause: QT lengthening with the 
torsadogenic risk of producing LQTS, ventricular arrhythmias, torsade de pointe 
and sudden death.

• The risk is intended on the base of the single drug or attendant factors such as: 
age, underlying pathology, hypopotassaemia and drugs coadministration.

• These drugs are ADT such as: amitriptyline, amoxapine, clomipramine, desipra-
mine, doxepin, imipramine, nortriptyline, trimipramine and other antidepres-
sants such as: citalopram, fluoxetine, sertraline (see following section on SSRIs), 
amoxapine, venlafaxine and doxepin.

Not all antidepressants cause QT lengthening, and the torsadogenic risk 
increases with higher doses or when drugs are co-administered (e.g. antiarrhyth-
mics, antihistamines, stimulants, antibiotics and antimycotics). It might be also 
due to familial aggregation, as in 10% of cases [52]. Typical antipsychotics (chlor-
promazine, pimozide, thioridazine, perphenazine, trifluoperazine, haloperidol and 
droperidol) and atypical antipsychotics (clozapine, quetiapine, risperidone, sulto-
pride, ziprasidone and loxapine) are more likely to cause QT lengthening and 
torsade de pointe. However, the group of atypical antipsychotics is considered to 
be less hazardous.

• Electrocardiograms show that some tricyclic antidepressants (amitriptyline, 
desipramine and nortriptyline), other antidepressants (maprotiline and lithium) 
and some antipsychotic drugs (trifluoperazine and loxapine), might cause even 
highly arrhythmic Brugada like type 1 and coved type syndrome.

• This is more frequent in familial aggregation cases (Na channel mutation, 
SCN5A) [52, 53].

• The choice, initiation and continuation of an antidepressants and antipsychotics 
therapy require a careful ECG evaluation (PR, QRS, QTc, ventricular repolariza-
tion specific and nonspecific alterations, bradycardia and supra and ventricular 
arrhythmias).

• Subjects suffering from underlying incompatible cardiac structure disease, elec-
trolyte disorders (hypo and hyperpotassaemia and hypomagnesemia), liver and 
hepatic failure [54] and those treated with co-administered synergic drugs are 
excepted.

27.3.3  Selective Serotonin Reuptake Inhibitors (SSRIs)

SSRIs include drugs such as fluoxetine, sertraline, paroxetine and citalopram. Their 
most common CV effects are

 1. arterial hypertension,
 2. sinus tachycardia,
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 3. supra and ventricular arrythmias, and
 4. heart failure due to myocardial negative inotropic effect [55, 56].

Overdose can lead to secondary brady-tachy syndrome and to systemic arterial 
hypotension. SSRIs can cause, to different extents (e.g. milder for Escitalopram) 
CYP3A4 enzymes hepatic inhibition. Treatment with warfarin has to be constantly 
monitored as the risk of severe haemorrhage is definite and it increases when war-
farin is combined with acetylsalicylic acid and other antiplatelet drugs. SSRIs co- 
administration can lead to lethal hyponatremia.

27.3.4  Anticomitials

Young athletes might need prolonged anticomitial treatment. Anticomitials might 
have pharmacokinetic interactions with other drugs.

• Sodium valproate as hepatic metabolism inhibitor can increase phenobarbital 
plasma concentrations and favour drowsiness and psychic troubles especially in 
children.

• Other anticomitials such as phenytoin and carbamazepine can decrease plasma 
concentration of sodium valproate through the “enzymatic activity”.

• The list of anticomitials also include gabapentin, lamotrigine, levetiracetam, 
oxcarbazepine, tiagabine, topiramate, vigabatrin, zonisamide and 
carbamazepine.

• Therapy with carbamazepine, valproic acid, phenobarbital and phenytoin can be 
monitored by plasma levels.

• Treatment with anticomitials in athletes always has to be reported and plasma 
levels measured.

• Serial ECG analysis are necessary to verify tolerance to therapy and, as asymp-
tomatic bradyarrhythmia and nocturnal AV block can occur, Holter monitor 
might be needed.

27.3.5  Narcotics

The WADA list includes buprenorphine, dextromoramide, diamorphine (heroin), 
fentanyl and by-products such as: hydromorphone, methadone, morphine, oxyco-
done, oxymorphone, pentazocine and pethidine. Narcotics can be used in athletes 
suffering from post-traumatic pain syndrome. Oxycodone, a strong opioid analge-
sic, is increasingly used among young students and athletes [57].

• Narcotics can cause psychic troubles, a reduction in the perception of pain and a 
dangerous false sense of well-being.

• Methadone and levomethadyl can cause QT-lengthening and be torsadogenic [58].
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27.3.6  Anti-inflammatory Drugs

The intake of “legal” drugs, such as the non-steroidal anti-inflammatories 
(NSAID) is more common in elite athletes than in non-athlete peers [59, 60]. These 
drugs may cause

 1. delayed tissue regeneration,
 2. gastrointestinal complications (gastralgia, heartburn, haemorrhage, alvus 

disorders),
 3. disorders of the central nervous system (fatigue, headache, decreased perception 

of muscle strength),
 4. decreased renal blood flow resulting in decreased kidney function (indometha-

cin, celecoxib), and
 5. CV risks (cyclooxygenase inhibitor, Cox-2).

In order to reduce the adverse effects of these anti-inflammatory drugs, topical 
use (if effective) should be preferred to oral, parenteral or intravenous administra-
tion [61].

27.3.7  Anti-coagulants and Antiplatelet

One of the most important topics in the management of the athlete in treatment with 
anti-coagulants is the haemorrhagic risk during physical activity caused by trau-
mas or collision with opponents, thus mostly in team sports and sports with a high 
intrinsic risk. Such risk is particularly high for veteran athletes, over 35-year-old 
and up until 70 years or more, who practice and train with the same intensities as 
younger athletes.

• It is worth reminding that in subjects treated with Vitamin K antagonists (VKA), 
like acenocoumarin (Sintrom) and warfarin (Coumadin), an increase in the train-
ing intensity or volume can affect the INR values.

VKA achieve their anticoagulant effect by interfering with several coagulative 
factors like II, V, VII and IX. Their metabolism is significantly affected by sub-
stances acting on cytochrome (CYP) P450. AVK require periodic INR control and 
have a delayed and prolonged effect that lasts even after suspension.

A recently introduced class of anti-coagulants is made of New Oral Anti- 
Coagulants (NOAC). NOAC are thrombin selective inhibitors (Dabigratan) or of the 
activated X Factor (Rivaroxaban, Apixaban, Edoxaban).

• It is still unknown if the NOAC’s effect is influenced by exercise intensity and 
volume like VKA.

• NOAC have a short half-life and they are metabolized mostly through renal and 
hepatic excretion, therefore having a better and safer efficacy profile.
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• It is clear that for their pharmacokinetics, bioavailability, efficacy and safety 
NOAC should be preferably prescribed in physically active and exercising 
subjects.

• Furthermore, NOAC have very mild interactions with cardiovascular drugs, like 
atorvastatin, verapamil, diltiazem, quinidine, amiodarone and dronedarone.

Having only recently been introduced, long-term therapy effects still require fur-
ther investigation, in particular for the possible drug-drug interactions and the inhib-
iting or promoting effect on CYP3/A/4, that is directly involved in the hepatic 
clearance, for example, of rivaroxaban and apixaban. Few information is available 
coming from long-term treatment in a real-world scenario, for instance a significant 
increase of apixaban and rivaroxaban plasmatic levels have been described in the 
presence of HIV protease inhibitors.

The most commonly used antiplatelet drugs include aspirin, clopidogrel, prasu-
grel and ticagrelor. Just like anti-coagulants, antiplatelet medications increase the 
haemorrhagic risk, particularly in physically active individuals.

When establishing the individual risk, it is important to consider also other age- 
related CV diseases that might increase the likeliness of CV events such as coronary- 
artery disease, hypertension and atrial fibrillation. In this group of patients, 
anticoagulants and antiplatelet drugs reduce the risk of CV events but at the same 
time increase the risk of exercise-related and spontaneous haemorrhagic events. 
Thus, when prescribing this drug category to the exercising subject, several factors 
should be considered:

 1. age,
 2. sex,
 3. coexisting cardiovascular disease (in case of AF the CHA2DS2-VASc score),
 4. type and intensity of the physical activity practiced.

Low intensity and low exercises are preferable in most cases (see Chap. 1).

27.3.8  Stimulants

The use of ergogenic substances among athletes has been widely documented in 
anonymous survey studies. These substances, like energy drinks and food supple-
ments, are usually self-prescribed and aim at increasing the physical and cognitive 
performance.

• Most of energy drinks freely available on the market contain high doses of caf-
feine and other molecules with a similar stimulating effect.

• Post-mortem and retrospective acceptance and emergency department studies 
have shown a significant correlation between the abuse of high-caffeine content 
substances and fatal arrhythmias.
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• Although a clear cause-effect relationship between energy drinks and cardiac 
arrhythmias has not been demonstrated in large population prospective studies, 
the use of these substances should be limited.

Other stimulants of common use are those prescribed for the treatment of 
Attention-Deficit/Hyperactivity Disorder (ADHD), a condition of increasingly 
common diagnosis in North American and Scandinavian countries. The treatment 
usually relies on methylphenidate or its derivates. The prescription of ADHD treat-
ment is strictly regulated by the World Anti-Doping Agency (WADA), International 
Sports Federations, and National Anti-Doping Agencies.

• Amphetamine-derived treatment is highly discouraged in subjects with famil-
ial or personal history of arrhythmic diseases, in particular those with a genetic 
background.

• The use of methylphenidate in athletes is allowed upon acceptance of a 
Therapeutic Use Exemption (TUE) application.

Beside the arrhythmogenic effect of amphetamine-derived substances, these 
drugs also have shown to increase the risk of heat-related illnesses.

• In particular, amphetamines could potentially mask or delay fatigue by slowing 
down the exercise-induced internal temperature rise.

• This could also impact the thermoregulatory system resulting in a potentially 
muscle overheating [62].

• The use of dopamine reuptake inhibitors has shown to improve performance but 
also to cause hyperthermia without any change in the perception of effort or 
thermal stress potentially increasing the risk of exertional heat injuries [63].

• A similar effect is known for ephedrine-containing compounds, due to the sym-
pathomimetic effect, impairing the body’s ability to dissipate heat properly [64].

Clinical Pearls
• The use of most commonly prescribed CV medication needs to be tailored to the 

patients’ needs and lifestyle, taking into consideration the type of physical activ-
ity performed.

• Commonly prescribed CV medications may have an effect on exercise perfor-
mance in athletes as well as patients with a very active lifestyle.

• The athletic pursuits of patients should also be considered when prescribing non- 
cardiac medications such as anti-depressants and stimulants, given the increased 
risk of heat related illness and arrhythmias.

• Many of the substances taken for performance enhancement such as human 
growth hormone and stimulants have no clear evidence for performance enhance-
ment, but clear negative impacts on cardiovascular health.

• Over the counter substances such as Energy drinks and other stimulating sub-
stances might have an arrhythmogenic effect on predisposed individuals.
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 Review

 Questions

 1. In which type of sport are beta-blockers not allowed, according to the WADA list 
of prohibited substances?

 2. True or false? The dose-heart rate response to beta blockade has little individual 
variability.

 3. True or false? Pulmonary vasolidators such as sildenafil have been shown to 
improve exercise performance at sea level.

 4. The use of androgenic anabolic agents is associated with cardiovascular side 
effects which mimic what commonly inherited cardiomyopathy?

 Answers

 1. Skill sports.
 2. False. There appears to be significant individual variability in the effect of a given 

dose of beta blocker on the resting and exercise heart rate. Dosing should be slowly 
uptitrated and exercise testing considered to assess heart rate response and exercise 
performance in order to tailor prescription to the athletic person’s needs.

 3. False. There is some evidence for a performance benefit in hypoxic conditions, 
but this has not been replicated in normoxic (sea level) conditions.

 4. Hypertrophic cardiomyopathy.
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28.1  Introduction

Illustrating that cardiac care may also be needed in prehospital areas, this chapter 
describes emergency cardiac care in a geographical area where many people meet 
for a sports event, the so-called mass gathering sports events.

• Traditionally, mass gathering medical care has been defined as emergency health 
care services provided to spectators and participants, in events where at least 
1000 persons are gathered at a specific location for a defined period of time [1].

• Nevertheless, most published reports have described the medical care coverage 
for greater than 25,000 attendees [2–4].

As in other mass gathering events, sports stadiums and arenas may gather several 
thousands of persons during a certain amount of time, creating challenges not only 
related to the medical care for both athletes and spectators inside the venues, but 
also affecting the local, non-event related, health care resources (prehospital emer-
gency medical services and hospitals).

Planning medical care for certain mass sports events such as the Olympics, FIFA 
World Cup or the World Championship Games in Athletics may be particularly 
challenging as spectators and participants may be spread in multiple sites/arenas, 
across long distances, and exposed to varied environmental conditions during many 
days or even weeks [3–6]. Some additional factors may need to be considered when 
planning medical care for adaptive sports events, especially those related with indi-
vidual needs of athletes [7]. Ensuring safe participation of athletes and providing 
adequate medical care for spectators is always one of the main challenges for those 
organizing sports events in stadiums and arenas.

Among all medical issues, sudden cardiac arrest (SCA) represents the most chal-
lenging emergency for which event organizers must be prepared in order to provide 
a prompt and adequate response to improve chances of survival. Other potentially 
life-threatening medical conditions, like syncope, spinal cord injuries or concussion 
must also be handled properly.

• Importantly, the risk of cardiac events may be increased in both athletes [8] and 
spectators [9–12] with underlying cardiovascular disease, due to the increased 
physical and/or emotional stress.

• However, the effect of emotional stress on the incidence of cardiac events among 
spectators is still controversial [13–15].

• The reported incidence of SCA among spectators ranges from 0.17 [16] to 
0.38/100,000 spectators [17, 18].

• This means that every medium to large size sports arena is likely to have a num-
ber of SCA events per season.

• For example, a total of seven cases of acute coronary syndrome were 
reported in the Barcelona FC stadium (98,260 spectators) during the 2000–
2001 season [19].
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A coordinated response with early and effective cardiopulmonary resuscitation 
(CPR) and defibrillation is key to improve survival from out of hospital SCA [20]. 
Placing automated external defibrillators (AEDs) in areas where as few as one car-
diac arrest per 5 years can be expected, is considered to be cost-effective [20]. By 
introducing the “chain of survival”, enabling rescuers to deliver early and effective 
CPR and providing access to early defibrillation within 3–5 min of collapse, sur-
vival rates from out of hospital SCA can be as high as 70% [20–22].

• In the clinical context of sports arenas, the German Football League’s study 
showed impressive resuscitation success rates, with 96% of the 52 patients who 
suffered a SCA being transported to hospital with spontaneous circulation [17]. 
These results were related to well organized and adequately trained emergency 
medical services (EMS) being able to provide short response times and support 
the need to implement effective strategies for emergency cardiac care in mass 
gathering sports events.

• Disappointingly, the 2005–2006 season European Arena study showed that as 
many as 28% of the participating First and Second Division clubs did not have 
an AED available in the arena, 36% did not have a written Medical Action Plan 
(MAP), and 35% did not have CPR training programme for personnel [16].

• However, a more recent study of the 92 professional football clubs of the top four 
leagues of the English Football Association showed a better status, with all clubs 
having an AED on match days and training sessions, and most (83%) having an 
emergency action plan. Still some improvements in AED training and equipped 
ambulances availability on match days were identified as necessary in the lower 
divisions [23].

As a consequence of the Arena study [16], in 2011 the Section of Sports 
Cardiology of the European Association of Preventive Cardiology (EAPC) pub-
lished a consensus document regarding cardiovascular safety at sports arenas [24]. 
Preceding this, the only existing comprehensive document to assist EMS physicians 
with planning emergency medical care at mass gathering events was published in 
2000 by the National Association of Emergency Medical Services Physicians 
(NAEMSP) of the United States of America (USA) [25]. An update of this position 
statement [26] and FIFA’s recommendations on Mass Gathering Football Emergency 
Medicine [27] were published in 2015. Based on existing scientific data and expert 
consensus, all these documents propose minimum standards for delivery of EMS in 
mass gathering sports events.

The present chapter deals with planning of EMS in sports stadiums and arenas. 
These are broad based recommendations in order to allow organizers to adapt to the 
specific needs of the arena according to size, location and architectural characteris-
tics, with the common goal of providing prompt, safe, effective, efficient and coor-
dinated management of any SCA. Mass gathering medical care should also include 
less acute cardiovascular care and non-cardiac medical care which is not discussed 
in this chapter.

28 Cardiac Safety in Sports Arenas
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28.2  Medical Action Plan (MAP) and Event Planning

The American Olympic athlete Jackie Joyner-Kersee’s axiom, “it is better to look 
ahead and prepare than to look back and regret”, holds true when assuming the 
responsibility of organizing the healthcare for any mass gathering sports event.

There are several aspects that make mass gathering sports events medical care in 
arenas different to other EMS, and that should be considered in the planning 
(Table 28.1) [24].

As in any mass gathering event, organizing the emergency medical care in sports 
arenas requires a written description of the medical resources needed (the MAP), as 
well as providing detailed plans for its use.

• This MAP should be specifically tailored for each venue and ideally adjusted for 
each event.

• It should also be reviewed and updated at least annually.
• Every MAP should address all aspects listed in Table 28.2 and discussed in detail 

below [24].

Including a detailed map of the venue with locations of all health care resources 
(advanced life support (ALS) and basic life support (BLS) medical care posts/cen-
tres, ambulances and mobile medical teams (MMTs, AEDs, etc.) as well as, if pos-
sible, emergency exits and evacuation routes, may be very useful for all the EMS 
personnel, both as a guide during the event and for pre and post event debriefing 
meetings (Fig. 28.1).

For practical purposes, the majority of medium or large size stadiums and arenas 
can be divided into two specific functional areas, namely the competition and non- 
competition areas:

Table 28.1 Unique characteristics of sports mass gathering emergency medical care

Medical personnel usually need to navigate large crowds and architectural barriers (i.e. fences, 
lifts, stairs, etc.) that interfere with adequate emergency medical care and meeting response 
times
Use of motorized transport may be prevented by architectural barriers
Evacuation routes may be crowded at certain moments
Weather conditions in outdoors events (i.e. rain, snow, extreme temperatures)
Patients refusing to receive medical care, and hostility from surrounding spectators or between 
rival fans, may complicate the working environment
Alcohol and drugs consumption
Characteristics of athletes, spectators and competition (level, type of sport, adaptive sports, age, 
language, familiarity with the venue, duration, multiple sites, national, international)
VIP medical care
Potential for terrorist acts and mass casualty incidents needing greater demand for medical care 
and initial triage of casualties
Communication challenges including prolonged transportation time to hospital
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 1. The competition area comprises those parts of a stadium where the sports activ-
ity is actually undertaken, including changing rooms, officials’ offices, doping 
control room, etc. Due to security considerations, accreditation passes are gener-
ally required to gain access to these and the VIP areas.

 2. The non-competition area comprises the spectator seating area, commercial ven-
dor areas, hospitality areas and the parking areas in and around the stadium.

Table 28.2 Key aspects that 
should be addressed in the 
MAP of every sports arena

Responsibilities and contact information of 
the appointed event medical director
Roles and responsibilities of all health care 
personnel
Medical equipment including AEDs
ALS and BLS treatment facilities
ALS and BLS transportation
Communications system
Patient contacts documentation system
Continuous quality improvement and training 
(i.e. rehearsals and meetings)
Coordination with local health care resources

MAP medical action plan, AED automated 
external defibrillator, ALS advanced life support, 
BLS basic life support

Fig. 28.1 Map of a large size football stadium (81,000 spectators) with locations of all health care 
resources
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The single most important determining factors for successful SCA management 
is the time from patient collapse to initiation of CPR and first AED shock, when 
indicated. Within a sports arena, the overwhelming majority of SCA events will be 
witnessed, potentially allowing for almost immediate CPR activation and a sum-
moned BLS (CPR + AED) response within the required goal of 3–5 min [28]. In 
fact, the survival rate of exercise-related SCA has been shown to be considerably 
higher inside arenas compared to outside [28].

The medical emergency planning must ensure safety of the patient, rescuers and 
surrounding spectators as well as if needed, the safe and efficient transfer of the 
patient, away from the site of collapse to the nearest, most appropriate medical 
facility. The distance and predicted transport times to the nearest hospitals, should 
be timed and stated in the MAP.

28.3  Personnel

28.3.1  Medical Director

A licensed physician, experienced in out-of-hospital medical care and familiar with 
the local health care resources (EMS and hospitals), should be appointed as medical 
director for every arena of sufficient size, as this measure will positively impact 
decision-making, transportation and triage decisions.

• The duties and responsibilities of the medical director in the previous planning 
and preparation, response during the event and post-event analysis are outlined 
in Table 28.3.

Table 28.3 Duties and responsibilities of the medical director in a sports mass gathering event

Designing, updating and implementing the MAP
Actively participate in the organizing committee of every major event taking place at the arena
Planning of any remodelling of the arena or even building process of a new stadium, to ensure 
that medical emergency care aspects (e.g.: medical rooms, evacuation routes, transportation, 
etc.) are considered
Supervising that all EMS personnel are adequately trained and certified in emergency 
cardiovascular medicine
During the event, should be easily identifiable and always available by some form of 
communication modality to all EMS personnel, and especially to the EMS representative 
located inside the venue operations centre of large arenas
Ensuring that all patient contacts are properly documented
Establishing and maintaining communication and collaboration with the local EMS and 
physicians of interest in nearby hospitals, to improve patient outcomes and allow for follow-up 
of critically ill patients transported to the hospital
Organizing periodic training rehearsals and debriefing meetings (e.g. pre and post-event, post 
SCA events) with the EMS personnel
Acting as a media spokesperson, if required

MAP medical action plan, EMS emergency medical services, SCA sudden cardiac arrest
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28.3.2  Medical and Other Healthcare Personnel

The timely response to a collapsed, possible SCA patient with initial cardiac resus-
citation and subsequent transfer from the site of collapse, with or without return of 
spontaneous circulation (ROSC), requires adequate numbers of medical and allied 
healthcare personnel, sufficiently qualified, skilled and experienced. These must be 
well adapted to the prehospital medical environment, and specifically to that of a 
large, multi-level arena, designed to hold a large capacity of participants. The fol-
lowing aspects should be considered when deciding on the number and training 
level of the emergency medical personnel:

 a) arena capacity and predicted attendance of the event (Fig. 28.2),
 b) architectural barriers (Fig. 28.3),
 c) level of risk of the sport (i.e., contact vs. non-contact sports) and event (i.e., 

rivalry of opposing teams, familiarity with the arena),
 d) weather conditions in conventional outdoors arenas, and
 e) transport times to higher levels of medical care.

Presence of at least 1–2 physicians (aside from team physicians)/50,000 
spectators, 1 nurse/10000 spectators, ALS certified, and 2 medical technicians 

Fig. 28.2 Large size multi-level football stadium with a seating capacity of 81,000 spectators
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(MTs)/10,000 spectators has been recommended in previous documents [24, 29, 
30], but the final number should be adjusted to guarantee prompt CPR and defibril-
lation, even in those areas of the venue where access is more complicated.

• All the medical and allied healthcare personnel should be at least BLS qualified, 
encompassing CPR and AED training.

• All EMS personnel need to be dressed in appropriate visible uniforms for imme-
diate identification by the spectators and should be equipped with the necessary 
BLS or ALS medical and communication equipment, thus promoting expedi-
tious response and treatment (Fig. 28.4).

• Ushers and other non-medical personnel (i.e., security) working at the stadium 
should be aware of how to alert the on-site EMS and ideally, as many as possible 
should be trained in CPR and AED use.

The specific roles of each personnel category and hierarchy should be specified 
in detail in the MAP, to minimize the delay from recognition of SCA to an efficient 
response with BLS and if needed, ALS.

Fig. 28.3 Stairs and other 
architectural barriers in the 
upper deck of a large 
football stadium
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Overall, the first SCA response and resuscitation within a sports stadium will 
usually be performed by the MMTs, which should be strategically positioned in the 
venue and depending on their location, could be comprised of two to four members, 
some including ALS trained personnel. They must be on site and when activated by 
a patient collapse, these MMTs should be able to speedily and safely respond and 
gain access to the collapsed patient’s side, anywhere within the stadium. Ensuring a 
safe, satisfactory and successful response, resuscitation and if necessary, transfer of 
the SCA patient in an often-crowded area of the stadium, while carrying medical 
bags, a defibrillator and a rigid patient carrying device, requires planning, training 
and regular rehearsals.

Fig. 28.4 Mobile medical team with BLS medical and communications equipment
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• Additional MMTs using bicycles, motorcycles, and modified motorized stretcher 
carrying carts may be considered, depending on the size and architectural design 
of the arena, and any external EMS responsibilities (e.g. parking areas, etc.).

• Event organizers and EMS providers should in advance certify that the EMS and 
individually all its personnel have sufficient liability insurance coverage.

• In case of being contacted by the media, all EMS personnel should remember 
that their duty to protect confidentiality remains at all times, also after a patient’s 
death.

28.4  Requirements of the Stadium

28.4.1  Treatment Facilities

Depending on the size and characteristics of the arena, a number of primary care 
medical posts and, in medium-large size arenas at least one ALS medical center 
(Fig. 28.5), should be strategically located with best possible access for spectators, 
especially for those with physical disabilities.

• If possible, the ALS medical center should have an easy access from the teams’ 
locker rooms and VIP area, and an easy evacuation route to an ALS ambulance.

Fig. 28.5 Medical room with advanced life support medical equipment
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• Ideally, there should be at least 1 nurse and 1 MT in every primary care medical 
post, and at least 1 physician and 1 nurse in the ALS medical center.

• These on-site medical posts may be very useful in large arenas where a high 
number of patients may occasionally be expected and in  locations with pro-
longed transport times to higher levels of care.

28.4.2  Medical Equipment

The appropriate cardiac resuscitation equipment required for management of a SCA 
within a sports stadium structure encompasses all the equipment carried by the 
MMTs and the one located within the medical centers of large arenas. This requires, 
as a minimum, a number of fully functional AEDs and where necessary, such as in 
the ALS medical center, an ALS type manual multifunctional defibrillator/synchro-
nized cardioverter/transcutaneous pacemaker with accessory diagnostic functions 
(e.g. pulse oximetry). Older monophasic defibrillators are also acceptable, as is the 
use of defibrillator paddles and gel, as long as adequate safety precautions are 
undertaken during defibrillation.

• AEDs should be also widely distributed throughout the arena and the total num-
ber can be calculated by using suggested algorithms [31], to make it possible to 
achieve the goal of first defibrillation in 3–5 min after the patients collapse, in 
any part of the venue.

• Fixed AEDs should be visible and clearly marked in all maps of the venue.
• Batteries and pads of all AEDs should be checked annually.

The ALS MMTs and medical centers should also have all the emergency care 
medication needed to adequately treat a SCA. Including stretchers, wheelchairs and 
stair-chairs should also be considered to assist in patients transport.

A readiness check of all equipment and medication should be performed prior to 
every event.

In order to ensure safety, there are some aspects that should be considered when 
using the emergency medical cardiac equipment for the management of SCA within 
a sports stadium, in specific conditions:

 1. CPR + AED use in wet (rain) conditions is considered safe [32].
 2. Adequacy of space to position the patient horizontal on a hard surface for effec-

tive external chest compressions. This may not be possible if a patient collapses 
in the seat within the spectators seating area, due to the minimum available 
space. It may then be necessary to speedily transfer the SCA patient from the 
seat to the nearest adequate area and lay him/her down horizontally before exter-
nal chest compressions can be effectively initiated and AED pads applied for 
rhythm analysis.

 3. In case of vomiting or if peripheral venous access is needed, waste and all used 
items removal should be appropriately handled.
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 4. Consideration should also be given to the various causes of cardiac arrest which 
may require various adaptations to the normal clinical protocol practiced, namely 
lightning strike cardiac arrest, multiple patients cardiac arrest from a stadium 
stampede, anaphylactic cardiac arrest from stinging insects, etc.

28.4.3  Signage and Information Related with Access to Care

• Easily discernible signs should be strategically placed throughout the arena to 
facilitate quick location of all medical care posts/centers and AEDs (Fig. 28.6).

• Information including a map with location of treatment facilities (BLS and ALS), 
MMTs, AEDs and ambulances should also be included in the official event pro-
gramme, team and/or arena websites, as well as in visible posters/wall charts 
located at teams and referees locker rooms, doping control and delegates rooms, 
and VIP lounges in the competitions area.

• To maximize visibility, signs, posters/ and program information should be 
designed with pictograms, bold text and bright colors.

• The MAP should be also available for the sport governing bodies and opposing 
teams, well in advance of the match or tournament.

• In international events, all signs and information related with access to care 
should be written in the host country’s native language, in English and in any 
other languages required by the organizing body.

Fig. 28.6 Signs to facilitate location of medical rooms
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28.4.4  Patient Transportation

Once cardiac resuscitation has been in progress for a period of time, it may be nec-
essary to plan for evacuation of the patient from the site where resuscitation was 
initiated. This may require transfer of the patient who has obtained ROSC to the 
most appropriate medical facility in the stadium (BLS medical post or ALS medical 
center) or to the nearest hospital, for immediate post resuscitation stabilization and 
care. However, the patient without ROSC may also be required to be transferred for 
reasons which may include safety, crowd considerations, need for upgraded clinical 
management at the ALS medical center or nearest hospital, or termination of resus-
citation in privacy.

• In a patient who has gained ROSC, transfer logistics include use of an immobi-
lizing patient carriage device, so that CPR  +  AED use can be immediately 
restarted, if ROSC is lost during transfer.

• This entails considering various potential difficulties, namely stairs, ramps, lifts, 
which if not considered during the planning and practice phase, may cause major 
logistical problems, to ensure safe, appropriate patient transfer within or out of 
the stadium to waiting ambulances, which cannot directly access the patient due 
to structural limitations.

• Carriage of an unconscious patient from the stadium seated area, using a long 
spinal board type device, maintaining a constant horizontal position, whilst 
negotiating a steep incline quite frequently of >30° should be planned and prac-
ticed beforehand, in order to realize the required manpower necessary.

• Carrying a patient horizontally on a long trauma spinal board may in fact require 
up to ten persons to undertake the same task in the upper decks of some arenas.

Furthermore, if the SCA patient has not successfully achieved ROSC and trans-
fer is thought most appropriate, this will not only entail carriage of the pulseless 
patient horizontally on a long, trauma spinal board, but will also require continuous, 
competent chest compressions, rescue ventilations and AED analysis and shocks.

Safe and relatively unimpeded evacuation routes should be designed, both in the 
competition and non-competition area, and clearly marked to minimize transport 
times. Transport times in a full capacity stadium from different parts of the arena to 
the nearest medical post and ambulance should be measured and stated in the MAP.

Whether an ambulance can enter the field of play, or not, is important to ascer-
tain, so that plans can be appropriately made in advance. Likewise, it is important to 
establish if the stadium ramps or lifts are accessible for ambulance stretchers, ambu-
lances or modified motorized stretcher carrying carts, all of which need adequate 
access if they are to be used to convey the patient safely and appropriately away 
from the site. Although not for SCA patients, wheelchairs and specially stair-chairs 
may be of help in many arenas.

The ambulance, its crew, medical equipment and medical protocols must have 
been audited to ensure that safe, effective and efficient CPR can be undertaken in 
the moving ambulance on-route to the receiving medical facility. Distance and 
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transport times to the nearest hospitals should be measured and stated in the MAP, 
considering the worst scenarios related with traffic congestion. The fastest evacua-
tion routes should be designed and selected in coordination with the local 
authorities.

Many medium and large sports arenas will have a designated helicopter landing 
area, for life threatening medical emergencies. All members of the EMS team who 
will access the helicopter landing zone must be familiar with the various safety and 
operational aspects concerned.

The number and type of internal (motorized stretcher carrying carts) and external 
(BLS and ALS ambulances) transportation resources should be adapted according 
to the characteristics (size, architecture, location) of the arena/event.

• As a recommendation, a minimum of 1 ALS ambulance (Fig. 28.7) adequately 
staffed with at least 1 physician, 1 nurse and 1 MT, should be always present 
during the event if >10,000 spectators are expected [24].

Fig. 28.7 Large capacity fully equipped Advanced Life Support ambulance

L. Serratosa et al.



545

• Replacing, if only one, or making the required changes in the positioning of the 
ambulances should be also pre-planned in the MAP.

• All vehicles should be clearly described in the medical action plan and marked 
in the map of the venue (Fig. 28.1).

28.5  Communications

No emergency can be effectively managed without adequate communications. In 
order to ensure a speedy both primary and secondary response, all members involved 
with a medical emergency in and around the sports stadium should be contactable 
whenever necessary and have updated information, using either

 1. two-way mobile radios,
 2. cellphones,
 3. land-line phones,
 4. pager messages, or
 5. similar devices.

In case of a cardiac or other medical emergency, the EMS representative in the 
venue operations center of large stadiums or the person with these responsibilities 
in smaller arenas, must be constantly updated with any necessary information, so 
that medical assistance can be dispatched; transport guided and arranged as required, 
and other allied emergency services alerted and briefed (e.g. traffic police, referral 
hospital).

Communication training must be integral to any of the clinical simulated training 
scenarios to familiarize all medical and healthcare team members with the desig-
nated communication devices being used. All communication systems should be 
tested prior to each event. Ideally, the MAP should list all the relevant cell and land- 
line phone numbers.

28.6  Documentation

All patient contacts should be registered, ideally, in a standardized electronic medi-
cal records database, ensuring confidentiality and safety of all the patient’s informa-
tion. If possible, a signed copy of the report should be delivered to the patient or 
those accompanying him/her. An “against medical advice” section or specific form 
for patients who refuse treatment will help in reducing the event and/or venue 
liability.

If the patient is transferred to the hospital, a written report is necessary and 
should include information on

 1. patient’s condition,
 2. investigations,
 3. treatment,

28 Cardiac Safety in Sports Arenas



546

 4. location and time of incident,
 5. method and timing of transfer, as well as
 6. any problems incurred during transport [33].

The medical record may also be used for continuous quality improvement of the 
EMS, research purposes, and more important, as a legal document, possibly with 
varying requirements in different national settings.

28.7  Planning, Coordination and Continuous Training

The effective and efficient management of any life-threatening cardiac emergency 
requires planning well in advance, good coordination, cooperation and communica-
tion, in order to timeously recognize any patient who has collapsed anywhere within 
or around the arena’s area of responsibility. Coordination and cooperation with the 
local EMS and nearest Hospitals is also essential to optimize all available resources.

• The MAP should define which local EMS and nearby hospitals, and how, will 
take care of the patient from the arena medical staff in specific cases such as a 
cardiac emergency.

• The arena EMS must be ready to provide adequate medical care, with all person-
nel and ambulances in their assigned positions, before the access gates open, and 
have to remain available until the last spectator and/or player has left the 
stadium.

• The sequence of life saving events can only be successfully accomplished if the 
approved, and regularly audited emergency MAP, is known to all members of the 
medical and healthcare services and is regularly rehearsed using life-like sce-
narios with debriefing sessions in order to update and/or correct any weakness in 
the system.

• Such clinical training scenarios should include practical response to and evalua-
tion of resuscitation and transfer of the victim, in a crowded spectator seating 
area, or in those other areas of most difficult access inside the venue.

• Debriefing meetings with the EMS team should be also organized before and 
after every event, and also after every SCA, as they are an excellent opportunity 
for quality improvement.

• Ideally, the medical director should also attend the periodic meetings with the 
rest of the key organizational heads of the safety and security committee of the 
arena.

28.8  Local/National Adaptations

There is no current validated, internationally accepted, medical care mass gathering 
system, although the basic principles are accepted by expert opinion and consensus 
[24, 26, 27]. Each country may have its own specific regulations that legally 

L. Serratosa et al.



547

mandate the various aspects of medical care mass gathering events, including mini-
mum requirements of medical staff and equipment, mutual emergency services 
assistance etc.

Local regulations may likewise prescribe the scope and range of prehospital 
emergency medical practice by specific medical and allied healthcare professionals, 
influencing who may undertake what particular out-of-hospital emergency medical 
treatment, in and around the sport stadium. This legislative, and hence logistical, 
prerequisite may be further influenced by different international sports governing 
bodies own recommended minimum requirements [27]. All of these regulatory 
requirements need to be considered, with practical adaptations or modifications, 
where and when required.

28.9  Other “arenas”

Many of the most important aspects previously mentioned for sports arenas MAPs 
may also be applied in other sporting environments, such as

 1. long-distance running races,
 2. cross-country ski-races,
 3. water sports, etc.

In any mass gathering/participation sport event, prompt delivery of potentially 
life-saving measures, such as CPR within 1 min and defibrillation within 3–5 min, 
in case of SCA, should be the main aspect to consider when planning and designing 
the EMS. In long-distance running competitions, such as marathons, in addition to 
first aid posts every few killometers, mobile emergency response teams with para-
medics who ride bicycles and carry AEDs are also being used to accomplish prompt 
delivery of CPR and defibrillation [34]. Sports events and competitions in other 
more remote areas (i.e. desert, mountains, open water, etc.) may create greater chal-
lenges to achieve the same level of safety as in more confined sport environments 
such as arenas (see also Chap. 30).

28.10  Conclusions

Emergency medical care at mass gathering sports events has some unique character-
istics that makes it different to other EMS. Organizing the EMS in sports arenas 
requires a detailed MAP that should be specifically tailored for each venue and type 
of event. The MAP should aim to support safe, coordinated and efficient manage-
ment of any acute life-threatening event, most importantly SCA. This is ensured by 
individually tailoring the number of healthcare and related personnel as well as the 
medical equipment, communications system and emergency transportation logis-
tics, with the goal to achieve CPR in 1 min, and defibrillation in the first 3–5 min of 
a SCA, in any area of the venue.
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Clinical Pearls
• The occurrence of Sudden Cardiac Arrest (SCA) in and around the environments 

of a Sports Stadium or Arena will always exist
• What remains unknown is the timing, the location, the victim and the eventual 

clinical outcome.
• Of all the previous unknowns mentioned, only the clinical outcome can be 

positively influenced by ensuring effective and efficient skills training (BLS 
/ ALS / ICU), medical equipping, organizational preplanning and practical 
simulations of SCA for the designated numbers of personnel that will func-
tion, in whatever capacity, in and around the environment of the Sports 
Stadium or Arena.

• A positive clinical outcome for SCA in Sport Stadiums and Arenas can be 
enhanced by ensuring that the Medical Action Plan (MAP) initiates CPR on a 
SCA victim within a 3–5-minute time frame from collapse.

• Likewise, a positive clinical response can also be obtained by a regularly 
rehearsed MAP, involving simulated SCA scenarios in all areas of the sport 
structure, including practical training in CPR and AED skill enhancement, com-
munications, manikin stabilisation and ambulance service transfer and post exer-
cise debriefing.

Chapter Review

 Questions

 1. Which of the following factors have a positive effect on the outcome of sudden 
cardiac arrest within a sports stadium or arena?
 (a) A frequently rehearsed stadium Medical Action Plan
 (b) Adequate quantities of AEDs located within the sport stadium environment
 (c) Training of cardiopulmonary resuscitation to large numbers of personnel 

working within the sport stadium structure, in whatever capacity
 (d) Highly visible, mobile emergency medical teams on-duty within the sport 

stadium environment
 (e) All of the above

 2. Survival rates from sport stadium (out of hospital) SCA can be as high as 70% if 
effective CPR and AED use is undertaken within which recommended time 
period?
 (a) Within 3–5 min of victim collapse
 (b) Within 3–5 min of sport stadium communication centre notification
 (c) Within 3–5 min of mobile medical team activation
 (d) Within 3–5 min of sport stadium ambulance personnel notification
 (e) None of the above

 3. Key aspects that should be addressed in the Medical Action Plan of every sports 
stadium or arena include which of the following?
 (a) Defined roles and responsibilities of all medical and health care personnel
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 (b) Fully checked, clean, functional medical equipment including AEDs
 (c) Functional communication system for all medical and healthcare teams
 (d) Coordination and communication with local health care resources
 (e) All of the above

 4. Which of the following factors may increase the level of risk for the provision of 
effective and efficient medical services within a sport stadium or arena?
 (a) The architectural design of the stadium
 (b) The level of athlete contacts within the sport type
 (c) The expected weather conditions in conventional outdoor stadiums or 

arenas
 (d) Rivalry between opposing team fans
 (e) All of the above

 Answers

 1. All of the above. All of the above factors have a positive effect of obtaining suc-
cessful outcomes for any SCA located within a sports stadium or arena 
environment.

 2. Within 3–5 min of victim collapse, as this is the critical time when cardiac output 
ceases within the victim and restoration of cardiac flow within 3–5 min is the 
crucial research proven time for achieving successful Return of Spontaneous 
Circulation

 3. All of the above. All of the above factors are key aspects that should be addressed 
in the Medical Action Plan (MAP) of every sports stadium or arena 
tournament.

 4. All of the above. All of the above-mentioned factors increase the level of risk for 
the provision of effective and efficient medical services within a sport stadium or 
arena and need to be compensated for by increasing the levels of medical and 
healthcare personnel, medical equipment, communication devices etc.
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Learning Objectives
 1. Understand and estimate the risk of medical encounters at mass community- 

based sports events.
 2. Be able to define and classify medical encounters at mass community-based 

sports events.
 3. Understand the exercise benefit-risk paradox.
 4. Implement step-wise planning to reduce the risk of medical encounters at mass 
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 5. Understand the potential role of pre-event medical screening for mass sporting 

events.
 6. Plan and implement medical care on race day for mass community-based sport-

ing events.
 7. Develop guidelines to minimize the potential negative effects of environmental 

stress, including air quality at mass community-based sporting events.
 8. Be able to document medical encounters at community-based sporting events.
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29.1  Introduction

Non-communicable disease (NCDs) of lifestyle are the number one cause of death 
worldwide and are currently responsible for >70% of all deaths. Physical inactivity 
is one of the major modifiable risk factors for NCDs. Universal prescription guide-
lines for physical activity for all individuals include engaging in >150 min of mod-
erate- to high intensity physical exercise weekly.

• Brisk walking, jogging, running, cycling, swimming are common endurance 
exercise activities that are prescribed to individuals.

• There are an increasing number of sports events around the world where large 
numbers of individuals engage in organized endurance sports—these can be con-
sidered “mass community-based sporting events”.

• Mass community-based sporting events include park runs, road races (distances 
vary from 5 km to ultra-marathons), cycling events, swimming events, and events 
combining endurance sports e.g. triathlon

• There are data indicating that the profile of participants at these events is chang-
ing, with increasing numbers of older individuals and female participants.

There is a known risk of medical complications during moderate- to high inten-
sity exercise, and this risk varies according to the “risk profile” of the individual. 
These medical complications during exercise can vary from minor to severe life-
threatening and also result in death from cardiac arrest and other causes. Medical 
staff, that are responsible for participant safety at mass community-based sporting 
events:

 1. need to be aware of the risk of medical encounters at events, causes and risk fac-
tors associated with medical encounters, and

 2. can design and implement strategies to reduce the risk of medical encounters at 
these events.

29.1.1  Risk of Medical Encounters at Mass Sporting Events

• In a recently published international consensus paper, general definitions and 
more specific definitions of medical encounters (by severity, timing and type) 
were outlined [1].

29.1.1.1  General Definitions
A mass community-based endurance sports event is defined as

• “a planned and organised endurance sports event, usually with > 1000 entrants 
(recreational and/or elite), at a specific location, for a specific purpose, and for 
a defined period of time (single day/stage or multiple stages/several consecutive 
days)” [2, 3].
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A “community-based” event is typically planned and organised by a community 
sports organisation with a committee that includes a race director. We refer to “mass 
participation” as a mass-gathering with >1000 race entrants [2, 3], but also recognise 
that events of a smaller size (<1000 race entrants) can be managed and collect data.

An “endurance sports event” is an event that includes one or more of the follow-
ing sport types:

 (a) distance running
 (b) cycling
 (c) swimming
 (d) triathlon
 (e) biathlon
 (f) duathlon
 (g) canoeing/kayaking
 (h) cross country skiing
 (i) mixed ultra-endurance events
 (j) other similar activities that combine any of these disciplines or function with 

more than one athlete as a team of entrants.

The medical team is defined as

• the “team responsible for the medical care during the event and is made up by 
officially designated medical staff (medical physicians, emergency medical and 
basic first aid providers, registered nurses, physiotherapists, athletic trainers, 
and others), typically led by a medical director (or equivalent)”.

29.1.2  Definitions of Medical Encounters

Athletes participating in endurance events may develop a “medical problem” during 
the event, and this “medical problem” may or may not be reported by the athlete to 
the medical team providing medical care at the event. Therefore, not all medical 
problems are reported by the participants.

• A “non-reported medical problem” is defined as “a medical problem experienced 
by an athlete participating in an event, where the athlete decides to either seek 
no assistance, or seek assistance outside of the event medical team”.

The term “medical encounter” is used as the standardised term to define any 
reported “medical problem” at an event, including both illnesses and injuries. 
Medical encounters can be classified by severity into:

 (a) minor,
 (b) moderate,
 (c) serious/life-threatening,
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 (d) sudden cardiac arrest,
 (e) sudden cardiac death, and
 (f) sudden death.

The detailed definitions of medical encounters as well as the definitions of medi-
cal encounters classified by severity are listed in Table 29.1 and depicted in Fig. 29.1. 
A medical encounter at a sports event can occur at different times during or follow-
ing the event, and documenting the timing of the encounter is clinically important. 
Three time periods for the timing of a medical encounter have been defined:

• during the event (from the official start to completion of the event).
• immediately post-finish (from the time the athlete completes the event to 1 h after 

the athlete completes the event).
• delayed presentation (between 1 and 24 h after the athlete completes the event).

29.1.3  The Exercise Benefit-Risk Paradox

Moderate- to high-intensity regular physical activity, including distance running, is 
widely recommended for health [4], there is also equally strong evidence that mod-
erate- to high-intensity exercise acutely, and transiently, increases the risk of a range 

Table 29.1 Definitions of medical encounters and medical problems. (Reproduced with permis-
sion from [1])

Terminology Definition
Non-reported medical problem A medical problem experienced by an athlete 

participating in an event, where “the athlete 
decides athlete decides not to seek assistance 
from the event medical team, or seeks 
assistance outside of the event medical team”

Medical encounter A reported medical problem that is an 
“interaction between the medical team and a 
race participant requiring medical assistance 
or evaluation [68, 69], taking place from the 
official start of the event, up to 24 h after the 
official cut-off time of the event”

Minor medical encounter A medical encounter that:
1.  is not significant or severe enough to result 

in withdrawal of the athlete from the event 
following assessment by the medical staff, 
or

2.  does not require admission and supervised 
medical care at race medical facilities (on 
the race course, or at the end of the event) 
or transfer to a hospital for supervised 
medical care
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Terminology Definition
Moderate medical encounter A medical encounter that:

1.  is significant (severe) enough to result in 
withdrawal of the athlete from the event 
following assessment by the medical staff, 
or

2.  is non-life threatening but requires medical 
assessment and admission to the event 
medical facilities with supervised medical 
care, or

3.  is non-life threatening but requires referral 
or transfer to a hospital

Serious/life-threatening medical encounter A medical encounter that is known to be 
life- threatening and requires immediate 
emergency medical treatment with
1.  either admission to a high-care (intensive 

care and observation) medical area at the 
event, or

2.  transport (with or without admission) to a 
hospital

Event related sudden cardiac arrest (SCA) A medical encounter (cardiac arrest) that 
requires immediate cardiopulmonary 
resuscitation (including defibrillation), where 
the medical problem resulting in cardiac 
arrest was:
1.  deemed to be directly related to the event, 

and
2.  the onset of the medical problem occurred 

during the event or within 1–24 h of the 
finish time [20, 70, 71]a

Event related sudden cardiac death (SCD) A medical encounter that resulted in sudden 
cardiac death (SCD) from a SCA, where the 
medical problem resulting in SCD was:
1.  deemed to be directly related to the event, 

and
2.  the onset of the medical problem occurred 

during the event or within 1–24 h of the 
finish time [20, 70, 71]a

Event related sudden death A medical encounter that resulted in sudden 
death from non-cardiac causes, where the 
medical problem resulting in death was:
1.  deemed to be directly related to the event, 

and
2.  the onset of the medical problem occurred 

during the event or within 1–24 h of the 
finish time [20, 70, 71]a

aIn order to compare sudden cardiac arrest (SCA), sudden cardiac death (SCD) and event related 
sudden death data to previously reported data it is critical to record, the timing of the cardiac arrest 
or death in one of three possible time periods as follows: (a) during the event, (b) immediately after 
finishing and up to 1 h after the event, and c) between 1 and 24 h after the event

Table 29.1 (continued)
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of acute medical complications [5, 6], including acute myocardial infarction and 
sudden cardiac death [7–11].

• Exercise benefit-risk paradox 1: Regular moderate-to high-intensity physical 
activity is both associated with substantial long-term health benefits, there are 
also potential negative health consequences during an acute exercise session 
[7–11].

• Exercise benefit-risk paradox 2: The greatest health benefits of regular exercise 
are frequently observed in
 – sedentary individuals that transition to becoming physically active, and
 – patients with known chronic disease [12]

but these groups also have a higher risk of potential acute medical complications 
during an exercise session [7, 9, 13–16].

It is important that the exercise benefit-risk paradoxical observations need 
to be placed into perspective. Data from >30 meta-analyses unequivocally sup-
port the recommendation that, from a population perspective, the participation 

Minor medical
encounter

Moderate medical
encounter

Serious/life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Minor medical
encounter

Moderate medical
encounter

Serious or life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Minor medical
encounter

Moderate medical
encounter

Serious or life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Minor medical
encounter

Moderate medical
encounter

Serious or life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Minor medical
encounter

Moderate medical
encounter

Serious or life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Minor medical
encounter

Moderate medical
encounter

Serious or life-
threatening medical

encounter

Cardiac
arrest

Sudden
death

Sudden cardiac death Sudden cardiac death Sudden cardiac death

Sudden cardiac death Sudden cardiac death Sudden cardiac death

a: Minor medical encounters b: Moderate medical encounters c: Serious life threatening medical
encounters

d: Sudden death e: Sudden cardiac arrest f: Sudden cardiac death

Fig. 29.1 Classification of medical encounters by severity. (Reproduced with permission from [1])
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in regular physical activity in these two groups of individuals still far out-
weighs the potential negative health consequences of an acute exercise session 
[7–9, 14, 15].

29.2  Planning to Reduce the Risk of Medical Encounters 
at Mass Community-Based Sports Events

Race medical teams/race medical directors have a responsibility to reduce the risk 
of medical encounters at mass community-based sports events. Three pre-race plan-
ning and implementation steps are important to reduce this risk:

 1. Quantify the risk of acute medical encounters during exercise.
 2. Identify causes, risk factors and the frequency of “at-risk” individuals for medi-

cal encounters.
 3. Design and implement measures to reduce the risk of acute medical encounters 

during an exercise session.

29.2.1  Step 1: Quantifying the Risk of Acute Medical Encounters 
During Exercise

Physical exercise can trigger acute cardiovascular in both younger and older ath-
letic populations [7, 11, 13, 17–22]. The relative risk of an acute cardiovascular 
event during exercise, compared with sedentary activity, varies from 2 times in 
young athletes [11] to as much as 56 times in older individuals who are at risk for 
cardiovascular disease or who have existing cardiovascular disease [7, 11, 16]. The 
absolute risk of an acute cardiovascular event during an exercise session is consis-
tently reported as being very low (1 in 50,000 to 1 in 200,000 annually) [7–9, 11, 
14, 15]. The risk of sudden death during mass community-based distance running 
events such as the half- marathon (21  km) and the marathon (42  km) are well 
described [11, 17, 23–29], and there is considerable variation in the reported abso-
lute risk of sudden death during marathons and similar races (between 1 in 30,000 
to 1  in 250,000 race entrants); generally this risk is 1  in 114,000 race entrants 
(calculated cumulative risk) [11] and therefore also reported as being very low.

Besides sudden death during marathon running, sudden cardiac arrest (including 
non-fatal cardiac arrest) and other serious medical complications can also occur. In 
Table 29.2, the absolute risk of medical complications during distance running by 
severity (sudden death, sudden cardiac arrest, serious medical complications, and 
any medical complication) is summarized [30].

• In comparison to sudden death, the risk of sudden cardiac arrest during a mara-
thon race is 2–3 times higher [11].

• In comparison to sudden death, the relative risk of a serious medical complica-
tion at a distance running event such as the marathon is 50–100 times higher than 
sudden death.
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• The absolute risk of any medical complication during a marathon race also varies 
between 1 in 22 to 1 in 121 entrants, but generally is about 1 in 50 runners.

• The clinical relevance of these data is that in a marathon with a large field of 
50,000 runners, the medical staff will, on average, encounter a:
 – sudden death every 2–3 years,
 – sudden cardiac arrest every year,
 – 25 runners that present with a serious medical complication requiring special-

ized management or hospitalization, and
 – 1000 runners that require medical attention (Fig. 29.2) [30].

This risk continuum is an important consideration in planning medical coverage 
at large mass community-based sports events. Providing this coverage is a consider-
able undertaking and requires careful planning long in advance of the event, recruit-
ment of a large team of specialized medical staff [31], the establishment of 
considerable infrastructure, and securing sophisticated equipment at race medical 
facilities to ensure race safety.

Many factors determine the risk of a medical encounter during mass community-
based sports events including:

1
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Fig. 29.2 Risk of medical complications, severity and screening continuum—estimated absolute 
risk (per 100,000 race entrants) of medical complications in distance running events. (Reproduced 
with permission from [30])
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• environmental conditions on race day,
• the course and race distance, and
• the “risk” demographics of the running population (runner experience, runner 

education, and runners with risk factors for acute medical complications during 
exercise),

all of which may influence the incidence of these complications at a specific race [31].

29.2.2  Step 2: Identify Causes, Risk Factors and the Frequency 
of “at-risk” Individuals for Medical Encounters

The demographics of participants in mass community-based sports events is chang-
ing. In the distance running population, demographics changed over the past two to 
three decades, with almost 50% of current marathon entrants being older than 
40 years.

29.2.2.1  Risk Factors Associated with Acute Cardiovascular 
Encounters

The most common cause of sudden death or cardiac arrest in older marathon run-
ners is coronary artery disease.

• According to the European guidelines [32, 33], older runners (males >45 years; 
females >55  years) with one or more risk factors for CVD, and runners of 
younger age with two or more risk factors for CVD, require medical assessment 
before engaging in moderate- to high-intensity exercise such as distance 
running.

• Recently, it was shown that:
 – 10% of Master athletes (mean age 50 ± 9 years) have existing cardiovascular 

disease, and 64% have at least one risk factor for cardiovascular disease [34].
 – 16.1% of runners reported at least one risk factor for CVD, with 13.4% report-

ing more than one risk factor with the most common specific risk factors for 
CVD being males >45  years (15%), high blood cholesterol concentration 
(5.8%), high blood pressure (4.4%) and a family history of heart disease (4.4%).

• Risk factors associated with an acute cardiovascular complication during an 
exercise session are summarized in Table 29.3.

29.2.2.2  Risk Factors Associated with Other Causes of Sudden Death 
and Serious Medical Encounters

There are other causes of sudden death and serious medical encounters during mass 
community-based sports events that are not related to coronary artery disease, 
including the following:

 (a) severe fluid and electrolyte abnormalities (mainly hyponatremia)
 (b) acute renal failure
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 (c) exertional heat stroke
 (d) other serious encounters

Risk factors for these other non-cardiac encounters should also be considered in 
an intervention strategy to reduce the risk of acute medical encounters during exer-
cise (Table 29.4). Race participants may have several intrinsic risk factors that can 
predispose them to serious acute cardiovascular (Table 29.3) or other serious non-
cardiac medical complications (Table 29.4) on race day. The risk of a medical com-
plication on race day in the “at risk” runner is also influenced by other extrinsic 
factors such as

• exposure to adverse environmental conditions (heat and humidity, altitude, 
pollution),

• the race distance, and
• course characteristics.

Table 29.3 Risk factors associated with an increased relative risk of acute cardiovascular 
complications during moderate- to high-intensity exercise. (Reproduced with permission 
from [30])

Risk factor Sub-category with increased relative risk
Sex [9, 13, 14] • Males
Age [9, 13] • Older age (> 35 years)
Habitual exercise status [9, 
13–15, 31]

• Sedentary (no exercise sessions per week) (novice runner)

Exercise duration [31] • Unaccustomed prolonged exercise
Exercise intensity [15] •  Unaccustomed high-intensity exercise (> 80% maximum 

capacity)
Underlying chronic disease 
(known or unknown) [9, 13, 
15]

•  Cardiovascular disease, metabolic disease including diabetes 
mellitus, renal disease, other chronic disease

Presence of risk factors for 
chronic disease [13]

•  Family history of premature CVD, dyslipidemia, increased 
BMI, smoking status, hypertension

Symptoms of cardiovascular 
disease [9, 15, 32]

•  Chest pain including discomfort in the chest, neck, jaw, arms 
or other areas, shortness of breath at rest or with mild exertion, 
dizziness or syncope, orthopnea or paroxysmal nocturnal 
dyspnea, ankle edema, palpitations or tachycardia, intermittent 
claudication, know heart murmur, unusual fatigue or shortness 
of breath with usual activities

Acute illness and 
inflammation [18, 77]

• Inflammation and increased risk of plaque rupture
• Infective illness associated with myo-pericarditis
• Infective illness associated with exertional heatstroke
• Infective illness associated with exertional rhabdomyolysis

Drugs and medication use 
[78–80]

•  Arrhythmogenic drugs (including performance enhancing 
drugs, social drugs, prescribed medication)

• Drugs associated with rhabdomyolysis
•  Drugs increasing the risk of severe electrolyte abnormalities 

resulting in arrhythmias (e.g. hyponatremia, hypokalemia)
Education [31] • Poor runner education
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29.2.2.3  How Common Are Risk Factors Associated with Medical 
Encounters in Race Participants?

Over the past two decades, the demographics of the marathon participant shifted to 
older runners and female runners [13]. There is an increase of >12-fold in overall 
participation in marathon runners since 1976, with a notable increase in participa-
tion in the older age groups (>40 years); in 2015, 49% of all runners completing 
marathons in the USA were masters (>40 years old).

• The prevalence of risk factors in 21 km and 56 km runners was recently docu-
mented through an online pre-participation screening tool, and showed the 
following:
 – 2.3% of all runners reported known existing cardiovascular disease (CVD)

Table 29.4 Risk factors associated with an increased relative risk of other serious medical com-
plications during moderate- to high-intensity exercise. (Reproduced with permission from [30])

Medical complication Risk factors
Hyponatremia [81–83] •  Overdrinking (water, sports drinks and other hypotonic 

beverages)
• Exercise duration >4 h
• Event inexperience or inadequate training
• Slow running or performance pace
• High or low body mass index
• Readily available fluids
• Drugs and medication
• Skeletal muscle damage (rhabdomyolysis)

Acute kidney injury and 
renal failure [84–87]

• Underlying chronic renal disease
• Renal hypouricemia,
• Sickle cell disease
• Latent myopathy
• Rhabomyolysis
• Acute illness (viral, bacterial)
• Drugs and medication (NSAIDs, analgesics)
• Dehydration

Exertional heatstroke 
[88–92]

• History of heatstroke
• Fever
• Acute infective illness (upper respiratory, gastrointestinal)
• Diarrhea, vomiting
• Sweat gland dysfunction
• Sunburn
• Dehydration
• Medications (diuretics, anti-depressants)
• Sleep loss
• Advanced age
• Excessive alcohol use
• Lack of heat acclimatization
• Sedentary lifestyle (low physical fitness)
• Overweight/obesity
• Cardiovascular dysfunction
• Hypokalemia
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 – the most common CVD’s were coronary artery disease (0.5%), followed by 
arrhythmia (0.4%)

 – 1.8% runners reported symptoms that may be suggestive of CVD.
• Four risk categories for medical encounters during participation (very high risk, 

high risk, intermediate risk and low risk) in participants that underwent screen-
ing with criteria, recommended interventions and frequency in runners have been 
published [35, 36] (Table 29.5).

29.2.2.4  Prescription Medication as a Risk Factor for Medical 
Encounters During Exercise

The use of prescription medication is extremely common among mass races partici-
pants (47.2% of runners) and is among the most common criteria identified by the 
current European guidelines [32, 33], for recommending consulting a physician 
before exercise. The potential risk of a medical complication during exercise, as a 
result of prescription medication, can vary greatly and is related to the underlying 
medical condition for which the medication is prescribed, and the side effect profile 
of the medication.

Pharmacological agents may be associated with an increased risk of developing 
medical complications during exercise as follows:

 (a) cardiac arrhythmias [37–40]
 (b) renal complications including acute renal failure [41], rhabdomyolysis [42, 43]
 (c) gastrointestinal bleeding [44–46]
 (d) risk of tendon injuries including acute tendon rupture [47, 48].

• Analgesic and anti-inflammatory medications (AAIM) use is particularly fre-
quent among athletes due to the high injury rate (SAFER VI). A considerable 
number of runners (15.6%) reported ingestion of pharmacological agents, mainly 
anti-inflammatory medication (7.8%) and more specifically NSAIDs (4.9%), in 
the 7 days before or during races is of concern.

• Stimulants such as methylphenidate and dextroamphetamine-AMP, commonly 
prescribed for the treatment of attention deficit hyperactivity disorder can have 
severe consequences when exercising for a prolonged period of time in a hot 
environment. These substances increase the availability of dopamine, masking 
the signs and symptoms of fatigue, and allowing for a longer duration of exer-
cise. This might lead to elevated temperature in excess of 40 °C and increased 
heart rate, thus predisposing to exertional heat illness [49].

• Anti-depressants, in particular selective serotonin reuptake inhibitors (SSRIs), 
have a significant impact on body temperature regulation. Thermoregulation is 
controlled by dopamine and serotonin. When the neurotransmitters’ balance is 
impaired, the hypothalamic set temperature could be impacted, increasing the 
risk of exertional heat illness [50]. Furthermore, SSRIs have been found to 
reduce the serum sodium concentrations, thus, thirst. This could lead to an 
increased dehydration during exercise in the heat [51].

29 Medical Supervision of Mass Sporting Events



568

Ta
bl

e 
29

.5
 

R
is

k 
ca

te
go

ri
es

, c
lin

ic
al

 c
at

eg
or

ie
s,

 a
nd

 c
ri

te
ri

a 
fo

r 
ri

sk
 s

tr
at

ifi
ca

tio
n 

in
 d

is
ta

nc
e 

ru
nn

er
 e

nt
ra

nt
s.

 (
R

ep
ro

du
ce

d 
w

ith
 p

er
m

is
si

on
 f

ro
m

 [
1]

)

R
is

k 
ca

te
go

ry
C

lin
ic

al
 c

at
eg

or
y

C
ri

te
ri

a 
fo

r 
ri

sk
 s

tr
at

ifi
ca

tio
n

V
er

y 
hi

gh
 

ri
sk

E
xi

st
in

g 
C

V
D

 o
r 

sy
m

pt
om

s 
of

 
C

V
D

1.
 A

ny
 r

un
ne

r 
w

ho
 a

ns
w

er
ed

 “
ye

s”
 to

 o
ne

 (
or

 m
or

e)
 o

f 
th

e 
fo

llo
w

in
g 

qu
es

tio
ns

 (
be

lo
w

):
(a

) 
 H

av
e 

yo
u 

ev
er

 s
uf

fe
re

d 
fr

om
 a

ny
 h

ea
rt

 o
r 

bl
oo

d 
ve

ss
el

 c
on

di
tio

ns
 in

cl
ud

in
g 

he
ar

t a
tta

ck
, u

nd
ia

gn
os

ed
 c

he
st

 p
ai

n,
 c

or
on

ar
y 

ar
te

ry
 b

yp
as

s 
op

er
at

io
n,

 a
ng

io
pl

as
ty

 (
ba

llo
on

),
 h

ea
rt

 f
ai

lu
re

, h
ea

rt
 tr

an
sp

la
nt

, c
ar

di
ac

 a
rr

hy
th

m
ia

 (
ab

no
rm

al
 h

ea
rt

 b
ea

t)
, 

rh
eu

m
at

ic
 f

ev
er

, h
ea

rt
 m

ur
m

ur
, c

ar
di

om
yo

pa
th

y,
 m

yo
ca

rd
iti

s,
 u

se
 o

f 
a 

pa
ce

m
ak

er
, o

r 
in

he
ri

te
d 

he
ar

t d
ef

ec
t?

(b
) 

 D
o 

yo
u 

us
e 

an
y 

pr
es

cr
ib

ed
 m

ed
ic

at
io

n 
on

 a
 d

ai
ly

 w
ee

kl
y 

or
 m

on
th

ly
 b

as
is

 to
 tr

ea
t h

ea
rt

 r
hy

th
m

, h
ea

rt
 f

ai
lu

re
, o

r 
ot

he
r 

he
ar

t 
di

se
as

e?
(c

) 
 D

o 
yo

u 
cu

rr
en

tly
 s

uf
fe

r 
fr

om
 a

ny
 s

ym
pt

om
s 

of
 h

ea
rt

 o
r 

bl
oo

d 
ve

ss
el

 d
is

ea
se

, i
nc

lu
di

ng
 a

ny
 o

f 
th

e 
fo

llo
w

in
g:

 s
ho

rt
ne

ss
 o

f 
br

ea
th

 
w

he
n 

si
tti

ng
 o

r 
ly

in
g 

do
w

n,
 s

ho
rt

ne
ss

 o
f 

br
ea

th
 w

ith
 m

ild
 e

xe
rc

is
e,

 w
ak

in
g 

up
 w

ith
 s

ho
rt

ne
ss

 o
f 

br
ea

th
 a

t n
ig

ht
, p

al
pi

ta
tio

ns
 th

at
 

m
ak

e 
yo

u 
di

zz
y,

 c
he

st
 p

ai
n 

w
he

n 
si

tti
ng

 o
r 

pe
rf

or
m

in
g 

ex
er

ci
se

 o
r 

w
he

n 
yo

u 
ar

e 
em

ot
io

na
lly

 s
tr

es
se

d,
 p

ai
n 

(o
r 

di
sc

om
fo

rt
) 

in
 

th
e 

ne
ck

 ja
w

 a
rm

s 
at

 r
es

t o
r 

du
ri

ng
 e

xe
rc

is
e,

 d
iz

zi
ne

ss
 d

ur
in

g 
ex

er
ci

se
 o

r 
fa

in
tin

g 
sp

el
ls

)?
H

ig
h 

ri
sk

R
is

k 
fa

ct
or

s 
fo

r 
C

V
D

1.
 A

ny
 m

al
e 

ru
nn

er
 ≥

45
 y

ea
rs

 o
r 

fe
m

al
e 

ru
nn

er
 ≥

55
 y

ea
rs

, w
ho

 a
ns

w
er

ed
 “

ye
s”

 to
 a

ny
 o

ne
 o

f 
th

e 
fo

llo
w

in
g 

qu
es

tio
ns

 (
be

lo
w

):
2.

  A
ny

 r
un

ne
r 

(o
th

er
 th

an
 m

al
e 

ru
nn

er
s 
≥

45
 y

ea
rs

 o
r 

fe
m

al
e 

ru
nn

er
s 
≥

55
 y

ea
rs

) 
w

ho
 a

ns
w

er
ed

 “
ye

s”
 to

 t
w

o 
or

 m
or

e 
of

 th
e 

fo
llo

w
in

g 
qu

es
tio

ns
 (

be
lo

w
):

(a
)  A

re
 y

ou
 a

w
ar

e 
or

 h
av

e 
yo

u 
ev

er
 b

ee
n 

di
ag

no
se

d 
w

ith
 a

ny
 r

is
k 

fa
ct

or
s 

fo
r 

he
ar

t o
r 

bl
oo

d 
ve

ss
el

 d
is

ea
se

 in
cl

ud
in

g 
hi

gh
 b

lo
od

 
ch

ol
es

te
ro

l a
 f

am
ily

 m
em

be
r 

w
ith

 h
ea

rt
 d

is
ea

se
 c

ig
ar

et
te

 s
m

ok
in

g 
la

ck
 o

f 
ph

ys
ic

al
 a

ct
iv

ity
 h

ig
h 

bl
oo

d 
pr

es
su

re
 b

ei
ng

 
ov

er
w

ei
gh

t o
r 

ha
vi

ng
 d

ia
be

te
s 

m
el

lit
us

 (
su

ga
r 

si
ck

ne
ss

)?
(b

) 
 D

o 
yo

u 
us

e 
an

y 
pr

es
cr

ib
ed

 m
ed

ic
at

io
n 

on
 a

 d
ai

ly
 w

ee
kl

y 
or

 m
on

th
ly

 b
as

is
 to

 tr
ea

t h
ig

h 
bl

oo
d 

ch
ol

es
te

ro
l, 

bl
oo

d 
pr

es
su

re
, t

re
at

 
di

ab
et

es
 (

ta
bl

es
 o

r 
in

su
lin

)?

M. Schwellnus and P. E. Adami



569

In
te

rm
ed

ia
te

 
ri

sk
O

ne
 r

is
k 

fa
ct

or
 

fo
r 

C
V

D
 o

r 
ex

is
tin

g 
ot

he
r 

ch
ro

ni
c 

di
se

as
e 

or
 u

se
 o

f 
pr

es
cr

ip
tio

n 
m

ed
ic

at
io

n 
or

 u
se

 
of

 m
ed

ic
at

io
n 

be
fo

re
 a

nd
 d

ur
in

g 
ra

ce
s 

or
 h

is
to

ry
 

of
 c

ol
la

ps
e 

du
ri

ng
 

tr
ai

ni
ng

/r
ac

in
g 

or
 

kn
ow

n 
cu

rr
en

t 
in

ju
ry

 o
r 

hi
st

or
y 

of
 E

A
M

C

1.
 A

ny
 m

al
e 

ru
nn

er
 ≥

45
 y

ea
rs

 O
R

 f
em

al
e 

ru
nn

er
 ≥

55
 y

ea
rs

2.
 A

ny
 r

un
ne

r 
w

ho
 a

ns
w

er
ed

 “
ye

s”
 to

 o
ne

 o
f 

th
e 

co
m

po
ne

nt
s 

in
 th

e 
fo

llo
w

in
g 

qu
es

tio
n 

(b
el

ow
):

(a
)  A

re
 y

ou
 a

w
ar

e 
or

 h
av

e 
yo

u 
ev

er
 b

ee
n 

di
ag

no
se

d 
w

ith
 a

ny
 r

is
k 

fa
ct

or
s 

fo
r 

he
ar

t o
r 

bl
oo

d 
ve

ss
el

 d
is

ea
se

 in
cl

ud
in

g 
hi

gh
 b

lo
od

 
ch

ol
es

te
ro

l a
 f

am
ily

 m
em

be
r 

w
ith

 h
ea

rt
 d

is
ea

se
 c

ig
ar

et
te

 s
m

ok
in

g 
la

ck
 o

f 
ph

ys
ic

al
 a

ct
iv

ity
 h

ig
h 

bl
oo

d 
pr

es
su

re
 b

ei
ng

 o
ve

rw
ei

gh
t 

or
 h

av
in

g 
di

ab
et

es
 m

el
lit

us
 (

su
ga

r 
si

ck
ne

ss
)?

3.
 A

ny
 r

un
ne

r 
w

ho
 a

ns
w

er
ed

 “
ye

s”
 to

 o
ne

 (
or

 m
or

e)
 o

f 
th

e 
fo

llo
w

in
g 

qu
es

tio
ns

 (
be

lo
w

):
(a

) 
 D

o 
yo

u 
cu

rr
en

tly
 s

uf
fe

r 
fr

om
 a

ny
 m

et
ab

ol
ic

 o
r 

ho
rm

on
al

 d
is

ea
se

 in
cl

ud
in

g 
di

ab
et

es
 m

el
lit

us
 th

yr
oi

d 
gl

an
d 

di
so

rd
er

s 
hy

po
gl

yc
em

ia
 (

lo
w

 b
lo

od
 s

ug
ar

) 
hy

pe
rg

ly
ce

m
ia

 (
hi

gh
 b

lo
od

 s
ug

ar
) 

or
 h

ea
t i

nt
ol

er
an

ce
?

(b
) 

 D
o 

yo
u 

su
ff

er
 f

ro
m

 a
ny

 r
es

pi
ra

to
ry

 (
lu

ng
) 

di
se

as
e 

in
cl

ud
in

g 
as

th
m

a 
em

ph
ys

em
a 

(C
O

PD
) 

w
he

ez
in

g 
co

ug
h 

po
st

na
sa

l d
ri

p 
ha

y 
fe

ve
r 

or
 r

ep
ea

te
d 

flu
 li

ke
 il

ln
es

s?
(c

) 
 D

o 
yo

u 
su

ff
er

 f
ro

m
 a

ny
 g

as
tr

oi
nt

es
tin

al
 d

is
ea

se
 in

cl
ud

in
g 

he
ar

tb
ur

n 
na

us
ea

 v
om

iti
ng

 a
bd

om
in

al
 p

ai
n 

w
ei

gh
t l

os
s 

or
 g

ai
n 

(>
5 

kg
) 

a 
ch

an
ge

 in
 b

ow
el

 h
ab

its
 c

hr
on

ic
 d

ia
rr

he
a 

bl
oo

d 
in

 th
e 

st
oo

ls
 o

r 
pa

st
 h

is
to

ry
 o

f 
liv

er
 o

r 
ga

llb
la

dd
er

 d
is

ea
se

?
(d

) 
 D

o 
yo

u 
su

ff
er

 f
ro

m
 a

ny
 d

is
ea

se
s 

of
 th

e 
ne

rv
ou

s 
sy

st
em

 in
cl

ud
in

g 
pa

st
 h

is
to

ry
 o

f 
st

ro
ke

 o
r 

tr
an

si
en

t i
sc

he
m

ic
 a

tta
ck

 (
T

IA
) 

fr
eq

ue
nt

 h
ea

da
ch

es
 e

pi
le

ps
y 

de
pr

es
si

on
 a

nx
ie

ty
 a

tta
ck

s 
m

us
cl

e 
w

ea
kn

es
s 

ne
rv

e 
tin

gl
in

g 
lo

ss
 o

f 
se

ns
at

io
n 

or
 c

hr
on

ic
 f

at
ig

ue
?

(e
) 

 D
o 

yo
u 

su
ff

er
 f

ro
m

 a
ny

 d
is

ea
se

 o
f 

th
e 

ki
dn

ey
 o

r 
bl

ad
de

r 
in

cl
ud

in
g 

pa
st

 h
is

to
ry

 o
f 

ki
dn

ey
 o

r 
bl

ad
de

r 
di

se
as

e 
bl

oo
d 

in
 th

e 
ur

in
e 

lo
in

 p
ai

n 
ki

dn
ey

 s
to

ne
s 

fr
eq

ue
nt

 u
ri

na
tio

n 
or

 b
ur

ni
ng

 d
ur

in
g 

ur
in

at
io

n?
(f

) 
 D

o 
yo

u 
su

ff
er

 f
ro

m
 a

ny
 d

is
ea

se
 o

f 
th

e 
bl

oo
d 

or
 im

m
un

e 
sy

st
em

 in
cl

ud
in

g 
an

em
ia

 r
ec

ur
re

nt
 in

fe
ct

io
ns

 H
IV

/A
ID

S 
le

uk
em

ia
 o

r 
ar

e 
yo

u 
us

in
g 

an
y 

im
m

un
os

up
pr

es
si

ve
 m

ed
ic

at
io

n?
(g

) 
D

o 
yo

u 
su

ff
er

 f
ro

m
 a

ny
 g

ro
w

th
s 

or
 c

an
ce

r 
in

cl
ud

in
g 

a 
pa

st
 h

is
to

ry
 o

f 
ca

nc
er

?
(h

) 
 D

o 
yo

u 
su

ff
er

 f
ro

m
 a

ny
 a

lle
rg

ie
s 

in
cl

ud
in

g 
a 

pa
st

 h
is

to
ry

 o
f 

al
le

rg
ie

s 
to

 m
ed

ic
at

io
n 

pl
an

t m
at

er
ia

l o
r 

an
im

al
 m

at
er

ia
l?

(i
)  A

t t
he

 m
om

en
t d

o 
yo

u 
us

e 
an

y 
pr

es
cr

ib
ed

 m
ed

ic
at

io
n 

on
 a

 d
ai

ly
 w

ee
kl

y 
or

 m
on

th
ly

 b
as

is
 to

 tr
ea

t c
hr

on
ic

 (
lo

ng
-t

er
m

) 
m

ed
ic

al
 

co
nd

iti
on

s 
or

 in
ju

ri
es

?
(j

) 
 H

av
e 

yo
u 

ev
er

 in
 y

ou
r 

ru
nn

in
g 

ca
re

er
 u

se
d 

m
ed

ic
in

es
 to

 tr
ea

t i
nj

ur
ie

s 
in

 th
e 

w
ee

k 
be

fo
re

 a
 r

ac
e—

in
cl

ud
in

g 
an

ti-
in

fla
m

m
at

or
y 

dr
ug

s 
co

rt
is

on
e 

(p
ill

s 
or

 in
je

ct
io

n)
 o

r 
pa

in
ki

lle
rs

?
(k

) 
 H

av
e 

yo
u 

ev
er

 in
 y

ou
r 

ru
nn

in
g 

ca
re

er
 u

se
d 

m
ed

ic
in

es
 to

 tr
ea

t i
nj

ur
ie

s 
du

ri
ng

 a
 r

ac
e—

in
cl

ud
in

g 
an

ti-
in

fla
m

m
at

or
y 

dr
ug

s 
co

rt
is

on
e 

(p
ill

s 
or

 in
je

ct
io

n)
 o

r 
pa

in
 k

ill
er

?
(l

)  D
o 

yo
u,

 o
r d

id
 y

ou
 s

uf
fe

r f
ro

m
 a

ny
 s

ym
pt

om
s 

of
 a

 ru
nn

in
g 

in
ju

ry
 (m

us
cl

es
 te

nd
on

s 
bo

ne
s 

lig
am

en
ts

 o
r j

oi
nt

s)
 in

 th
e 

la
st

 1
2 

m
on

th
s?

(m
) 

 H
av

e 
yo

u 
ev

er
 c

ol
la

ps
ed

 (
fe

ll 
do

w
n 

no
t b

ec
au

se
 o

f 
an

 a
cc

id
en

t n
ee

di
ng

 m
ed

ic
al

 a
tte

nt
io

n)
 d

ur
in

g 
at

 th
e 

fin
is

h 
or

 a
ft

er
 a

 r
ac

e 
or

 
tr

ai
ni

ng
 s

es
si

on
?

(n
) 

 H
av

e 
yo

u 
ev

er
 in

 y
ou

r 
ru

nn
in

g 
ca

re
er

 s
uf

fe
re

d 
fr

om
 m

us
cl

e 
cr

am
pi

ng
 (

pa
in

fu
l s

po
nt

an
eo

us
 s

us
ta

in
ed

 s
pa

sm
 o

f 
a 

m
us

cl
e)

 d
ur

in
g 

or
 im

m
ed

ia
te

ly
 (

w
ith

in
 6

 h
) 

af
te

r 
ru

nn
in

g 
(i

n 
tr

ai
ni

ng
 o

r 
co

m
pe

tit
io

n)
?

L
ow

 r
is

k
N

o 
re

po
rt

ed
 

m
ed

ic
al

 h
is

to
ry

1.
 A

ny
 r

un
ne

r 
w

ho
 a

ns
w

er
ed

 “
no

” 
to

 a
ll 

th
e 

m
ed

ic
al

 s
cr

ee
ni

ng
 q

ue
st

io
ns

C
V

D
 c

ar
di

ov
as

cu
la

r 
di

se
as

e,
 E

A
M

C
 e

xe
rc

is
e 

as
so

ci
at

ed
 m

us
cl

e 
cr

am
p

29 Medical Supervision of Mass Sporting Events



570

• Statins are the most effective and frequently prescribed medications for the man-
agement of high concentrations of low-density lipoprotein cholesterol (LDL-C). 
Inhibition of HMG-CoA-reductase prevents the production of mevalonic acid. 
Mevalonate is also produced in response to heat stress and an increased produc-
tion of mevalonate is associated to a greater tolerance to heat at cellular level. 
Therefore, preventing the production of mevalonate could potentially place an 
individual at risk of exertional heat stress.

The cardiovascular effects of commonly prescribed substances are extensively 
presented in another chapter in this book; therefore, readers are invited to refer to 
that specific chapter (Chap. 28). Nevertheless, some substances are particularly rel-
evant for endurance events participants, for the severe side effects they can have.

29.2.2.5  Step 3: Design and Implement Measures to Reduce the Risk 
of Medical Encounters During Exercise

Introduction to Pre-exercise Screening
International guidelines to reduce the risk of acute cardiovascular risk during exer-
cise have been developed and implemented by many sports federations [10, 52], and 
international bodies including the International Olympic Committee (IOC) [53] and 
the International Paralympic Committee (IPC) either mandate or recommend pre-
participation screening [10]. However, currently these screening programs focus 
mostly on screening younger elite athletes [21, 54, 55], and concentrate almost 
exclusively on pre-participation cardiac screening (including a resting ECG) to 
reduce the risk of acute cardiovascular complications.

• In Canada, the Physical Activity Readiness Questionnaire (PAR-Q+) and the 
Physical Activity Readiness Medical Examination (ePARMed-X+) were devel-
oped as primary front-line pre-participation tools for physical activity [56], and 
are based on a systematic review of evidence (see Chap. 7) [57, 58].

• Similarly, the American Heart Association (AHA) [59] and the American College 
of Sports Medicine (ACSM) [15] have recommendations for pre-participation 
screening.

• The European Society of Cardiology together with the European Association of 
Cardiovascular Prevention and Rehabilitation [32] specifically developed recom-
mendations, by consensus, for the pre-participation screening of masters and 
leisure athletes.

• The first step in the recommended screening process is a “self-assessment of 
risk”, and this is based on the American Heart Association (AHA)/American 
College of Sports Medicine (ACSM) pre-participation screening questionnaire 
for individuals at Health/Fitness facilities [60] and the PAR-Q [32].

• The European guidelines recommend that this initial “self-assessment of risk” 
can be conducted by the individual and consists of health information related to:
 – any history of known cardiovascular disease, cardiovascular symptoms, medi-

cation use, and other health issues (Sect. 29.1), and
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 – known risk factors for cardiovascular disease including male gender, older 
age, hypertension, smoking, hypercholesterolemia, diabetes or hyperglyce-
mia, and obesity (Sect. 29.2).

Based on the responses to questions in Sect. 29.1 (any one positive response to a 
question) and Sect. 29.2 (presence of ≥2 risk factors), it is then recommended that 
individuals undergo a thorough medical assessment by a qualified physician before 
participating in moderate- to high-intensity exercise, such as distance running [32].

• In one study, the ESC/EACPR screening guidelines have been applied to adult 
participants >40  years of age, who participated in the National Health and 
Nutrition Examination Survey (2001–2004) [61]. Based on “self-assessment of 
risk”, approximately 95% of women and 93.5% were advised to consult a physi-
cian before embarking on exercise [20].

• In two other studies, full pre-participation screening incorporating medical his-
tories, physical examination and special investigations (electrocardiography, 
echocardiography and blood tests) effectively identified middle-aged athletes 
with risk factors of cardiovascular disease (CVD) [62, 63].

However, neither study identified the links between the “risk self-assessment” 
and the outcome of the full screening. Although ideal, full screening of every leisure 
athlete older than 45 years who participate in large community events would not be 
cost-effective or logistically feasible.

29.2.2.6  What Is the Role of Pre-event Medical Screening for Mass 
Sporting Events?

A potential strategy to reduce the number of medical encounters is the development 
of an online pre-participation “self-assessment of risk”, as currently recommended 
by European guidelines, during pre-race registration in community-based mass 
sports participation (distance running) event. International pre-exercise screening 
recommendations in leisure athletes [15, 32, 33] are currently not applied at com-
munity-based mass participation events and there are few data that these guidelines 
are indeed appropriate for pre-event medical screening of leisure athletes.

• In one study involving >15,000 recreational distance runners, the pre-race 
screening tool (Table 29.6) identified that over 30% of entrants for this event 
would, according to current European guidelines, require referral for a full medi-
cal assessment prior to participation in the distance races (moderate-to-high 
intensity exercise).

29.2.2.7  Does Pre-event Screening Reduce Medical Encounters?
International medical associations have produced consensus-based recommenda-
tions/guidelines to screen individuals prior to engaging in moderate- to high-inten-
sity exercise [15, 32, 33, 56, 59]. Pre-screening must be accompanied by an 
individualized educational intervention program.
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• In one recently published study, such a pre-race screening and educational inter-
vention was shown to be associated with the following [36]:
 – A reduction in overall medical encounters of 29% (21.1 km race—reduction 

by 19%; 56 km race—reduction by 39%).

Table 29.6 Summary: main elements of the pre-race medical screening tool. (Reproduced with 
permission from [1])

Medical screening tool: self-assessment of riska

 1.  Have you ever suffered from any heart or blood vessel conditions including heart attack, 
undiagnosed chest pain, coronary artery bypass operation, angioplasty (balloon), heart 
failure, heart transplant, cardiac arrhythmia (abnormal heart beat), rheumatic fever, heart 
murmur, cardiomyopathy, myocarditis, use of a pacemaker, or inherited heart defect?

 2.  Do you currently suffer from any symptoms of heart or blood vessel disease, including any 
of the following: shortness of breath when sitting or lying down, shortness of breath with 
mild exercise, waking up with shortness of breath at night, palpitations that make you dizzy, 
chest pain when sitting or performing exercise or when you are emotionally stressed, pain 
(or discomfort) in the neck jaw arms at rest or during exercise, dizziness during exercise or 
fainting spells)?

 3.  Are you aware or have you ever been diagnosed with any risk factors for heart or blood 
vessel disease including high blood cholesterol, a family member with heart disease, 
cigarette smoking, lack of physical activity, high blood pressure, being overweight, or 
having diabetes mellitus (sugar sickness)?

 4.  Do you currently suffer from any metabolic or hormonal disease including diabetes mellitus 
thyroid gland disorders hypoglycemia (low blood sugar) hyperglycemia (high blood sugar), 
or heat intolerance?

 5.  Do you suffer from any respiratory (lung) disease including asthma, emphysema (COPD), 
wheezing, cough, postnasal drip, hay fever, or repeated flu like illness?

 6.  Do you suffer from any gastrointestinal disease including heartburn, nausea, vomiting, 
abdominal pain, weight loss or gain (> 5 kg), a change in bowel habits, chronic diarrhea, 
blood in the stools, or past history of liver or gallbladder disease?

 7.  Do you suffer from any diseases of the nervous system including past history of stroke or 
transient ischemic attack (TIA), frequent headaches, epilepsy, depression, anxiety attacks, 
muscle weakness, nerve tingling, loss of sensation, or chronic fatigue?

 8.  Do you suffer from any disease of the kidney or bladder including past history of kidney or 
bladder disease, blood in the urine, loin pain, kidney stones, frequent urination, or burning 
during urination?

 9.  Do you suffer from any disease of the blood or immune system including anemia, recurrent 
infections, HIV/AIDS, leukemia, or are you using any immunosuppressive medication?

10. Do you suffer from any growths or cancer, including a past history of cancer?
11.  Do you suffer from any allergies including a past history of allergies, to medication, plant 

material, or animal material?
12.  At the moment do you use any prescribed medication on a daily weekly or monthly basis to 

treat chronic (long-term) medical conditions or injuries?
13.  Have you ever collapsed (fell down not because of an accident needing medical attention) 

during at the finish or after a race or training session?
14.  Do you, or did you suffer from any symptoms of a running injury (muscles tendons bones 

ligaments or joints) in the last 12 months?
15.  Have you ever in your running career suffered from muscle cramping (painful spontaneous 

sustained spasm of a muscle) during or immediately (within 6 h) after running (in training 
or competition)?

aOnce a participant answered “yes” to any of the main screening questions, further details were 
obtained using “dropdown” boxes with additional questions
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 – A reduction in serious life-threatening medical encounters by 64%.
 – Registration numbers increased in the intervention period, and overall % race 

starters (81.5%) were similar in the control (81.0%) and intervention period 
(81.8%).

 – The wet bulb globe temperature (WBGT) was similar in the control and inter-
vention period.

29.2.3  Planning Medical Care on Race Day for Mass Community-
Based Sporting Events

29.2.3.1  Pre-race Planning
• Race organizers should appoint a Medical Director as head of the Medical Team.
• The Medical Director is ultimately responsible for all health care services pro-

vided at all official sites, venues and accommodation areas.
• The Medical Director is in charge of the overall coordination of medical organi-

zation and represents the Medical Team of the Organising Committee.
• The Medical Director’s responsibilities include:

 – Ensure recruitment and supervision of the various medical personnel.
 – Design a comprehensive health care system, making sure that adequate facili-

ties, supplies and equipment are available for medical care at all official sites.
 – Co-ordination of community medical resources, including emergency trans-

port services, emergency room(s) and hospital admissions.

29.2.3.2  Planning Health Care Services on Race Day
The scope of health care services on race day includes:

 (a) critical care,
 (b) first-aid,
 (c) treatment for environmental illnesses, and
 (d) general medical problems associated with endurance events.

The extent of services depends on the location, duration and type of competition, 
as well as the type and number of participants expected, and the nature of the inju-
ries or illnesses which are predictable.

Health Care Services include, but are not limited to the following:

• Adequate facilities available for medical services to cover all people and all com-
petition sites;

• Provision of primary and emergency care to all above mentioned people at the 
various venues and areas of the event, at no charge to all eligible persons;

• Provision of other medical support services needed to ensure the safety and 
health of the aforementioned, and of the spectators;

• Coordinating service with the hospital network and emergency services;
• Supervision of environmental, meteorological health and safety at all sites.
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29.3  Guidelines to Minimize the Potential Negative Effects 
of Environmental Stress, Including Air Quality

29.3.1  Heat Stress

The risk of heat illness increases above 21 °C (70 °F) and 50% relative humidity. 
The WBGT, which measures the combined thermal stress from the wet bulb (WBT), 
dry bulb (DBT), and black globe (BGT) thermometers has been widely used to 
assess environmental heat stress. Several thermal stress indexes have been devel-
oped through the years and provide with further information, like the Physiologically 
Equivalent Temperature (PET), the modified PET (mPET) and Universal Thermal 
Climate (UTCI) indexes.

The thermal index and colour coded flags to indicate the risks of thermal stress 
are:

BLACK FLAG: Extreme Risk—WBGT >28 °C (82 °F), PET >35 °C
RED FLAG: High Risk—WBGT is 23–28 °C (73–82 °F), PET is 29–35 °C
YELLOW FLAG: Moderate Risk—WBGT is 18–23 °C (65–73 °F), PET is 

23–29 °C
GREEN FLAG: Low Risk—WBGT is below 18 °C (65 °F), PET is 18–23 °C
WHITE FLAG: No Risk for heat stress but increasing risk for hypothermia 

when—WBGT is below 10 °C (50 °F), PET 18 °C.

A recent publication [64] has clarified and established the relationship between 
environmental parameters on race day and the risk of not completing the race due to 
excessive heat stress. This relationship has been described through the following 
formula (t, temperature):

 % . . .Do Not Finish C C= - ´ + ´ ° +°0 59 0 02 5 752t t  

In general, particularly considering endurance events, better performance and 
less adverse results are obtained when the environmental conditions are going to 
improve, rather than worsen, during the event. As an example, in hot environmental 
conditions, start times would be better set for late afternoon rather than early morn-
ing (increased thermal stress in sunny morning), for road racing.

29.3.1.1  Air Quality
• The health impact of living and exercising in highly polluted environments have 

been widely demonstrated in the scientific literature [65–67].
• Therefore, the monitoring programmes of local pollution and pollen ratings 

before and during an endurance event should be implemented.
• Daily average of main pollutants (NO2, O3, particulate matter (PM2.5, PM10), 

CO) should be provided, before and for the entire duration of the event.
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29.3.2  Medical Facilities on Race Day

Medical services must be available on the race course, and available to all partici-
pants. The medical areas should include:

 (a) a pre-starting line treatment area;
 (b) medical first-aid teams along the course, ideally every 5 km or located in strate-

gic positions;
 (c) a triage/emergency area at the finish line;
 (d) the main treatment area at the finish line (with ambulances stationed 

near-by).

Advanced life support emergency ambulance with AED coverage should be 
available along the whole course, up to the finish line. The first-aid teams should 
evacuate all injured or sick athletes from the course at the earliest time, and 
transfer all of them to the main treatment area at the finish line. The evaluation 
and treatment of environmental and exercise related medical problems like dehy-
dration, hyperthermia, hypothermia, exercise associated collapse, and problems 
associated with road racing, including allergic responses such as anaphylactic 
shock, hives, asthma exacerbation, and diabetic insulin reactions is of notable 
importance.

29.4  Aid Stations

• Aid stations should be located every 5 km or at pre-defined medical points along 
the course.

• AED and first-aid kits shall be available.
• Equipment and supplies for obtaining vital signs, performing BLSD and ACLS 

should be available at major on-course medical stations.

29.5  Roving Medical Vehicles and Critical Care Teams

• Roving medical vehicles and mobile medical aid, though they are impeded by 
runners, offer the best solution for rapid response to a collapsed athlete on a road 
course.

• The use of fully-equipped ambulances on the course is advantageous and 
increases the medical response capabilities.

• Equipment and supplies for obtaining vital signs, performing Basic Life 
Support—Defibrillation (BLSD) and Advanced Cardiac Life Support (ACLS) 
should be available in the roving medical vehicles.
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29.6  First Response Teams

• AED-equipped motorcycles or bicycles have rapid access to collapsed athletes 
with potential cardiac arrest.

• Operators must be trained in the use of AED, and the team must be integrated 
with the local emergency medical system.

• Several teams must be assigned along the course to follow the main pack and 
separated by 2–4 km giving rapid access to most runners.

• First response teams should be prepared to evaluate and treat cardiac arrest, exer-
tional heat stroke, hyponatremia, diabetic insulin shock, status asthma, and exer-
cise-or allergic anaphylaxis.

29.7  Finish Line Area

It has been widely demonstrated that the number of medical encounters in the final 
quarter of the race is significantly higher in respect to other segments. Therefore, in 
the last 2 km of the course, medical staff and supplies should be increased. Usually 
at this stage of the race runners are tired but still try to increase their pace as they 
approach the finish line, thus the number of collapses increase.

• The last 500 m should have several medical staff deployed along the course to act 
as spotters for runners in distress.

• This is particularly important for mass road races. Equipment and supplies for 
obtaining vital signs, performing BLSD and ACLS should be available at the fin-
ish line.

• The finish line is usually where most medical encounters occur.
• This is the location where the majority of medical staff and volunteers should be.
• The finish line team should include:

 – A Triage Officer and team to direct the flow of casualties to the proper area for 
care; and

 – Sweep team/field medical personnel divided into medical care teams that can 
spot runners as soon as they show signs of distress, transporting them to the 
closest medical point or manage medical illnesses or injuries on site.

Dedicated medical areas may be organised for participants based on injury or 
illness. The triage team should direct runners to the proper care centre.

29.8  Documenting Medical Encounters at Community-Based 
Sporting Events

General race data and medical encounter data at mass community-based endurance 
sport events should be collected in a standardised format and this has been covered 
extensively in a recently published international consensus statement [1]. Research 
methods related to event data collection, athlete demographics, sport code, sport 
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participation history, medical incident data collection procedures and reporting of 
the data are critical for quality of any scientific studies in this field. The following 
categories of general race data should be collected (Table 29.7):

• race day data,
• athlete demographics,
• athlete race performance, and
• geographical data of the course.

Table 29.7 Data collection (essential and additional data) on race day, athlete demographics, 
athlete race performance, course geography, and environmental conditions on race day. 
(Reproduced with permission from [1])

Category Minimum/essential data Additional data
Race day data • Location (nearest city)

• Date of the race (dd:mm:yyyy)
• Official starting time (hh:mm:ss)
•  Official cut-off (finish) time 

(hh:mm:ss)
•  Number of registrants (entrants): 

The number of athletes who 
register to participate in the 
event.

•  Number of starters: The number 
of registered athletes who start 
the event.

•  Number of finishers: The 
number of registered starting 
athletes who finish the event

Athlete 
demographics 
(individual athlete 
data)

• Age (on registration day)
• Sex

• Height (cm)
• Body weight (kg)

Athlete race 
performance 
(individual athlete 
data)

•  Race discipline (if applicable – 
different sporting codes)

•  Race registered for (if 
applicable – different race 
distances)

• Race starting time (hh:mm:ss)
• Race finishing time (hh:mm:ss)
•  Calculated total race time 

(hh:mm:ss)

•  Previous participation in this event 
type (number of previous races in 
this event type)

•  No. of times previously participated 
in this race (number)

•  Personal best time for this race 
(hh:mm)

•  Qualifying time for this race (if 
applicable: event and 
time—hh:mm:ss)

•  No. of races participated in, in 
previous year (number)

•  Date of last race participated in 
(dd:mm:yyyy)

•  Personal best time for this event in 
the last 12 months year (hh:mm:ss)

•  Average regular training in the last 
12 months (h/w)? Split times 
[distance (km) from the start line 
should be recorded in conjunction 
with the split time (hh:mm:ss)]

(continued)
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Category Minimum/essential data Additional data
Geographical data 
of the course

•  Total course distance (m)
•  Individual course sections (if 

applicable e.g. triathlons) (m)
• Altitude (m) (mean, range)
•  Total elevation of the event 

course (m)
• Change in elevation (m)

•  Type of surface of the event course 
(if applicable) (tar, asphalt, off-road, 
grass/, gravel, sand etc.)

•  Nature of the event course surface 
(wet, dry)

Environmental 
conditions on race 
day

• Ambient temperature (°C)
• Relative humidity (%)
• Wind speed (km/hr)
• Wind direction (degrees)
• Precipitation (mm)
•  Wet Bulb Globe Temperature 

(WBGT) Index (°C) (at the start 
and finish of the race)

•  Wet Bulb Globe Temperature 
(WBGT) Index (°C) (continuously 
throughout the race)

•  Pollution (air quality index) (numeric 
air quality index (AQI) or ppbv/ppmv 
or mg.m−3/μg.m−3 for PM10, PM2.5, 
PM0.1) (e.g. NO2, O3)

•  Pollen count (grains/m3)
• Ultraviolet (UV) radiation Index
•  PET (Physiological Equivalent 

Temperature) index. The PET utilizes 
i.e. air temperature, air humidity 
(relative humidity, specific 
humidity or any other measure of 
air humidity), wind speed, global 
radiation and geographical 
information (latitude, longitude 
and elevation, sky view factor (SVF) 
and ground surface characteristics).

Medical team data •  Size of the medical team (total 
number of staff)

•  Qualified medical 
doctors(number)

•  Number of allied health 
professionals (number)

•  Number of nursing staff 
(number)

• Number of first aiders (number)
•  Number of fixed medical stations 

on route (number)
•  Number of mobile medical 

stations on route (number)
• Medical station at finish (yes/no)
• Number of AED’s on route
•  High care/intensive care facility 

at finish (yes/no)

•  Medical race director/deputies 
(number)

•  Medical doctor (Sport and Exercise 
Medicine specialist) (number)

•  Medical doctor (Emergency 
Medicine/Intensive Care specialist) 
(number)

•  Medical doctor (Cardiologist) 
(number)

•  Medical doctor (Other specialist) 
(number)

•  Medical doctor (General Practitioner/
Family Physician) (number)

• Physiotherapist (number)
• Athletic trainer(number)
•  First Aider (Advance Life Support) 

(number)
•  First Aider (Basic Life Support) 

(number)

Table 29.7 (continued)

Medical encounters at mass community-based endurance sports events can be 
broadly classified into two main diagnostic categories:

 1. illness-related and
 2. injury-related medical encounters.
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Illness-related medical encounters are usually classified by major organ system 
affected, while injury-related encounters are usually classified by major anatomical 
regions affected.

29.8.1  Illness-Related Medical Encounters

• The use of a diagnostic classification system of illness-related medical encoun-
ters by main organ system is recommended (Table 29.8).

• The severity of illness-related medical encounters can further be classified as 
minor, moderate, serious/life-threatening, and sudden cardiac arrest/death using 
the definitions described above.

• Additional information can also be collected including the following:
 – the location of the illness on the course (e.g. related to hills, course 

conditions),

Table 29.8 Diagnostic categories of illness-related medical encounters by main organ system 
and more common specific types/diagnosis of medical encounters. (Reproduced with permission 
from [1])

Main organ system Illness type/diagnosis
Multiple organ systems

Heat Illness
  Hypothermia
  Hyperthermia/exertional heat stroke
  Sunburn
Rhabdomyolysis
Fluid and electrolyte disorders
  Dehydration (mild: <5% body weight loss)
   (moderate: >5% to <7% body weight loss)
   (severe: >7% body weight loss)
  Hyponatraemia
  Acid-base disorders
  Other electrolyte disorders
Infection
  Systemic Infection (excluding pathogens localised to one area)

Cardiovascular system
Exercise Associated Postural Hypotension (EAPH)
Syncope (non-specific)
Chest pain (non-specific)
Ischaemic heart disease
  Acute coronary syndrome (myocardial infarction, angina)
  Stable angina
Cardiac arrest
  Sudden cardiac death
  Cardiac arrest (successfully resuscitated)
Conduction abnormality including arrhythmias
  Supraventricular tachycardia
  Ventricular tachycardia
  Frequent ventricular extra-systoles
  Other significant arrhythmia
  Other abnormality on ECG (including non-specific)

(continued)
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Main organ system Illness type/diagnosis
Congestive heart failure
Hypertrophic cardiomyopathy and other cardiomyopathies
Other congenital/inherited cardiovascular disease
Murmurs/Valvular disease
Acute myocarditis (viral)
Acute pericarditis
Venous disease
  Deep venous thrombosis
   Other venous disease including calf/ankle oedema, cause 

unknown
Peripheral vascular disease
Other cardiovascular disease

Respiratory disease and 
ENT (ear, nose/throat) 
systems

Respiratory tract infection (bacterial or viral)
  Other upper respiratory tract infection
  Other lower respiratory tract infection
Asthma and/or allergy
  Allergy—rhinitis/sinusitis/hay fever (for urticaria see MDUX)
  Asthma—allergic
  Asthma—exercise induced only
Pneumothorax
Acute pulmonary embolus
Vocal cord dysfunction
Other respiratory illness not otherwise specified

Central nervous system 
(CNS)

Exercise Associated Muscle Cramps (EAMC)
   Mild EAMC (localised, no altered mental status, no systemic 

symptoms)
   Severe EAMC (generalized, altered mental status or with 

systemic symptoms
Dizziness/nausea (non-specific)
Coma (cause unknown)
Confusion (non-specific)
Stroke/Cerebrovascular Accident (CVA)
Epilepsy
Headaches
  Exercise related headache
  Migraine
  Cluster headaches
  Headache not otherwise specified
Other neurological problem
  Generalised tight muscles/spasticity

Rheumatological system
Joint pain (non-specific)
Joint infection—septic arthritis (excluding complications of surgery 
or perforating lacerations)
Infection of bone—osteomyelitis
Osteoarthritis (OA)—generalised (not isolated to one joint)

Table 29.8 (continued)
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Main organ system Illness type/diagnosis
Gout
Pseudogout
Seronegative arthritis
Rheumatoid arthritis
Fibromyalgia/multiple sore muscle areas
Rheumatological disease other/undiagnosed

Gastrointestinal system
Nausea/vomiting (non-specific)
Abdominal pain (non-specific)
Gastrointestinal infection
  Gastroenteritis (including food poisoning)
  Other gastrointestinal infection
Gastritis
  Exercise associated gastritis/reflux
   Non-steroidal anti-inflammatory drug (NSAID) associated 

gastritis/peptic ulceration
  Gastritis/peptic ulceration—non exercise/NSAID related
Diarrhoea
  Runner’s diarrhoea
Gastrointestinal bleeding (upper gastrointestinal tract) including 
hematemesis
Gastrointestinal bleeding (lower gastrointestinal tract) including 
melena
Surgical bowel problem (acute bowel)
Other gastrointestinal illness

Genitourinary system (excluding infections)
Genitourinary infection
  Cystitis
  Other genitourinary infection
Acute kidney injury
Acute renal failure
Other urinary Illness
Haematuria
Pregnancy

Haematological system and nutritional deficiencies
Anaemia
Sickle-cell trait

Endocrine/metabolic 
system

Thyroid disorder
  Hypothyroid
  Hyperthyroid
Hypoglycaemia (non-specific)
Diabetes mellitus
  Type I (insulin dependent)
  Type II (non-insulin dependent)
Other endocrine disorder

Dermatological system (excluding infections, skin lesions/tumours and sunburn MVHX)
Sunburn
Skin Infection/Cellulitis/Abscess/Infected Bursa
Skin chafing/blister

Table 29.8 (continued)

(continued)
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Main organ system Illness type/diagnosis
Abrasion
Laceration
Urticaria
Dermatitis
Other rash not otherwise mentioned or undiagnosed

Ophthalmological system (excluding trauma)
Dental illness
Psychological/psychiatric illness

Anxiety/panic disorder, including hyperventilation
Other psychological/psychiatric disorder not otherwise specified

Tumours/malignancies
Drug use/overdose/poisoning
Medical illness (OTHER or undiagnosed)

Tired athlete (non-specific)
Other medical illness

Table 29.8 (continued)

 – pre-race medical history (e.g. pre-race acute illness, use of medications prior 
or during the event), and

 – other factors possibly contributing to the illness (e.g. weather conditions, 
equipment failure, athlete inexperience)

29.8.2  Injury-Related Medical Encounters

• The use of an injury-related medical encounter classification by the main ana-
tomical region affected by the injury, is recommended (Table 29.9).

• The severity of injury-related medical encounters can further be classified as 
minor, moderate, serious/life-threatening, or death using the definitions described 
above.

• For injury-related medical encounters, additional information related to
 – the location of the injury on the course (e.g. related to hills, course 

conditions),
 – onset of the injury (acute injury, chronic injury, acute exacerbation of a 

chronic injury),
 – mechanism of the injury (e.g. traumatic, non-traumatic, contact or non-con-

tact, nature of the contact), and
 – other factors contributing to the injury (e.g. violation of rules, weather condi-

tions, equipment failure, athlete inexperience)

could also be collected.
The adoption of a uniform data collection procedure at the event medical facili-

ties to record all medical encounters is recommended. Recently, a standardised 
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Table 29.9 Diagnostic categories of injury-related medical encounters by main anatomical 
region and more common injury types/diagnosis. (Reproduced with permission from [1])

Main anatomical region Injury type/diagnosis
Head injuries

Head/Facial Bruising/Haematoma
Head laceration/abrasion
Facial Muscle and/or Tendon strain/spasm/trigger points
Facial Joint sprain/injury
Facial Dislocation
Head/Facial fracture
Concussion/Brain Injury
Concussion
Intracranial bleed
Head Organ Damage (including eye, ear, mouth injury; excluding 
haematoma, laceration)
  Eye injury/trauma
  Ear trauma
  Dental Injury
Head Pain/Injury (Other/not specified)

Neck Injuries
Neck Soft Tissue Bruising/Haematoma
Neck Laceration/Abrasion
Whiplash
Neck muscle and/or tendon strain/spasm/trigger points
Cervical Spine Facet Joint injuries
Cervical Disc Injury
Neck Fracture
  Cervical Fracture/s
  Laryngeal fracture
Neck Organ Damage
Neurological Neck Injury
Cervical nerve root compression/stretch (proximal burner/stinger)
Cervical spinal cord injury
Cervical spinal column degenerative disc disease/arthritis
Cervical Vascular Injury
Neck Pain/Injury (Other/not specified)

Shoulder Injuries
Shoulder Soft Tissue Bruising/Haematoma
AC Joint contusion
Shoulder Soft Tissue Laceration/Abrasion
Shoulder muscle strain/spasm/trigger points
Shoulder Tendon Overuse Injury/Strain
Acute Shoulder Sprains/Subluxation
  Glenohumeral joint sprains
  Acromioclavicular joint sprain
Shoulder Osteochondral Lesion
Acute Shoulder Dislocation
  Anteroinferior shoulder dislocation
  Inferior shoulder dislocation
  Posterior shoulder dislocation
Chronic Shoulder instability
Shoulder impingement/Synovitis
Shoulder Fractures

(continued)
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Table 29.9 (continued)

Main anatomical region Injury type/diagnosis
  Clavicular fracture
  Scapula fracture
  Humerus Fracture
Shoulder Neurological/vascular injury (excl. Non mechanical nerve 
problems—see MNXX)
Shoulder Osteoarthritis
Shoulder Pain/Injury (Other/not specified)

Upper Arm Injuries (between the shoulder and the elbow)
Upper Arm Soft Tissue Bruising/Haematoma
Upper Arm Laceration/Abrasion
Upper Arm Muscle Strain/Spasm/Trigger points
Upper Arm Tendon Injury
Upper Arm Fracture
Upper Arm Bony Stress/Overuse Injury
Other Upper Arm Overuse Injury
Upper Arm neurological injury
Upper Arm Vascular Injury
Upper Arm Pain/Injury not otherwise specified

Elbow Injuries
Elbow Soft Tissue Bruising/Haematoma
Elbow Laceration/Abrasion
Elbow Muscle Strain/Spasm/Trigger Points
Elbow Tendon Injury
  Lateral epicondylopathy
  Medial epicondylopathy
Elbow Joint Ligament Sprain
Elbow Osteochondral Injury
Elbow Dislocation
  Anterior elbow dislocation
  Posterior elbow dislocation
Dislocated radial head
Elbow Instability
Elbow Impingement/Synovitis
Elbow Stress/Overuse Injuries including stress fractures
Elbow Neurological Injury/Entrapment
Elbow Osteoarthritis
Elbow Pain/Injury (Other/not specified)

Forearm Injuries (between Elbow and Wrist)
Forearm Soft Tissue Bruising/Haematoma
Forearm Laceration/Abrasion
Forearm Muscle Injury
Forearm Tendon Injury
Forearm fracture(s)
  Fracture radius and ulna midshaft
  Fracture radius midshaft
  Fractured ulna midshaft
Other Stress/Overuse injuries to Forearm
Forearm Neurological Injury
Forearm Vascular Injury
Forearm Pain/Injury (Other/not specified)
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Table 29.9 (continued)

Main anatomical region Injury type/diagnosis
Wrist Injuries

Wrist and Hand Soft Tissue Bruising/Haematoma
Wrist and Hand Laceration/Abrasion
Wrist and Hand Muscle Injury
Wrist and Hand Tendon Injury
Wrist and Hand Joint Injury (including minor avulsion fracture)
Wrist and Hand Osteochondral/Chondral Injury
Wrist and Hand Dislocations (including minor avulsion fractures)
Chronic Wrist or Hand Instability
Wrist and Hand Impingement/Synovitis
Wrist and Hand Fractures
  Fracture of distal radius +/− ulna
  Fracture of distal ulna
  Scaphoid fracture
  Fractured hamate
  Fractured trapezium
  Fracture other carpal bone
  Fractured thumb
  Fracture metacarpals 2–5
  Fracture finger(s) (excluding avulsion fractures
Wrist and Hand Stress/Overuse Injuries (including stress fractures)
Wrist and Hand Neurological Injury
Wrist and Hand Vascular Injury
Wrist and Hand Osteoarthritis
Other Wrist and Hand Pain/Injury (Other/not specified)

Chest Injury
Chest Wall Soft Tissue Bruising/Haematoma
Chest Wall laceration/Abrasion
Chest Muscle or Tendon strain/spasm/trigger points
Chest Joint Sprains
  Sternoclavicular Sprain
Chest Dislocations
  Sternoclavicular Dislocation
Chest Joint Instability
Synovitis of Chest Joint
Chest Fracture(s)
  Rib Fracture(s)
  Sternal fracture
Fracture of costochondral margin
Chest Cavity Injury
  Pneumothorax
  Haemothorax
Cardiac Contusion Injury
Chest injury (Other/not specified)

Trunk and Abdominal Injury
Abdominopelvic Soft Tissue Bruising/Haematoma (excluding 
bruised organs)
Truncal Laceration/Abrasion
Truncal Muscle Strain/Spasm/Trigger points
Abdominal Tendon Injury

(continued)
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Main anatomical region Injury type/diagnosis
Abdominal Biomechanical Injury
Abdominal Organ Injury
  Spleen trauma
  Intestinal trauma
  Liver trauma
  Pancreatic trauma
  Kidney trauma
  Multiple organ trauma
  Other organ trauma not otherwise specified
Pelvic Organ Injury
Genital Injury
Bladder trauma
Abdominal pain (Other/not specified)

Thoracic Spine Injury (including Thoracolumbar Junction)
Thoracic Soft Tissue Bruising/Haematoma
Thoracic Laceration/Abrasion
Thoracic Muscle and Tendon Strain/Spasm/Trigger Points
Thoracic spine Joint Injury
Thoracic Disc Injury
Thoracic Spine Fracture
Thoracic Postural Syndrome
Thoracic spine Osteoarthritis
Thoracic Pain/Injury (Other/not specified)

Lumbar Spine Injury
Lumbar Soft Tissue Bruising/Haematoma
Lumbar Laceration/Abrasion
Lumbar Spine muscle and Tendon Strain/Spasm/Trigger Points
Lumbar Spine Joint Injury
  Lumbar facet joint sprain
  Lumbar ligament Sprain
Lumbar Disc Injury (excluding degenerative disc disease)
Lumbar Instability
  Spondylolisthesis any Level
Lumbar Spine Facet Joint Pain/Stiffness
Lumbar Spine Fracture
  Lumbar spine vertebral body fracture
  Lumbar spine transverse process fracture
  Lumbar spinous process fracture
  Lumbar pars interarticularis acute fracture
  Lumbar pedicle fracture
  Multiple lumbar spine fractures
  Other lumbar spine fracture
   Complication of lumbar fracture (including non-union, excluding 

spinal injury)
Lumbar Stress Fracture
Lumbar Spine Neurological Injury
  Lumbar spinal fracture with associated neurological injury
  Lumbar disc injury with associated neurological injury
   Lumbosacral Nerve root impingement due to foraminal stenosis 

bony and disc

Table 29.9 (continued)
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Main anatomical region Injury type/diagnosis
  Lumbar Spinal canal stenosis
  Lumbosacral nerve stretch/traction injury
  Other lumbosacral nerve injury
Osteoarthritis Lumbosacral spine
Lumbar Pain/Injury (Other/not specified)

Pelvis/Buttock Injuries (excluding groin)
Pelvis/Buttock Soft Tissue Bruising/Haematoma
Pelvic/Buttock Laceration/Abrasion
Pelvic/Buttock Muscle Strain/Spasm/Trigger Points
Buttock/Pelvis Tendon Injury
Sacroiliac Joint Injury (excluding L5/S1 injury)
Sacroiliac Joint Instability
Buttock and Pelvis Synovitis/Bursitis
Pelvic fracture(s) (excluding growth plate fractures)
  Fractured Ilium
  Fractured sacrum
  Fractured coccyx
  Fractured ischium
  Multiple fractures pelvis and sacrum
Pelvic Stress Fracture(s)
Buttock/Pelvic Nerve Injury
Pelvic/Buttock Pain (Other/not specified)

Hip and Groin Injuries
Hip and Groin Soft Tissue Bruising/Haematoma
Hip and Groin Laceration/Abrasion
Hip and Groin Muscle Strain/Tear
Hip and Groin Tendon Injuries (including hernia, excluding avulsion 
injuries in the paediatric population)
  Trochanteric syndrome
Hip Joint Sprain
Hip Joint Chondral/Osteochondral Injury
Hip Joint Dislocation
Hip Joint Inflammation/Synovitis/Other Biomechanical Lesion
Hip/Groin Fractures
  Femoral fracture
  Acetabular fracture
  Fracture pubic ramus
Hip/Groin Stress Fracture
Other Stress/Overuse Injury Hip and Groin
Femoroacetabular impingement
Groin Neurovascular Injuries
Groin Organ Damage
Hip/Groin Arthritis
Hip/Groin Pain (Other/not specified)

Thigh Injuries
Thigh Soft Tissue Bruising/Haematoma
Thigh Laceration/Abrasion
Thigh Muscle strain/Spasm/Trigger Points
  Proximal hamstring tendinopathy
  Hamstring muscle strain

Table 29.9 (continued)

(continued)
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Main anatomical region Injury type/diagnosis
  Quadriceps muscle Strain
  Adductor tendinopathy
  Adductor muscle strain
  Thigh muscle cramping during exercise
  Hamstring cramping during exercise
  Quadricep cramping during exercise
  Adductor muscle cramping during exercise
  Thigh muscle trigger points
  Thigh muscle wasting
Femoral Fracture
Femoral Stress Fracture
Other stress/Overuse Injuries to Thigh
Thigh Neurological Injury
Thigh Vascular Injury
Thigh pain/Injury (Other/not specified)

Knee Injuries
Knee Soft Tissue Bruising/Haematoma
Knee Laceration/Abrasion
Knee Muscle Strain/Spasm/Trigger Points
Knee Tendon Injury
  Patellar tendinopathy
  Quadriceps tendinopathy
  Iliotibial band syndrome (ITBS)
  Popliteus tendinopathy
  Pes anserinus tendinopathy
  Proximal gastrocnemious tendinopathy
  Biceps femoris tendinopathy
Patellofemoral pain (Anterior knee pain) syndrome
Knee Sprains/Ligament Injuries
  Acute ACL injury
  Acute PCL injury
  MCL injury knee
  Patellar subluxation
  Combined ligament injuries knee
Knee Dislocation
  Patellar dislocation
  Tibio-femoral dislocation
Knee Instability (chronic or recurrent subluxations)
Knee Impingement/Synovitis/Biomechanical Lesion not associated 
with other conditions
Knee Fractures
  Patellar fracture
  Distal femoral fracture
  Proximal tibial fracture
Knee Stress Fracture
Knee Osteoarthritis
Knee Pain/Injury (Other/not specified)

Lower Leg Injuries
Leg Soft Tissue Bruising/Haematoma
Lower Leg Laceration/Abrasion

Table 29.9 (continued)
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Main anatomical region Injury type/diagnosis
Lower leg muscle Injury
  Anterior compartment muscle injury
  Lateral compartment muscle injury
  Gastrocnemius muscle injury/strain
  Soleus Injury/strain
  Calf cramping during exercise
Lower Leg Tendon Injuries (see knee or ankle depending on tendon 
location)
Lower Leg Fractures
  Fractured Midshaft Tibia
  Fractured fibula
Medial Tibial Stress Syndrome
Lower Leg Stress Fractures
  Tibial Stress Fracture
  Fibular Stress Fracture
Other Leg Overuse Injury
Neurological Injury of Lower Leg
Lower Leg Vascular Injury
  Popliteal Artery Entrapment Syndrome
Other Lower Leg Pain/Injury (Other/not specified)

Ankle Injuries
Ankle Soft Tissue Bruising/Haematoma
Ankle Laceration/Abrasion
Ankle Tendon Injury
  Achilles tendinopathy (insertional)
  Achilles tendinopathy (mid-substance)
  Achilles tendon rupture
  Extensor tendon injuries at ankle
  Tibialis anterior injuries
  Tibialis posterior injuries
  Flexor hallucis tendon injury
  Peroneal tendon injury
Ankle Sprains
  Ankle syndesmosis sprain
  Ankle lateral ligament sprain
  Ankle deltoid ligament sprain
  Ankle multiple ligaments sprain
Ankle Osteochondral Injuries
Ankle Dislocation
Chronic Ankle Instability
  Chronic medial instability
  Chronic lateral instability
Ankle Synovitis/Impingement/Bursitis not otherwise specified
Ankle Fracture
  Fracture tibia and fibula at ankle joint
  Fractured talus
  Fractured calcaneus
Ankle Stress Injuries/Stress Fractures
Nerve Injury at Ankle
Ankle Vascular Injury

Table 29.9 (continued)

(continued)
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Main anatomical region Injury type/diagnosis
Osteoarthritis of Ankle/Subtalar Joint
Ankle Pain/Injury (Other/not specified)

Foot Injuries
Foot Soft Tissue Bruising/Haematoma
Foot Laceration/Abrasion
Foot Muscle Strain/Spasm/trigger Points
Foot Tendon Injuries
Foot Joint Sprain
Foot Chondral/Osteochondral Lesion
Foot Dislocation
Synovitis/Impingement/Biomechanical Lesion of Foot
Plantar Fasciopathy (Fasciitis)
Foot Fractures
  Fracture tarsal bone
  Fracture Metatarsal(s)
  Fracture great toe
  Fracture lesser toes (2—5)
  Complication of fractured foot including non-union
Stress Reactions/Fractures in Foot
Foot Osteoarthritis
Sesamoid injuries
Foot Neurological Injury
Foot Vascular Injury
Foot Pain/Injury (Other/not specified)

Injuries Location Unspecified or Crossing Anatomical Boundaries
Soft Tissue Bruising/Haematoma Location Unspecified or Crossing 
Anatomical Boundaries
Laceration/Abrasion Location Unspecified or Crossing Anatomical 
Boundaries
  Laceration/abrasion upper limb
  Laceration/abrasion lower limb
Muscle Strain/Spasm/Trigger Points Location Unspecified or 
Crossing Anatomical Boundaries
  Muscle strain upper limb
  Muscle strain lower limb
  Muscle strain spine
Tendon Injury Location Unspecified or Crossing Anatomical 
Boundaries
Sprain Location Unspecified
Chondral/Osteochondral injury Location Unspecified
Dislocation Location Unspecified
  Upper limb joint dislocation
  Lower limb joint dislocation
Instability of Joint Location Unspecified
  Upper limb joint instability
  Lower limb joint instability
Fracture Location Unspecified or Crossing Anatomical Boundaries
  Fracture upper limb
  Fracture lower limb

Table 29.9 (continued)
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Main anatomical region Injury type/diagnosis
Stress Fracture Location Unspecified or Crossing Anatomical 
Boundaries
Postural Syndrome
  Upper limb synovitis/impingement lesion
  Lower limb synovitis/impingement lesion
Neurological lesion Location Unspecified or Crossing Anatomical 
Boundaries
   Spinal injury location unspecified or crossing anatomical 

boundaries
  Upper limb neurological injury
  Lower limb neurological injury
Vascular Injury Location Unspecified or Crossing Anatomical 
Boundaries
  Upper limb vascular injury
  Lower limb vascular injury
Osteoarthritis Location Unspecified or Crossing Anatomical 
Boundaries (excluding generalised OA)
Upper limb osteoarthritis
Lower limb osteoarthritis

Table 29.9 (continued)

Race Medical Encounter Data (R-MED) form for illness-related medical encoun-
ters (Table  29.10) and injury-related medical encounters (Table  29.11) was sug-
gested [1].

Clinical Pearls
• The health benefits of regular moderate- to high-intensity physical activity are 

undisputed, but during such activity there is an increased risk of medical 
encounters.

• Mass community-based sports events are increasing in popularity, with greater 
participation among older athletes—this may increase the risk of medical 
encounters at these events.

• Medical encounters at mass community-based sports events can vary in severity, 
from sudden cardiac arrest or death, to minor medical encounters.

• Planning to reduce the risk of medical encounters is the responsibility of the race 
medical director and requires a step-wise approach.

• Pre-race medical screening and educational intervention may reduce the risk of 
medical encounters.

• The potential negative effects of environmental stress, including air quality, on 
athlete health can be reduced by careful pre-race planning.
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Table 29.10 Illness-related Race Medical Encounter Data (R-MED) form—endurance sport 
events. (Reproduced with permission from [1])

<EVENT NAME>

Illness-Related Race Medical Encounter Data (R-MED) Form

1. RACE DETAILS: <Pre-populate before the event>

<Race name> Date: dd/mm/yyyy Official start time: Official finish time:

2. LOCATION OF THE MEDICAL FACILITY:

Course Q1    Course Q2 Course Q3 Course Q4 At finish Sweeper bus Hospital Other

3. ATHLETE DEMOGRAPHIC DETAILS:

Race Number: Male  Female  Race finisher:     YES    NO     

Arrival time at medical facility (hh/mm):

4. ATHLETE ILLNESS-RELATED MEDICAL HISTORY:

4a. Pre-race history:

Did the athlete suffer from any pre-race acute illness/symptoms (gastro/acute illness or infective illness? YES    NO     

Details of pre-race illness or injury (Type)

URT symptoms with no systemic
symptoms 

URT symptoms with systemic symptoms LRT symptoms

Nausea/vomiting and diarrhoea Nausea only Nausea and vomiting

Diarrhoea Other infective illness Other pre-raceillness

Onset of pre-race illness Race day 1 day before
2-7 days 

before
8-14 days before > 15days before

Analgesics/NSAIDs use 0-24 hours before the race?YES NO  Analgesics/NSAIDs use during the race? YES NO  

Prescription medication use (list please):  YES  NO  Reason for medication use:

4b. Presenting complaint:

Collapse (pre-finish) Collapse (post-finish)  Confused Muscle cramps (localized)

Chest pain       Palpitations Fatigue/exhaustion Muscle cramps (systemic)

Abdominal cramps/pain Diarrhoea Nausea/vomiting Seizure

Headache Hot (suspected hyperthermia) Cold (suspected hypothermia) Difficulty breathing

Wheeze Coughing Skin (chafing/ blisters) Skin (cut / laceration)

Skin (other) Musculoskeletal (head/neck) Musculoskeletal (chest/trunk) Musculoskeletal (upper limb)

Musculoskeletal (spine/back) Musculoskeletal (hip/pelvis) Musculoskeletal (lower limb) Deep Chest/Abdominal trauma

Other:

Additional clinical notes:

4c. Location of the medical encounter on the course:

Not known or not applicable Distance from the start (km) Nearest distance marker (km)

5. CLINICAL EXAMINATION:

5.1. Mental status (APVU): Alert Responds to voice Responds to pain Unresponsive
5.2. Glasgow Coma Scale: /15 Eye: /4 Verbal: /5 Motor: /6
5.3. Hydration: Normal (clinically)          Dry mouth (mucosa)          Oedema (swollen periphery) Poor skin turgor
Fluid intake during race (ml): Pre-race weight (kg): Post-race weight (kg): % Weight change:              %

5.4. Vital signs

Time of measurement Pulse BP Systolic/diastolic) Core Temp % Sats Glucose Other

Admission
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5.5. Other clinical findings:

6. ORDERS/ INVESTIGATIONS:

Admit to ICU/resuscitation
(medical tent or hospital)

Admit medical tent for 
treatment

Elevate legs Fluids (Oral) Fluids (IV)

Cooling Warming Wound care Other:
Lab tests (glucose) Lab tests (sodium) Lab tests (potassium) Lab tests (urea/creat) Lab tests (blood gas)
Lab tests (Hct/Hb) Lab tests (ECG) Lab tests (Ultrasound) Lab tests (Other)

7. LABORATORY / INVESTIGATION RESULTS (ATTACH):

Lab tests (glucose) Lab tests (sodium) Lab tests (potassium) Lab tests (urea/creat) Lab tests (blood gas)
Lab tests (Hct/Hb) Lab tests (ECG) Lab tests (Ultrasound) Lab tests (Other)

8. TREATMENT:

8.1. Fluids

Oral Fluid (volume ml): Type:       Water: Sports drink: Hypertonic saline: Other:

IV Fluid (volume ml): Type: Rate:         ml over min Start time: End time:

8.2. Medication

Type: Dosage: Route (po/IM/IV): Time(given):

Type: Dosage: Route (po/IM/IV): Time(given):

8.3. Other treatment:

9. PRE-DISCHARGE ASSESSMENT: 
Conscious/orientated 
YES ;   No ;    N/A 

Ambulatory
YES ;   No ;    N/A 

Asymptomatic
YES ;   No ;    N/A 

Passed urine:
YES ;   No ;    N/A 

10. FINAL DIAGNOSIS OF ILLNESS-RELATED MEDICAL ENCOUNTER:

Main organ system:

Multiple organs Cardiovascular system Respiratory / ENT system  Central nervous system
Rheumatological system Gastrointestinal system Genitourinary system Haematology / Nutrition
Endocrine / Metabolic Dermatological system Ophthalmological system Dental illness
Psychological / Psychiatric Tumour / malignancy Drug use / Overdose Other medical illness

Final diagnosis / illnesstype: <Enter code from Table>

11. ILLNESS-RELATED MEDICAL ENCOUNTER SEVERITY:

Minor encounter Moderate encounter Serious / life threatening encounter

Sudden cardiac arrest (SCA) during race Sudden cardiac arrest (SCA) < 1hr post race Sudden cardiac arrest (SCA) 1-24hrs post race

Sudden cardiac death (SCD)during race Sudden cardiac death (SCD) < 1hr post race Sudden cardiac death (SCD) 1-24hrs post race 

Non-cardiac sudden death during race Non-cardiac sudden death< 1hr post race Non-cardiac sudden death1-24hrs post race

12. DISCHARGE INFORMATION:

Discharged Hospital transfer Follow-up care needed Refusal of care

Follow up call by race medical team needed YES  NO Other special instruction:

13. TRANSPORT INFORMATION: Authorized by: Dr

Hospital name: Transported by:

Receiving doctor: Receiving doctor’s contact details:

Family / Next of Kin notified: YES    NO     Who was notified?

14. ADDITIONAL CLINICAL NOTES:

15: DOCTOR / CLINICIAN DETAILS: 

Doctor/ Clinician name: Signature: Date: Time:

Table 29.10 (continued)
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Table 29.11 Injury-related Race Medical Encounter Data (R-MED) form—endurance sport 
events. (Reproduced with permission from [1])

<EVENT NAME>

Injury-Related Race Medical Encounter Data (R-MED) Form

1. RACE DETAILS <Pre-populate before the event>

<Race name> Date: dd/mm/yyyy Official start time: Official finish time:

2. LOCATION OF THE MEDICAL FACILITY

Course Q1 Course Q2    Course Q3   Course Q4 At finish Sweeper bus Hospital Other

3. ATHLETE DEMOGRAPHIC DETAILS

Race Number: Male  Female  Race finisher: YES    NO     

Arrival time at medical facility (hh/mm):

4. ATHLETE MEDICAL HISTORY

4a. Injury history:

Onset of Injury:
Acute Chronic (pre-existing) Acute exacerbation of chronic injury

Mechanism of Injury:
Traumatic-contact with another athlete Traumatic – contact with moving object Traumatic – contact with immobile object
Traumatic non-contact Overuse injury Other

Location of the injury on the course:
Not known or not applicable Distance from the start (km) Nearest distance marker (km)

Factors Contributing to the mechanism of injury:
Violation of rules Weather conditions Equipment failure
Course/field of play conditions Fatigue Psychological

Other:

4b. Presenting complaint:

Pain Loss of function Swelling Confusion
Unresponsive (coma) Head/neck injury Chest injury Trunk injury
Upper limb injury Spine/back injury Hip/pelvis injury Lower limb injury

Abdominal injury Injury multiple 
anatomical areas:

Other injury:

Additional clinical notes:

5. CLINICAL EXAMINATION

5.1. Mental status (APVU): Alert Responds to voice Responds to pain Unresponsive
5.2. Glasgow Coma Scale: /15 Eye: /4 Verbal: /5 Motor: /6
5.3. Hydration:  Normal (clinically)        Dry mouth (mucosa)       Oedema (swollen periphery)       Poor skin turgor
Fluid intake during race (ml): Pre-race weight (kg): Post-race weight (kg): % Weight change:              %

5.4. Vital signs

Time of measurement Pulse BP Systolic/diastolic) Respiratory 
rate

% Sats Other

Admission

5.5. Other clinical findings:

6. ORDERS/ RECOMMENDED INVESTIGATIONS

Admit to ICU/resuscitation (medical tent or hospital) Admit to medical tent 
Splint / brace Warming Wound care Other:
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Lab tests (Ultrasound) Lab tests (Radiology –
X Rays)

Lab tests (MRI scan) Lab tests (CT scan)

7. LABORATORY RESULTS

Clinical notes:

8. TREATMENT

8.1. Wound care Wound dressing Suture laceration Other:

8.2. Fluids

Oral Fluid (volume ml): Type:       Water: Sports drink: Hypertonic saline: Other:

IV Fluid (volume ml): Type: Rate:         ml over min Start time: End time: 

8.3. Medication

Type: Dosage: Route (po/IM/IV): Time(given):

Type: Dosage: Route (po/IM/IV): Time(given):

8.4. Other treatment:

9. PRE-DISCHARGE ASSESSMENT: 
Conscious/orientated 
YES ;   No ;    N/A 

Ambulatory
YES ;   No ;    N/A 

Asymptomatic
YES ;   No ;    N/A 

Passed urine:
YES ;   No ;    N/A 

10. FINAL DIAGNOSIS OF INJURY-RELATED MEDICAL ENCOUNTER

Main anatomical area

Head injury Neck injury Shoulder injury Upper arm injury
Elbow injury Forearm injury Chest injury Trunk / abdominal injury
Lumbar spine injury Pelvis / buttock injury Hip / groin injury Thigh injury
Knee injury Lower leg injury Ankle injury Foot injury
Injury location unspecified or crossing anatomical boundaries: 

Final diagnosis / injury type: <Enter code from Table>

12. INJURY-RELATED MEDICAL ENCOUNTER SEVERITY:

Minor encounter Moderate encounter Serious / life threatening 

Non-cardiac sudden death during race Non-cardiac sudden death< 1hr post race Non-cardiac sudden death1-24hrs post race

12. DISCHARGE INFORMATION:

Discharged Hospital transfer Follow-up care needed Refusal of care

Follow up call by race medical team needed YES  NO Other special instruction:

13. TRANSPORT INFORMATION Authorized by: Dr

Hospital name: Transported by:

Receiving doctor: Receiving doctor’s contact details:

Family / Next of Kin notified: YES    NO     Who was notified?

14. ADDITIONAL CLINICAL NOTES:

15: DOCTOR / CLINICIAN DETAILS: 

Doctor’s / Clinician Name: Signature: Date: Time:

Table 29.11 (continued)
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 Review

 Questions

 1. You are appointed as the chief race medical director for a large half-marathon 
(21.1 km) running event, where the expected number of race starters are about 
45,000. The race will be held in a European city in May, and the city is at sea 
level. Based on current scientific data, which of the following statements are true 
for the type and severity of medical encounters that you may expect at this race?
 (a) I can expect that there will be 1–2 runners with sudden cardiac arrest during 

the race
 (b) About 5–10 runners will develop serious life-threatening medical 

encounters
 (c) I need to plan that there about 2000 runners will require medical attention
 (d) If the race is held at 2 pm in the afternoon rather than early in morning, it is 

likely that there will be fewer medical encounters
 2. In your preparations for the race above (in question 1), where you are the chief 

medical director responsible for the medical care, which of the following are 
important considerations at the finish line area?
 (a) I need to deploy more medical resources and more staff at the finish line than 

along the course
 (b) At the finish line area, there should be a dedicated Triage Officer and team 

to direct the flow of casualties to the proper area for care
 (c) Equipment and supplies for obtaining vital signs, performing BLSD and 

ACLS should be available at the finish line.
 (d) There should be a high-care medical facility at the finish line

 3. A 56-year-old female runner enters for a marathon for the first time. In preparation 
for the race she trained for about 10 weeks, with a weekly training distance that 
averages at 25 km per week. She is a type 2 diabetic, takes anti-depressant medica-
tion and has a chronic left rotator cuff impingement in the shoulder for which she 
uses occasional NSAIDs. What risk factors does this runner have of developing a 
medical complication during the race? What advice would you give her?

 Answers

 1. Question
 (a) Yes: The incidence of sudden death is about 1 in 100,000 entrants, but sud-

den cardiac arrest is 2–3 higher i.e. 1 in 30,000 to 1 in 50,000
 (b) No. The incidence of serious life-threatening medical encounters varies but 

is about 1 in 2000 race starters. Therefore, for a race with about 50,000 start-
ers, you can expect about 25 serious life-threatening medical encounters

 (c) Yes. The incidence of moderate medical encounters (requiring medical 
attention) is about 1  in 50. You can expect about 1000 runners that will 
require medical attention
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 (d) No. If the race is held at 2 pm in the afternoon, it is likely that the environ-
mental conditions will be less favourable in May (spring to early summer in 
Europe). It is likely that the WBGT will be higher, and if it is above 18°, the 
risk of medical encounters increases (moderate risk). Higher WBGT will 
increase the risk even more.

 2. Question
 (a) Yes. The number of medical encounters in the final quarter of the race is 

significantly higher in respect to other segments. Therefore, in the last 2 km 
of the course, medical staff and supplies should be increased.

 (b) Yes. A Triage Officer at the finish line area is very important to direct runners 
with medical complications to the appropriate treatment area—this should be 
a senior medical doctor with previous race medical care experience.

 (c) Yes. Equipment and supplies for obtaining vital signs, performing BLSD 
and ACLS should be available at the finish line.

 (d) Yes. There should be a high-care medical facility at the finish line.
 3. Question

This runner has a number of factors that increase her risk of an acute medical 
complication during the marathon. She is over 55 years, and is a diabetic and 
therefore, according to international guidelines, has ≥2 risk factors. The advice 
would be that she requires a full medical assessment before participating in mod-
erate- to high intensity exercise. It is also important to determine if she has con-
comitant cardiovascular disease and other complications associated with 
diabetes. She also uses medications that may increase her risk of a medical com-
plications during exercise, including anti-depressants and NSAIDs. Finally, her 
training and preparation for a marathon is not optimal because she only started 
10 weeks before the marathon, and her weekly training of 25 km is less that what 
is advised to prepare for a marathon.
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Learning Objectives
 1. To understand the current burden of recreational sports related SCD using inci-

dence data from observational studies and registries.
 2. Summarize the current information available on causes of sports related SCD, 

from autopsy data and from survivors via population-based studies.
 3. Describe the specific characteristics of sports related SCD.
 4. Outline strategies to reduce SCD burden related to sports.

30.1  Introduction

Participating athletes in competitive sport events as well as sports participants in 
general are usually healthy and perceived to be fit. It is also accepted that regular 
sports activity is beneficial in reducing long-term overall as well as cardiovascular 
mortality, including sudden cardiac death (SCD) [1–7]. However, the occasional 
instance of SCD during a sporting event in full public glare serves as a grim reminder 
of the small but definite arrhythmic risk of extreme exercise. This paradox of 
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exercise has been described for more than 20 years [1, 4, 6], wherein, although regu-
lar physical activity has proven benefits for cardiovascular health, vigorous exercise 
could increase the short-term risk of dying suddenly (during or shortly after 
exercise).

• Therefore, fairly extensive attention has focused on physical exertion as a poten-
tial trigger for SCD.

• To add to the complexity, the risk of sports-related SCD decreases with regular 
exercise training [7, 8].

Notwithstanding these facts, the occurrence of such unexpected and tragic events 
among athletes, who epitomize health and well-being, invariably begs the question 
as to whether they cannot be prevented or better managed. The ability to screen 
athletes to prevent such events has been the subject of considerable scientific atten-
tion and controversy [9–11]. The devastating and traumatic consequences of sports- 
related SCD, therefore, mandate a thorough understanding of this phenomenon 
across the general population [12, 13].

In this review, we summarize the current knowledge in this field, to provide an 
overview of the connection between sports and SCD, and to place into perspective 
the current thoughts on screening and other measures to improve outcomes.

30.2  Sports Activity: Conclusively Beneficial for Long-Term 
Sudden Cardiac Death Risk

The cardiovascular advantages of physical activity are well-established, and the 
excessive attention often focused on sports-related SCD should not overshadow the 
broad issue that regular exercise has irrefutable benefits [14]. Several studies have 
demonstrated a strong and consistent reduction of risk through regular physical 
activity with regard to

 (a) Cardiovascular mortality [3].
 (b) Atrial fibrillation [15].
 (c) Coronary artery disease [16].

with the last mentioned being described more than 35 years ago [17]. Considering 
that coronary artery disease is one of the major underlying causes of SCD [espe-
cially during sports activity in subjects over 30 years of age [18, 19]], regular physi-
cal activity could, through reduction of coronary artery disease, lead to a decreased 
SCD risk. Concordant with this, studies have clearly established that regular physi-
cal activity is associated with a lower long-term risk of SCD [7, 20–24]. Therefore, 
there is scientific consensus that a certain amount of physical activity is strongly 
recommended to reduce overall mortality [25], including SCD.

In contrast, for sports-related SCD, an analogy of “drug overdosage” [26] has 
been used, considering that sports (exercise) is in fact an effective “drug” for SCD 
risk reduction. This analogy suggests that the association between sports and 
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mortality may follow a U-curve [27]: moderate sports would confer a lower overall 
mortality, whereas strenuous sports activity would be associated with a similar mor-
tality as a non-exercising population owing to a counter-balancing effect of short- 
term SCD risk. However, this concept remains controversial: for instance, recent 
data from healthy elite athletes (French participants in the Tour de France) reported 
a significantly lower mortality when compared with the general population [28]. 
Such results need careful interpretation, considering the potential selection bias in a 
population of elite athletes [29].

30.3  Sudden Death in the Young Competitive Athlete: 
The Apparent Part of the Iceberg

A young competitive athlete is traditionally defined as any person 10–35 years old 
who participates in an organized sports program (team or individual sport) that 
requires regular competition and training [9, 18, 30–32]. SCD occurring among 
young competitive athletes has always attracted major media attention, with 
emblematic examples in footballers [33] or, more recently, cyclists [34]. To date, the 
large majority of data on sports-related SCD have focused on the burden among 
young competitive athletes and the extent to which intensive physical activity may 
be actually harmful. The focus on healthy young athletes is highly understandable 
given the substantial social and emotional impact of sudden and unexpected deaths 
in this population.

However, there are some noteworthy facts in this regard:

• Sudden death in competitive athletes is a very low-frequency event [35, 36].
• Furthermore, several studies published on this subject included not only sudden 

deaths owing to cardiovascular causes, but also trauma [10] or even suicide [37].
• Other studies included SCD occurring in circumstances unassociated with sport [10].

Overall, although an accurate estimation of the incidence of sports-related SCD 
among young competitive athletes is challenging, it is estimated to be fewer than 10 
per million per year in a recent meta-analysis [35]. In contrast, considering the bur-
den of sports participation in the general population, focusing on competitive ath-
letes alone could lead to a rather biased perspective on sports-related SCD.

30.4  Sudden Cardiac Death Among Recreational Sports 
Participants: The Majority of Sports-Related Sudden 
Cardiac Death

Sports-related SCD accounts for a small but significant proportion of all SCD, with 
recent studies consistently reporting around 5% of overall SCD occurring during 
sporting activity [38, 39]. Because the incidence of SCD is around 300,000 cases 
per year in Europe [40, 41] and North America [42, 43], it may be estimated that 
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sports-related SCD likely accounts for 15,000 cases annually in North America and 
in Europe. This estimation underlines the important magnitude of this entity. 
Literature on sports-related SCD, during recreational sports activities in the com-
munity, remains relatively sparse. The emphasis on young competitive athletes as 
opposed to recreational sports participants is discordant with the relative magni-
tudes of the respective problems, which was recently highlighted by a population- 
based registry [31].

• Overall, among all sports-related SCD, only 6% occurred in young competitive 
athletes, opposed to 94% among recreational sports participants (Fig. 30.1) [31].

This is intuitive, given the large pool of recreational sports participants as com-
pared with competitive athletes. Thus, there is a crucial need to focus attention on 
this large at-risk population of subjects.

30.5  Sports-Related Sudden Cardiac Death Presents 
with Highly Homogenous Characteristics

Results from three large population-based registries recently published have elu-
cidated the fairly uniform characteristics of sports-related SCD [31, 38, 39]. This 
form of SCD usually affects middle-aged patients, with a striking male predomi-
nance (>90% of cases), even after consideration of differences in participation 
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rate according to sex. This predominance is notably higher than observed in non-
sports- related SCD [44–46]. Several hypotheses can be advanced as an explana-
tion for this [47, 48]:

• First, this difference can be related to sex differences in the extent and type of 
sports participation (e.g., beyond the lower participation rate of women in sports, 
a lower duration or intensity of physical activity).

• Second, an intrinsic physiologic difference related to sex is possible, considering 
the sex-specific prevalence of coronary heart disease.
 – Moreover, sex differences can also involve differences in arrhythmogenic 

substrate, trigger, or autonomic modulators. As an example, vagal activation 
has been shown to be more common in women than in men during abrupt 
coronary occlusion [49] and may have beneficial antiarrhythmic effects.

 – Sex-based differences with regard to nutritional factors and adherence to 
healthy life-styles may be implicated as well.

• Finally, the contribution of other medical conditions (comorbidities) and treat-
ments received may also have played a role in this observed difference.

In terms of medical history, a significant fraction of patients have previous heart 
disease [31, 39] and, interestingly, several patients present with symptoms (chest 
pain, dyspnea) during the week before the event [39] (similar to non-sports-related 
SCD [50]. In fact, up to one-third of sports-related SCD patients report warning 
symptoms in the days before the event [39], which are usually neglected. Attention 
to this could potentially create room for subacute prevention, with better identifica-
tion of high-risk patients and education for self-assessment of risk.

Regarding circumstances, most sports-related SCD occur in public places [51], 
and a large majority of cases (around 90%) are witnessed by bystanders, with often 
multiple witnesses. This almost-universal presence of a bystander permits precise 
phenotyping of sports-related SCD (often difficult with other cases of SCD), with 
precise information on presentation and delays (including from collapse to cardio-
pulmonary resuscitation [CPR]). Rates of bystander CPR are also substantially 
higher than that described in the non-sports setting, ranging from 30% to 80%, and 
an initial shockable rhythm is found in 50% to 80% of cases [as compared with 
three- to fourfold lower in a non-sports setting [45, 52]]. However, rates of auto-
mated external defibrillator (AED) use are disappointingly low, especially in France 
(<1% of cases [31] vs. 36% in the Netherlands [38, 53, 54]. This consistent pheno-
type has provided a reliable model to study determinants of survival in this popula-
tion, and to identify areas for improvement.

Owing to these characteristics, survival is notably higher in sports-related SCD, 
ranging from 16% to 45% in multiple international reports [31, 38] compared with 
less than 10% for overall SCD [41, 45]. In fact, several studies have reported even 
higher survival rates, for example, up to 85% in US high school subjects [55]. The 
opportunities to intervene early in this form of SCD suggest that these figures can 
be improved on.
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30.6  How to Tackle Sports-Related Sudden Cardiac Death?

Strategies to reduce the burden of sports-related SCD can be considered under two 
approaches, namely, primary prevention (through pre-participation screening and 
population education) and improved management of the SCD event (to increase 
survival rate). These approaches should ideally complement each other to achieve 
best results.

Primary prevention of sports-related SCD relies on the prior screening of sports 
participants, as well as education of participants and other stakeholders in sporting 
events. However, the concept of universal screening remains controversial; while 
early identification of asymptomatic structural or electrical cardiac abnormalities 
has postulated benefits, cost effectiveness remains uncertain [9] [56]. A seemingly 
attractive and logical way for prevention would be to screen patients for asymptom-
atic cardiac lesions before sports participation. Toward this end, an understanding of 
the usual underlying causes of sports-related SCD is crucial.

• In a retrospective analysis of 1500 forensic autopsies, Tabib and colleagues [19] 
reported different etiologic patterns according to the age of occurrence of the 
sports-related SCD event.
 – Under 30 years of age, the main causes were heritable diseases, such as hyper-

trophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy.
 – Over 30 years of age, atherosclerotic coronary disease strongly predominated.

Guidelines regarding cardiovascular evaluation before sports activity [57] sug-
gest that in order to assess sport-related SCD risk among older sports participants, 
the main issues to consider are

 (a) Medical history
 (b) Level of physical activity
 (c) Previous exercise training

To further enhance screening, especially among young competitive athletes, 
strategies based on systematic performance of 12-lead electrocardiogram have been 
proposed [9, 58–60]. Although this measure has had some promising results, there 
is significant ongoing controversy about such an approach with regard to cost effec-
tiveness, false-positive rates, and the potential psychological impact on a young 
target population (see Chap. 8) [56, 61]. Notwithstanding these issues, considering 
the potential benefits, current guidelines advocate preparticipation electrocardio-
graphic screening [62].

Although even governmental legislation has been considered, for instance, with 
regard to sports participation, this debate has been often emotionally fraught and a 
difficult dilemma for clinicians. A universal and undifferentiated strategy of screen-
ing is probably not an effective approach. However, identification of select sub-
groups that might benefit from such screening remains problematic. One would 
need to start with certain broad areas of focus, such as among middle-aged men, 
where, considering the greater risk, effective ways to enhance pre-participation 
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screening need to be actively sought. Considering the recent data that previous 
warning symptoms were present in several instances of sports-related SCD [39], 
systematic assessment of such symptoms, and education of participants to identify 
them and take appropriate action, seems to be necessary [63]. This could indeed be 
an easy and cost-effective intervention to identify patients at increased risk.

SCD occurring during sports activity offers a particularly suitable setting to 
achieve a favorable outcome that needs to be capitalized upon. Compared with other 
SCD, survival is relatively high after sports-related SCD, which can reach even up 
to 80% with immediate use of AEDs. However, one needs to bear in mind that this 
overall picture often masks major regional disparities in survival across regions, 
varying, for instance, from less than 10% to almost 50% (Fig. 30.2) in France [64]. 

³40%, n = 68 (3 regions)

20%–40%, n = 189 (10 regions)

10%–20%, n = 237 (18 regions)

<10%, n = 326 (29 regions)

Non-participating regions

Fig. 30.2 Survival rates after sport-related sudden cardiac death across districts in France 
(reprinted with permission from [64])
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This heterogeneity in survival rates is similar to results from studies performed in 
overall SCD [65]. However, in contrast with all SCD occurring in the general popu-
lation, sports-related SCD consistently presents with homogenous characteristics 
(almost always witnessed, similar delays to intervention, similar rates of shockable 
rhythm) [64].

Therefore, the specific setting of sports-related SCD offers a unique opportunity 
to better analyze the key determinants of survival in SCD (Fig. 30.3). Interestingly, 
bystander CPR seems to be one of main prognostic factors, a result highly consis-
tent in recent reports [41]. Finally, sports-related SCD could be considered as a 
“quasi-experimental“situation to demonstrate the potential benefit of a particular 
intervention in a relatively controlled environment, as previously described for 
implementation of public access defibrillation (in sports facilities [66–68]; see 
Chap. 29) or extracorporeal life support for selected cases [69]. The widespread 
deployment of AEDs in sport facilities, for example, may be a major tool available 
to enhance survival in sports-related SCD [66, 67].

To this end, recent guidelines advocated that AEDs should be widely distributed 
throughout the arena or on mobile emergency responders to achieve the goal of first 
defibrillation within 5 min of a witnessed collapse [67]. Thus, although survival in 
sports-related SCD is better than for all SCD, room for improvement clearly remains in 
the form of public education, improved bystander CPR rates, and greater AED access.

30.7  Summary

Although the specific entity of sports-related SCD is often a devastating and emo-
tionally charged event in a young individual, exercise in general is clearly benefi-
cial and has a role in the prevention and therapy of cardiac disease, and even in 
long- term prevention of sports-related SCD.  Therefore, the goal for health care 
providers should certainly not be to discourage sports participation. However, 
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there should be concerted efforts to enhance prevention and management of sports-
related SCD, which seems to be a particularly suitable model for specific therapies. 
Targeted prevention through tailored and individualized pre-participation screen-
ing and an enhanced focus on middle-aged men during recreational sports could be 
of particular benefit.

Clinical Pearls
• While regular physical activity has long term cardiovascular benefits, including 

SCD risk reduction, there is a small but definite SCD risk during extreme exer-
cise, which constitutes the paradox of exercise.

• SCD occurring in competitive athletes accounts for a minority of all sports- 
related SCD, while SCD during recreational sports constitutes the majority of 
these cases.

• Sports-associated SCD presents with relatively homogeneous characteristics, 
occurring mostly in middle-aged males, mostly witnessed and with better sur-
vival compared to overall SCD.

• Coronary artery disease is the most common pathology underlying sports SCD 
and a good proportion of subjects have prior warning symptoms, making sub- 
acute prevention feasible.

• Strategies to reduce sports SCD burden include prevention through targeted 
screening and improving survival rates through public education, enhanced 
bystander CPR and greater public AED access.

 Review

 Questions

 1. A 45-year-old male with diagnosed coronary artery disease recently underwent 
coronary angiography and stenting. He is presently asymptomatic. He seeks 
your advice regarding playing recreational tennis in the evenings, as he is wor-
ried after reading about instances of people dying suddenly while playing. Would 
you advise him to play sports?

 2. The owner of a fitness center chain contacts you for advice as there was a recent 
case of a person having a sudden cardiac arrest while exercising in one of his 
facilities. He asks you to suggest some measures which would be useful to pre-
vent such events in the future. What are some practically useful measures which 
you can suggest?

 Answers

 1. Yes. While there is a transient small risk of SCD associated with vigorous physi-
cal activity, this should not overshadow the fact that regular exercise/sports have 
irrefutable cardiovascular benefits. Therefore, a blanket prohibition of sports in 
this case is not warranted. However, a thorough discussion and patient education 
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is mandatory, with advice to gradually build up the activity level and to pay 
attention to any warning symptoms during exercise which can often precede an 
SCD event.

 2. Strategies to prevent sports related SCD include targeted screening of individu-
als, public education and better AED access. Some practical measures which the 
fitness chain owner can implement could include arranging educational talks by 
experts for participants in the centers, focusing on cardiovascular prevention, 
early evaluation of any potential symptoms and also stressing the importance of 
early response in case of a witnessed cardiac arrest. Training in CPR can be 
arranged for interested volunteers and lastly AEDs can be made available in all 
centers. These strategies should help reduce instances of SCD during exercise 
and improve rates of bystander CPR and early AED use, two key determinants of 
survival after SCD.
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31Potential Cardiac Damage Induced 
by Strenuous Exercise

Stefan Möhlenkamp and Axel Pressler

Learning Objectives
 1. Learn that intensive endurance exercise may induce or accelerate “structural car-

diac damage” that is different from physiological adaptations in the athletes’ 
heart.

 2. Become familiar with the presence and clinical significance of increased coro-
nary artery calcification as a consequence of long-term intensive endurance 
exercise.

 3. Acknowledge, that it is currently not clear if coronary artery calcification in ath-
letes generally represents “healthy hardening” and stable plaque or if it indicates 
an elevated CAD/CVD risk.

 4. Be informed that long-term repetitive strenuous exercise may induce and/or 
accelerate myocardial fibrosis as evidenced by late gadolinium enhancement 
using magnetic resonance imaging.

 5. Learn about the different etiologies, potential clinical backgrounds and clinical 
consequences of different patterns of LGE in athletes.

31.1  Introduction

This chapter refers to cardiac damage that is potentially induced by strenuous exer-
cise itself, as opposed to damage that is induced by diseases and abnormalities that 
lead to cardiac damage in physically active and inactive persons alike, such as 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_31&domain=pdf
mailto:stefan.moehlenkamp@bethanienmoers.de
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coronary artery disease (CAD), myocarditis, myocardial bridging, etc. The sequelae 
of these and other diseases for physically active persons are addressed elsewhere in 
this book (see particular chapters referring to these entities).

• There is ample evidence beyond doubt that regular extensive exercise at moder-
ate intensity is cardio-protective [1].

• It prevents cardiovascular disease (CVD) such as myocardial infarction or stroke 
and reduces morbidity and mortality from CVD and other diseases such as cancer.

Further, it is well-established that regular physical exercise leads to cardiac adapta-
tions that are summarized as “athlete’s heart” (see Chap. 3). Such alterations may be 
discernable in persons performing ≥5 h of sports per week but are frequently seen 
particularly in endurance athletes performing 15–30 h of weekly training. The term 
“athletes’ heart” is used to indicate a physiological response to exercise that usually 
recedes after training cessation. The term “cardiac damage” is used here to denote 
pathophysiological alterations that may not be “healthy” and may potentially be linked 
to adverse clinical events. We present evidence that long-term high- intensity strenuous 
exercise can induce or accelerate structural damage that may in part counteract the 
benefits conveyed by regular moderate-intensity exercise. It is acknowledged, though, 
that structural damage and CVD events are most likely a consequence of a complex 
interplay of various contributing factors (Fig. 31.1) [2]. It also has to be noted that this 
chapter mainly refers to increased coronary artery calcium (CAC) and the prevalence 
of myocardial fibrosis. Other potential consequences of long-term intensive endurance 
exercise such as atrial fibrillation are outlined in other parts of this book.

It should finally be noted and always kept in mind that many of the studies on 
these issues have evaluated marathon runners as a primary target group, a term 
which should be regarded with caution when referring to intensive athletic activity 
and long-term endurance exercise training. Although some may have finished many 
marathon or ultramarathon races, the majority of runners have primarily to be clas-
sified as recreational. This is due to the fact that a substantial part of them has started 
marathon training and participation only later in life, with a much greater likelihood 
of having been exposed to unhealthier lifestyles beforehand, as compared to the 
more traditional understanding of the term “athlete” (see Chaps. 1 and 33).

31.2  Coronary Atherosclerosis

31.2.1  Prevalence of Coronary Artery Calcium

It was first recognized in 2008 that recreational master marathon runners can have 
an increased burden of subclinical coronary artery calcification [3, 4]:

• Compared to age-matched controls from the general population, these endurance 
athletes were more often free from coronary atherosclerosis (Table 31.1).
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• If CAC was present, their burden was much higher than expected, given their half 
Framingham risk score [3, 4].

• Compared to controls matched for age and risk factors, i.e. compared to men 
who presumably had a beneficial risk factor profile throughout their lives, mara-
thon runners even had higher CAC scores (Table 31.1).

• A CAC-score > 100, a threshold that has been proposed to raise risk awareness 
[5], was observed in 36% of runners.

• A CAC score < 15, a threshold considered safe for high-intensity physical activ-
ity [5], was present in only 43% of runners.

These findings are in line with observations from the Twin-Cities-Marathon in 
Minneapolis/St. Paul [6]:

• Fifty men aged 59 ± 7 years who had completed at least one marathon each year 
for 25 consecutive years underwent CVD risk assessment including coronary CT 
imaging.

• Compared with 23 sedentary controls, runners had increased calcified plaque 
volumes (84 vs. 44 mm3, p < 0.0001) [6].

These findings were supported by a large primary prevention study, where 
CAC scores increased significantly with increasing categories of physical 
activity [7]:

• Men with at least 3000 MET-min per week were more likely to have prevalent 
CAC of at least 100 Agatston Units (AU; relative risk  =  1.11 (95%CI, 1.03–
1.20)) compared with less physically activity men.

Table 31.1 Distribution of coronary artery calcification (CAC) measures in marathon runners 
and non-active controls (adapted from [4])

Marathon 
runners 
(group I)

Participants of the Heinz Nixdorf 
Recall Study

p-Value 
group I 
vs. II

p-Value 
group I vs. 
III

Age-matched 
controls (8:1) 
(group II)

Controls matched 
for age and risk 
factors (2:1) 
(group III)

Log2(CAC + 1) 
[mean ± SD]

4.1 ± 3.6 4.9 ± 3.3 3.8 ± 3.4 =0.28 =0.02

CAC [Q1, 
median, Q3]

0/36/217 3/38/187 0/12/78 =0.36 =0.02

Zero CAC [%] 28.7 18.4 31.5 =0.01 =0.50
CAC > 75th 
percentile [%]

25.0 24.2 14.8 =0.85 =0.01

CAC 0 to <10 40.74 34.61 48.61 =0.52 =0.02
CAC 10 to <100 23.15 29.05 29.63
CAC 100 to <400 23.15 22.80 13.43
CAC ≥ 400 12.96 13.54 8.33

Comparisons in continuous or binary measures adjusted for matching factors (age for group I/II, 
age, BMI, Framingham risk, smoking status for group I/III)
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31.2.2  Coronary Atherosclerosis and Prognosis in Athletes

An increasing burden of subclinical atherosclerosis predicts future CAD/CVD 
events in various general populations [8, 9]. It is unclear, if this also holds true for 
individuals undergoing endurance exercise. Importantly for this context, Criqui 
et al. [10] showed that

 1. CAC volume was positively and independently predictive of future events.
 2. At any given level of CAC volume, CAC density was inversely and significantly 

associated with CAD/CVD events.

Data on this issue are currently lacking for athletes. Hence, the question remains, 
whether increases in CAC burden due to regular strenuous exercise represent “healthy 
hardening” and stabilized plaque of coronary arteries or if it should be considered as an 
indicator of elevated risk comparable to that in other cohorts. Data from the aforemen-
tioned marathon study support the latter: while overall CVD and all-cause mortality 
risk was low as expected, it was observed that the 6.5-year coronary event rate in mara-
thon runners was similar to that in the general population for every given category in 
CAC burden (Fig. 31.2) [11]. These findings have been attributed to a previously unfa-
vorable risk factor profile, including smoking [12]. However, if previous exposure to 
traditional risk factors would be a prerequisite for CAC to develop in athletes, then 
lifestyle conversion may reduce, but not eliminate the risk arising from this risk factor 
exposure, and risk factor assessment during active training can be misleading.

Multiple polymorphisms
Modifying genes

Polygenic predisposition

Drugs, nutrition,
illness, heat, altitude 

Greatest
risk of cardiac

damage

Environmental
Gender, body habitus,

blood pressure

Personal

Type of sport
Intensity/ duration vs. recovery

Years of competition

Exercise

Fig. 31.2 Kaplan–Meier 
event-free survival curves 
in marathon runners, 
age-matched controls, and 
age- and risk factor- 
matched controls 
(Reproduced with 
permission from [11])
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Data from the Cooper Clinic Longitudinal Study do not support an elevated all- 
cause and CVD mortality risk associated with strenuous exercise in individuals with 
increased CAC burden:

• As expected, in each category of physical activity, men with CAC > 100 AU had 
much higher CVD and all-cause mortality risk than those with CAC < 100.

• Physically highly active men (>3000 MET-min/week) with comparatively low 
CAC scores (<100 AU) were half as likely to die than men with low levels of 
physical activity (<1500 MET-min/week) (HR (95%CI): 0.52 (0.29–0.91)) [7].

• In men with CAC scores >100 AU, the reduced risk of all-cause and CVD mor-
tality with increasing physical activity did not reach statistical significance. It 
was still lower but somewhat attenuated in the highest category of physical 
activity.

• At other CAC-thresholds, i.e. CAC > 0 AU and CAC > 400 AU, findings were 
similar.

Unfortunately, DeFina et al. [7] did not match physically highly active men with 
controls showing similarly low traditional risk factor profiles but lower physical 
activity levels.

Others have suggested an inverse J-shaped curve for the association of long-term 
high-intensity strenuous exercise and event risk (see Chap. 42):

• In the Copenhagen City Heart Study, light and moderate joggers had a lower 
mortality risk than non-joggers, whereas strenuous joggers had a mortality rate 
not statistically different from that of the sedentary group [13].

That study was much debated, partly because of the very few events in the high-
est category of strenuous activity that may lead to a misinterpretation and overesti-
mation of the clinical event rate in highly active joggers; moreover, the rate of 
sub-clinical atherosclerosis or myocardial fibrosis was unknown. Also, such a 
J-shaped association is not consistent across studies [13]. Nonetheless, the findings 
add to the existing evidence that highest-intensity physical exercise in a primary 
prevention general population setting acutely increases the risk of sudden death or 
acute myocardial infarction, especially in underlying subclinical disease. Yet, this 
risk progressively decreases with increasing habitual exercise, apparently also at its 
high-intensity extremes [12, 14, 15].

31.2.3  Implications

At present, it is unknown if regular high-intensity exercise induces coronary artery 
calcification, or if some degree of atherosclerosis at baseline is required for the cal-
cification process to accelerate with highly strenuous exercise. Irrespective of how 
coronary atherosclerosis has developed, an advanced CAC burden is associated 
with increased rates of CAD/CVD events at least in some master athletes, just as in 
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other populations. CAD/CVD event rates are low, but they clearly do occur in physi-
cally highly active persons, especially at an advanced age, even though we still have 
difficulties in predicting these events.

It is prudent that CAC imaging is considered as part of an advanced risk assess-
ment especially in persons >50 years with present or past risk factors intending to 
commence or continue intensive exercise training. If CAC is present, risk factor 
optimization including statins and blood pressure control should be considered 
depending on its distribution and the non-calcified plaque morphology.

31.3  Myocardial Fibrosis

31.3.1  Etiology and Prevalence

Several diseases such as CAD, myocarditis, cardiomyopathy, hypertension, or val-
vular heart disease may lead to disintegrated myocardium, alterations in the intersti-
tial myocardial space, and/or increased micro-vascular permeability. This may 
eventually result in increased fibrosis, i.e. an increase in myocardial collagen vol-
ume, via inflammation, myocardial strain, or ischemia. Such alterations, irrespec-
tive of being acute or chronic, cause gadolinium to reside within the myocardial 
interstitial space, which can be visualized as late gadolinium enhancement (LGE) 
using magnetic resonance imaging (MRI).

• Myocardial fibrosis has previously been reported at autopsy or biopsy in athlete 
case series [16], but its MRI-prevalence in vivo was first reported in 2008, being 
12% in athletes aged >50 years [4].

• Wilson et al. reported a prevalence of 50% in a smaller cohort [17].
• In comparison, LGE-prevalence in the general population ranges between 4% 

and 10% but has been described to be as high as 20% in older adults [18–21].

Interestingly, marathon participation was associated with presence of LGE: dou-
bling the number of marathon competitions led to a 65% increase in LGE-prevalence 
[4]. This was supported by a study in 12 life-long veteran athletes [17]. In that study, 
LGE presence was significantly associated with

 (a) The number of years spent in training (p < 0.001)
 (b) The number of previously finished competitive marathons (p < 0.001)
 (c) The number of ultra-endurance (>50 miles) marathons (p < 0.007) completed

In competitive triathletes, exercise-induced hypertension and again competition 
history were independently predictive of LGE [22].

LGE in endurance athletes was not consistently confirmed across other stud-
ies for various reasons, mostly due to younger age [23–25]. Bohm et al. recently 
studied LGE in 33 athletes aged 47 years with a training history of 30 years. These 
authors found no LGE except for one athlete with presumed subclinical pericarditis 

31 Potential Cardiac Damage Induced by Strenuous Exercise



624

[26]. These athletes were 10 years younger than the ones in the above-mentioned 
studies and it remains a matter of debate if long-term repetitive strenuous endurance 
exercise itself may induce myocardial fibrosis. It is likely, though, that myocardial 
fibrosis formation is accelerated by concomitant diseases such as hypertension, dia-
betes, coronary artery disease, or myocarditis, which do occur subclinically. This 
is supported by the observation that master marathon runners with LGE also had 
significantly more CAC than those without LGE (Fig. 31.3a), indicating a patho-
physiological link between epicardial coronary disease, the intramyocardial micro-
vasculature, and myocardial fibrosis.

31.3.2  Cardiac Biomarkers and Cardiac Function After Endurance 
Competitions

This paragraph addresses physiologic responses to endurance exercise, to better 
relate these findings to potentially pathologic observations (see below). Across 
various studies, about 50% of participants of endurance exercise competitions 
show cardiac troponin (cTn) elevation [27]. The possible mechanisms include 
exercise- induced increased myocardial cell permeability and stress-related myo-
cardial cell necrosis. An association of cTn elevations with post-exercise cardiac 
dysfunction is not consistent across studies [27]. In 60 non-elite middle-aged 
marathon participants, Neilan et al. demonstrated significant increases in cTn and 
also NT-proBNP after the race, which correlated with post-race left ventricular 
diastolic and right ventricular dysfunction [28]. Interestingly, participants with 
lower training mileage had higher increases in cardiac biomarkers. These tran-
sient increases in biomarkers [29] and cardiac injury likely reflect cardiac fatigue, 
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but it may be speculated that these responses to endurance exercise could have a 
role in fibrosis formation, if repeated often and intensely enough.

31.3.3  Myocardial Fibrosis and Cardiac Troponin

Marathon runners with LGE had higher cardiac troponin increases after a marathon 
competition (Fig. 31.3b). It is unclear though, if troponin was released from previ-
ously fibrotic myocardial arrays, or if troponin release in these runners indicated 
myocardial stress and strain that may eventually lead to cell death and increased 
collagen formation if only repeated often and intensely enough. Minor release of 
troponin is almost invariably seen after bouts of endurance exercise, possibly due to 
increased cell permeability in healthy athletes [14, 30]. Elevated troponin values 
usually normalize within 72 h [31]. In patients with CVD, such increases in tropo-
nin are much higher, and troponin kinetics are different. Future studies on the asso-
ciation of strenuous exercise, troponin release and myocardial fibrosis should 
therefore include repeat troponin measurements beyond 72 h.

31.3.4  Distribution of Myocardial Fibrosis

Another important aspect of myocardial fibrosis in athletes is its distribution. An 
ischemic subendocardial localization is usually distinguished from a non-ischemic 
mid-ventricular patchy pattern of LGE distribution, which is typically seen in myo-
carditis, cardiomyopathy, sarcoidosis etc. Overall, the LGE-patterns are as hetero-
geneous as their etiology.

Fibrosis unrelated to CVD may typically be located at the right ventricular septal 
insertion points. These sites seem particularly susceptible to functional strain during 
intense endurance exercise [32]:

• In 40 athletes aged 37 years (90% males), an acute reduction in RV function 
increased with race duration and correlated with increases in biomarkers of myo-
cardial injury.

• LGE was again more prevalent in those athletes with a longer history of competi-
tive sport [32].

31.3.5  Myocardial Fibrosis and Prognosis

LGE on MRI in athletes may have prognostic implications, especially in concur-
rence with evidence of subclinical CAD.

• In the Marathon study, runners with coronary events had a higher prevalence of 
LGE than those without events (57 versus 8%, p  =  0.003), consistent with a 
Kaplan-Meier analysis (log-rank, p < 0.0001) [11].
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• Others suggest that “myocardial fibrosis detected by LGE in cardiac studies of 
asymptomatic athletes performed for other non-clinical reasons should be treated 
as an incidental finding and not pursued” [16].

Indeed, data derived from a research setting should not result in clinical deci-
sions. Given the generally excellent prognosis of asymptomatic athletes, and out-
come data being limited to one study with few events [11], there is currently no 
clinical action required.

However, apart from athletic activity, in various other cohorts the presence of 
myocardial fibrosis as detected by MRI was indeed associated with substantially 
higher event rates. This was shown for

 (a) Suspected myocarditis [33]
 (b) Biopsy-proven myocarditis [34]
 (c) Dilated cardiomyopathy [35]
 (d) Hypertrophic cardiomyopathy [36]
 (e) Sudden cardiac death survivors [37]
 (f) Coronary artery disease [38]

It would thus be surprising if athletes without CAD were among the few groups 
in whom the presence of myocardial fibrosis was not linked to adverse events. Until 
better evidence is available, especially in older athletes, it seems prudent that 
advanced risk stratification in older athletes with ECG- or echo-abnormalities, espe-
cially when cardiac symptoms are present, or who simply are at an elevated CVD 
risk for other reasons, should include consideration of MRI with LGE. The implica-
tions of LGE in athletes at risk include

• Avoiding extreme bouts of exercise
• Wearing an ECG-watch during exercise, or
• Undergoing implantation of an event recorder.

31.4  Summary

Evidence accumulates that strenuous endurance exercise is associated with higher 
CAC burden. From all we know about the protective mechanisms of regular exer-
cise [1], it seems unlikely that any intensity of exercise has a role in inducing the 
atherosclerotic process, but longitudinal studies are lacking. Strenuous endurance 
exercise may accelerate calcification in the presence of early or advanced athero-
sclerosis resulting from the exposure to current or past traditional CVD risk fac-
tors. Different from atherosclerosis, initial evidence suggests that repeat strenuous 
exercise may indeed induce and—once present—aggravate myocardial fibrosis, 
without presence of pre-clinical cardiac disease as a prerequisite. It has been 
acknowledged “that high-volume and -intensity training in the setting of pre-
existing CAD or even remote and undiagnosed myocarditis can lead to adverse 
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outcomes” [12]. With modern imaging techniques such as cardiac CT and cardiac 
MRI it is possible to visualize these pre-clinical disease states.

The question then is how to define “healthy”? How healthy does an athlete have 
to be for intensive exercise to cause no harm? Is intensive endurance exercise only 
healthy in the very healthy? Indeed, rates of myocardial infarction or revasculariza-
tion are low in athletes, and mortality rates are even lower [7, 11]. Therefore, large 
longitudinal studies are needed to determine a dose-response- and cause-effect- 
relationship between repeated bouts of strenuous exercise, structural cardiac dam-
age, and CVD events [39].

Clinical Pearls
• Long-term strenuous endurance exercise may induce or accelerate “structural car-

diac damage” that is different from physiological adaptations in athletes’ heart.
• Coronary artery calcification (CAC) may accelerate as a consequence of long- 

term endurance exercise. It is currently not clear if CAC in athletes generally 
represents “healthy hardening” and stable plaque or if it indicates an elevated 
CAD/CVD risk.

• Long-term repetitive strenuous exercise may induce and accelerate myocardial 
fibrosis. Myocardial fibrosis—as evidenced by late gadolinium enhancement 
using magnetic resonance imaging—has been linked with CAC and cardiac tro-
ponin after endurance exercise, and also with impaired outcome.

 Review

 Questions

 1. An asymptomatic 65-year-old marathon runner presents for general cardiovas-
cular check-up. He has already undergone coronary artery calcium (CAC) scor-
ing because of a positive family history and a high-normal resting blood pressure. 
His Agatston Score is 529 (=high). What are the clinical implications?
 (a) A CAC score of 529 in an asymptomatic marathon runner has no clinical rel-

evance. As he is asymptomatic, he can continue running without restriction.
 (b) The risk of a significant coronary artery stenosis is high. He should therefore 

directly undergo invasive coronary angiography and probably coronary 
artery stenting.

 (c) The Agatston score indicates calcified atherosclerosis. He may have an ele-
vated risk of future coronary events. Additional testing for (subclinical) isch-
emia and risk factor modification should be considered.

 (d) The marathon runner is at elevated risk of a coronary event. He must be 
advised to stop running and rather pursue physical activity that is less strenu-
ous at heart rates below 80% of maximum heart rate for age and sex.

 (e) The higher the Agatston score, the less likely it is for plaque to rupture. 
Therefore, he has “healthy hardening” and can be advised to continue 
running.
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 2. (I) Late gadolinium enhancement (LGE) in an endurance athlete is likely of no 
prognostic relevance
Because
(II) LGE in athletes often occurs at the hinge points where the right ventricular 
wall inserts into the interventricular septum.
Which of the following combinations is true?
 (a) Statement (I) is correct, statement (II) is correct, the link is correct.
 (b) Statement (I) is incorrect, statement (II) is correct.
 (c) Statement (I) is correct, statement (II) is correct, the link is incorrect.
 (d) Statement (I) is correct, statement (II) is incorrect.
 (e) Both Statements are incorrect.

 Answers

 1. Correct Answer: “C”
Explanation:
 (a) This statement is false because a very high Agatston score, i.e. >400, is asso-

ciated with a higher risk of coronary events. Therefore, a thorough risk factor 
assessment is warranted, and risk factors should be modified according to 
guidelines.

 (b) Even though the risk of luminal narrowing >50% somewhere in the coronary 
tree is high, there is no need for invasive angiography or stenting unless there 
is a relevant ischemic area at risk, i.e. >10% of myocardium.

 (c) This statement is correct. There is calcified plaque (most likely accompanied 
by non-calcified plaque) in the coronary arteries and a considerable risk of 
stenosis relevant for ischemia during strenuous exercise. Additional isch-
emia testing should hence be considered, and risk factors should be modified 
according to guidelines.

 (d) This statement is not true. There is currently no evidence that ceasing endur-
ance exercise improves prognosis in asymptomatic cohorts even in the pres-
ence of advanced subclinical atherosclerosis. Quite the opposite: regular 
exercise at moderate intensity and duration prevents events also in persons 
with CAD.

 (e) This statement is false. A high plaque density has been suggested to be 
somewhat protective of plaque rupture, but this cannot be concluded from 
the Agatston score, which is an index derived from calcified plaque area and 
density.

 2. Correct Answer: “B”
Explanation:
Even though evidence is still limited, the presence of LGE has been shown to 
increase cardiac event risk in many clinical entities, including CAD, cardiomy-
opathy, myocarditis, sarcoidosis, etc. Initial evidence suggests that this also 
holds in master athletes without a history of CAD. It is likely that this elevated 
risk associated with LGE is generally true. Evidence accumulates that LGE in 
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athletes often occurs at the insertion points of the RV wall into the interventricu-
lar septum, but this depends on the age and history of the cohort studied. Other 
patterns and locations have been published.
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32The Role of Imaging

Axel Pressler and Stefan Möhlenkamp

Learning Objectives
 1. Indications for the stepwise integration of advanced imaging techniques in the 

diagnostic work-up of recreational/master athletes.
 2. Cardiovascular risks during sports participation particularly pertaining to recre-

ational/master athletes and how to optimally implement advanced imaging as 
part of risk stratification.

 3. Differentiating athlete’s heart from conditions that are of particular relevance in 
recreational/master athletes, such as hypertension.

 4. Significance of findings during advanced imaging with respect to continued 
sports participation, e.g. increased coronary calcium burden or myocardial 
fibrosis.

32.1  Introduction

At least in symptomatic athletes or in those with equivocal findings during basic 
screening examinations, the appropriate application of further imaging techniques 
is crucial to detect, graduate and potentially treat cardiac conditions that may pose 
an increased risk for continued sports participation [1]. This primarily refers to the 
prevention of acute cardiac events such as sudden cardiac death (SCD) during 
sports, but also involves both negative and positive effects on the development and 
the clinical course of chronic cardiac disorders. This is of particular relevance in 
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recreational/master athletes, since these individuals very often perform strenuous 
and high-intensity activities such as marathon or triathlon in a non-organized and 
non-supervised fashion, and the number of individuals participating in these events 
has increased massively over the past decades [2]. In addition, recreational/master 
athletes are usually at least middle-aged and have very often been exposed to ele-
vated cardiovascular risk factor profiles over a longer period of time as compared to 
young competitive athletes. Therefore, advanced imaging rather focuses on 
improved risk stratification and the detection of coronary artery disease (CAD) as 
the main cause of SCD in this cohort than on detecting inherited or acquired cardio-
myopathies [2].

Thus, this chapter particularly focuses on the role of advanced imaging tech-
niques as part of the clinical and diagnostic work-up of recreational/master athletes 
and the differences to young competitive athletes; regarding the latter, the reader is 
referred to Part 1 of this book.

32.2  Echocardiography

In recreational/master athletes, similar to young competitive athletes (see Chap. 9), 
echocardiography mainly aims at detecting any structural or functional disorder 
that may be associated with an increased risk of sports participation. While in 
young athletes this usually pertains to cardiomyopathies at risk of SCD, middle-
aged athletes are likely to show a much higher prevalence of chronic alterations as 
a consequence of longstanding exposure to cardiovascular risk factors, such as 
degenerative valvular heart disease and, in particular, hypertension [2]. Thus, a 
rather common clinical scenario in this subgroup of athletes is to determine the 
pathophysiologic background of mild left ventricular hypertrophy, which can 
either be induced by

 (a) Intensive endurance exercise
 (b) Early hypertensive heart disease, or
 (c) Even moderate aortic valve stenosis

In addition, increased left atrial size or enlarged diameters of the ascending aorta 
may also represent a diagnostic conundrum, which could result in serious long-term 
consequences if not diagnosed and treated adequately [1, 3].

However, in contrast to the wealth of literature on the differentiation of athlete’s 
heart from underlying pathologies in young competitive athletes, there is still a sur-
prising paucity of studies focusing solely on recreational/master athletes. In light of 
this, usually the same reference values for cardiac dimensions as well as accepted 
upper limits of normal are applied (see Chap. 9).

Nonetheless, both parameters of diastolic and systolic left ventricular function 
appear to be useful in differentiating sports-induced hypertrophy from hypertensive 
heart disease according to at least small studies:
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• Limongelli et al. compared 30 master athletes (age 43.9 ± 5.9 years) to 20 age- 
matched hypertensive non-athletes, 20 patients with hypertrophic cardiomyopa-
thy (HCM), and 30 healthy individuals with respect to allometrically scaled left 
ventricular mass (LVM/height2.7). Athletes had higher LVM than controls, but 
lower values compared to patients; systolic function assessed by fractional 
shortening and ejection fraction was normal in athletes, but lower in hyperten-
sive and higher in HCM patients. Regarding diastolic function, an abnormal 
relaxation pattern was observed in almost all patients but in no athlete or control 
subject [4].

• Galanti et al. compared 80 master athletes with 80 sedentary hypertensive con-
trol subjects matched for wall thickness, all of which showing normal traditional 
diastolic relaxation patterns. However, application of tissue-Doppler derived 
parameters of diastolic function clearly discriminated between groups: values 
were normal in master athletes (E′ 9.4 ± 3.1 cm/s; E/E′ 7.8 ± 2.1) but signifi-
cantly lower/higher in hypertensive subjects (E′ 7.2 ± 2.4 cm/s; E/E′ 10.6 ± 3.2; 
p < 0.001) indicating impaired diastolic function in the latter group [5].

• Using speckle-tracking echocardiography, Galderisi et al. compared 22 elite 
rowers to 18 newly diagnosed, untreated age-matched hypertensive patients 
and 19 sedentary controls. Both rowers and hypertensive patients showed 
higher LVM indices, but annular systolic (s′) and early diastolic (e′) veloci-
ties were significantly higher, and E/e′ was lower in patients (p < 0.0001). In 
addition, global longitudinal strain (GLS) was significantly lower in hyper-
tensive subjects (−17.5 ± 2.8%) as compared to athletes (−22.2 ± 2.7%) and 
controls (−21.2 ± 2.0%; p < 0.0001). Both GLS and E/e′-ratio were statisti-
cally accurate in discriminating patients with hypertension from athletes and 
controls [6].

These studies confirm that left ventricular hypertrophy in recreational/master 
athletes as a consequence of long-term intensive sports participation does usually 
not result in impaired systolic and diastolic function, as assessed by both traditional 
and novel echocardiographic parameters.

32.2.1  Indications for Echocardiography in Recreational/Master 
Athletes

Echocardiography is not regarded as an essential part of pre-participation screening 
in the majority of countries. Nonetheless it may be of more value in recreational/
master athletes who are very likely to having accumulated a higher cardiovascular 
risk during their lifetime when compared to young competitive athletes. According 
to the latest recommendations of the European Association of Preventive Cardiology 
(EAPC) and the European Association of Cardiovascular Imaging (EACVI) [1], the 
indications to perform echocardiography (and other examinations) are summarized 
in the Table 32.1.
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32.3  Exercise Echocardiography

In the diagnostic work-up of recreational/master athletes, exercise stress echocar-
diography is primarily applied as a reliable non-invasive methodology to provide 
information on cardiac function, contractile reserve, exercise capabilities, and 
arrhythmias, which can be combined with clinical and ECG data and contribute to 
detect cardiac abnormalities. It is usually recommended to perform exercise stress 
echocardiography rather than applying pharmacologic agents such as dobutamine, 
since the latter may not adequately reproduce physical exertion [3].

32.3.1  Indications for Exercise Echocardiography in Recreational/
Master Athletes

• Evaluation of global and regional cardiac function during exercise in cases of 
suspected CAD or coronary anomalies, in individuals with chest pain symptoms, 
abnormal ECG or doubtful ECG stress testing [3].

• Assessment of ventricular function during exercise, particularly in cases of 
mildly reduced ventricular systolic function and/or equivocally dilated chambers. 

Table 32.1 Indications for advanced cardiac imaging in athletes as recommended by the European 
Association of Preventive Cardiology (EAPC) and the European Association of Cardiovascular 
Imaging (EACVI) (modified from data presented in [1])

Echocardiography CCT CMR
Nuclear 
imaging

Clinical history
SCD or known cardiomyopathy in the family + +
Palpitations +
Syncope +
Chest pain + + + +
Physical examination
Cardiac murmurs or abnormal cardiac sound +
Marfanoid habitus + + +
12-leads ECG
T wave inversion + +
ST segment depression + +
Pathologic Q waves + +
Complete LBBB + + + +
Bifascicular block (RBBB and LAH) +
Non-specific intraventricular conduction delay +
Minor non-voltage criteria for LV or RV 
hypertrophy (atrial enlargement and QRS axis 
deviation)

+

Abnormal exercise testing (repolarization 
abnormalities/symptoms/arrhythmias)

+ + + +

CCT coronary computed tomography, CMR cardiac magnetic resonance imaging, SCD sudden 
cardiac death, ECG electrocardiogram, LBBB left bundle branch block, RBBB right bundle branch 
block, LAH left anterior hemiblock, LV left ventricle, RV right ventricle
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In these cases, exercise echocardiography enables the assessment of contractile 
reserve of the dilated ventricles, with a significant improvement in contractility 
during physical exertion, suggesting a physiological response [3, 7].

• Assessment of hemodynamic responses during exercise in valvular heart disease, 
such as changing pressure gradients or increasing pulmonary artery pressure. This 
may be helpful in evaluating whether exertional dyspnea may be attributed to a par-
ticular valve defect and in guiding advice on continued sports participation [3, 7, 8].

32.4  Coronary Computed Tomography

Coronary computed tomography (CCT) allows high-resolution imaging of coro-
nary atherosclerosis and other coronary pathology, such as abnormal origin of 
coronary arteries or myocardial bridging [9–12]. Moreover, CCT allows additional 
visualization and quantification of vessel wall morphology including plaque imag-
ing. Since CAD is the main cause of SCD in the mostly middle-aged group of 
recreational/master athletes (see Chap. 6), CCT plays a major role in the expanded 
diagnostic work-up of this particular group; many of these athletes may show an 
elevated risk profile due to an unhealthy lifestyle prior to regular sports participa-
tion. In contrast, in young competitive athletes CCT finally confirms or excludes 
coronary artery anomalies, if this is suspected either due to symptoms or due to 
equivocal echocardiographic findings in asymptomatic athletes (see Chaps. 9 and 
22) [13–15].

32.4.1  Indications for CCT in Recreational/Master Athletes

Basically, the indications for CCT as part of clinical work-up do not differ from 
non-athletes (see also the Table 32.1); they are based on

 (a) Additional work-up of symptoms suggestive of relevant CAD such as chest 
pain or discomfort.

 (b) Additional work-up of asymptomatic athletes in case of pathologic findings in 
previous examinations indicative of relevant CAD [12, 16–18].

 (c) Additional work-up of asymptomatic athletes as part of improved risk 
stratification.

According to the 2010 ACCF/AHA Guideline for Assessment of Cardiovascular 
Risk in Asymptomatic Adults, particularly in asymptomatic adults at intermediate 
risk (10–20% 10-year risk) (Class IIa B), and—with less certainty—in individuals 
at low to intermediate risk (6–10% 10-year risk) (Class IIb B) CCT may contribute 
to risk stratification by virtue of quantifying coronary artery calcium [10].

However, it is still a matter of debate whether data from general populations are 
also valid for an athletic population and which athletes may benefit from CCT with 
regard to diagnostic and therapeutic implications [13, 19, 20].
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Coronary artery calcium scoring (CAC) is a non-invasive measure of the pres-
ence, localization and extent of coronary atherosclerosis; in contrast, it is not a 
marker of rupture-prone plaque or the degree of potential coronary artery stenosis at 
the site of CAC.

• Several studies have demonstrated that the presence and extent of calcified 
plaque burden is closely linked with future CVD events [21–23].

• Surprisingly, several studies in recent years have shown that in recreational/
master athletes there may be a higher degree of CAC burden when compared to 
non- athletes (Fig. 32.1) [24]; this is also referred to in more detail the previous 
Chap. 32.

• Usually, various studies have proposed a CAC-score > 100 as a threshold raising 
increased risk awareness [25] and initiate statin treatment.

• According to recent AHA guidelines on the management of dyslipidaemias, 
CAC is suggested in patients with elevated 10-year-risk of CVD to help guiding 
the decision on statin treatment [26].

• Long-term follow-up data further suggest that increased coronary plaque bur-
den, as measured by coronary CT, is associated with worse outcome also in 
athletes [27].
 – Marathon runners had a similar coronary event rate for every given category 

of CAC as controls matched for age or age- and risk-factors [27].
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Fig. 32.1 Calcified coronary plaque burden (coronary artery calcium, CAC) as measured by coro-
nary CT in athletes. Marathon runners (red) had more often no CAC compared to age-matched 
controls (black) but similar prevalence of advanced CAC, as determined by clinically established 
thresholds of CAC > 100 and CAC > 75th percentile. However, controls that were matched by age 
and risk factors, i.e. those who presumably have had a beneficial risk factor profile throughout their 
lives, had less CAC compared to athletes [24]
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Coronary Computed Tomography Angiography (CCTA) has been evaluated 
in only a few studies in athletes (see also Chap. 32):

• Schwartz et  al. assessed 50 runners having participated in at least one annual 
marathon race over the past 25  years [28]. Compared to sedentary controls 
(n = 23), athletes had increased total plaque volumes (200 vs. 126 mm3, p < 0.01), 
calcified plaque volumes (84 vs. 44 mm3, p < 0.0001), and non-calcified plaque 
volumes (116 vs. 82 mm3, p = 0.04).

• Tsiflikas et al. invited 50 male runners aged >45 years (mean 53 ± 6 years) to 
undergo CCTA, standard risk assessment and pre-participation screening [29]. 
The runners had completed a mean of 13.8 marathons (range: 1–72). Despite low 
PROCAM risk scores (1.9% in 10 years; range 0.39–8.5%), 48% of runners had 
some degree of atherosclerosis, and 10% had a CAC score > 100. Athletes with 
CAD on CCTA were 3.5 years older and had slightly higher blood pressures, 
PROCAM-scores, and individual best finishing times.

• Karlstedt et al. recruited 25 elite marathon runners (55 ± 4 years, 84% males) 
having finished ≥3 marathons during the preceding 2 years [30]. Participants had 
to be free of hypertension, dyslipidaemia, and diabetes and had to be never- 
smokers, but still two runners (8%) showed >70% stenosis on CCTA.

• Ermolao et  al. evaluated 940 consecutive asymptomatic athletes (aged 
45 ± 7 years, 84% males) and performed treadmill- or bicycle-stress-testing 
prior to high-intensity, mostly competitive sports activities [31]. Only those 
athletes with pathologic or equivocal ST-segment or repolarization changes 
(n = 46 (4.9%)) underwent CCTA. Of those, 52% did not have evidence of 
CAD, but 32% had CAD. The latter were 10 years older (not significant), had 
more hypertension and a higher risk score. Coronary anomalies were detected 
in n = 5 athletes (11.4%). Six athletes (14%) had significant (>50%) proximal 
stenosis.

Recently, high-risk plaque features on high-resolution CCTA were character-
ized. These include

 (a) Low attenuation plaques (0–30 HU) suggestive of lipid-rich plaque
 (b) Positive remodelling >110% reflecting the Glagov-phenomenon
 (c) Spotty calcification/napkin ring sign, which has been associated with thin-cap 

fibroatheroma (TCFA) and increased coronary event rates [32, 33]

In addition, measuring fractional flow reserve (FFR) using cardiac CT imaging 
(FFRCT) has been proposed as a non-invasive tool to assess functional conse-
quences of epicardial stenoses on CT images [34]. Whether these additional mor-
phologic and functional CT-derived parameters contribute to a more accurate 
diagnosis, to guide therapy and to improve outcomes in athletes remains to be 
shown.
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32.4.2  Additional Considerations

The goal of advanced imaging is to avoid CVD events at appropriately low side- 
effects and costs. Regarding CCT, the following issues have to be considered:

• Radiation: CCT imaging exposes the athlete to radiation (<1 mSv for CAC scor-
ing, and <1 up to ~10 mSv for CCTA, with low values for lean athletes with low 
heart rates) [35, 36].

• Contrast agent: CCTA requires administration of ~100 cc of contrast agent and 
necessitates normal thyroid and (near-)normal kidney function.

• Costs and availability: Both issues, as well as expertise in the use of CCT imag-
ing in athletes, can vary considerably and must be weighed against the expected 
improvement in prognosis due to imaging.
 – To date, no studies have analysed cost-effectiveness of CCT imaging in 

athletes.
 – Initial data from clinical cohorts suggest that CCT imaging may be cost- 

effective under limited conditions [37–39].
 – Thus, it is not recommended as a broad screening tool in low-risk cohorts but 

should be considered as a second-line technology in athletes.

32.5  Nuclear Imaging

Myocardial perfusion imaging by means of scintigraphy (SPECT) is an established 
non-invasive method for detecting CAD [40, 41].

 1. It is a powerful prognostic indicator in patients with known or suspected CAD [42].
 2. It improves risk stratification in individuals without known CAD [43] and in 

those with high exercise tolerance, i.e. above 12 METs on the Bruce treadmill 
protocol [44].

 3. A normal nuclear stress test is associated with an excellent prognosis for CAD or 
CVD events.

Likewise, SPECT is not a first line diagnostic test because of costs and radiation 
(~3–10 mSv) [36]. Few small-sized studies have addressed the role of SPECT imag-
ing specifically in athletes [3]:

• In 18 young male elite athletes, myocardial perfusion defects were associated 
with left ventricular hypertrophy, resulting in low specificity in athletes with 
chest pain [45], which is in line with another study [46].

• Because of several unexpected cardiac deaths in Swedish orienteers in the 1980s, 
Andersson et al. used Thallium-201 perfusion imaging at rest to search for evi-
dence of myocardial fibrosis. Perfusion defects were associated with left ven-
tricular mass and body weight in orienteers and athlete controls but were 
unrelated to wall-motion abnormalities on echocardiography [47].
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• Others have used nuclear imaging techniques such as [18F]-FDG positron emis-
sion tomography (PET) or 123I-MIBG scintigraphy in athletes especially in 
research settings, but the clinical role of these imaging modalities is uncertain, 
especially in asymptomatic athletes [3].

• Siegel et al. used myocardial scintigraphy to exclude relevant myocardial cell 
necrosis in marathon runners with elevated post-race CK-MB or cardiac troponin 
levels [48, 49].

Yet, nuclear imaging has not been shown in larger studies to allow identification 
of coronary or myocardial disease in symptomatic or asymptomatic athletes. Similar 
to stress echocardiography, it should be noted that positive findings in athletes 
undergoing nuclear imaging might be missed if pharmacologic agents are used or if 
they are not encouraged to attain maximal exhaustion.

Single case studies suggest a mismatch between advanced coronary atheroscle-
rosis burden and comparatively small myocardial perfusion defects in athletes:

• A 64-year-old asymptomatic marathon runner underwent CCTA due to 
unexpected signs of ischemia on exercise testing, which revealed relevant 
atherosclerosis with >50% stenosis (Fig. 32.2a). An additional SPECT dem-
onstrated no evidence of ischemia (Fig. 32.2b). He received aggressive risk 
factor control [20], but RCA-stenting was performed 2 years later at a dif-
ferent clinic.

• A 57-year-old asymptomatic runner underwent CAC as a study participant 
(score = 210 (77th percentile)). He had elevated blood pressure and Lp(a) 
levels, but LDL-cholesterol was only 107  mg/dl; blood pressure lowering 
medication was initiated. Four years later, he suffered from atypical chest 
pain radiating to his left shoulder during running (but not during high-inten-
sity cycling). His CAC score had increased to 416 (79th percentile). On 
99mTc-MIBI scintigraphy he had very mild reversible ischemia (6–10%) 
(Fig. 32.3a). Nonetheless, CCTA revealed severe LAD-stenosis and myocar-
dial bridging, confirmed by subsequent invasive coronary angiography 
(Fig. 32.3b) [27].

These cases indicate a discrepancy of no or minimal findings on SPECT imaging 
despite the presence of advanced coronary artery disease. Interestingly, others have 
observed the opposite, i.e. relevant ischemia in the absence of coronary atheroscle-
rosis or other pathology (“Athlete’s Syndrome X”) [50]:

• A well-trained 55-year-old male athlete complained of reduced exercise 
capacity.
 – History of infectious mononucleosis at 23, positive family history for CAD.
 – SPECT revealed frequency-dependent left bundle branch block and ischemia 

in antero-septal and inferior regions in four of the 18 segments, but coronary 
angiography showed no atherosclerosis.

 – Statin and calcium antagonist treatment was initiated.
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Fig. 32.2 (a) Multi-slice CT-angiography with multiplanar reconstruction of all coronary arteries 
showing severe calcification especially in the proximal segments including the left main. A detailed 
analysis showed no left main obstruction, but high suspicion of significant stenoses in several seg-
ments (white arrows). (b) Myocardial scintigraphy during bicycle stress testing up to 225 W show-
ing no evidence of stress-induced reversible perfusion deficit (Reproduced with permission from 
[20]). Ao aortic root, HS left main, LV left ventricle
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 – Seven years later, this athlete was admitted with exercise-induced aborted 
sudden death. CMR was completely normal, and there was no evidence for a 
channelopathy.

 – He received an automated external defibrillator, but the pathophysiological 
background remained unclear.

Overall, normal findings on SPECT may not necessarily rule out even severe 
coronary artery disease in athletes. However, pathologic findings may indicate 
severe cardiac disease despite the absence of atherosclerosis or cardiomyopathy; 
evidence if ischemia during SPECT thus requires careful and regular clinical fol-
low- up of athletes.

Fig. 32.3 (a) Myocardial perfusion scintigraphy in a runner with exertional fatigue, mild late 
gadolinium enhancement on MRI, and high coronary artery calcium (CAC) scores. A small isch-
emic array at the apex and the apico-septal segment, suggesting that life-style and risk factor modi-
fication may be sufficient in this runner (see text for details). (b) This same runner underwent 
invasive angiography showing several severe stenoses (>75%, red arrows top) and a long myocar-
dial bridge of the LAD (red arrows, bottom). This runner did not receive PTCA/stents or coronary 
artery bypass grafts (CABG) (Reproduced with permission from [27])

a
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32.6  Cardiac Magnetic Resonance Imaging (CMR)

CMR imaging is a second-line diagnostic tool, but its application has steadily 
increased in recent years since

b

LAD LCX

Diastole Systole

LAD LAD

Fig. 32.3 (continued)
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 1. It is considered the gold standard to confirm or to largely exclude inherited or 
acquired cardiomyopathies.

 2. Its diagnostic value goes beyond echocardiography, e.g. in the work-up of patho-
logical ECG alterations, the morphologic correlates of which may be missed by 
traditional ultrasound techniques (Table 32.1).

 3. It is increasingly applied to more accurately define chamber sizes and ventricular 
function or to characterize the amount and degree of hypertrabeculation, with the 
primary intention to establish baseline findings for comparative follow-up 
examinations.

Of note, CMR usually shows larger cardiac dimensions and volumes, lower ejec-
tion fractions and smaller wall thickness and mass, compared with echocardiogra-
phy [51]. Reference values derived from echocardiography should thus not 
uncritically be applied to CMR results in athletes.

In recreational/master athletes the indication and interpretation of CMR results 
in cases of suspected cardiomyopathy do basically not differ from young competi-
tive athletes, and the reader is referred to the Table 32.1, to Chap. 10 and to the 
chapters on specific diseases. However, these athletes usually show a higher preva-
lence of myocardial fibrosis (see Chap. 32), making CMR imaging particularly 
important in this population.

The traditional method to detect myocardial replacement fibrosis as a possible 
sign of previous cardiac damage has been late gadolinium enhancement (LGE) 
[52–54]. Using this technique, different patterns of LGE distribution have been 
reported, enabling at least a basic differentiation between various aetiologies of 
fibrosis development (Fig. 32.4) [55, 56]:

Midwall / Subepicardial:
Post inflammation,

cardiomyopathy

Left
ventricle

Right
ventricle

Spotty:
Non-specific

(?)

RV insertion point:
Elevated pulmonary artery

pressure (?)

Subendocardial:
Ischemic

Fig. 32.4 Schematic depiction of diverse patterns of myocardial fibrosis that have been observed 
in athletes in recent years, and potential pathophysiologic backgrounds. RV right ventricle
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• Ischemic pattern: located in the subendocardial regions, usually indicative of 
underlying CAD (though not always confirmed by invasive coronary 
angiography).

• Non-ischemic pattern: commonly involving the mid-wall and the subepicardium, 
usually attributable to inflammatory disease (myocarditis, sarcoidosis, and col-
lagen vascular diseases) or cardiomyopathy-related necrosis or scars (commonly 
observed concomitant to altered ventricular dimensions).

• LGE at the right ventricular septal insertion point: has been discussed to repre-
sent a potential sign of increased right ventricular strain induced by elevated 
pulmonary artery pressure as a consequence of repeated intensive bouts of exer-
cise over years [56, 57].

• Spotty patterns: have occasionally been reported in endurance athletes not show-
ing any other obvious disease [58].

• Mixed, atypical patterns (diffuse subendocardial, subepicardial basal, and 
intramyocardial LGE): have been observed in rare forms of cardiomyopa-
thies such as amyloidosis, Anderson-Fabry disease, and mitochondrial myop-
athy, which should always be taken into consideration as differential 
diagnoses [59, 60].

T1 mapping has recently evolved as a new CMR method for the assessment of 
the extracellular volume and diffuse rather than localized fibrosis. This technique 
can potentially be important in myocardial diseases where LGE is less sensitive 
[61]. This has for example recently been observed in competitive middle-aged tri-
athletes and has been linked to cumulated competition distances and exaggerated 
blood pressure response to exercise [62] (see Chap. 32).

Overall, the clinical relevance of focal or diffuse myocardial fibrosis, particularly 
when observed accidentally in otherwise healthy hearts, has not fully been estab-
lished [63–65]. Nonetheless, as a “scar” it may be a substrate for potentially malig-
nant arrhythmias, and thus it is currently regarded as a finding requiring close 
clinical follow-up, always including rhythm monitoring.

32.7  Coronary Angiography

Invasive coronary angiography (ICA) requires radiation (~2–7 mSv) [36] and con-
trast agent (~50–70 cc) and is not a first-line imaging modality for clinical evalua-
tion of asymptomatic or symptomatic athletes with suspected heart disease. It is 
used in sports-related acute coronary syndromes and myocardial infarction [66–72] 
mostly demonstrating plaque rupture, plaque erosion, coronary vasospasm, throm-
bosis, or a combination of these.

• In athletes, this may specifically be explained by an exercise-induced prothrom-
botic/fibrinolytic dysbalance [73, 74] and a burst of inflammation [74, 75] in the 
presence of CAD.

• Traumatic coronary artery dissection on coronary angiography is possible but 
rare [76, 77].
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Causes of hypercoagulation that have been linked with coronary thrombus for-
mation in athletes and that were visualized by coronary angiography include

 (a) High altitude [71]
 (b) Epinephrine abuse [78]
 (c) Antithrombin III deficiency [79], or
 (d) Coronary left main aneurysm [80]

Occasionally, Tako-Tsubo cardiomyopathy (chest pain, apical ballooning, tropo-
nin elevation but normal, non-obstructed coronary arteries) has been observed in 
association with exercise testing [81–85], in swimmers, divers and in relation to ana-
bolic steroid abuse [86–89]. However, although being commonly induced by physi-
cal or emotional stress, the overall pathophysiology of this entity remains incompletely 
understood, and athletes cannot be regarded as a specific population at risk.

32.7.1  Myocardial Bridging

A number of case reports and case series describe coronary events associated with 
coronary anomalies or myocardial bridging in athletes, the majority of which have 
used ICA to confirm the diagnosis (see Chap. 22) [17, 90–93].

• Myocardial bridging is characterized by systolic compression of the tunnelled 
segment. Mild cases are reported in <5% of ICA, but the prevalence increases up 
to 40% in individuals with chest pain in the absence of CAD [94].
 – Due to intracoronary pressure changes and consecutive alterations in the ves-

sel wall, severe systolic coronary compression may represent an anatomic risk 
factor of myocardial infarction [95, 96], but the majority of affected patients 
and athletes have a benign prognosis [94, 97].

 – Individuals with asymptomatic myocardial bridging and no evidence of myo-
cardial ischemia need not generally be restricted from vigorous activity [97].

 – It appears prudent that athletes with a myocardial bridge as the only explanation 
for chest pain, who intend to engage in vigorous sports activities, require careful 
counselling, medication and may even need surgery for definite treatment [94].

32.7.2  Intracoronary Imaging

Additional intracoronary artery imaging helps to better understand the coronary 
microvascular adaptations to exercise [98–100]. It allows detailed assessment of 
high-risk plaque features and functional evaluation of epicardial stenosis and its 
myocardial sequelae.

• In an asymptomatic runner in whom significant CAD was detected in a research 
setting (Fig.  32.5a) [101], intravascular ultrasound-based virtual histology 
(IVUS-VH) revealed high-risk plaque features, i.e. TCFA-lesions (Fig. 32.5b), 
which are associated with higher adverse CAD event rates [102].
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 – The reason for this runner being asymptomatic was most likely due to above- 
normal microvascular function, as seen in the unobstructed RCA, and still a 
near-normal coronary flow reserve (CFR) of 2.8  in the LAD (Fig.  32.5c) 
[100, 103].

 – Many mechanisms, including epicardial flow-mediated vasodilation, arterio-
genesis, angiogenesis and reduced arterial stiffness contribute to these find-
ings (see Chap. 41) [98, 99].

Fig. 32.5 (a) Coronary angiography demonstrating relevant lumen reduction in the mid-LAD and 
mid-LCX. The RCA showed no stenosis (not shown). (b) Intravascular ultrasound (IVUS) image 
of the LAD using a 2.9 F, 20 MHz catheter (Eagle-Eye©, Volcano, US). Automated pullback was 
performed at 0.5 mm/s beginning in the distal LAD. Radiofrequency data analysis of the IVUS 
signal was used for virtual histology (IVUS-VH) assessment. The IVUS-VH study in this run-
ner demonstrates a high amount of necrotic core plaque component (14%, red). Fibrous tissue is 
marked in dark green (61%), fibro-fatty tissue (21%) in light green and calcified plaque in white 
(4%). The plaque area at this non-culprit lesion site is 62%. (c) Intracoronary Doppler ultrasound 
(ICD) in the distal LAD and during pull-back. Doppler flow velocity spectra are measured at the tip 
of the Doppler wire. The FloMap or FloMod system (Endosonics) was used to automatically detect 
maximum coronary blood flow (CBF) and calculate absolute coronary flow reserve (CFR) as the 
ratio of average peak velocity (APV) during maximum adenosine-induced hyperemia divided by 
baseline APV. Coronary blood flow (CBF) increased from 14 to 39 cm/s, i.e. a near- normal CFR 
of 2.8 (a, top left). During pull-back, CBF increased 5.75-fold at the lesion site (b, top right). After 
stenting, maximum average peak velocity (APV) during adenosine doubled to 81 cm/s (c, bottom 
left). In comparison, CFR in the right coronary artery was 5.1, i.e. an increase in APV from 16 to 
82 cm/s (d, bottom right). A CFR > 5 and a flow >80 cm/s has been observed in <1% of subjects 
in a series of patients with normal coronary arteries [103], indicating improved microvascular 
function in this marathon runner, consistent with observations from others [100] (reproduced with 
permission from [101])
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Fig. 32.5 (continued)
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32.7.3  Indications for ICA

Overall, ICA is usually only applied in symptomatic athletes with clinical suspicion 
of CAD that presumably requires interventional therapy, i.e. mainly in acute coro-
nary syndrome and myocardial infarction. It is also used as a stepwise approach 
following pathological findings during non-invasive work-up indicating a high 
probability of relevant CAD. If the cause of chest pain cannot readily be identified 
on ICA, advanced intracoronary artery imaging including intravascular ultrasound 
(IVUS) and intracoronary Doppler ultrasound (ICD) can help to identify epicardial 
and intramyocardial microvascular causes of symptoms.

Clinical Pearls
• Recreational/master athletes differ from young competitive athletes with respect 

to a higher prevalence and longer exposure to traditional cardiovascular risk 
factors.

• Many recreational/master athletes may suffer from clinically inapparent athero-
sclerosis, thus advanced imaging focuses on risk stratification and the detection 
of coronary artery disease rather than on inherited or acquired cardiomyopathies.

• By means of echocardiography, assessing tissue-Doppler- and speckle-tracking- 
derived parameters of systolic and diastolic function may facilitate the differen-
tiation between exercise- or hypertension-induced mild left ventricular 
hypertrophy.

• Using advanced imaging, an increased coronary plaque burden or myocardial 
fibrosis may become apparent, the significance of which with respect to contin-
ued sports participation remains to be fully elucidated.

 Review

 Questions

A 55-year-old male runner presents in your department for a health exam in order to 
get written medical clearance required for participation in his next marathon. He 
had finished 2–3 marathons per year over the past 14 years, after having decided to 
change his previously unhealthy lifestyle at the age of 40. Until then he was smok-
ing approximately 5–10 cigarettes/day. His father had myocardial infarction at the 
age of 58. Occasional blood pressure (BP) measurements at his general practitioner 
had partly revealed borderline systolic values between 130 and 145  mmHg, but 
when using his wife’s device at home values had always been “normal”. Thus, no 
medication had been recommended so far. Physical examination was normal, BP 
was 147/86 mmHg, and resting ECG showed an isolated increased QRS voltage. 
His LDL-cholesterol was 167 mg/dl (4.3 mmol/l). You decide to perform exercise 
testing, showing a maximal blood pressure of 230/90 mmHg and a normal ECG. You 
also decide to perform an echocardiogram, revealing left ventricular size at the 
upper limit of normal and mild hypertrophy (12 mm).
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 1. How do you interpret these findings?
 2. How could you add additional information regarding the etiology of left ven-

tricular hypertrophy?
 3. How would you estimate this runner’s overall cardiovascular risk?
 4. Does this patient need additional examinations based on advanced imaging 

techniques?

In case you have decided to perform CAC, imagine this runner would have a 
score of 123.

 5. Would you treat this patient with statins?
 6. Would you advise against continued marathon running?
 7. Would you perform additional imaging testing, and if yes, which technique 

would you use?
 8. Would you act different if calcium score was 567?

 Answers

 1. The runner was a former smoker but had quit 15 years ago. On the other hand, he 
has a positive family history of coronary artery disease, and the previous BP 
measurements were at least borderline, which is regarded high-normal in Europe 
but already stage I hypertension in the US. The ECG does not further add to 
these considerations, since isolated increased QRS voltage does at least in young 
athletes not require additional testing; nonetheless, it could be a sign of BP- 
induced hypertrophy. Both exercise testing and echocardiography support the 
suspicion of clinically relevant hypertension.

 2. This athlete has a history of longstanding endurance exercise, which may be a suf-
ficient explanation for mild hypertrophy. The assessment of left ventricular dia-
stolic function using tissue Doppler, as well as measuring global longitudinal strain 
could add to the differentiation between athlete’s heart and hypertensive heart dis-
ease (although the latter is still not fully excluded in case of normal values).

 3. Given the elevated LDL level, the calculated 10-year-risk using the ASCVD 
score is 8.2%, and thus relevantly elevated.

 4. Apart from ambulatory BP monitoring, which is clearly recommended in this 
case, additional imaging modalities beyond echocardiography are not absolutely 
indicated. Nonetheless, according to the latest AHA guidelines on the manage-
ment of blood cholesterol [26], assessment of CAC maybe considered in this 
situation and should be discussed with the patient.

 5. Studies have suggested a CAC cut-off value of >100 to at least raise increased 
risk awareness, and a benefit of statin treatment has basically been shown for 
these patients. Given the positive family history of myocardial infarction, a statin 
should be recommended to the patient.

 6. No, there is generally no contraindication to continued running with respect to 
these findings, providing the BP situation has been clarified and eventually treated.
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 7. You could think about performing exercise echocardiography due to its higher 
sensitivity and specificity in confirming or ruling out ischemia as compared to 
common exercise testing.

 8. The athlete is asymptomatic, and thus there is still no clear indication to further 
expand the diagnostic work-up, since CAC does not allow any conclusion on the 
presence of severe coronary stenosis. Nonetheless, this score indicates a high 
likelihood of a cardiovascular event within the following 2–5 years, and it would 
be prudent to perform exercise echocardiography, nuclear imaging or perhaps 
even CCTA if local expertise is available.
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33Endurance Exercise and Atrial 
Fibrillation

Mahdi Sareban, Eduard Guasch, and Lluis Mont

Learning Objectives
 1. Understand the epidemiological data linking endurance exercise and risk of 

atrial fibrillation.
 2. Understand pathophysiological mechanisms linking endurance exercise to 

increased risk of atrial fibrillation.
 3. Become familiar with diagnostic modalities in detecting atrial fibrillation in 

endurance athletes.
 4. Be able to individualize treatment options for endurance athletes with atrial 

fibrillation.

33.1  Introduction

Atrial fibrillation (AF) is the most frequent sustained arrhythmia and a major cause 
of morbidity and mortality [1]. Increasing physical activity has convincingly shown 
to reduce the risk of AF [2–4]. However, repetitive bouts of prolonged and vigorous 
endurance exercise has recently emerged as a risk factor for AF in middle-aged male 
athletes [5].

• Thus, a growing body of literature supports a U-shaped relation between lifetime- 
accumulated high-intensity endurance training and AF in men [6].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_33&domain=pdf
https://doi.org/10.1007/978-3-030-35374-2_33#DOI
mailto:m.sareban@salk.at
mailto:eguasch@clinic.cat
mailto:lmont@clinic.cat


660

The pathophysiology underlying this relation poses a puzzling question with mul-
tiple hypothesized mechanisms, which probably in combination create the necessary 
substrate and trigger for AF onset. Presumably adaptive atrial changes secondary to 
long-standing endurance training as part of the “athlete’s heart” add special consid-
erations as they build up a grey zone of diagnostic uncertainty with atrial changes 
seen in individuals with AF. Evolving functional diagnostic modalities may re-shape 
this diagnostic grey zone and facilitate diagnostic workup. Initiating management of 
AF requires documentation of an AF episode, which can be challenging in athletes as 
it usually occurs intermittent. New wearable devices hold promise to facilitate early 
documentation and follow-up, but their reliability still has to be established, espe-
cially during exercise. When counseling competitive athletes and highly active peo-
ple regarding treatment options of AF, special considerations should be taken into 
account to reduce risk associated with AF but also sustain the numerous health ben-
efits of regular exercise and the lifestyle of being a competitive endurance athlete.

33.2  Epidemiology of Atrial Fibrillation in Endurance 
Athletes

33.2.1  Prevalence

At the present time, in the general population the prevalence of AF

• Is about 2% and double than reported in the last decade [7]
• Varies with age and is present in 0.12–0.16% of those younger than 49 years, in 

3.7–4.2% of those aged 60–70 years, and in 10–17% of those aged 80 years or 
older [7].

• Until 2060 these numbers are projected to double, and thus AF will become one 
of the most important public health problems [8].

Controlled studies with former professional cyclists aged 60–70 years indicate 
that the prevalence of AF is 6–10% and considerably higher than the control popula-
tion [9]. Thus, the prevalence of AF seems to be higher within a cohort of individu-
als practicing long-term and vigorous endurance activities. Taking into account the 
rising number of master athletes, commonly known as individuals older than 35 
years of age participating in ultra-endurance events [10], the number of athletes at 
risk for AF will rise. Notably, endurance exercise has a gender-specific association 
with AF risk, as women performing intense exercise were found to have 28% lower 
risk of AF compared to individuals with a sedentary lifestyle [11].

33.2.2  Relationship Between Exercise Dose and Atrial Fibrillation

Early case reports documented tachyarrhythmias in healthy individuals with above- 
normal exercise capacity without signs of cardiovascular disease [12]. Subsequently,
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• Case–control studies reported a higher incidence of AF in endurance athletes 
[13–15].

• A meta-analysis published in 2009 including six case–control studies reported 
that the overall risk of AF was significantly higher in athletes than in controls, 
with an odds ratio of 5.3 [5].

• The next scientific evidence derived from a selected cohort comprising 52,755 fin-
ishers of the Vasaloppet, a 90 km cross-country skiing event, indicating that the risk 
for AF increases with number of completed races and faster finishing time [16].

• And recently, in a prospective study with 115 patients with lone AF, that is AF in 
the absence of other cardiovascular diseases, and age-matched healthy controls, 
a history of high volume of vigorous lifetime endurance training was associated 
with increased risk for lone AF [6].

Considering that the abovementioned studies recruited predominantly males and 
taking into account a meta-analysis investigating gender differences [11], the increase 
in AF risk with increasing number of vigorous endurance bouts does not seem to apply 
for women. It remains unclear why intense physical activity does not increase the AF 
risk women. Hypotheses that might explain this gender difference include [17]:

 1. Fewer comorbidities
 2. Shorter duration of exposure to vigorous exercise
 3. Impact of sex hormones released in response to exercise
 4. Less pronounced atrial structural remodeling
 5. Lower sympathetic tone
 6. Lower blood pressure

With regard to the well-established protective effect of low to moderate exercise 
volume and intensity in reducing the risk for AF in both sexes, a U-shaped relation 
between lifetime-accumulated high-intensity endurance training and AF risk can be 
drawn as illustrated in Fig. 33.1 for male endurance athletes. Different cutoffs for 
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Fig. 33.1 U-shaped relationship between exercise dose and the relative risk of developing 
AF. While light-to-moderate exercise decreases AF risk [2, 3, 6], this benefit may be lost or even 
reverted with higher loads [6, 11, 109]
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the ascending flank of the U-curve have been proposed in male athletes, starting 
from 5 h/week of vigorous intensity exercise at 30 years of age [18] and an accumu-
lated sport practice of above 1500 h [15].

Based on the abovementioned evidence, current guidelines for the management 
of AF advocate that athletes should be counselled that long-lasting intense sports 
participation can promote AF [1]. Still, although lifetime-accumulated hours of vig-
orous activity seem to be a predictor for exercise-induced AF, several further factors 
should be taken into account:

• The overall risk of exercise-related AF is small
• Competitive endurance exercise at the highest level has numerous health benefits 

and reduces overall mortality [19]
• Training/AF-risk dose-response curve shows a high inter-individual variability 

and thus establishing an upper limit of ‘safe’ endurance training is elusive [6]

Having said this, to improve risk stratification and individualizing counsel-
ling, it is necessary to understand the pathophysiologic mechanisms that underlie 
the increased risk of AF secondary to long-lasting and vigorous endurance 
exercise.

33.3  Pathophysiology of Atrial Fibrillation in Endurance 
Athletes

The potentially most important determinants of AF in athletes are depicted in 
Fig. 33.2.

33.3.1  Atrial Enlargement

In the general population, there is a well-established relationship between increased 
LA size and the incidence of AF [20, 21], with arterial hypertension being the most 
important risk factor for atrial dilatation and AF. Endurance activities demand the 
generation and maintenance of high cardiac output, imposing a volume challenge 
that triggers an adaptive response, i.e. enlargement of all cardiac chambers [22]. 
Consequently, endurance athletes have larger LA dimensions compared with seden-
tary controls when evaluated by either LA diameter or LA volume indexed for body 
surface area [23, 24]. Mechanistic hypotheses that describe the relation between LA 
size with increased risk of AF are the following:

• Atrial enlargement is directly related to mechanical wall stress, according to 
Laplace’s law. This holds especially true for the atria, as they have thinner myo-
cardial wall compared to the ventricles.

• Hidden hypertension or hypertension during exercise bouts may further exacer-
bate this increase in atrial wall stress [25].

M. Sareban et al.



663

• An increase in atrial mass, which may facilitate re-entrant electrical activity and 
thus AF [26].

• Conduction heterogeneities in the dilated atria [27].

However, if the athlete’s atria undergo the same pathophysiologic changes is cur-
rently unknown. In addition, it is currently unknown whether atrial dilatation geometry, 
which impacts local wall stress, differs between athletes and patients with underlying 
cardiovascular disease. Of note, some studies documented an association of height and 
the risk of AF [28]. In understanding the male predominance observed in AF, sex may 
indeed be secondary to that association. Although it is tempting to assume that LA dila-
tation imposes the same prognostic implications among endurance athletes and non-
athletes, no confirmatory studies support this hypothesis. By now, it is only safe to say 
that athletes have larger LAs than their sedentary counterparts.

33.3.2  Atrial Inflammation and Fibrosis

Although regular physical activity has been demonstrated to establish an anti- 
inflammatory status, acute bouts of vigorous and prolonged exercise transiently

• Increase neutrophil count
• Induce the release of pro-inflammatory cytokines
• Provoke transient increase of cardiac necrosis markers [29, 30]

Sympathovagal
imbalance

Genetic
predisposition

Performance
enhancing drugs

Pulmonary vein
triggers

Inflammation

Atrial fibrillation

Endurance athletes

Atrial fibrosis

Atrial
enlargement

Fig. 33.2 Schematic representation of the potential mechanisms underlying exercise-induced 
atrial fibrillation represented
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In humans, a transient p-wave prolongation after ultra-distance races was 
observed independently of atrial size, leading the authors to postulate that transient 
inflammatory infiltration or edema could cause such conduction disturbances [31].

Tissue fibrosis results from an accumulation of fibrillar collagen deposits, occur-
ring most commonly as a reparative process. Atrial fibrosis in athletes are hypothe-
sized to be the consequence of

• Increased atrial stretch
• Inflammation that incompletely recover between bouts [32]

Increased atrial wall stress has been shown to trigger TNF-mediated activation of 
local inflammation, eventually leading to atrial fibrosis in an animal exercise model 
[33]. Of note, blocking TNF-α did prevent exercise-induced atrial fibrosis and 
inducibility [33]. In a rat model, 16-weeks of intense training increased atrial inter-
stitial fibrosis and AF inducibility in an electrophysiological test [34]. TGF-β1 and 
Angiotensin II seem to be centrally involved in the stimulators of collagen synthesis 
by cardiac fibroblasts [35]. From a mechanistic standpoint, atrial fibrosis disrupts 
normal electrical conduction in the atrium, and conduction heterogeneity seems to 
play a decisive role [27] by facilitating the establishment of re-entries and, eventu-
ally, AF [35]. Furthermore, there is biochemical evidence of favoring fibrosis in 
veteran athletes [36]. Still, confirmatory evidence for exercise-induced fibrosis in 
athletes and that increased wall stretch contribute to myocardial fibrosis pathology 
is lacking.

33.3.3  Atrial Function

Until recently, atrial function was not getting much scientific attention as the atria 
were thought to be passive transport chambers only. But current literature indicates 
that the atria actively modulate ventricular filling and thus contribute to global car-
diac performance via three repetitive functional phases [37], that is

• LA reservoir phase, in which the LA stores pulmonary venous return during left 
ventricular contraction and isovolumetric relaxation.

• LA conduit phase, in which the LA passively transfers blood into the LV.
• LA contraction phase, in which the LA actively contracts and thereby contributes 

to LV filling during the final phase of diastole.

Recent advances in echocardiographic imaging such as speckle tracking echo-
cardiography [38] enabled a more independent insight into atrial function by visual-
izing and calculating each of the three phases separately [39]. Exercise studies with 
endurance athletes using an imaging approach underline the contribution of 
increased atrial function for generating the necessary cardiac output to perform 
endurance tasks [40, 41]. But there is no evidence for compromised atrial function, 
which might contribute to the increased risk of AF in healthy and well-hydrated 
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endurance athletes, following a prolonged exercise protocol [42]. Still, master 
endurance athletes with documented paroxysmal AF, i.e. the very beginning step of 
AF, have decreased LA reservoir- as well as contractile function compared to endur-
ance athletes without documented AF [43]. Notably, in that study, LA strain assess-
ment was more robust than the assessment of LA volumes and ECG parameters for 
differentiating between master endurance with AF and healthy controls. Thus, func-
tional assessment of the LA holds promises to identify endurance athletes at risk of 
developing AF, especially in the diagnostic work-up of athletes with structural LA 
changes.

33.3.4  Autonomic Characteristics

Autonomic tone imbalance is an increasingly recognized factor governing AF ini-
tiation and maintenance. Remarkably, the balance between the sympathetic and 
parasympathetic tone fluctuates during daily life in most individuals, even more in 
athletes:

• Regular physical activity promotes chronic cardiac parasympathetic enhance-
ment at rest in athletes, thereby inducing sinus bradycardia [32] and yielding 
ventricular antiarrhythmic properties [44].

• Moderate to intense exercise bouts promote a transient activation of the sympa-
thetic tone and retrieval of the parasympathetic tone in order to rapidly increase 
cardiac output and peripheral oxygen supply. After physical activity is stopped, 
parasympathetic tone rapidly increases, followed by a delayed and slow retrieval 
of the sympathetic tone [45].

• In addition to changes in the autonomic tone balance, experimental [46] and 
clinical [32, 47] data in recent years suggest that intrinsic electrophysiological 
remodeling of the sinus node could contribute to sinus bradycardia in athletes.

Both sympathetic and parasympathetic tone shorten the atrial refractory period 
through ion channel regulation and activation, thereby decreasing wavelength and 
facilitating the establishment of reentries [48]. Notably, the parasympathetic tone 
yields deeper arrhythmogenic consequences due to a more heterogeneous and 
patchy effect throughout the atria [49]. The sympathetic tone increases systolic cal-
cium influx in the cardiomyocytes, facilitating calcium-dependent triggered activity 
[50]. Simultaneous activation of the parasympathetic and sympathetic tone syner-
gistically shortens atrial refractory period and promotes calcium overload [51]. This 
combination, which might occur during recovery after physical activity, evolves as 
particularly arrhythmogenic in the pulmonary veins [51, 52]. Of note, sinus brady-
cardia itself, independent of the autonomic tone balance, may also contribute to AF 
incidence [53], likely because of increased spatial refractoriness heterogeneity.

• In conclusion, both augmented sympathetic and parasympathetic tone associate 
with a higher risk of AF in athletes:
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 – Athletes with AF usually present arrhythmic relapses in predominantly vagal 
situations (e.g., post-prandial, at night or immediately after each exercise bout 
[20, 54, 55]). Animal models [34] and works in athletes [56] suggest that 
chronically elevated parasympathetic tone plays an important role in exercise- 
induced AF.

 – Some athletes may present with AF during physical activity [57], commonly 
associating to a decrease in exercise performance.

33.3.5  Pulmonary Veins

Pulmonary veins are considered central in AF pathology since the initial work of the 
Haissaguerre group showing that pulmonary vein isolation decreases AF burden 
[58]. The pulmonary veins electrophysiological and structural properties make them 
particularly vulnerable to develop ectopic activity and anchoring re-entries:

• Ectopic activity from the pulmonary veins is justified by their distinct cellular 
electrophysiological properties [59] and sensitivity to autonomic tone changes 
[52]. Ectopic activity may present as frequent atrial premature beats that could 
trigger AF in the presence of an atrial arrhythmogenic substrate, or as rapid firing 
sustaining AF [60].

• The short action potential duration [59] and abrupt changes in fiber orientation 
[61] in the pulmonary veins favor reentry formation and anchoring, thereby sus-
taining AF [62].

Even if the contribution of the pulmonary veins to AF is well accepted, it is cur-
rently unknown whether, and if so how, they participate in AF pathology in athletes. 
Pulmonary vein isolation has been shown to effectively reduce AF burden in ath-
letes [63, 64]. In a small work including 11 athletes undergoing AF ablation, most 
did show focal activity in the pulmonary veins [57], but these data has not been 
reproduced. It is currently unknown whether athletes show an increased atrial pre-
mature beat burden in comparison to non-athletes [34, 56].

33.3.6  Genetic Susceptibility and Performance Enhancing Drugs

There is evolving evidence for a genetic component of AF in the general population, 
as the individual’s risk of developing lone AF at a young age,

• Increases drastically with both increasing number of relatives with lone AF
• Decreasing age at onset of the disease in these relatives [65]

KCNQ1 was the first disease gene identified for familial AF and encodes a sub-
unit of the potassium channel, which contributes to repolarization of the cardiac 
action potential. The N-terminal domain of KCNQ1 is also involved in cellular 
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responses to mechanical stretch. Thus, it is hypothesized that such a mutation in 
combination with exercise-induced atrial stretch may cause AF, especially when 
other factors as exercise-induced arterial hypertension further promote atrial stretch 
and finally unmask the inherited ion channel defect [66]. Unfortunately, to date, 
there are insufficient genetic data that reliably identify those athletes who are at risk 
of exercise-induced AF.

Performance enhancing drugs are used to push physiology beyond normal limits. 
Thus, it is biologically evident that their effect may also exaggerate adaptive changes 
or even initiate potential maladaptive changes that promote AF as chamber dilata-
tion/fibrosis and parasympathetic tone (see also Chap. 28).

33.4  Diagnosis of Atrial Fibrillation in Endurance Athletes

33.4.1  Resting-, Stress- and Holter-ECG

An electrocardiographic recording displaying the typical characteristics of AF is 
required to diagnose AF (Fig. 33.3):

 (a) Absence of p waves
 (b) Irregular atrial activity
 (c) Irregular QRS rhythm if atrio-ventricular conduction is preserved (i.e., in the 

absence of complete AV block).

The most appropriate method to record AF depends on the type, duration and 
specificity of symptoms [67]:

• Twelve-lead ECG may be useful in athletes complaining of long-lasting symp-
toms that allow them to seek for medical attention. Moreover, AF may be found 
in asymptomatic athletes undergoing 12-lead ECG-based pre-participation 
screening [68].

• Longer recording periods may be needed in athletes reporting short duration 
symptoms during daily life that preclude them from obtaining a conventional 
12-lead ECG recording. Several recording methods are available, from continu-
ous (e.g., Holter) to external loop recorders, typically lasting from 24  h to 1 
month. These may also be used to screen for AF in athletes with unspecific 
symptoms who are deemed to be at high risk of AF (e.g., high burden of atrial 
premature beats). Of note, a large percentage of false positive findings has been 
demonstrated for some external loop recorders [69]. Implantable loop recorders 
are very rarely indicated to screen for AF in athletes.

• Some athletes will complain of relatively specific (e.g., palpitations) or unspe-
cific (e.g., decreased performance) symptoms exclusively occurring during phys-
ical activity. In these cases, recording cardiac rhythm during the physical activity 
that triggers symptoms is desirable. Continuous or loop recorders, or specifically 
dedicated devices [70] may serve for this purpose. It should be noted, though, 
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that unstable or noisy recordings during field exercise may lead to inaccurate 
interpretation and AF overdiagnosis [69]. Alternatively, a stress test mimicking 
the type, intensity and duration of the physical effort might trigger and diagnose 
AF. Also, in those athletes with permanent AF who are willing to remain com-
petitive after antiarrhythmic drugs have been initiated, stress test may provide 
additional information on exercise capacity, hemodynamic behavior and peak 
heart rate (HR).

33.4.2  Novel Wearable Devices

For the last decades, endurance athletes have been recording their HR at rest and 
during sports to monitor their recovery and exercise intensity using chest strap- 
based HR watches. Recently, technological advances vastly extended the amount of 
physiologic data that miniaturized sensors may provide, not only to control training 
but also to monitor cardiac health. These days,

• Commercially available chest straps provide additional information on RR inter-
vals [71] and even record single channel ECGs from which information about 
arrhythmias as AF can be derived

• Chest strap-based HR monitors are increasingly replaced by optical sensors, 
built in smartwatches (e.g. AliveCor, KardiaBand; Fig. 33.4a) which detect pul-
satile signals using photoplethysmography

• ECG sensors built in textiles (e.g. CardioSense wearable ECG sensor, Fig. 33.4b) 
promise use of a wearable ECG recorder over longer periods

These approaches have already shown their utility in not only documenting but 
also automatically differentiating between AF from sinus rhythm with high accu-
racy using machine learning-based algorithms [72–74]. Nevertheless, although cur-
rently photoplethysmography and other techniques based on RR irregularity may be 
valuable screening tools, an ECG is always required to reach a definitive AF diag-
nosis [1, 67]. In addition,

ba

Fig. 33.4 Novel wearable technology. Panel a: AliveCor, KardiaBand (Courtesy of AliveCor), 
Panel b: CardioSense (Courtesy of 2M Engineering)
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• The integration of small electronic devices into iOS and Android compatible 
clothing is rapidly emerging and single-lead ECG derived from a biomedical 
shirt has already achieved high diagnostic accuracy [75, 76].

All the above-mentioned approaches enable wireless and real-time transmission 
of the data to a dedicated platform for further analysis. Still, noisy electrode read-
ings due to motion artefacts are still an issue, especially in optical-based devices. 
However, it is expected that accuracy will continue to improve and also overcome 
additional challenges as security of individual data. Overall, increased usage of 
medical wearables among endurance athletes seems to be a natural progression and 
thus, these devices will help to detect endurance athletes at increased risk or even 
diagnose unrecognized AF.

33.5  Symptoms and Complications of Atrial Fibrillation 
in Endurance Athletes

Inhomogeneous atrial electrical activation in AF patients results in the loss of atrial 
contraction and pulse irregularity, which substantiates most of AF symptoms and 
complications. Overall, athletes with AF report a lower quality of life than non- 
affected athletes [77].

• Palpitations is the most specific symptom of AF; on the other hand, AF is 
amongst the most frequent causes of sustained, long-lasting palpitations in ath-
letes [78].

• Decreased physical performance due to the loss of the atrial contribution to ven-
tricular filling and cardiac output, is a common complaint of athletes with AF 
[55, 57]. Atrial contraction contributes to cardiac output by 15% at rest [79], and 
this value increases during exercise [80, 81]. Atrial fibrillation is associated with 
a decrease in physical performance in the majority of affected athletes [57].

• Some athletes may present with unspecific symptoms such as chest tightness, 
sleeping difficulties, and psychosocial distress [1].

• In very few athletes, AF is completely asymptomatic and is only diagnosed dur-
ing a screening program or a medical visit for another reason [55].

Rarely, one of the AF complications may be the first manifestation of a previ-
ously undiagnosed AF:

• Stroke risk is increased fivefold in individuals affected by non-valvular 
AF. However, risk largely diverges amongst AF patients. Some clinical factors, 
biomarkers [82] and structural remodeling [83, 84] have been associated with an 
increased stroke incidence.
 – No prospective studies have been specifically conducted in athletes, but cur-

rent data from retrospective studies support that stroke risk is more than twice 
as high in athletes with AF than those without AF [77, 85].
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 – A small, cross-sectional study from Norway reported a similar prevalence of 
stroke in athletes and non-athletes with confirmed AF (10% vs. 12%, respec-
tively), although the latter had a higher burden of cardiovascular risk factors 
[77]. In this study, athletes without AF showed a remarkably lower stroke 
prevalence (4%) [77].

 – In another study, Swedish individuals with previous high cross-country skiing 
activity were compared to the general population with respect to stroke rate 
and history of AF [85]. Overall, first-time stroke incidence was lower in ski-
ers, but an AF history was more common in skiers than non-skiers, highlight-
ing the larger relative contribution of AF to stroke burden in a low risk 
population [85]. Although skiers had a lower recurrent stroke risk than the 
general population, likely accounting for a lower burden of cardiovascular 
risk factors, AF was still associated with a worse prognosis during follow-up 
in skiers [85].

• Heart failure: A positive interaction is known to occur between heart failure and 
AF. Roughly one fourth of patients with AF show left ventricular dysfunction, 
and half of heart failure patients will develop AF [86, 87]. Such a strong associa-
tion may be explained by a variety of factors:
 – Both AF and heart failure share some etiological risk factors, including hyper-

tension, ischemic heart disease and several cardiomyopathies.
 – Sustained rapid rates in asymptomatic AF may eventually evolve into LV dys-

function and heart failure (so called ‘tachycardiomyopathy’), particularly in 
those individuals presenting an underlying predisposition [88].

 – Heart failure induces a pro-inflammatory environment and a hemody-
namic overload that increase atrial stretch and promote structural and 
electrophysiological abnormalities. These changes may eventually main-
tain AF [89].

In the clinical setting, reasonable therapeutic issues may arise in those patients 
initially presenting with AF and left ventricular dysfunction not attributable to other 
causes: did heart failure precede AF or vice versa? In this regard, it is worth noting 
that AF ablation is effective in heart failure patients, either with [90] or without [91] 
an underlying structural heart disease. In general, AF ablation may be a good choice 
for patients with heart failure and AF [92].

33.6  Treatment and Prognosis of Atrial Fibrillation 
in Endurance Athletes

Current therapeutic strategies in athletes with AF require a detailed evaluation of the 
affected athlete and an individualized approach heavily relying into shared- decision. 
Initial decision should be targeted at:

 1. Evaluation of the need for anticoagulation to prevent thromboembolic complica-
tions. As for the general population [1], the indication for anticoagulation in 
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athletes with AF should be based on the CHA2DS2-VASc score. The CHA2DS2- 
VASc score adds one or two points for each of the following:
 – Congestive heart failure: 1 point
 – Hypertension: 1 point
 – Age >75 years: 2 points
 – Diabetes: 1 point
 – History of Stroke: 2 points
 – Vasculopathy: 1 point
 – Age >65 years: 1 point
 – Sex category: 1 point for female sex

In the absence of absolute contraindications, men with ≥1 point and women 
with ≥2 points might be considered for anticoagulation, preferably with non-
vitamin K oral anticoagulants; men adding ≥2 points and women adding ≥3 
points should receive anticoagulants [1]. Athletes with AF are usually middle-
aged men not accruing other cardiovascular risk factors, and thus long-term 
anticoagulation is usually not required. Nevertheless, short-term peri-proce-
dural anticoagulation may be occasionally required (i.e., anticoagulation will 
be required in those athletes undergoing cardioversion or AF ablation).

• Bleeding risk should be assessed in athletes requiring either long- or short-term 
anticoagulation, and high-contact sports should then be discouraged or prohib-
ited [1, 93].

• Although intermittent anticoagulation has been suggested for athletes with 
venous thromboembolism, no data is available for athletes with AF [94].

• Non-pharmacological antithrombotic therapies such as LA appendage occluders 
appear as an attractive choice for athletes engaged in contact sports requiring 
anticoagulation. Nevertheless, current evidence is insufficient to support their 
use as a first-line alternative to anticoagulant drugs [1].

 2. Decision on whether the antiarrhythmic approach to AF should target sinus rhythm 
conversion and maintenance (i.e., rhythm control), or an adequate rate when 
accepting AF as the baseline rhythm (i.e., rate control). Currently, we do not have 
robust data to support either rhythm or rate control approach in all patients. This 
should rather be based on a series of factors including, among others:
 – Frequency and intensity of symptoms.
 – Athlete preferences, including his/her willingness to remain competitive.
 – Experience of the treating physician/medical center on ablation procedures.
 – Specific issues of antiarrhythmic drugs when prescribed to athletes, such as 

potential hemodynamic disturbances or limitations imposed by antidoping 
rules released by the World Anti-Doping Agency (WADA).

 – Prevalence of comorbidities.
 – Expected success rate of a rhythm control strategy on the basis of factors such 

as atrial size [95] or fibrosis burden [96].

Atrial fibrillation commonly impairs physical activity performance [57] and 
should be specifically inquired in competitive athletes. In general, a rhythm control 
approach will thus be adequate for most athletes who choose to remain competitive.
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The selected antiarrhythmic agent will drive the choice of pharmacological and 
non-pharmacological therapies. Of note, such decision may change during follow-up:

• An athlete initially selected for a rhythm control strategy might switch to rate 
control in the presence of serious side effects, intolerance or low efficacy of anti-
arrhythmic drugs.

• An athlete initially undergoing a rate control strategy might switch to rhythm 
control if a proper rate control cannot be achieved with a conventional approach.

In a rhythm control approach the main therapeutic objective is to achieve and 
maintain sinus rhythm. Electrical or pharmacological cardioversion may occasion-
ally be needed to restore sinus rhythm. Our available armamentarium includes:

• Pharmacological approach: Antiarrhythmic drugs are generally considered as 
the first line approach to patients with AF. General guidelines should be followed 
[1], but some considerations should be taken into account in athletes:
 – Class Ia antiarrhythmics: disopyramide yields anticholinergic properties that may 

be particularly convenient in athletes who present cholinergically- mediated AF [1, 
97, 98]. Of note, use of low doses and close ECG monitoring is advised because of 
the potential of ventricular arrhythmogenicity and increased risk of death [99].

 – Class Ic antiarrhythmics (e.g., flecainide, procainamide): A combination with 
AV node blocking agents is encouraged to prevent conversion to a 1:1 flutter 
that could degenerate into ventricular fibrillation. In those athletes with infre-
quent relapses, a pill-in-the-pocket strategy [1, 100] may be a safe and conve-
nient strategy. In these patients, current guidelines [1] recommend refraining 
from sports until AF has reverted and at least until two half-lifes of the antiar-
rhythmic drug have elapsed (i.e., on average 2 x 20 h for flecainide [101], 
2 × 2–10 h for propafenone).

 – Amiodarone: although amiodarone effectively prevents relapses of AF, its 
QT-prolongation and pulmonary, liver, thyroid, cutaneous and visual systemic 
side effects discourage its use, particularly in young individuals in whom 
other choices are available.

 – Dronedarone, an amiodarone analogue, does not show thyroid side effects 
and may be useful to maintain sinus rhythm in patients without heart failure, 
but retains pulmonary and liver side effects.

• Non-pharmacological approach: ablation procedures targeting pulmonary veins 
are a cornerstone of the modern therapeutic arsenal for AF patients. In athletes, 
AF ablation:
 – is effective and safe [63, 64],
 – allows return to training [57, 102], and
 – may be considered as a first-line approach [1].

• Reducing physical activity load: data supporting a potential therapeutic effect is 
scarce and relies on a very low level of evidence based on a retrospective study 
[103] and animal models [34]. Economic dependence on sport may further jeop-
ardize its applicability in professional athletes [67].
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A rate control strategy accepts AF as the baseline rhythm, and the therapeutic 
objective is to maintain absence of symptoms. The target in these patients should be 
[1, 104]:

• A resting HR of 80 beats per minute and a heart rate during moderate exercise 
<110 beats per minute.

• A resting HR of up to 110 beats per minute may be acceptable in the absence of 
symptoms.

These targets are commonly achieved by means of antiarrhythmic drugs:

• Pharmacological approach: is based on the use of AV node blocking drugs, 
including:
 – Beta-blockers and non-dihydropyridine calcium channel blockers are first 

line drugs. Robust evidence supporting the use of one pharmacological group 
over the other is lacking. Nevertheless, some small studies suggest that cal-
cium channel blockers improve HR control [105] and exercise capacity [106] 
in comparison to beta-blockers, but conflicting data on this issue has also been 
published [107].

 – Digoxin has relatively low efficacy in controlling HR during exercise [108].
 – Amiodarone yields mild AV node blocking properties, but its systemic side 

effects greatly limit their use, and thus this agent should be considered as a 
very last option in young individuals.

• Non-pharmacological approach: in these patients this refers to a strategy of 
“pace and ablate”, that is, implanting a pacemaker followed by radiofrequency 
AV node ablation. Fortunately, this is very rarely required, particularly in 
athletes.

Independent of the strategy selected, it is advisable to perform an exercise test 
after therapy has been established, particularly if symptoms during physical effort 
were the referring symptom, to test the appearance of AF, hemodynamic behavior 
and peak heart rate.

33.7  Outlook

Taking into account the rising number of athletes participating in ultra-endurance 
events, endurance sport-associated AF is likely to become increasingly prevalent in 
near future. Current data are still insufficient to adopt specific preventative, diagnos-
tic or prognostic strategies. Thus, longitudinal-designed research in this area will be 
critical to further elucidate the mechanisms by which it develops and to improve 
treatment. Novel technological advances may assist the growing sports cardiology 
community in improving counseling of endurance athletes at risk for AF. At present, 
in light of our current knowledge, the potential risk of AF should not be used to limit 
the amount of physical activity.
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Clinical Pearls
• A growing body of literature supports a U-shaped relation between lifetime- 

accumulated high-intensity endurance training and AF in men.
• The pathophysiology underlying this relation is hypothesized to be a combina-

tion of different mechanisms. Atrial enlargement, atrial inflammation/fibrosis 
and changes in autonomic tone are some of these mechanisms.

• When counseling highly active people regarding treatment options of AF, special 
considerations should be taken into account to reduce risk associated with AF but 
also sustain the numerous health benefits of regular exercise.

 Review

 Questions

 1. Regarding the prevalence and relative risk of AF in endurance athletes, which of 
the following statements is true?
 (a) The prevalence of AF is decreasing in the general population and is pro-

jected to further decrease in the next decades.
 (b) The prevalence of AF is higher within a middle-aged cohort of male indi-

viduals practicing long-term and vigorous endurance activities compared to 
the general population.

 (c) Even endurance activities with moderate intensity increase the risk for AF.
 (d) Increased AF risk with increasing number of vigorous endurance activities 

applies similarly in women and men.
 (e) There is a well-established cutoff where the risk for AF in endurance athletes 

increases.
 2. Regarding the mechanisms of AF in endurance athletes, which of the following 

statements is true?
 (a) Functional assessment of the LA holds promise to identify endurance ath-

letes at risk of developing AF.
 (b) There is no link between atrial inflammation and atrial fibrosis.
 (c) Regular endurance activities do not promote resting cardiac autonomic 

activity changes.
 (d) There is no evidence for a genetic component of AF.
 (e) LA dilatation has the same prognostic implications among endurance ath-

letes and non-athletes.
 3. Regarding the therapeutic approach to patients with AF, which of the following 

statements is not true?
 (a) Athletes willing to remain competitive may opt for a rhythm control approach 

to preserve their physical performance.
 (b) In athletes less than 65 years old who have no other comorbidities, planned 

cardioversion can be safely performed without anticoagulation.
 (c) The pill-in-the-pocket approach should be considered in those athletes with 

infrequent AF recurrences.

33 Endurance Exercise and Atrial Fibrillation



676

 (d) Although plausible, clinical evidence for a deconditioning benefit on AF 
burden is scarce.

 (e) Amiodarone should be considered a second-line option because of its sys-
temic side effects.

 Answers

 1. Answer b is correct: There is mounting evidence that middle-aged male endur-
ance athletes are at increased risk for AF compared to sedentary individuals.

 2. Answer a is correct: New imaging technologies as speckle tracking echocardiog-
raphy give detailed insights in phasic atrial function and hold promise to identify 
endurance athletes at risk of developing AF.

 3. Answer b is not correct: Although athletes with AF usually are at a low thrombo-
embolic risk (i.e., low CHA2DS2VASc score), peri-procedural anticoagulation 
should be administered when undergoing cardioversion or AF ablation.
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Learning Objectives
 1. General physiological responses to extreme temperatures, i.e. cold or heat.
 2. General physiological responses to hypobaria (hypobaric hypoxia, high altitude) 

or hyperbaria (underwater diving).
 3. Cardiovascular risks when exercising in cold or hot environments.
 4. Cardiovascular risks while exercising at high-altitude or underwater diving.
 5. Most important measures to prevent cardiovascular events when exercising in 

extreme environments.

34.1  Introduction

Humans have been attracted by extreme environments since long times. It were and 
still are the remotest places on earth like the poles, the highest mountain peaks, the 
hottest desert, or the deepest sea being particularly fascinating. Although the most 
extreme environments remain rather reserved to a few extraordinary people, 
improved access and infrastructure nowadays permit millions of visitors to perform 
recreational outdoor activities and even competitions at high altitude, in extremely 
cold or hot regions and to dive into deep waters [1, 2]. Hypobaric hypoxia and cold 
at high altitudes, heat of the desert, and hyperbaria when diving represent consider-
able challenges to the human body. It is recalled that humans are homeothermic and 
extremely dependent on an adequate oxygen supply. Consequently, the human body 
has to be continuously supplied with sufficient oxygen, and its core temperature has 
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to be regulated within a relatively narrow range to ensure optimal physiological 
function and survival. However, human beings are also endowed with the capability 
to coping with specific environmental stressors by various adaptive biological pro-
cesses and specific behavioural responses [1]. Initially, the activation of the 
hypothalamic- pituitary-adrenocortical axis and of the sympathetic nervous system 
is characteristic for of all these environmental stressors [3]. Usually, adaptation 
occurs with repeated exposures to those stressors. However, the risk of cardiovascu-
lar adverse events may steeply increase in individuals with pre-existing diseases. 
The adaptive capacity differs considerably between individuals, cardiovascular fit-
ness being an important explanatory variable for those differences [4]. This fact 
becomes particularly relevant in the light of an increasing sport participation of 
elderly subjects suffering from cardiovascular diseases. Therefore, aims of this 
chapter include

• The delineation of general responses to extreme environmental conditions.
• Cardiovascular responses to exercise and associated risks in healthy individuals 

and in those with cardiovascular diseases.
• Recommendations for prevention.

34.2  Demographic Aspects

Worldwide, recreational outdoor sports activities and sport competitions in extreme 
environments are becoming more and more popular. Such activities include sports 
like hiking, running, cycling, climbing, skiing and diving performed

 (a) Under extreme temperatures (cold, hot)
 (b) At terrestrial altitude (hypobaric hypoxia) or
 (c) In hyperbaric surroundings

Some examples:

• Worldwide, more than 100 million tourists visit altitudes above 2000 m each 
year [5].

• Moreover, there are 2000 downhill ski areas spread across 67 countries with an 
estimated 400 million skier days annually [6].

• Also, competitions at moderate or high altitudes have become extremely popular 
during previous years, e.g. events like
 – The soccer championships in La Paz (3600 m)
 – The road cycling championships in Bogotá (2640 m)
 – The Pasco Marathon (4380 m)—officially the highest in the world
 – The Ladakh Marathon (3500  m) where participants increased from 1500 

Participants in the 1st edition to almost 5500 in the 6th edition in 2017 or
 – The Khardung La Challenge—an ultramarathon (72 km) event, which starts 

near 4000 m, reaches 5370 m and ends at 3504 m
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Events at high altitudes are typically associated with hypoxic but often also with 
cold conditions. Whereas the North Pole Marathon as well as some open water swim 
events are characterized by extremely cold conditions, a very hot environment is 
challenging the participants in desert events such as the Petra Marathon, the Oman 
Marathon or the multi-day Marathon des Sables through the Moroccan Sahara.

34.3  Exercising in the Cold

34.3.1  General Physiological Responses to Cold Exposure

Humans are homeotherms, indicating that their core temperature has to be held 
constant within a relatively narrow range (35.0–37.5 °C). Exposure to cold air or 
cold water is associated with the risk of becoming hypothermic (core temperature 
below 35 °C), which is much more pronounced in water since the convective heat 
loss in water is about 20 times greater compared to air. However, this difference 
becomes narrower when wearing wet clothes and/or in windy conditions. Sudden 
exposure to cold, typically immersion into cold water, triggers the cold shock 
response, characterized by a reflex inspiratory gasp and subsequent uncontrollable 
hyperventilation and tachycardia. It is noteworthy that the cold shock response is 
considerably reduced after repeated short-term cold exposures [7].

Heat loss in the cold can be prevented by behavioural responses like the use of 
protecting clothes and/or voluntary thermogenesis by physical activity and/or by 
powerful homeostatic responses including

 1. Cutaneous vasoconstriction.
 2. Involuntary thermogenesis by shivering [1, 8].

The extent of these effector responses (Fig. 34.1) differs depending on the type 
(air or water), duration and severity of the cold exposure and previous cold adapta-
tion but also on individual characteristics like
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 (a) Cardiovascular fitness
 (b) Age
 (c) Gender
 (d) Body composition [9]

 1. Peripheral vasoconstriction promotes insulation and reduces heat loss from 
the body when the skin temperature decreases below 35  °C.  However, this 
also promotes rapid cooling especially of the unprotected face, the fingers and 
toes associated with impaired manual dexterity, tactile sensitivity and gross 
motor function, and with enhanced risk of cold injury (frostbite) [10]. 
Remarkably, vasoconstriction of these body parts is interrupted by periodical 
vasodilatation (hunting response) likely representing some protection from 
cold injury [10].

 2. Shivering (rhythmic skeletal muscle contractions) may increase the whole-
body metabolic rate up to or even exceeding 350 W [8]. Importantly, the maxi-
mal heat production corresponds to almost 50% of the individual’s aerobic 
capacity (maximal oxygen uptake, VO2max) [11]. Subjects with larger fat mass 
show a delayed shivering response to cold exposure. The decrease of deep body 
temperature is inversely related to subcutaneous fat thickness [8]. Cold toler-
ance of older individuals may be reduced due to their lower cardiovascular fit-
ness but also because of a diminished vasoconstrictor response. Sex differences 
of cold tolerance are primarily explained by anthropometric characteristics. 
Women have more subcutaneous fat but lower muscle mass and probably also a 
somewhat lower thermoregulatory response. Thus, the larger surface area to 
mass ratio and reduced shivering capacity make women more susceptible to 
prolonged cold stress [12].

34.3.2  Cardiovascular Responses and Associated Risk When 
Exercising in the Cold

Exercising in the cold is associated with considerable heat production preventing a 
dangerous drop of body temperature, provided exercise intensity is high enough. 
Heat production during exercise in the cold, corresponding to an intensity exceed-
ing about 60% VO2max, prevents the risk of hypothermia, however, inactivity due 
to injury or fatigue dramatically increases this risk. Related to the large heat produc-
tion during intense endurance exercise, moderate cold ambient temperatures facili-
tate heat dissipation and maintaining optimal body temperature and performance. 
Ambient temperatures around 10 °C seem to be optimal for fast marathon finishing 
times [13]. More extreme cold temperatures or lower exercise intensities in the cold 
may profoundly affect cardiovascular functioning during exercise.

Physiological responses differing in the cold from those in normothermic envi-
ronment include cardiovascular parameters such as

 (a) Heart rate
 (b) Stroke volume
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 (c) Total peripheral resistance
 (d) Mean arterial pressure
 (e) Requirements of myocardial oxygen consumption.

• Heart rates are reduced during submaximal and maximal exercise. Maximal 
heart rate and related VO2max decrease when core temperature is reduced by 
0.5–2.0 °C [14].

• In contrast, stroke volume is increased due to peripheral vasoconstriction 
and the accompanied elevation of the central venous pressure.

• Peripheral vasoconstriction and elevated systemic vascular resistance cause 
an increase of systemic arterial blood pressure and myocardial oxygen con-
sumption, determined by the so-called double product (systolic blood pres-
sure times heart rate). These responses do not appear to have a relevant impact 
on performance in healthy subjects [8] but may provoke cold-induced angina 
attacks in patients suffering from coronary artery disease (CAD), in particular 
in those with an abnormal baroreceptor function [15].

• Elevated cardiac workload and reduced myocardial perfusion also impair 
exercise performance in CAD and heart failure patients when exercising in 
the cold [16].

• Elevated blood pressure at baseline and a pronounced response to cold com-
bined with autonomic dysfunction compromise exercise capacity [17] and 
put hypertensive patients at greater risk.

• Moreover, exposure to extreme cold was shown to increase the risk of both 
ischemic and hemorrhagic stroke [18].

• Antianginal and antihypertensive medication lower systemic blood pressure 
(without affecting the cardiovascular response to cold) and may improve 
exercise performance in the cold in subjects suffering from hypertension, 
CAD or heart failure [16].

In general, superficial cooling increases sympathetic activity and may alter car-
diac function and consequently increase the risk of arrythmias and cardiac events 
[19]. Moreover, a lesser reduction of vagal tone during ultra-marathon running in 
extreme cold was related to superior performance [20].

34.3.3  Preventive Aspects

• An appropriate level of physical fitness related to the challenges of the specific 
physical activity in the cold environment represents an important prerequisite for 
safe and joyful participation in such activities.

• Exercise testing and sports medical advice (including suitable medication) will 
support effective preparatory measures.

• Preceding cold exposures (habituation) can effectively reduce cardiovascular 
responses and probably also associated adverse event. Habituation occurs already 
after a few exposures associated with more comfortable feeling and diminished 
and/or delayed cardiovascular and metabolic changes at rest and when exercising 
in the cold [1].
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• Moreover, the use of appropriate clothing contributes importantly to the preven-
tion of adverse events during exercise in the cold.

34.4  Exercising in the Heat

34.4.1  General Physiological Responses to Heat Exposure

Heat exposure may provoke the risk of hyperthermia (core temperature above 
37.5 °C), which is especially pronounced during exercise. As in the cold, preventive 
strategies include behavioural measures and physiological responses. Behavioural 
measures comprise the use of appropriate clothing, seeking shadow, rest, cooling by 
water and/or wind. Physiological responses are characterized by mechanisms 
including elevation of skin blood flow and sweating to facilitate heat dissipation but 
also the initiation of circulatory adaptation supporting the maintenance of central 
blood pressure by an increase in plasma volume and cardiac output [21] (Fig. 34.1).

These mechanisms are extremely powerful as

• Skin blood flow can increase from about 0.5 l/min to over 7 l/min.
• Sweat rates may be above 1.5 l/h resulting in an evaporative heat loss exceeding 

1 kW in a 70 kg human [22].

Consequently, systemic vascular resistance, systemic blood pressure and (more 
pronounced) central venous pressure decrease and cardiac output increases, due to 
a rise of heart rate. With inadequate rehydration, the body becomes dehydrated. 
Clinical dehydration occurs with a loss of body water exceeding 3% of body mass, 
presenting with early symptoms of heat-related disorders such as light-headedness 
[22]. Thermoregulation is compromised by dehydration (hypohydration) with the 
consequences of reduced sweating rates and skin blood flow and enhanced heat 
storage [23]. The rising core temperature evokes

 (a) Hyperventilation
 (b) Cerebral dysfunction (e.g. confusion), and finally
 (c) Cardiovascular collapse [22].

Heat tolerance varies greatly between individuals, e.g. cardiovascular fitness, 
age, health status, medication, hydration, acclimatization to heat, previous heat dis-
orders, etc. may all modify individual tolerance.

34.4.2  Cardiovascular Responses and Associated Risk When 
Exercising in the Heat

The primary cardiovascular challenge during exercise in hot ambient temperature is 
to provide appropriate blood volume to the working skeletal muscle and to 
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simultaneously increase the skin blood flow to support heat dissipation [23]. Thus, 
during exercise in the heat there is a competition between thermoregulatory (skin 
blood flow) and metabolic (skeletal muscle blood flow) demands finally resulting in 
a performance decline [24]. In athletes, but also in patients suffering from cardio-
vascular diseases this competition surpasses the pumping capacity (maximal car-
diac output) of the heart.

This situation becomes exacerbated with progressive dehydration, particularly 
fostered in hot conditions, and is accompanied by profound decreases of the

• End-diastolic volume
• Stroke volume
• Cardiac output
• Blood flow to exercising muscles
• Associated VO2max [25]

Heart rate is higher for any given cardiac output during exercise in the heat. 
Cardiac output cannot be increased above a certain level, thus vasodilatation in 
and blood flow to exercising muscles are limited to prevent severe hypotension. 
In general, this seems to be achieved by the activity of baroreflex and metabore-
flexes (originating in the working muscle); however, in hot conditions, thermo-
regulatory reflexes may additionally be involved [26]. Assuming that neural 
responses are primarily controlled by activity of the sympathetic nervous system, 
this has been termed a “hyperadrenergic state” [27], which may contribute to 
cardiovascular adverse events. Fatigue experience in hot environments is not 
resulting from diminished muscle blood flow but rather from the elevated brain 
temperature.

Heat-related disorders are more common

 1. In elderly subjects with reduced thermoregulatory ability
 2. In patients suffering from cardiovascular diseases
 3. In individuals taking drugs interacting with central nervous function, or
 4. In those who experienced previous heat illness [22]

Heat tolerance is reduced in patients with cardiovascular diseases, especially in 
those with impaired ventricular function, due to an impaired vasodilation response 
to heat exposure, while the sweating response seems to be preserved [28]. Both 
exercise training and heat exposure may provide cardioprotection by upregulation 
of myocardial heat shock protein 70 (HSP 70) [29]. There is one study claiming 
that fatal heat stroke would even be more prevalent than arrhythmic death during 
endurance events in hot conditions [30]. Fluid-electrolyte disturbances, like 
hypernatremia and hyponatremia, at least partly as a consequence of inappropri-
ate fluid (and electrolyte) intake (too much or too little), cause similar symptoms 
like confusion and disorientation and, if untreated, will progress to coma and 
death. Exertional dysnatremia was diagnosed in about 30% of collapsed marathon 
runners [31].
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34.4.3  Preventive Aspects

• Again, appropriate physical fitness (assessed by exercise testing) may consider-
ably help to reduce the risk of heat-related emergencies.

• Education on appropriate fluid (and salt) intake during long endurance events in 
the heat or suitable therapy in the case of an emergency are of utmost importance.

• Importantly, several days of heat exposure induce effective acclimatization pro-
cess, contributing to the prevention of adverse events during subsequent exercise 
in the heat.

• Already 3–6 exposure days result in the elevation of the plasma volume and the 
reduction of submaximal heart rates [32].

• After 10–14 days heat acclimatization will be completed associated with 
increased skin blood flow and sweating capability contributing to cardiovascular 
stability and improved exercise performance [32].

34.5  Exercising at Terrestrial Altitude (in Hypobaric Hypoxia)

34.5.1  General Physiological Responses to Altitude (Hypoxia) 
Exposure

Acute exposure to high altitude provokes the development of high-altitude illnesses, 
which can largely be prevented by appropriate acclimatization. Barometric pressure 
and in parallel also partial pressure of oxygen decrease with increasing altitude 
(hypobaric hypoxia). For instance, at an altitude of 5000 m these pressures consti-
tute only about half of the pressure at sea level (Fig. 34.2).

The reduced oxygen in the inspired air (PiO2) results in a drop of

• The alveolar pressure of oxygen (PAO2) in the lungs and consequently also of
• The arterial pressure of oxygen (PaO2) in the blood and of
• The arterial oxygen saturation (SaO2)

Reduced oxygen in the blood is termed “hypoxemia”, and within tissues “hypoxia”. 
Increases in ventilation (hyperventilation) and cardiac output are acute responses to 
(at least partly) counteract the diminished oxygen supply. A pronounced hyperventila-
tory response to hypoxia (hypoxic ventilatory response, HVR) can powerfully increase 
PAO2, PaO2 and SaO2 at a given altitude, however, at the expense of the alveolar and 
arterial pressure of carbon dioxide (PACO2 and PaCO2) [33]. The HVR is mediated by 
the activity of peripheral chemoreceptor afferents of the carotid bodies augmenting 
ventilation and sympathetic activity (contributing to heart rate elevation) [34]. 
Hyperventilation increases over days at altitude due to the rising sensitivity of the 
peripheral chemoreceptors (ventilatory acclimatization) [33]. In addition, also sys-
temic blood pressure may at least temporarily be elevated [35]. Increased diuresis at 
altitude causes loss of bicarbonate (renal compensation of the respiratory alkalosis), 
but also haemoconcentration due to a reduction in plasma volume accompanied by 
lowering of the stroke volume. Related to these changes with acclimatization, cardiac 
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output returns to baseline but heart rate remains elevated because of the lower stroke 
volume [35]. Pulmonary artery pressure increases at high altitude and remains 
increased due to hypoxic vasoconstriction in the lung (hypoxic pulmonary vasocon-
striction, HPV), which seems to be particularly profound in elderly individuals [36]. 
All these responses may considerably vary between individuals and do not completely 
compensate for the reduce PiO2, especially at higher altitudes. The resulting hypoxia 
negatively not only affects exercise performance but also represents the main cause 
for the development of high-altitude illnesses like

 (a) Acute mountain sickness (AMS)
 (b) High altitude cerebral edema (HACE) or
 (c) High altitude pulmonary edema (HAPE) [37]

34.5.2  Cardiovascular Responses and Associated Risk When 
Exercising at Altitude (in Hypoxia)

Aerobic capacity, defined as maximal pulmonary oxygen uptake (VO2max) during 
incremental exercise testing, declines with increasing altitude.

• The decline of VO2max amounts to about 1.5–3.5% every 300 m of gain in alti-
tude above 1500 m [38].This decline varies individually depending on various 
factors and is more pronounced in fitter subjects [39].

0           2,000         4,000        6,000        8,000    Altitude (m)
BP (mmHg)760 590            460           310           280     

160

140

120

100

80

60

40

20

pO2 (mmHg) inspiratory
arterial 100

90

80

70

60

50

SaO2 (%)  

Climbing Ojos del Salado 6,893 m, Andes, Chile

Fig. 34.2 Altitude-related decrease of inspiratory and arterial oxygen pressure (pO2) and arterial 
oxygen saturation (SaO2). BP barometric pressure
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• According to the Fick principle (VO2 = CO × 1.34[Hb] × (SaO2 − SvO2); see 
Chap. 3), VO2max is closely related to SaO2, meaning that preventing a large 
drop of SaO2 by hyperventilation will also prevent a large decline in VO2max. 
Lower levels of ventilation and reduced CO due to HPV and associated insuffi-
ciency to fully oxygenate the blood when passing through the pulmonary capil-
laries can partly explain the more pronounced lowering of VO2max in 
highly-trained individuals. However, VO2max may also be profoundly affected 
in patients suffering from lung disease, e.g. COPD or pulmonary hypertension, 
or from heart disease, e.g. heart failure.

• Related to the increasing ventilation and haemoconcentration with acclimatiza-
tion, SaO2 and haematocrit contribute to improved arterial oxygen content (CaO2) 
and oxygen delivery to working muscles, increased arterio-venous oxygen dif-
ference, and in particular submaximal exercise performance [40].

• Maximal heart rate drops with acute high-altitude exposure without essential 
changes during acclimatization.

• In contrast, stroke volume and cardiac output decline further with acclimatiza-
tion, and improved CaO2 cannot fully compensate for this decline and thus can-
not restore sea level VO2max.

Maher and colleagues studied changes in exercise performance during a 12-day 
high-altitude (4300 m) sojourn in well-trained young men. No improvements were 
seen for VO2max but submaximal performance rose by 45% during acclimatization 
(time to exhaustion) [41].

Leisure time activities at altitude like mountain hiking and downhill skiing seem 
to be associated with relatively high risk of cardiac events, i.e. sudden cardiac death 
[5]. Males older than 34 years and pre-existing risk factors constitute the main risk 
group. Prior myocardial infarction has been established to be the most important 
risk factor. However, the impact of altitude per se on the risk for cardiac events 
remains unclear. It is probably the unaccustomed physical activity combined with 
extreme environmental conditions (hypoxia, cold, etc.) that may trigger sudden car-
diac death [42]. Beside sudden cardiac death, hypoxia may cause or exacerbate 
symptoms in CAD patients, but also other conditions associated with high altitude 
and exercise like

• Cold
• Dehydration
• Sleep disturbances
• Change in diet
• Emotional stress, etc.

may provoke acute coronary events [43]. For instance, the Tenth Mountain 
Division Study demonstrated reduced exercise performance in elderly subjects 
exposed to acute moderate altitude, which was associated with acute myocardial 
ischemia triggered by hypoxemia, sympathetic activation, and pulmonary hyper-
tension [44]. However, after 5 days of acclimatization to simulated moderate 
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altitude, those subjects showed similar exercise performance, sympathetic acti-
vation and endothelial function as observed at sea level.

It has to be noted, that high-altitude activities are often performed in remote 
areas meaning difficult-to-access places and delayed emergency medical 
assistance.

34.5.3  Preventive Aspects

• Both exercise training to achieve an appropriate cardiovascular fitness and accli-
matization to altitude by supervised exposure to simulated altitude, e.g. hypoxia 
room, and/or to real altitude are important preventive measures not only for 
patients.

• Exercise testing before going to high altitude enables the assessment of the indi-
vidual cardiovascular fitness and clinical decision making.

• Slow rates of ascent and rest or only low intensity exercise on the first days at 
altitude help to prevent high altitude illness.

• In certain cases, e.g. known susceptibility or more rapid ascent, preventive medi-
cation may be used.

• Ascents to altitude are often related to cold exposure, thus additional habituation 
to cold is recommended.

• Moreover, adequate behaviour at altitude (individually tailored exercise inten-
sity, resting days, periodic pauses, food and fluid intake) will contribute to the 
prevention of cardiovascular adverse events.

34.6  Exercising at Depth (Diving)

34.6.1  General Aspects of Diving Physics and Physiology

The hostile underwater environment is prohibiting humans from prolonged expo-
sures, as essential oxygen supply needs to be maintained by artificial means, e.g., 
self-contained underwater breathing apparatus (scuba). Without breathing gas sup-
ply, exposures are limited to individual breath-hold time.

This environment is mainly characterized by submersion in water and elevated 
ambient pressure, which elicits multiple effects on human physiology. Hydrostatic 
pressure adds to ambient pressure at sea level, doubling at a depth of 10 m, and 
increasing by approximately 100  kPa (1  bar) every additional 10  m of seawater 
column. When breathing air underwater, nitrogen will dissolve in body tissues upon 
pressure increase (or descent). Conversely, gas bubbles will form upon pressure 
decrease or ascent from depth. These gas microbubbles will reach the alveolar bed 
by venous return to the heart and eventually be dissolved through diffusion. Gas 
density will increase with ambient pressure. Gas partial pressures (e.g., pO2, pN2) 
will increase according to ambient pressure. When using air as breathing gas, the 
scuba-diver is exposed to hyperbaric hyperoxia at depth.
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• Acute toxic effects of elevated pO2 may occur at depths beyond 70  m. For 
instance, a scuba-diver breathing air at 40 m is exposed to inspiratory pO2 roughly 
equivalent to breathing 100% oxygen at sea level.

• Narcotic effects of high pN2 may emerge at depths beyond 30 m.

Diving gear and posture will add resistive loading to ventilation at depth, in addi-
tion to impaired gas flow due to increased density. Thus, hypercapnia may result 
from altered ventilatory pattern at depth.

Exercising under these environmental conditions will be limited by the respira-
tory system’s ability to cope with the consequences of increased inspiratory resis-
tance and airflow limitation. Exercise while diving may compromise safety for 
various reasons:

• Increased ventilation during exercise will lead to higher nitrogen take-up, thus, 
enhanced tissue inert gas load and risk of gas phase liberation during 
decompression.

• Increased filling of thoracic blood vessels may increase the risk of immersion 
pulmonary edema due to increased transmural pressures when exercising,

34.6.2  Cardiovascular Responses and Associated Risk to Diving

Several factors unique to the underwater environment will significantly affect the 
cardiovascular system, such as

 (a) The diving response (bradycardia)
 (b) Immersion/submersion (thoracic blood pooling)
 (c) Temperature (heat loss)
 (d) Diving gear, e.g. scuba, garment (increased breathing resistance)
 (e) Hyperoxia
 (f) Hyperbaria (gas density)

The human diving response, considered to have an oxygen conserving role, elic-
its cardiovascular changes. It involves bradycardia, vasoconstriction of selected vas-
cular beds, reduced blood flow to peripheral capillary beds, and increased 
sympathetic outflow to the periphery [45].

Head-out immersion causes a blood shift of approximately 700 ml into the tho-
rax [46], leading to increased end-diastolic filling of the right heart and lung vessels, 
with an increase in pulmonary artery and capillary pressure. This end-diastolic vol-
ume increase will increase stroke volume and decrease heart rate. Cardiac output 
increases according to the water level of immersion in the erect posture; the reported 
32–62% cardiac output increase is due to an enlarged stroke volume, dominating 
over a decrease in heart rate [47]; mean arterial pressure is unchanged. The increased 
venous return and atrial stretch lead to attenuated secretion of anti-natriuretic hor-
mones and vasopressin which result in a diuresis and natriuresis.

M. Burtscher and K. Tetzlaff



695

Temperature is another modulator of physiological responses to the aquatic envi-
ronment. Enhanced conduction and convection will accelerate heat loss in water, 
resulting in increased vascular resistance of subcutaneous tissues, as well as muscle 
(vasoconstriction). On the contrary, a limited ability to eliminate heat by evapora-
tion in warm or hot water may raise body temperature to dangerous levels, particu-
larly during exercise.

Hyperoxia induces a reduction in blood flow though vasoconstriction; this has 
been observed in various vascular beds, including the heart, skeletal muscle, and 
brain [48]. Reductions in coronary blood velocity have been reported by echocar-
diography compared with normoxia.

Hyperbaria per se is not known to affect the cardiovascular system. It may, how-
ever, in combination with immersion add to further blood shift with increasing 
water depth.

34.6.3  Preventive Aspects

Given the aforementioned physiological challenges, safety precautions have been 
recommended for recreational scuba-diving, such as training certifications and div-
ing medicals. Assessment of the cardiovascular system is of particular importance 
for diving safety. While the young and healthy heart may tolerate significant increases 
in cardiac pre- and afterload, the physiologic challenges on the body imposed by the 
unique underwater environment may lead to cardiac decompensation in the state of 
disease. Indeed, diving accident statistics reveal that cardiac conditions are a promi-
nent root cause of diving fatalities, besides technical and equipment issues [49].

The general approach to prevention in diving is that medical conditions which 
increase the risk of injury should preclude diving. For some conditions, the risk may 
be acceptable under certain precautions. For example, the risk of right-to-left- 
shunting of venous gas microbubbles in an individual with a patent foramen ovale 
can be minimized by avoidance of diving profiles that increase the risk of bubble 
generation. Selected cardiac conditions are displayed below:

• Arterial hypertension: Any symptomatic or unstable hypertension precludes 
diving. Divers who have demonstrated adequate control of blood pressure and 
have no secondary organ damage may be allowed to dive. Possible side effects of 
antihypertensives (e.g. bradycardia for beta-blockers) must be considered when 
clearing divers.

• Coronary artery disease: Symptomatic coronary artery disease is a contraindi-
cation to safe diving. Subjects with asymptomatic disease, including those with 
a known history of myocardial infarction or therapeutic catheterization, may be 
cleared for low-stress sport diving after 6–12 months of healing and stabilization. 
Fitness to dive should be based on the patient’s exercise tolerance.

• Congestive heart failure: Congestive heart failure precludes diving.
• Rhythm disorders: Ventricular tachycardia and many types of atrial rhythm dis-

turbances are incompatible with diving, given the risk of unconsciousness and 
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drowning. Most dysrhythmias that require medication are medically disqualifying. 
Patients with pre-excitation disorders, such as Wolf-Parkinson-White, may be per-
mitted to dive if they have never experienced symptoms or cardiac arrhythmias.

• Patent foramen ovale (PFO): Subjects with PFO may be allowed to dive. 
Certain precautions, e.g. avoiding dives that require decompression stops, limit-
ing bottom time, or appropriate use of oxygen-enriched breathing gas mixture, 
may mitigate risk.

• Valvular heart disease: Valvular heart disease is a relative contraindication; 
individuals with normal hemodynamics and asymptomatic exercise tolerance 
may be fit to dive.

• Reduced ejection fraction is a relative contraindication to diving. Due to the 
hemodynamic changes from submersion, patients should be aware that diving 
can precipitate acute pulmonary edema.

Careful consideration must be given to the individual’s ability to manage exer-
cise demands when heart disease might compromise exercise capacity.

34.7  Conclusion

Unquestionable, regular exercise contributes to health and well-being but may also 
be associated with cardiovascular risks especially with insufficient cardiovascular 
fitness and/or pre-existing diseases. Due to the greater health risk when exercising 
under extreme conditions, pre-exposure medical assessment of exercise perfor-
mance and cardiorespiratory functioning are of utmost importance. Both exercise 
training to achieve an appropriate cardiovascular fitness and habituation/acclimati-
zation to the specific environmental conditions are important preventive measures 
for athletes and patients as well.

Clinical Pearls
• Individuals not sufficiently adapted to extreme environmental conditions, i.e. 

heat, cold, hypobaric hypoxia (altitude), or hyperbaria (depth) are at risk to suffer 
from cardiovascular adverse events, in particular elderly people and those with 
pre-existing diseases.

• Assessment of the cardiovascular system including exercise testing and appro-
priate medical advice are among the most important preventive measures.

 Review

 Questions

 1. Which are the most effective homeostatic responses of the human organism 
when exposed to cold and how are they related to the individual aerobic capacity 
(VO2max)?
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 2. How many days are needed for heat acclimatization and physiological changes 
associated with heat acclimatization?

 3. How does acclimatization to high altitude affect maximal and submaximal aero-
bic exercise performance?

 4. Which are the main factors limiting exercise capacity at depth?

 Answers

 1. Most effective homeostatic responses to cold exposure are cutaneous vasocon-
striction and involuntary thermogenesis by shivering; the maximal heat produc-
tion corresponds to the individual’s aerobic capacity (VO2max).

 2. After 10–14 days heat acclimatization will be completed associated with 
increased skin blood flow and sweating capability contributing to cardiovascular 
stability and improved exercise performance.

 3. Whereas maximal aerobic capacity (VO2max) is hardly affected by acclimatiza-
tion to high altitude, submaximal exercise performance improves considerably.

 4. Increased gas density and increased breathing resistance will restrict ventilation 
at depth.
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Learning Objectives
 1. Understand the difference between physical activity and cardiorespiratory 

fitness.
 2. Evidence for mortality risk reduction in CVD subpopulations with higher car-

diorespiratory fitness.
 3. Understand the distinct associations of physical activity and cardiorespiratory 

fitness on mortality.
 4. Appreciate the different domains of physical activity and their relation to 

mortality.
 5. Evidence that physical activity is protective of disease, while sedentarism is 

causal for disease development.

35.1  Introduction

Cardiovascular diseases (CVD) and cardiometabolic diseases like Type 2 Diabetes 
Mellitus (T2DM) are the main driver of morbidity and mortality worldwide [1, 2]. 
In order to reduce the risk of these diseases in the future effective prevention strate-
gies are essential. We generally differentiate between primary and secondary dis-
ease prevention.

• Primary disease prevention typically applies to individuals at high risk of devel-
oping a first cardiovascular event.

• Secondary prevention targets at people with already established CVD.
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Lifestyle modifications, e.g. a healthy diet accompanied by sufficient levels of 
physical activity (PA) and exercise, are important for both prevention approaches, 
while pharmacological treatments are mainly but not exclusively used during sec-
ondary prevention. This chapter focuses on the importance and beneficial effects of 
PA and exercise for cardiovascular and cardiometabolic health and prognosis.

An important risk factor for cardiometabolic diseases is physical inactivity (sed-
entarism). Bed rest studies have identified a causal link between sedentary behav-
iors and rapidly appearing adverse cardiovascular and metabolic sequelae. For 
example, 60 days of bed rest decrease plasma volume and left ventricular volume 
resulting in cardiac left ventricular muscle atrophy [3]. PA, on the other hand, may 
delay most of or partly reverse these adaptations. For instance, 1 year of intense 
exercise results in an initially concentric left ventricular remodeling with subse-
quent dilation to restore baseline mass to volume ratio [4] (see also Chap. 3).

Importantly, exercise is recommended by current guidelines for patients with 
coronary artery disease, heart failure with reduced as well as with preserved ejec-
tion fraction and dilated cardiomyopathy. However, exercise is not recommended 
during or immediately after acute cardiovascular events. Further, even though there 
are some reports that too much exercise may result in adverse cardiac adaptations 
by increasing the risk for atrial fibrillation (see Chap. 34), this is unlikely to be a 
concern for the general population and patients with cardiometabolic diseases. In 
addition, one needs to recognize and appreciate the clinical value of cardiorespira-
tory exercise testing [5]. This chapter focuses on the epidemiological evidence 
which supports causal links between sedentarism and the protective role of regular 
PA and exercise as well as higher cardiorespiratory fitness (CRF) on mortality.

35.2  Sedentarism, Physical Activity and Cardiorespiratory 
Fitness

Sedentary behavior has not just been associated with adverse left ventricular cardiac 
remodeling, but also with the incidence of heart failure.

• In 1,985 black and white adults aged 45 years and older, individuals in the high-
est quartile for sedentary behavior had a more than twofold greater risk for all-
cause mortality compared to individuals with the lowest sedentary time. Further, 
the sedentary bout duration was also inversely associated with all-cause mortal-
ity [6]. This suggests that not only total sedentary but also prolonged and uninter-
rupted bouts of physical inactivity induce severely adverse outcomes.

• During a 10-year follow-up of the California Men’s Health Study (n = 82,695) 
the risk to develop heart failure was 52% and 17% higher in the group with the 
lowest and medium level of PA compared to the highest level of PA, respec-
tively [7].

• In the Framingham Heart Study low levels of PA were associated with an 
increased risk to develop heart failure with reduced as well as preserved ejection 
fraction in the elderly [8]
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Even though the terms PA and cardiorespiratory fitness (CRF)  are sometimes 
used interchangeably, both parameters are not the same.

• Already in the 1970s Paffenbarger et al. reported that weekly caloric energy 
expenditure was inversely related to all-cause mortality in Harvard alumni 
[9, 10].

• The first large analysis which demonstrated that low CRF is a better predictor for 
mortality compared to most other clinical patient characteristics was published 
in the New England Journal of Medicine by Jonathan Myers in 2002 [11]. In 
6,213 men each one metabolic equivalent task (MET; see Chap. 1) increase in 
CRF was associated with a 12% lower mortality risk. Importantly, this relation-
ship was found for healthy subjects as well as patients with previous cardiopul-
monary- and metabolic manifestations (i.e. hypertension, chronic obstructive 
pulmonary disease, diabetes) or subjects with cardiovascular risk factors (i.e., 
smokers, obesity or low-density lipoprotein concentration > 220mg/dl).

• In 498,135 UK-Biobank participants a one standard deviation decrease in PA 
was associated with a 5% greater risk for all-cause mortality. Similarly, a CRF 
below one standard deviation was associated with a 22% greater risk for all- 
cause mortality [12]. However, there was no significant correlation between PA 
and CRF. Hence, the beneficial effects of PA and CRF may be separate from each 
other. Further, in the same cohort every MET increase was related with a 4% 
lower risk for vascular disease [13].

• In a 46-year follow-up of the Copenhagen Male Study each 1 ml/kg/min higher 
peak oxygen uptake (VO2peak) as a measure of CRF was associated with a 45 
day longer life [14].

• Of 6,213 men referred for exercise testing between 1987 and 2000, 842 under-
went an assessment of adulthood activity patterns. While CRF and PA were both 
associated with lower all-cause mortality, CRF was a stronger predictor for mor-
tality compared to PA. An increase in 1,000 kcal energy expenditure per week 
due to physical activity was equivalent to a one MET higher CRF and a mortality 
benefit by 20% [15].

• The relative risk for coronary heart or cardiovascular disease was compared in 
seven cohorts which assessed CRF and in 16 cohorts that measured PA with a 
total of 1,325,004 persons years follow-up. The risk for coronary heart disease or 
overall cardiovascular disease decreased linearly with increasing levels of PA, in 
contrast to CRF, where a significant drop occurred before the 25th percentile. 
Further, the reductions associated with more PA and higher CRF were signifi-
cantly different (Fig. 35.1) [16].

• The Veteran Affairs (VA) medical centers provide a superb resource for epidemio-
logical research on the associations of CRF with the development of subsequent 
cardiovascular diseases as well as mortality. In 6,749 black and 8,911 white men 
with an average age of 60 years, each MET increase in CRF was associated with 
a 13% lower risk for mortality [17]. In addition, during a median follow-up of 11 
years in 20,590 men, each one MET increase was related with a 16% lower risk 
for major adverse cardiovascular events (MACE) defined as the first occurrence of 
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myocardial infarction (fatal and nonfatal), chronic heart failure, coronary artery 
bypass grafts, or cerebrovascular accidents (fatal and nonfatal) [18]. Importantly, 
the benefits of a high CRF were observed independent of age (Fig. 35.2).

Even though PA and CRF act through different biological mechanisms, there is 
a large amount of evidence, that, independent of an individual's health status (e.g. 
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Fig. 35.1 Estimated dose-response curve for the relative risk of either coronary heart disease or 
CVD by sample percentage of fitness and PA. Studies weighted by person-years of experience 
(Reprinted with permission from [16])

Least fit1.2

1.0
1 1

*
0./1

(0.61-0.83)
*

0.54
(0.46-0.63)

*
0.38

(0.32-0.45) *
0.28

(0.21-0.35)

*
0./1

(0.62-0.81)

*
0./0

(0.61-0.80)

*
0.50

(0.44-0.59)
*

0.35
(0.32-0.46)

≥60 Years<60 Years

*P<001

0.8

0.6

H
az

ar
d 

ra
tio

0.4

0.2

0

Low fit Moderately fit Fit Highty fit

Fig. 35.2 Adjusted risk for having a major cardiovascular event according to age and fitness cat-
egories (Reprinted with permission from [17])

M. Bahls and M. Dörr



707

blood lipid levels, blood pressure and smoking as well as dietary habits), higher 
levels of PA and CRF improve the overall CVD risk profile [19]. Although the pro-
tective effect of a higher CRF is undisputed, important questions regarding its modi-
fiability by PA remain open.

• In the 1990s Bouchard et al. conducted the HERITAGE study which provided sig-
nificant inside into the complex genetic determinants of resting CRF and changes in 
CRF due to exercise training [20]. During the initial study 429 sedentary individuals 
(170 parents and 259 of their offsprings) were recruited and participated in a cardio-
pulmonary exercise test. The results indicated that more than 50% of the resting 
CRF was genetically determined. In a second part of the HERITAGE trial the sib-
lings participated in a structured exercise protocol to assess potential changes in 
CRF due to exercise (i.e., trainability). Interestingly, 47% of this training response 
was genetically determined and independent of resting CRF [21].

• In 122,007 patients of a tertiary academic medical center, all-cause mortality was 
lowest in individuals in the highest CRF quartile. When subjects in the highest 
CRF quartile were compared to the lowest quartile, a fivefold increase in risk for 
all-cause mortality was observed after a median-follow-up of 8.4 years (Fig. 35.3) 
[22]. These beneficial effects were also observed in elderly patients and in those 
with hypertension.

• In a large meta-analysis including 102,980 patients from 33 studies, each one 
MET higher level of CRF was associated with a 13% and 15% lower risk for all- 
cause and CVD mortality, respectively. However, the authors also report a high 
degree of heterogeneity between studies [23].

• In 4,527 adults with no previous history of cardiovascular or lung disease, cancer 
and hypertension or use of anti-hypertensive medication, a one MET higher 
VO2peak was associated with a 15% lower risk for incident coronary heart dis-
ease [24].

• In 3,926 patients of the Finnish Cardiovascular Study (FINCAVAS) and 2,683 
men from the Kuopio Ischaemic Heart Disease study (KIHD) the Duke Treadmill 
score was inversely associated with mortality [25]. In these studies, METs, 
which are used to calculate this score, were again linked with prognosis. 
Specifically, a one MET increase was associated with a 20% and 18% lower risk 
for cardiovascular mortality in both FINCAVAS and KIHD, respectively.

• In more than 40,000 men who participated in cardiorespiratory exercise testing 
at the Cooper Clinic in Texas, high CRF attenuated the effect of a triglyceride/
high density lipoprotein ratio [26]. A similar observation has been made for body 
mass index (BMI), where overweight and obese men with moderate CRF had 
mortality risks similar to normal weight subjects with a very high CRF [27]. 
Therefore, a high CRF may compensate for other CVD risk factors.

• In 55,456 subjects from the Aerobic Center Longitudinal Study (prospective 
observational investigation from January 2nd 1974 to December 31st 2002) a 
one MET higher CRF was associated with a 14% lower risk for sudden cardiac 
death [28].

• In 2,153 hypertensive elderly males (mean age 75 years), for one MET higher 
CRF all-cause mortality decreased by 11% [29].
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35.2.1  Summary

 1. Sedentary behavior (physical inactivity) or, in other words, the lack of regular 
exercise causes many cardiometabolic diseases and increases the risk for all- 
cause and cause-specific mortality.

 2. Higher levels of PA and CRF may be used as a treatment to prevent many of 
these cardiometabolic diseases and thereby lower all-cause and cause-specific 
mortality independent of patient population.
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35.3  Do Abnormally High Levels of PA Potentially Result 
in Adverse Outcomes?

In recent years, studies on the association of very high levels of PA or exercise (such 
as repeated marathon running over years) with adverse cardiovascular alterations have 
suggested a potential upper limit beyond which PA may no longer transfer into benefi-
cial outcomes (Fig. 35.4; see also Chaps. 34 and 42) [30]. From an epidemiological 
perspective, the following observations have been made in a general population:

• In 37,855 subjects of the Henry Ford Exercise Testing Project (The FIT Project) 
free of known CVD and with an CRF of at least ten METs, the group of patients 
with 12–13 METs and the group with 14 or more METs showed a 32% and 61% 
lower risk for all-cause mortality compared to subjects in the 10–11 METs group 
[31]. Thus, in these study population there was no upper limit for the benefits of 
a high CRF.

Fig. 35.4 The U-shaped curve: moderate exercise is superior to no exercise, but extreme exercise 
is at least discussed to be harmful (Reprinted with permission from [30]). CAD coronary heart 
disease, BP blood pressure, AF atrial fibrillation, SND sinus node disease, RV right ventricular
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• In the UK Biobank, high levels of CRF were associated with lower mortality but 
increased risk for atrial fibrillation [13].

The above-mentioned, potentially adverse outcomes do thus not appear to be 
applicable to the normal population, as more than 50 MET-h per week or more than 
seven workout sessions per week over a prolonged period would be required for an 
increased CVD risk [32]. Further, some epidemiological analyses [22] incorrectly 
classify individuals with a high CRF, on a population level, as “elite”, although 
professional endurance athletes would even reach much higher levels of CRF.

• Participants of the Nord-Trøndelag Health Study (HUNT3) with a very low 
10-year CVD risk showed a 15% lower risk for coronary heart disease with 
each 1 MET higher CRF. This was observed across the whole fitness contin-
uum [24].

35.3.1  Summary

 1. Abnormal high levels of PA may have adverse consequences and do increase the 
risk for atrial fibrillation. In the general population only very few individuals 
will reach these levels. However, at least for cardiologists working with elite 
athletes, an increased CVD risk may be of concern.

35.4  Domains of Physical Activity

Even though the benefits of regular PA are generally accepted as being of relevance 
to lower all-cause, CVD and cancer mortality, PA may occur in different domains. 
For example, activities may take place

 (a) During leisure time (LTPA)
 (b) In a sport setting (SPA) or
 (c) Be work related (WPA)

This section will thus focus on the associations of LTPA, SPA and WPA with 
all-cause and CVD mortality. Physical activity in the different domains is generally 
assessed using either questionnaires or actimetry measurements. With regards to 
questionnaires, a large meta-analysis which included data from more than 1.3 mil-
lion individuals concluded that higher levels of PA independent of a particular 
domain is associated with lower all-cause mortality [33]. However, while the results 
are very stringent, they also include a significant amount of heterogeneity.

 1. Objectively assessed physical activity (accelerometry)
 – In 2,295 adults aged 20–85 years from the National Health and Nutrition 

Examination (NHANES), above-median levels of moderate to vigorous 
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physical activity (MVPA) levels were related with a 65% lower risk for all-
cause mortality [34].

 – In a 10-year follow-up of 962 participants of the Study of the Coronary Artery 
Risk Development in Young Adults Study (CARDIA study) with a mean age 
of 45 years, objectively measured PA decreased significantly independent of 
race or sex [35]

 – Data from the NHANES trial suggests that despite the proven benefits of 
regular PA, patients with cardiometabolic disease are significantly less active 
compared to a reference group [36].

 – Data from the same cohort also demonstrated that high levels of sedentary 
time and low levels of MVPA are strong and independent predictors for all- 
cause and cause-specific mortality [37].

 2. Physical activity during leisure time
 – In 2,262 Taiwanese CVD patients LTPA was inversely related to all-cause 

mortality [38]. In elderly Taiwanese subjects a similar trend was 
observed [39].

 – A recent meta-analysis comprising data of more than 1.5 million participants 
showed a 23% and 24% lower risk of CVD mortality for moderate and high 
LTPA, compared to low LTPA, respectively [40]. This association was true for 
subjects with and without CVD as well as irrespective of age and sex.

 – In 31,818 men and 10,555 women of the Aerobic Center Longitudinal Study, 
LTPA was only inversely associated with mortality when the model was not 
adjusted for CRF [41]. This finding suggests that a high CRF is related to a 
lower risk for all-cause mortality independent of PA.

 – The Study of Health in Pomerania (SHIP) and The Cardiovascular Disease, 
Living and Ageing in Halle (CARLA) study demonstrated that higher levels 
of LTPA and SPA were associated with a lower risk for all-cause, CVD and 
cancer mortality [42].

 – In a large population-based sample from the U.K. (EPIC-Norfolk) a combina-
tion of LTPA and WPA was inversely associated risk for all-cause and CVD 
mortality [43, 44].

 – In the population-based “Cooperative Health Research in the Region of 
Augsburg” (KORA) study, LTPA was inversely associated with all-cause, 
CVD and cancer mortality [45]

 – In Switzerland, self-reported physical activity was inversely associated with 
all-cause and CVD mortality in a dose-response relationship [46].

 3. Physical activity in a sports setting
 – When the mortality risk for 1,098 ambitious joggers was compared to 

3,950 sedentary non-joggers in the Copenhagen City Heart Study, only 
1–2.4 h of jogging per week was related to a 71% lower risk for all-cause 
mortality [47].

 4. Physical activity at work
Interestingly, WPA was used in the classical studies to demonstrate a positive 
relationship between PA in general and subsequent risk for CVD incidence. 
Specifically, in the 1950s Morris and colleagues reported that walking bus 
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conductors and mail carriers had lower incidences of coronary heart disease 
compared to sedentary bus drivers and civil servants [48, 49]. In another classical 
study from the 1970s, Pfaffenbarger et al. reported that there was no difference 
in all- cause mortality risk between longshoremen and sedentary controls [50]. 
The discussion regarding the association of WPA with mortality is still ongoing 
today. Hence, this section provides an overview of the current literature.
• In 12,093 Danish nurses with an age between 45 and 64 years, a U-shaped 

relationship was found for the association between WPA and incident isch-
emic heart disease during a 15 year follow-up [51].

• In the above-mentioned study on 2,262 Taiwanese CVD patients, domestic 
and WPA was inversely related to all-cause mortality [38].

• In the Belgian Physical Fitness Study including 1,456 workers aged 40–55 
years, workers with low levels of LTPA and WPA as well as workers with low 
LTPA but high WPA had twofold higher risks for all-cause mortality [52].

• Findings from the Copenhagen City Heart Study on 2,190 males and 2,534 
females corroborate these observations. Specifically, individuals with high 
WPA had a 45% higher risk for all-cause mortality compared to low WPA 
(Fig. 35.5) [53].

• In 2,133 elderly Taiwanese adults WPA was not at all related to all-cause 
mortality [39]. Similar results were reported for the EPIC-Norfolk study as 
well as the previously mentioned study from Switzerland [44, 46].

• Further, in SHIP and CARLA also no significant relation between WPA and 
mortality was found [42].

• Results from the Cardiovascular Occupational Risk Factor Determination in 
Israel Study show an increased risk for future CVD events in subjects with 
high WPA [54].

• In KORA, high WPA was associated with a lower risk for all-cause, CVD and 
cancer mortality [45].

35.4.1  Summary

 1. There is sufficient evidence that LTPA and SPA are inversely associated with all- 
cause and cause-specific mortality.

 2. The relationship between WPA and mortality is currently unclear. The heteroge-
neous findings may be explained by different assessment methods for WPA.

Clinical Pearls
• Physicians should encourage a lifelong physically active lifestyle independent of 

age.
• In the general population and in patient settings there is no upper limit for the 

benefits of physical activity and higher levels of cardiorespiratory fitness.
• Cardiologists working with elite athletes should be aware of the increased risk 

for atrial fibrillation in this population.
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 Review

 Questions

 1. Explain the difference between sedentarism, PA and CRF with regards to all- 
cause and CVD mortality.

 2. Are there adverse consequences of high levels of PA and CRF?
 3. Can you describe the relation between PA in different domains, and why is this 

differentiation important?

 Answers

 1. Sedentary behavior is casually linked with adverse remodeling of the CV system 
and is a driver of higher all-cause and CVD mortality. PA and CRF are inversely 
related to all-cause and CVD mortality. A plethora of studies with different eth-
nicities, age groups and patients with CVD consistently demonstrated that with 
each MET increase all-cause mortality decreases by approximately 10%.

 2. Very high levels of PA are associated with an increased risk of atrial fibrillation 
and potentially with all-cause and CVD mortality. However, the current data sug-
gesting these associations are mainly of concern for cardiologists who work with 
elite endurance athletes as high levels of 50 MET-h per week or more are unlikely 
to be observed in the general population.

 3. PA may take place in different domains. Specifically, people may be physically 
active during leisure time (LTPA), in a sports setting (SPA) or at work (WPA). A 
large number of studies have explored the relation between domain specific PA 
and mortality. The data for LTPA and SPA is very strong in demonstrating a 
dose-depended inverse relationship with all-cause mortality. The currently avail-
able literature does not provide a clear direction for WPA.
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Learning Objectives
 1. Be aware that the blood pressure response during exercise varies according to the 

characteristics of the exercise bout.
 2. Know the variables that impact acute and chronic changes in left ventricular 

dimensions and function in response to exercise.
 3. Become familiar with the safety measures for prescribing exercise therapy to 

hypertensive patients.
 4. Have knowledge on the chronic response of blood pressure to different exercise 

modalities, and on how exercise program characteristics can affect the blood 
pressure response.

 5. Be acquainted with the eligibility criteria for competitive sports activities in 
hypertensive athletes.

36.1  Blood Pressure Response During Exercise

Up to now, the haemodynamic changes caused by exercise in humans have mostly 
been studied in laboratory tests using bicycle ergometry or treadmill testing to 
reproduce dynamic exercise and hand-grip with a dynamometer to simulate isomet-
ric activities. During dynamic exercise, the need for increasing oxygen delivery to 
the working muscles is fulfilled by a local vasodilatation [1–3]. A simultaneous 
vasoconstriction occurs in the non-working muscles and splanchnic bed. The venous 
return rapidly increases with a consequent rapid rise in cardiac filling. The 
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simultaneous increase in stroke volume (SV) and heart rate causes a marked rise in 
cardiac output (CO). The net integration of cardiac haemodynamics with the pro-
gressive decline in total peripheral resistance (TPR) produce considerable changes 
in BP which differ according to the type and length of exercise. Static (or isometric) 
exercise, defined as a sustained muscle contraction without change in muscle length, 
causes a parallel increase of systolic and diastolic BP [1–3]. A reflex increase in 
sympathetic activity, possibly related to early recruitment of type II fibres, seems to 
be the main determinant of the cardiovascular response to isometric effort [4]. It has 
to be pointed out that the shape and magnitude of the sphygmic waves vary accord-
ing to the site of measurement [3, 5]. As the BP measurement site moves distally, 
systolic BP increases due to wave reflection. The progressive peripheral augmenta-
tion of systolic BP and pulse pressure is magnified by exercise [6]. In contrast, mean 
BP does not vary from central to peripheral sites throughout rest and exercise.

36.2  Blood Pressure Response to Dynamic Exercise

36.2.1  BP Changes During Ergometry with Incremental Workload

Dynamic exercise performed with multistage standard ergometry with incremental 
workload causes a progressive rise in systolic BP and little changes in diastolic BP.

• During bicycle ergometry there is a progressive increase in systolic BP ranging 
from 50 to 70 mmHg at peak exercise [6–8].

• Diastolic BP tends to increase during a bicycle test although some authors have 
found little or no change.

During treadmill exercise, usually systolic BP does not exceed 190 mmHg in 
normotensive subjects [9, 10]. However, a wide subject-to-subject variability may 
be observed. Diastolic BP remains substantially unchanged or slightly decreases 
with a 4–8 mmHg decline reported by most investigators.

In hypertensive subjects, systolic BP during ergometry performed with either 
bicycle or treadmill testing reaches much higher values than in normotensive sub-
jects [7–10]. However, the absolute increase in BP is similar in hypertensive and 
normotensive subjects. In both groups, BP at peak exercise is proportional to BP 
level at baseline.

36.2.2  BP Changes During Prolonged Steady-State Exercise

BP changes during prolonged exercise at steady-state workload differ from those 
during exercise at incremental workload. Palatini et al. compared intra-arterial BP 
changes during a 1-h long exercise on a semi-recumbent position conducted at the 
anaerobic threshold with those during traditional bicycle ergometry in a group of 
normotensive and a group of hypertensive joggers [11]. In both groups the 
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traditional ergometric test to exhaustion caused parallel changes in systolic and dia-
stolic BP with a gradual increase up to peak exercise. A different BP pattern was 
observed during prolonged exercise. In all individuals, a sharp and parallel rise in 
systolic BP reaching maximum values during the first minutes after the start was 
recorded, followed by a progressive decline throughout the rest of the effort. The BP 
changes during the first 20 min of exercise were similar in the two groups, but there-
after the between-group BP difference tended to decline and at the end of the exer-
cise it was no longer significant. A poor relationship was observed between the BP 
values at peak exercise and baseline levels. These results showed that the BP 
increase with strenuous steady-state effort is reduced in hypertensive individuals at 
peak exercise, probably because of latent impairment of cardiac performance (see 
below). At the end of exercise there was a sudden drop in BP which slowly returned 
to pre-exercise levels.

36.2.3  BP Response During Sports Activities

The present knowledge on BP changes during sports activities is almost exclu-
sively based on data obtained with laboratory stress testing. However, traditional 
ergometry can only give a rough estimate of the BP changes which actually occur 
during sports performed on the field. Ergometric protocols usually imply progres-
sive increments of the workload, a situation which does not reflect any real sports 
activity. Measuring BP during outdoor activities is not possible with current non-
invasive ambulatory techniques, because the cuffing method requires a stationary 
position of the subject during the measurement. Only an intra-arterial method 
coupled to a Holter technique or a telemetering system can provide BP measure-
ments in unrestricted subjects. The first invasive recordings in people performing 
various types of physical activity (jogging, swimming, diving and skiing) were 
obtained over 50 years ago by Bachmann et al. [12] However, a systematic inves-
tigation on the pressor effect of various sports was performed only in the eighties 
by means of a portable technique consisting in a miniaturized transducer-peristal-
tic-pump unit connected to the radial artery and a minirecorder worn around the 
waist [2, 3, 13–15].

36.2.3.1  BP Changes During Running
A peculiar BP pattern has been observed during long-distance running [14, 15].

• Rhythmic oscillations of pulse pressure unrelated to respiration were often 
observed whose frequency varied from 6 to 27 min−1, according to heart rate and 
pace frequency.

• The source of these pressure oscillations were the periodic shakes received by 
the heart and the great vessels during the run whose frequency was similar to that 
of heart rate, thereby generating a ‘beat phenomenon’.

• Maximum BP values during running were attained during the first minutes of 
warm-up, in spite of the lower running velocity [11, 14].
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• Subsequently, due to the vasodilatation, a progressive decrease in BP could be 
observed, so that after 20–30 min of running, BP declined to below pre-exercise 
values.

A completely different BP pattern could be observed in sprinters in whom a 
short-lasting noticeable increase in BP was observed [13], similar to that caused by 
heavy-resistance exercise (see below).

By comparing the BP behaviour in two groups of normotensive and hypertensive 
athletes, similar results to those achieved in the laboratory during prolonged semi- 
supine bicycle ergometry were obtained [16]. The between-group BP difference 
present at rest gradually flattened, so that at the end of the effort the two pressure 
curves were almost superimposed. This is attributable to a depressed left ventricular 
diastolic filling in the hypertensive subjects during strenuous effort [16].

36.2.3.2  BP Changes During Cycling
Cycling requires a greater muscular force than running and thus entails a greater 
isometric component. This is reflected by the greater left ventricular (LV) mass and 
the more concentric oriented remodelling of the left ventricle of cyclists compared 
to runners [17]. Due to the larger compression of vessels by muscle activity during 
cycling, peripheral resistance cannot fall to the same degree as in running.

• Indeed, a higher increase in diastolic BP has been recorded with the intra-arterial 
method during road cycling than during track running [13].

• The highest BP levels during bicycling were recorded when the subjects pedalled 
uphill or at high speed on the flat.

• The BP levels achieved by the athletes during road cycling proved to be much 
higher than those recorded in the same subjects during standard bicycle ergome-
try, indicating that the laboratory test is not a good predictor of the BP changes 
which actually occur in outdoor activities.

36.3  Blood Pressure Response to Isometric Exercise

36.3.1  Laboratory Testing

The most popular test used to study BP changes during an isometric effort is the 
hand grip which is performed grasping a dynamometer. Several protocols have been 
proposed generally using 30–50% of the maximal voluntary contraction.

• Isometric exercise causes an increase of both systolic and diastolic BP in either 
normotensive or hypertensive subjects [18–20].

• The BP rise is due to increases in heart rate and CO with little or no changes in 
SV and TPR [21].

The magnitude of the increase in BP during isometric exercise depends on sev-
eral factors. The size of muscle mass employed during the effort is considered a 

P. Palatini and V. Cornelissen



723

main determinant of the BP response [22, 23]. However, some authors did not find 
any relationship between the size of active muscle mass and the increase in BP dur-
ing isometric exercise [24]. The duration of exercise is another factor which affects 
the magnitude of the BP rise [22, 23] which is proportional to the exercise length. 
The strength applied to the dynamometer also contributes to increasing BP during 
the hand grip [22]. In everyday life many isometric activities are performed with 
concomitant isotonic activities such as carrying heavy weights. In these activities, 
the typical isometric BP pattern changes because the increase in diastolic BP is 
completely offset [25].

36.3.2  Heavy-Resistance Sports

Heavy resistance sports imply an important isometric component that causes marked 
short-lasting increases in both systolic and diastolic BP.  The pressor effects of 
heavy-resistance sports have been studied especially in subjects performing weight- 
lifting with the use of intra-arterial recording:

• In a Canadian study average values of 320/250 mmHg have been recorded with 
peak values as high as 480/390 mmHg during exercises involving the legs [26].

• Lower peak values were recorded by other investigators ranging from 197/156 to 
345/245 mmHg [27].

BP levels reached during weight lifting are proportional to the muscle mass 
employed in the exercises and are higher when the effort is carried out in the upright 
position than in the supine [26, 27]. One main determinant for the remarkable BP 
rises during this type of sport is thought to be the potent Valsalva manoeuvre, which 
accompanies heavy weight lifts and the consequent increase in intrathoracic and 
intra-abdominal pressures [20, 26, 27]. This mechanism was actually shown to be 
operative in a study in which intra-arterial BP and intrathoracic and abdominal pres-
sures were simultaneously measured by two balloon catheter systems (positioned 
one in the midoesophagus and one in the stomach) [27]. In both body compartments 
remarkable pressure elevations, parallel to those of BP and proportional to the load, 
were recorded (Fig. 36.1). Values as high as 170 mmHg were recorded for intra- 
abdominal pressure which reached greater values than intrathoracic pressure (maxi-
mum value 75 mmHg). Much lower BP levels and little or no increase in intracavitary 
pressures were recorded after abolition of the Valsalva manoeuvre providing direct 
evidence that the increase in intracavitary pressures is the main determinant of the 
BP elevations which occur during weight-lifting. On the other hand, the remarkable 
increases in abdominal pressure caused by the lifts exert a protective effect on the 
cerebral vessels. Intra-abdominal pressure is transmitted to the cerebrospinal fluid 
through the intervertebral foramina, thereby reducing the actual transmural pressure 
across cerebral vessels [28]. The potent pressor reflex originating from tendons 
stretching and the mechanical compression of the arteries by the contracting mus-
cles are other factors that contribute to elevating BP during heavy-resistance exer-
cise [26, 29].
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36.4  Left Ventricular Dimensions and Performance During 
Exercise

There is general agreement that the exercise induced increase in LV ejection frac-
tion is mainly determined by a decrease in end-systolic volume. Instead, there has 
been much controversy in the literature about the role of the Frank-Starling mecha-
nism during exercise. Part of the controversy is due to the fact that the exercise- 
induced changes in LV end-diastolic volume are dependent on several clinical 
variables that can affect LV dimensions:

• Position of the body. Experimental evidence suggests that the increase in CO that 
occurs during supine exercise results predominantly from an increase in heart 
rate, with little changes in SV and end-diastolic volume [30, 31], even though 

Blood pressureBlood pressure

IT pressure

IA pressure

ECG

10 s10 s

Fig. 36.1 Intraarterial blood pressure measurement during weight lifting. Left panel: simultane-
ous recording of intraarterial, intrathoracic (IT), and intraabdominal (IA) pressures during squat-
ting (5 repetitions) in a 25-year-old man. Right panel: intraarterial blood pressure and 
electrocardiographic (ECG) recording during squatting (one repetition) in a 28-year-old woman. 
Soon after exercise cessation, an episode of ventricular bigeminy becomes apparent
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some authors observed a small but significant increase in end-diastolic volume 
[32]. In contrast to the supine position, in the upright posture the end-diastolic 
volume and SV are decreased in resting conditions, mainly due to peripheral 
pooling, but they rapidly increase at the onset of exercise [30].

• Between-sex differences. It is known that maximal exercise CO is greater in men 
than in women at any given age [33]. Several studies demonstrated a smaller 
increase in LV ejection fraction from rest to peak exercise in women than in men 
over a wide age range [34]. This was due to a more modest decrease in end- 
systolic volume with exercise in female subjects. Some authors found a different 
behaviour of the end-diastolic volume between the two sexes during supine exer-
cise, as diastolic volume showed a decline in men and constant dimensions in 
women [34].

• Effect of age. A large number of studies have shown that ageing is associated 
with a decline in CO during exercise [35, 36]. In older individuals CO during 
exercise appears to be maintained by a combination of increased heart rate 
and the Frank-Starling mechanism and in younger ones chiefly by increased 
heart rate [36, 37]. The well-known age-related decrease in LV compliance 
seems to account for the use of the Frank-Starling mechanism in older indi-
viduals [37, 38].

• Effect of physical training. End-systolic LV diameter appears to decrease to 
the same extent in trained and untrained individuals during exercise [39]. 
Instead, controversy still exists as regards exertional end-diastolic diameter. 
According to some authors [39] the Frank-Starling mechanism is operative to 
the same extent during exercise in trained and untrained subjects. However, 
according to other investigators [32] end-diastolic volume increases more in 
sedentary than in trained individuals, according to others [40] only rises in 
the sedentary subject, and according to yet others [41] only increases in the 
athlete.

• Short versus prolonged exercise. There is general agreement that CO increases 
more during a short maximal effort than during prolonged exhausting exercise 
[42, 43]. According to some authors [44], the lower CO at the end of prolonged 
exercise is due to a lower utilization of the Frank-Starling mechanism, while LV 
systolic performance does not differ during short- and long-lasting exercise. 
However, other authors [42, 43] found a decreased LV performance during the 
recovery from prolonged exercise indicating that prolonged strenuous exercise 
results in impaired LV function. A limitation of all the studies which found a 
depressed LV performance with prolonged exercise is that LV dimensions were 
measured during the recovery period. Studies which investigated LV perfor-
mance throughout the exercise session [16] found that after an initial increase 
LV function remained stable up to the end of a 1  h-long vigorous exercise, 
without a tendency to decline. Instead, a sharp fall in performance was observed 
soon after stopping exercise. These findings indicate that data obtained during 
the recovery cannot be extrapolated to exercise LV performance and that most 
of the available information on cardiac function during prolonged exercise 
should be reconsidered.
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36.4.1  Left Ventricular Performance in Hypertensive Subjects

Although a dysfunction of LV chamber may occur in hypertension, it is not clear at 
what stage of the disease depressed performance may develop. LV function at rest 
has been found to be normal or even supernormal in the early stage of hypertension 
[45]. However, subtle abnormalities of LV performance can be detected during 
strenuous exercise [42, 43]. As mentioned above the BP increase with long-lasting 
strenuous effort is reduced in hypertensive compared to normotensive individuals, 
probably because of latent impairment of cardiac performance.

This hypothesis was tested by Palatini et al. [16] by means of M-mode echocar-
diography during prolonged in-door exercise to exhaustion. Greater LV ejection 
fraction (p = 0.018), systolic BP/end-systolic volume (p < 0.0001) and stress/end- 
systolic volume (p = 0.027) were found in a group of young hypertensive than a 
group of normotensive individuals throughout the test documenting the existence of 
an increased ejective performance in the former.

However, LV contractility may be overestimated by the measurement of frac-
tional shortening at the endocardium [46–48].

• Using midwall fractional shortening to evaluate LV performance, some investi-
gators demonstrated that in hypertensive subjects LV contractility was actually 
depressed at rest [49, 50].

• Using the same exercise protocol, in a later experiment the same group of investiga-
tors [51] found that the hypertensives were able to increase their SV and CO ade-
quately during bycicle ergometry through an increase in LV ejective performance.

• However, LV contractility measured at midwall was actually depressed through-
out rest (p = 0.04) and exercise (p = 0.004).

• LV concentric remodelling was the key factor accounting for the reduced LV 
contractility.

These findings indicate that increased LV ejective performance on a background 
of depressed LV contractility can temporarily preserve CO but leads to an unfavor-
able structural LV pattern with deleterious consequences for the left ventricle in the 
long run.

36.5  Physical Activity, Physical Fitness and Future 
Hypertension: Data from Observational Studies

The last decade, large prospective cohort studies, which allowed for age and anthro-
pometric characteristics, have yielded consistent findings showing an inverse rela-
tion between the incidence of hypertension and habitual levels of physical activity, 
assessed by means of questionnaire or an interview [52].

This finding was confirmed in a recent meta-analysis by Liu et al. [53], pooling 
data from 21 prospective studies comparing high versus low levels of leisure time 
physical activity:
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• They reported a pooled relative risk (RR) for hypertension of 0.84 [95% confi-
dence interval (CI) 0.78–0.90] in the most active individuals.

• Furthermore, there seems to be no evidence of a nonlinear dose-response asso-
ciation of physical activity and hypertension.

• Namely the risk of hypertension was reduced by 6% (RR 0.94; CI 0.92–0.96) 
with each ten Metabolic Equivalent of task (MET)-hours/week increment of lei-
sure time physical activity [53], which corresponds to meeting the recommended 
minimum physical activity level of 150 min/week.

• With twice this amount of activity, the risk was further reduced by 12% [RR 0.88 
(0.83–0.92)] [53].

• As, overweight and obesity have been shown to be important and independent 
risk factors for the development of hypertension [54], it has been hypothesized 
that increasing physical activity might reduce BP through decreased body weight 
or improved body composition. However, Liu et  al. found that risk estimates 
were only about 3–4% weaker from studies with than without adjustment for 
body mass index (BMI) [53].

• Furthermore, high levels of physical activity were associated with lower risk of 
hypertension in both BMI subgroups, i.e. <25 and ≥25 kg/m2 [53].

• Hence, the effect of physical activity on hypertension cannot be explained solely 
by a change in BMI.

Fewer studies have investigated the effect of physical fitness and incident 
hypertension:

• Blair et al. were the first to show that low fit individuals had an increased risk (RR 
1.52) for the development of hypertension compared to high fit individuals [55].

• Alike, in the recent Coronary Artery Risk Development in Young adults 
(CARDIA) study [56] baseline physical fitness, estimated based on the duration 
of a symptom-limited graded exercise test, was shown to be inversely associated 
with incident hypertension over a 20 year period (hazard ratio 0.63 per 2.9 min 
longer) and this was present in all race and sex groups [56].
 – More importantly, when both physical activity and physical fitness were 

included in the same model, results revealed that fitness remained signifi-
cantly and independently associated with lower likelihood of developing 
hypertension, while activity attenuated to non-significance [56].

 – Further, activity was only significantly inversely associated with the develop-
ment of hypertension in the highest category of fitness.

These results suggest that physical activity levels that increase fitness may lead 
to the greatest benefit [56].

Finally, also improvements in physical activity [57] and physical fitness [58] 
have been shown to be associated with smaller increments in BP over time.

• E.g. Williams et al. reported that reduction of vigorous physical activity over a 
7.4-year period of follow-up increased the odds of developing hypertension.
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• Moreover, it was shown that the odds of developing hypertension depended on the 
follow-up running distance without relation to baseline activity, which implies 
that success in motivating the population to become more active will not yield its 
expected anti-hypertensive effect if the activity is not maintained lifelong.

36.6  Exercise in the Prevention, Treatment and Management 
of Hypertension: Data from Randomised Controlled 
Trials

A difficulty in the interpretation of the epidemiological data is distinguishing cause 
and effect: that is to ascribe differences in BP or in the incidence of hypertension to 
differences in levels of physical activity or fitness because of confounding factors 
that cannot be accounted for [59]. Furthermore, questions on the role of each of the 
FITT (frequency, intensity, type and time) characteristics of physical activity in the 
prevention and treatment of hypertension are difficult to answer based on epidemio-
logical data, yet are of utmost importance for optimal exercise prescription. 
Therefore, randomized controlled trials are needed, since they can evaluate the 
effectiveness of exercise while controlling for each of the confounders. However, it 
should be acknowledged that randomized controlled studies assessing the impact of 
exercise interventions on BP are often limited by their small sample sizes. Meta- 
analyses, which pool the results of these individual studies, increase the statistical 
power and can provide greater precision of point estimates with regard to the anti-
hypertensive potency of exercise.

For the purpose of this chapter, we will rely on meta-analyses that have investi-
gated the effect of aerobic endurance training [60–62], dynamic resistance training 
[63, 64], isometric resistance training [65, 66] and alternative types [67–71] of exer-
cise training on BP during the last decade. Common inclusion criteria of these meta- 
analyses are:

 1. Inclusion of a randomized sedentary control group or phase
 2. Exercise training as the sole intervention
 3. Exercise intervention for a minimum of 4 weeks
 4. Inclusion of participants who were sedentary normotensive and/or hypertensive 

adults with no other concomitant disease
 5. Published in a peer-reviewed journal

36.6.1  Dynamic Aerobic Endurance Training and Blood Pressure

Dynamic aerobic endurance exercise involves large muscle groups in dynamic 
repetitive activities (e.g. walking, cycling, running, stair climbing) that result in 
substantial increases in heart rate and energy expenditure aiming to increase cardio-
respiratory fitness. In almost all national and international treatment guidelines for 
the primary and secondary treatment of hypertension, aerobic endurance exercise 
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has received a Class 1 recommendation with a level A of evidence [72]. This recom-
mendation is supported by bountiful evidence consistently showing the BP lowering 
effect of aerobic endurance training.

• In the largest meta-analysis to date [61], including 105 endurance training inter-
ventions, a reduction of [−3.5  mmHg (95% CI −4.6 to −2.3), p  <  0.0001]/
[−2.5 mmHg (−3.2 to −1.7), p < 0.0001] in office BP was found after a median 
intervention duration of 10 weeks (range 4-52), involving aerobic exercise three 
times per week (range: 1–7) at an intensity between 35 and 95% of peak oxygen 
uptake (Fig. 36.2).

• The fact that Cornelissen et al. [73] found a similar reduction in daytime ambula-
tory BP [−3.2 mmHg, (−5.0 to −1.3)]/[−2.7 mmHg (−3.9 to −1.5)] by pooling 
data of 16 aerobic endurance training studies adds further support to the BP 
lowering potential of aerobic endurance training.

• It is noteworthy that endurance training does not seem to affect night-time BP 
[60, 61].

• In addition, Cornelissen et al. [60] identified 8 randomized controlled trials mea-
suring BP during cycle ergometer exercise at a median work load of 100  W 

Fig. 36.2 Net changes in systolic (upper panel) and diastolic (lower panel) blood pressure after 
different exercise modalities using random-effects analyses. Data are reported as net mean changes, 
adjusted for control data (95% confidence limits) (Reprinted from [61])
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(range 60–140 W) or during treadmill exercise at approximately four METS and 
reported a reduction of 7 mmHg from a baseline BP of 180 mmHg.

• When the effects of endurance training on office BP were analysed according to 
the Seventh Report of the Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure [74], Cornelissen et al. [61] 
found BP decreases to be most pronounced in 26 study groups with hypertensive 
participants [−8.3 mmHg (−10.7 to −6.0)]/[−5.2 mmHg (−6.8 to −3.4)] as com-
pared to the 50 groups of prehypertensive subjects [−2.1 (−3.3 to −0.83)]/[−1.7 
(−2.7 to −0.68)] and the 29 groups of subjects with normal BP levels [−0.75 
(−2.2 to +0.69)]/[−1.1 (−2.2 to −0.068)]. Although this could not be confirmed 
by subgroup analysis on ambulatory BP data, this is most likely due to the fact 
that only 6 studies have investigated the effect of endurance exercise among 
hypertensive patients significantly reducing the statistical power.

Do gender or ethnicity affect the BP response to aerobic endurance training?
With regard to ethnicity,

 – A meta-analysis of Whelton et al. [75] found that black participants had signifi-
cantly greater reduction in systolic BP, and Asian participants had significantly 
greater reduction in diastolic BP compared with white participants.

Fig. 36.2 (continued)
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 – At variance, only recently, did Igarashi et  al. [76] find pooled net changes in 
systolic BP and diastolic BP of −4.7 and −3.2 mmHg, respectively from a base-
line BP of 138.2/80.5 mmHg in 1456 East Asian individuals.

 – Further, only four studies have investigated the BP lowering potency of exercise 
in black patients [75], all involving hypertensive patients.

With regard to gender,

 – Cornelissen and Smart [61] found that BP decreases were most pronounced in 
male participants, which was in contrast to

 – Kelley et al. [77] and Igarashi et al. [76] who reported BP reductions of similar 
magnitude in men and women

However, given the lack of adjustment for important confounders in these sub-
group analyses and the absence of direct comparison studies between men and 
women or patients of different ethnic origin, clearly further research is needed to 
study how and why ethnic and/or gender differences in the BP response to endur-
ance training exist, if they exist at all.

Even more important with regard to optimal exercise prescription is the knowl-
edge on how each of the individual exercise characteristics affects the BP response.

• In univariate weighted regression analysis [60] and subgroup analyses [61], 
weekly training frequency did not contribute significantly to explain the inter- 
study variance of the BP response to aerobic exercise training, i.e. training fre-
quencies between 3 and 7 days per week lowered BP [60].

• However, comparative studies found that the fall in BP was significantly greater 
in 3 versus 5 days walking group [78] or 1 versus 7 days per week schedules [79].

Yet, current guidelines [80] recommend exercise on most, if not all, days of the 
week. This is because it has been shown that a single bout of aerobic exercise (10–
50 min at 40–100% peak oxygen uptake) results in an immediate reduction in BP of 
5–7 mmHg compared to resting BP than can be sustained for up to 24 h after com-
pletion of the exercise [81]. This physiological response is termed postexercise 
hypotension [82]. This acute effect may add significant benefits to the BP treatment 
of the hypertensive patients by lowering their BP into normotensive ranges for some 
periods of the day. Furthermore, it might contribute to the BP reductions resulting 
from exercise training [80]. This underlines the importance of recommending daily 
aerobic exercise, especially in the hypertensive patients.

Further, with regard to intensity, moderate intensity aerobic exercise (40–60% 
HRR) is recommended to prevent and manage high BP [80]. However, many hyper-
tensive patients are overweight or older who are limited in the level of physical activ-
ity they can undertake. In this context, it is of note that Cornelissen et al. [83] found 
equal reductions in office BP, BP during submaximal exercise and during recovery 
from exercise in older sedentary individuals following 10 weeks of aerobic exercise at 
33% Heart rate reserve (HRR) versus 66% HRR. Similarly, post exercise hypotension 
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already occurs after a single bout of aerobic exercise at 40% of peak oxygen uptake 
[84, 85]. Therefore, the antihypertensive effect of aerobic exercise seems a low thresh-
old phenomenon with BP reductions already occurring at lower intensity.

However, larger BP reductions are obtained when exercise, acute [84, 85] or 
chronic [83], is performed at a higher intensity. This was also confirmed by subgroup 
analyses [61] documenting smaller BP reductions after low-intensity endurance 
training (<40% HRR) compared with moderate- or high intensity training. In this 
context, the BP lowering potential of high intensity interval training has increasingly 
been studied in recent years. Surprisingly, when pooling data from studies compar-
ing isocaloric high intensity interval and moderate intensity continuous training, 
comparable reductions in resting BP in adults with pre- to established hypertension 
were observed, despite high intensity interval being associated with greater improve-
ments in peak oxygen uptake [62]. This could suggest that the total volume, and not 
intensity of exercise, determines the BP response to aerobic exercise.

36.6.2  Dynamic Resistance Training and Blood Pressure

Dynamic resistance training involves concentric and/or eccentric contractions of 
muscles while both the length and the tension of muscle change. To date, the level 
of evidence upon which the dynamic resistance recommendations are made is 
weaker [80], which is mainly due to the scarcity of primary level studies investigat-
ing the effect of dynamic resistance exercise as antihypertensive treatment, particu-
larly in hypertensive patients.

• To look at the effect of dynamic resistance exercise on BP, Cornelissen et al. [63] 
pooled data from 30 dynamic resistance trials:

• The majority (90%) of studies used weight or resistance training machines to 
train the muscles of upper and/or lower body with only two reporting the use of 
dynabands.

• Study duration varied from 6 to 52 weeks (median 16).
• Training frequency was three sessions per week, with a range from two to three 

sessions weekly.
• Average training intensity was between 30% and 100% of one repetition maxi-

mum (median 76).
• Overall, resistance-training programs targeted the whole body with on average 

eight exercises/session.
• The training programmes resulted in a significant reduction of [−2.8  mmHg 

(−4.3 to −1.3)]/[−2.7 mmHg (−3.8 to −1.7)].
• It is noteworthy that aerobic power increased by 11% (+2.6 to +18.6) confirming 

the dynamic aspect of this mode of training.
• More recently, MacDonald et al. [64] showed that dynamic resistance training 

elicited BP reductions that were comparable to those previously reported with 
aerobic training, advising as such the potential of dynamic resistance training as 
a stand-alone antihypertensive therapy.
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The above findings confirmed earlier controlled trials [86, 87] directly compar-
ing the effectiveness of aerobic exercise training versus dynamic resistance training 
showing BP reductions of similar magnitude.

• In line with aerobic endurance training, the greatest BP reductions occur among 
samples with higher resting BP (i.e., −6/−5  mmHg for hypertension, and 
0/−1 mmHg for normal BP (p = 0.01)).

• Likewise, a single dynamic resistance training session at 40–80% of one RM resulted 
in similar post exercise hypotension [88] with the reduction in office BP being more 
pronounced in hypertensive patients and when using larger muscle groups.

Nonetheless, dynamic resistance training studies in hypertensive patients remain 
scant and data on the effectiveness on ambulatory BP are lacking. Therefore, more 
RCT are needed to more definitively determine whether dynamic resistance training 
can act as an equal alternative to aerobic endurance training in the hypertensive patients.

36.6.3  Isometric Resistance Training and Blood Pressure

In 2013, the American Heart Association reported that there was emerging evidence 
supporting the use of isometric resistance training (IRT) for blood pressure manage-
ment (Class IIB, Level of Evidence C) [89]. Isometric training involving exercises 
with the arm or leg, in which a muscle develops tension with no visible joint move-
ment, has been increasingly studied the last decade after small proof of concept 
studies demonstrating large reductions in office BP in normotensive and medicated 
hypertensive participants. These trials encouraged interest as IRT can be performed 
easily at any place and any time and requires a smaller investment of time from 
participants (approximately 12–40 min per week).

• The overall benefit of IRT has been confirmed in a recent meta-analysis pooling 
data of 16 IRT trials [65]. Compared with control groups, IRT groups showed 
statistically significant positive effects on systolic (−5.23 mmHg) and diastolic 
BP (−1.64 mmHg) after 3–12 weeks of isometric handgrip (n = 9) or leg exercise 
(n = 7) at an average intensity of 5–35% of one repetition maximum for 3–5 
times/week.

• Notably, the magnitude of the observed changes in BP was lower than those 
found in the earliest meta-analysis [61], but in line with more recent meta- 
analysis [66, 90].

• Further, although the reductions in diastolic BP are no longer clinically relevant, 
the positive effect of IRT on systolic BP are comparable with changes observed 
from the aerobic training and dynamic resistance training.

• Further, whereas Inder et al. [66] found unilateral isometric resistance exercise to 
be superior to bilateral exercise in reducing systolic BP and longer programs 
inducing higher reductions, this could no longer be confirmed by López- 
Valenciano [65].
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Of note, the number of studies performed in female and patients with hyperten-
sion is extremely small, making it difficult to quantify any sex-related and clinical 
status related differences regarding the anti-hypertensive effect of IRT and to gener-
alize the results to the overall population. As such, clearly, further research is war-
ranted to explore the promising merits of low intensity isometric training as a viable 
BP lowering therapy.

36.6.4  Other Modes of Exercise Training and Blood Pressure

Whereas aerobic training supplemented with dynamic (isometric) resistance train-
ing are the prevailing recommendations for hypertensive individuals, there is a 
growing interest in alternative modes of exercise therapy that can be of added value 
to an antihypertensive lifestyle in those that lack interest, motivation or the ability 
to what is called more traditional forms of exercise training. Especially in Asia, 
Yoga, Tai Chi, Baduanjin and other qigong therapies are favoured by middle aged 
and eldery hypertensive patients. These alternative modes of exercise are also 
increasingly being practiced in Western Societies.

• Tai chi is a mind-body exercise origination in China. It incorporates slow dance- 
like movements and integrates musculoskeletal, breathing and meditation train-
ing [69]. A total of five trials have examined the antihypertensive effect of Tai 
Chi/Qigong on BP documenting significant and clinically relevant benefits of Tai 
Chi over no intervention with mean group BP changes of −15.5/−10.6 mmHg.

• Deriving from ancient Indian philosophy, yoga is a complementary medicine of 
physical activity and lifestyle modification. This exercise modality is based on iso-
metric, stretching and breathing exercise, deep relaxation techniques and medita-
tion, all of which can be beneficial to hypertensive patients. A systematic review by 
Cramer [69] pooling data from seven randomized controlled trials concluded that 
there is emerging but low-quality evidence that yoga, especially yoga breathing, 
can be a useful adjunct intervention in the management of hypertension. Systolic 
and diastolic BP were reduced by an average of −9.6/−7.2 mmHg. Effects were 
larger when only hypertensive patients were included, and yoga breathing exer-
cises were more effective than those that included physical postures [70].

• Further, the antihypertensive effect of Baduanjin, a famous ancient Chinese 
mind-body exercise characterized by simple, slow relaxing movements, has been 
recently summarized by Xiong et  al. [68]. When used alone, 3–12 months of 
Baduanjin demonstrated a clinically meaningful improvement on BP 
(−13/−6.1 mmHg) compared to a no intervention group.

• The results of four trials investigating the potency of dance therapy to lower BP 
in hypertensive patients have been summarized by Conceiçao et al. [71]. Dance 
therapy was defined as twice weekly Ola Hou for 60 minutes (n = 1), 45 min of 
dance aerobics thrice weekly (n = 2) or 50 min of dance movement therapy two 
times per week for 4  weeks (n  =  1). After a median intervention duration of 
12 weeks (range 4–12 weeks) the BP of dancers was −12/−3.4 mmHg lower 
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compared to control subjects. The small number of trials, the lack of a clear 
description of the FITT characteristics and the high heterogeneity warrant fur-
ther research.

• Finally, also swimming and aquatic exercises have grown in popularity in the 
last decade, especially among elderly and women. Pooled net changes [67] of 
aerobic endurance training (n  =  7 trials) in water showed significant greater 
reductions in systolic BP (−8.9 mmHg) and diastolic BP (−3.4 mmHg) com-
pared to previous meta-analyses involving mainly land-based exercise [61]. This 
is in contrast with direct comparative trials by Colado et al. [91] and Arca et al. 
[92] who reported that BP decreased to the same extent after aquatic and land-
based exercise. Of note, swimming training alone (n = 3 trials) did not lower BP 
[67]. Clearly, further research is needed to elucidate whether aquatic endurance 
exercise would be more beneficial as antihypertensive exercise therapy com-
pared to land-based exercise, and why it is different from swimming therapy.

36.7  Effect of Regular Exercise Training on Cardiac Structure 
in Hypertension

Left ventricular hypertrophy (LVH) has been shown to be an important predictor of 
cardiovascular events in hypertension, independent of BP level [93]. Physical train-
ing in normotensive individuals promotes an increase in LV mass. Thus, in hyper-
tensive individuals, regular physical activity could facilitate the development of 
LVH, offsetting the beneficial effects on BP. However, a number of studies have 
shown a reduction of LV mass in hypertensive patients after a period of aerobic 
training [94–96].

• Baglivo et al. observed a decrease of LV mass in a small group of middle-aged 
hypertensive subjects after 16 months of endurance exercise training [94].

• This finding was confirmed by Kokkinos et al. in a group of African-American 
men with severe hypertension performing a shorter period of training (16 weeks 
of aerobic exercise) [95].

• Other authors observed a reduction in both LV mass and wall thickness in patients 
with mild hypertension [96].

The above findings were confirmed by long-lasting observational studies [97, 98].

• In a cohort of young-to-middle-age subjects, the physically active subjects were 
less likely to develop LVH than their sedentary counterparts during a median 
follow-up of 8.3 years with an adjusted OR of 0.24 (CI, 0.07–0.85) [97]. In par-
ticular, no athlete involved in competitions developed LVH during the 8 years of 
observation.

• Similar results were obtained in older hypertensive patients with LVH from the 
LIFE study [98]. Compared to sedentary individuals, physically active subjects 
had lower LV mass index and thinner ventricular septum and left posterior wall.
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• At variance with the above data, negative results were reported by Hinderliter 
et al. in overweight individuals with mildly elevated BP after regular endurance 
exercise [99] and by Reid et al. after 12 weeks of exercise, weight loss, or both 
in 23 obese individuals [100].

Thus, the majority of the published studies have shown a paradoxical effect of 
exercise on the left ventricle in hypertensive subjects with favourable changes in LV 
structure and mass.

Several mechanisms may account for the beneficial effects of physical activity 
on the heart. Reduction in BP, TPR, large artery stiffness, blood volume and CO are 
known to occur after a program of physical activity [60]. Also, improvement of 
several humoral factors such as enhanced endothelial vasodilator function, suppres-
sion of the activity of the renin-angiotensin-aldosterone system, reduction of insulin 
resistance and reduction in sympathetic nervous system activity may be implicated 
in determining the cardiac effects of exercise [60]. Physical activity in hypertension 
would induce a direct stimulus to LVH but would also determine an activation of 
those mechanisms which may attenuate the LV growth. One main mechanism seems 
to be the reduction of the sympathetic tone that causes beneficial effects on heart 
rate, BP and other components of the metabolic syndrome [101, 102]. In addition, a 
reduction of BP reactivity to stressors has been described in physically active indi-
viduals [103, 104]. A study of untreated hypertensive patients demonstrated that 
even a short period of moderate intensity aerobic exercise training significantly 
reduced muscle sympathetic discharge in subjects with increased central sympa-
thetic activation [105].

36.8  Eligibility for Competitive Athletics

The above findings underscore the beneficial effects of physical activity for the 
prevention and treatment of hypertension. However, it is also known that sports 
activities are a potential source of significant health hazards. High heart rate and 
elevated BP during exercise produce a noticeable increase in myocardial oxygen 
consumption, which may enhance the risk of coronary events which are more 
common in patients with hypertension [106]. Another potential risk to the hyper-
tensive subject may come from the high BP levels that are reached during heavy 
resistance physical activities [27, 106]. A sudden increase in BP during exercise 
may trigger coronary plaque rupture or cerebral events [107, 108]. Thus, exercise 
prescription and eligibility to competitive athletics should be based on careful 
clinical assessment of all cardiovascular risk factors and target organ involve-
ment in order to establish the global level of cardiovascular risk (see Chap. 13) 
[108]. An update of previous European recommendations representing the con-
sensus of an international panel of experts appointed by the European Association 
of Preventive Cardiology, an association of the European Society of Cardiology, 
has been recently released [109]. The aim of the panel was to formulate recom-
mendations which represent the best possible balance between risks and benefits 
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inherent with competitive sports participation and to provide a practical docu-
ment for advising competitive sports activity in people with hypertension.

• According to the panel, caution should be used in subjects with stage 2 to stage 
3 hypertension (BP ≥ 160/100 mmHg) for whom temporary activity restriction 
should be applied until normal BP is achieved with pharmacological treatment.

• Every hypertensive athlete should be thoroughly investigated to exclude target 
organ damage and coronary artery disease. To this end, the same examination 
procedure should be applied as in the general population.

• In addition, echocardiography and exercise stress testing (including ECG and BP 
monitoring) should be performed in all subjects to rule out LV hypertrophy, car-
diomyopathies, cardiac ischemia, or valvular disease.

The management of subjects exhibiting isolated high BP response to exercise is 
still under scrutiny because of lack of data about the prognostic significance of this 
clinical feature [110]. In the absence of prognostic data, these subjects should 
receive periodical accurate follow-ups, with special attention to CV risk factors, but 
should not be restricted from competitive sports. Ambulatory BP monitoring is a 
useful tool for the assessment of the hypertensive athlete. In case of elevated in- 
office BP level, this technique is recommended, particularly when “white-coat” 
hypertension is suspected or if a hypertensive response during exercise testing is 
present.

Recommendations for participation in competitive sports in athletes with hyper-
tension are based on risk stratification and should be given when the clinical condi-
tion is stable with the understanding that general recommendations for the 
management of hypertension are observed. It is opinion of the expert panel that 
there is no contraindication for competitive sport participation in athletes if no asso-
ciated clinical conditions or target organ damage is present and their BP and other 
cardiovascular risk factors are well controlled with non-pharmacological measures 
and/or pharmacological treatment [109]. Also, in patients with high-risk in whom 
control of BP has been achieved, participation in all competitive sports is possible 
with the exception of power-oriented sports. If BP values are not well controlled by 
treatment, temporary restriction from competitive sport is recommended. 
Ambulatory BP monitoring should be performed to verify the actual BP control 
with treatment.

36.9  Safety Precautions During Exercise Therapy in Patients 
with Arterial Hypertension

Safety measures when prescribing exercise have been recently outlined in the 
Exercise Prescription in Patients with Different Combinations of Cardiovascular 
Disease Risk Factors—EXPERT tool [111]. Exercise prescription recommenda-
tions for people with hypertension broadly follow guidelines that are known to pro-
mote and maintain health in the general adult population [112].
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• Only high risk individuals with hypertension (i.e., symptomatic or with known 
disease) planning to engage in moderate or vigorous intensity exercise are rec-
ommended to have a medically supervised exercise stress test prior to beginning 
an exercise program [112].

• Further, as patients with hypertension have an increased risk for ischemic heart 
disease, they should be informed about the nature of cardiac prodromal symp-
toms and exercise-related warning symptoms including chest pain or discomfort, 
abnormal dyspnea, dizziness or malaise and should seek prompt medical care if 
such symptoms develop.

• Moreover, the initial total risk evaluation performed after diagnosis should be 
regularly updated.

• During execution of exercises, it is very important to avoid sudden increases in 
BP. Therefore, avoiding elevated workloads or excessive short intervals that cre-
ates elevated fatigue is strongly recommended.

One of the most common errors in the exercise executions is the Valsalva 
manoeuvre. Avoidance of the Valsalva manoeuvre, which consists in the abrupt 
inspiration and its interruption causing significant rises in the thoracic pressure, is 
particularly warranted.

With regard to medication, diuretics are common secondary treatment for hyper-
tension and may lead to dehydration in exercising individuals, especially in warm 
temperatures and may lead to hypokalaemia [113]. There is also a greater likelihood 
for sudden excessive hypotension in the immediate post exercise period among 
patients taking alpha blockers, calcium channel blockers or vasodilatory drugs. The 
implementation of an extended cool down period of light activity and avoidance of 
suddenly stopping exercise might decrease the potential for hypotensive-related 
adverse events [113].

36.10  Summary of Exercise Recommendations

Overall, these findings suggest a clear role for exercise in the prevention and daily 
management of high BP. The magnitude of the BP reductions observed across the 
different exercise modalities are comparable to the changes obtained with first-line 
antihypertensive medication [114]. In addition, these BP reductions have been asso-
ciated with an improvement of cardiovascular risk.

• It has been estimated that a 2 mmHg-reduction of systolic BP results in a 6% 
reduction in stroke mortality and a 4% reduction in mortality attributable to coro-
nary heart disease.

• The percentage reductions amount to 14% and 9%, respectively, for a 5 mmHg- 
decrease of BP [74].

• Furthermore a recent network meta-analysis of major exercise and drug trials 
showed not statistically detectable difference between exercise and drug inter-
vention in mortality outcomes for coronary heart disease [115].
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As the majority of well-conducted and conclusive evidence is derived from aero-
bic endurance training studies, endurance training at low to moderate intensity on 
most days of the week remains the first choice of exercise therapy. Despite the 
growing number of studies with dynamic and isometric resistance training, there 
remains a lack of data in hypertensive patients and therefore both types of resistance 
training should only be recommended as an adjunct therapy to aerobic endurance 
training. Finally, other modalities of exercise are emerging and should be welcomed 
as new antihypertensive lifestyle interventions. However, further research remains 
needed to allow optimal and personalized exercise prescription.

Clinical Pearls
• Blood pressure response during exercise largely depends on modality and inten-

sity of exercise.
• Numerous epidemiological studies have observed inverse relationships between 

dose of physical activity and blood pressure.
• Randomized controlled trials evidence that regular exercise training decreases 

systolic and diastolic blood pressure in all populations.

 Review

 Questions

 1. A female patient aged 56 years presents at your consultation with an office blood 
pressure of 139/92 mmHg but otherwise healthy with no other co-morbidities or 
risk factors. Based on the current available evidence, what type, intensity and 
frequency of exercise would you preferentially prescribe for her?

 2. A 48-year-old competitive football player presents at your consultation for a 
preparticipation cardiovascular screening. His office BP is 148/90 mmHg and in 
line with a recent measurement by his GP. Otherwise he has a normal resting 
ECG, no family history of CV disease and no other risk factors. Can he 
compete?

 Answers

 1. This patient should be recommended to perform aerobic endurance exercise, at 
least 5 days per week at a moderate intensity for a total of 150 min per week. 
Dynamic resistance training at moderate intensity could be added as an adjunct, 
two times per week.

 2. According to current guidelines, this player cannot compete as he has a grade I 
hypertension. Therefore, lifestyle changes and/or medical therapy are advised. 
From the moment his BP is controlled (<1 40/85 mmHg) and in the absence of 
any target organ damage or associated clinical conditions, he can return to 
competition.
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37Impact of Exercise on Cardiovascular 
Risk Factors: Dyslipidemia

Axel Pressler and Mats Börjesson

Learning Objectives
 1. Be informed about adequate risk stratification in patients and athletes based on 

lipid levels.
 2. Get to know the effects of physical activity or exercise training on the different 

traditional lipid parameters such as HDL, LDL or triglycerides.
 3. Be informed about the most important studies having evaluated these effects on 

either an epidemiological or a randomized basis.
 4. Understand the nature of various interventions (exercise training alone or as part 

of dietary or multimodal lifestyle interventions) and their different impact on 
lipid profiles.

 5. Learn on the effects of statins in combination with athletic activity and rehabili-
tative exercise.

37.1  Physiological Background and Risk Stratification

37.1.1  Lipid Metabolism and Targets of Exercise

Atherosclerosis is a chronic, progressive disease, starting early in life, and is the 
most common etiology for cardiovascular disease (CVD). Starting with the diffu-
sion of LDL-cholesterol from the blood into the vessel wall, and its oxygenation and 
formation of an inflammatory process, atherosclerosis leads to the formation of 
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foam-cells from macrophages [1]. This in turn leads to the formation of plaques in 
the vessel wall, consisting of a core of lipids (mainly cholesterol) and a cap, which 
could rupture, leading to aggravated atherosclerosis or acute thrombus formation, 
resulting in acute events such as stroke, myocardial infarction or even sudden car-
diac death (SCD).

The main non-modifiable risk factors for atherosclerosis are age and gender, 
while the most important modifiable risk factor may be dyslipidemia [2]. 
Dyslipidemia refers to abnormal levels of various lipids and lipid fractions, usually 
defined as values above a certain normal level for each lipid, for instance high total 
cholesterol >5.2 mmol/L (200 mg/dl) or hypertriglyceridemia >1.7 mmol/l (150 mg/
dl) [3]. Dyslipidemia is usually subclinical and asymptomatic and is thus sometimes 
not detected before clinical manifestations of CVD are present.

On the contrary, fat is a necessary part of our diet, as it contains the fat-soluble 
vitamins A, D, E and K, and it is also an important substrate for energy 
production:

• Triglycerides (TG) consist of three fatty acids and one glycerol molecule and 
constitute the main energy stores of the body. TGs are also an integral part of the 
cell membrane.

• Cholesterol is produced in the liver or is absorbed from our food in the intestine. 
Cholesterol is part of the cell membrane and is also a precursor to sex hormones 
(testosterone and progesterone).

In order to be transported in the blood, fat molecules must bind to proteins and 
form water-soluble complexes, the so-called lipoproteins. These lipoproteins are 
defined according to size and density into different classes:

 (a) Chylomicrons
 (b) Very low-density lipoprotein (VLDL)
 (c) Low-density lipoprotein (LDL)
 (d) High density lipoprotein (HDL)

or even more divided into intermediate-density lipoprotein (IDL) and lipopro-
tein (a) (Lp(a)). The latter is a variant of LDL with the addition of a glycopro-
teins (ApoA1 or ApoB). The sum of LDL-, VLDL-, IDL- and HDL-cholesterol is 
what is measured as total cholesterol. LDL contains the absolute majority of the 
serum-cholesterol.

• Dyslipidemia may be the result of genetic susceptibility and/or lifestyle related 
risk factors, such as physical inactivity, smoking, overweight/obesity and diabe-
tes mellitus.

• The most important dietary factor may be the intake of saturated fat, which 
mainly increases the LDL-cholesterol levels.
 – Healthy food, including fruit, vegetables, reduced saturated fat and moderate 

alcohol intake [4], is associated with better lipid levels.
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• Genetic factors do play a major role for some patients, such as familiar hyper-
cholesterolemia [5], which can be associated with extremely high LDL- 
cholesterol levels (>5 mmol/L).
 – Depending on the severity of dyslipidemia, these patients could have a very 

high risk of early manifestations of CVD, including stroke and myocardial 
infarction in young age.

• In turn, HDL-cholesterol is typically lower in patients with diabetes mellitus, in 
those with overweight/obesity, those being physically inactive and among smok-
ers [6], and is higher in women compared to men.

• The TG levels are usually the result of unfavorable lifestyle factors, with exces-
sive alcohol intake and physical inactivity being very important.
 – However, hypertriglyceridemia is also seen in diabetes mellitus type 2 and 

hypothyroidism.

In summary, physical activity has the potential to reverse dyslipidemia, with the 
most obvious targets being HDL-cholesterol (increase), ApoB/ApoA1 (lower ratio) 
[7] and TG (decrease) (Table 37.1).

37.1.2  Lipids and Cardiovascular Risk

Abnormal lipid levels (dyslipidemia) are highly associated with increased CVD- 
risk [8]:

 1. Most commonly, increased levels of these lipoprotein complexes are associated 
with CVD-risk: Total-cholesterol, LDL-cholesterol, VLDL-cholesterol, IDL- 
cholesterol and Lp(a).

 2. Conversely, increased levels of HDL-cholesterol are associated with lower CVD- 
risk, at least on an epidemiological basis [9]. For instance, HDL transports cho-
lesterol to the liver and decreases LDL-oxidation (protective effect).

 3. High levels of TG are not considered to be an independent risk factor for CVD, 
but it may be, if associated with low HDL-cholesterol and/or extremely high 
levels (>10 mmol/L), as part of a familiar hypertriglyceridemia.

 4. The levels of ApoA1 and ApoB approximately equal the levels of HDL- cholesterol 
and LDL-cholesterol, respectively. The ApoB/ApoA1 ratio is a stronger predictor 
than LDL/HDL [2]. In two patients with the same levels of LDL, the one with 
higher ApoB (as a measure of total atherogenic particles) has the higher risk.

Table 37.1 Brief overview 
of the effects of physical 
activity / exercise to be 
expected on different lipid 
parameters

Lipid parameter Effect of physical activity/exercise
Total-cholesterol 0/−
LDL 0/−
HDL +
TG −
ApoB/apoA1 −

0 no effect, + mild increase, − mild decrease
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37.1.3  Risk Stratification in Athletes with Dyslipidemia

As dyslipidemia is one of the most important risk factors for atherosclerosis in gen-
eral, this is also true for coronary artery disease (CAD). As discussed in more detail 
in Chap. 46, older and less fit individuals may take part in high-intensity endurance 
training and competition [10]. This means that athletes and patients wishing to take 
part in sports, especially at older age, will very likely have an underlying dyslipid-
emia or even (subclinical) CAD.

• Therefore, it is important to assess to total risk profile for underlying CAD, in 
each individual with dyslipidemia, e.g. using the established ESC SCORE mod-
els [3].

• In cases of individuals with increased overall risk, further evaluation should be 
applied (see Chap. 46), usually including a maximal exercise test.

• In cases with established CAD, it is important to achieve a comprehensive risk 
factor control, as well as regular follow-ups of the clinical picture and risk factor 
levels.

The prognosis of any individual with dyslipidemia will be dependent on the   
lipid levels, as discussed above. The first line of treatment includes smoking cessa-
tion and dietary advice, including “healthy food” (see above). In addition, physical 
activity may have multiple positive effects, potentially accentuated by healthy food/
diet. Frequently, also pharmaceutical treatment has to be applied, based on the total 
risk profile and thus the total risk for CVD-events, according to SCORE.

37.2  Scientific Evidence

37.2.1  Epidemiological Studies

When interpreting the evidence derived from epidemiological studies, it is impor-
tant to once again differ between physical activity (PA) and exercise training (ET). 
Although somewhat arbitrarily defined and often not clearly separated, these terms 
usually refer to different intensities of physical efforts:

• PA refers to light to moderate activities performed every day without aiming at 
specifically increasing cardiorespiratory fitness. This includes activities such as 
active commuting (e.g. by foot or bicycle), walking, household or garden activi-
ties or cycling to stores.

• ET usually refers to a goal-oriented physical training regimen with the clear aim 
to improve exercise capacity and physical performance in general or in specific 
types of sport, as such resulting in a more pronounced energy expenditure com-
pared with PA.
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Evidence for the associations of PA and increased fitness levels induced by ET 
with lipid profiles has been derived from epidemiological observations in large patient 
populations. Although this has expanded our knowledge, the limitations of this 
approach must be kept in mind, since PA habits or ET regimens are mostly measured 
only indirectly and inaccurately (usually by questionnaires). Results may thus statisti-
cally be confounded, questioning the casual relationships of the reported results.

With respect to increased PA, favorable effects have been reported on reduced 
mortality [11], presented in detail in Chap. 36 of this book. However, only few stud-
ies have focused on the independent effect of PA on lipid levels:

• Women’s Health Study: included 27,158 asymptomatic females (age 55 ± 7 years), 
PA was assessed by questionnaire, and activity categories were derived [12].
 – A significantly lower proportion of women classified as “active” had HDL 

values <50 mg/dl as compared to inactive women, independent of body mass 
index (BMI) category.

 – Normal-weight, active women were significantly less likely to show LDL lev-
els >130 mg compared to their sedentary counterparts; however, this was not 
confirmed in higher BMI categories (Fig. 37.1).
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Fig. 37.1 Adjusted odds ratios and their 95% confidence intervals of showing favorable lipid 
profiles according to the level of physical activity in the Women’s Health Study, with high physical 
activity being the reference. The risk of showing an elevated LDL-cholesterol level increased 
alongside decreasing physical activity levels, whereas the likelihood of showing a beneficial HDL-
level decreased in less active women (Created from data presented in [12])
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 – Beneficial lipid profiles contributed approximately 20% to the cardiovascular 
risk reduction associated with increased PA [13].

• CARDIA Study: included 12,364 middle-aged adults (45 years) 20 years after 
initial evaluation. Active commuting (walking or cycling to work; assessed by 
questionnaire) was linked to improved TG levels in men but had no effects on 
other lipids, and no effects in women [14].

• National runners’ and walkers’ health cohorts: compared 33,060 runners with 
15,945 walkers (51 ± 11 years). The amount of risk reduction for incident hyper-
cholesterolemia was similar among groups when similar energy expenditures 
had been achieved [15]. This indicates that frequent walking may equal the 
effects of at least short bouts of running.

• In 8800 Australian adults (53 ± 14 years), a television viewing time of <2 h/day 
was associated with more favorable lipid profiles compared to ≥2 h, although 
absolute differences were small [16].

Overall, findings from epidemiological studies on different patterns of PA are 
inconsistent with respect to single lipid parameters, but results suggest that at least 
‘something is better than nothing’.

Regarding effects of ET or cardiorespiratory fitness, the commonest approach 
has been to link the maximum workload attained during a single exercise test (usu-
ally termed “fitness”) to long-term mortality outcomes.

• In 6213 men (59 ± 11 years), a significantly reduced mortality risk was observed 
in the subgroup with the highest fitness as compared to the lowest fitness group, 
independent of a total cholesterol (TC) level > 220 mg [17].

• In 5721 women (52  ±  8 years), a higher fitness was associated with reduced 
mortality after adjustment for the Framingham Risk Score, which includes TC 
and HDL levels [18].

Findings from these two studies indicate that a high “fitness” as assessed by 
exercise testing appears to mitigate the unfavorable effects of elevated cholesterol 
levels in both middle-aged men and women.

• In 11,418 healthy males (44 ± 9 years), the impact of fitness on the age-related 
longitudinal changes of lipid levels over the life course was investigated [19]. A 
higher fitness level was associated with a delayed development of abnormal lipid 
profiles as compared to participants with low fitness.

• In 3148 men (42 ± 8 years) undergoing preventive examinations at two dif-
ferent time points, both a loss in fitness and a gain in fatness (BMI) were 
associated with the development of hypercholesterolemia [20]. In contrast, 
improving fitness was independently associated with a 30% lower risk for 
hypercholesterolemia.
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Further epidemiological studies conducted already during the 1990s provided 
evidence on the volume of endurance exercise required to improve lipid profiles:

• In 8283 male recreational runners (45  ±  10 years), weekly running distances 
(obtained by questionnaire) were linked to individual lipid profiles [21].
 – Runners with a weekly distance of >80 km showed significantly higher HDL 

and lower TG levels compared to those running <16 km.
 – Again, differences in LDL levels were less pronounced (Fig. 37.2).

• Similar findings were obtained, at least with respect to increases in HDL, in a 
cohort 1837 female runners [22].

These observations are of some interest, but few patients will be convinced of the 
benefits of running >80 km/week. In addition, recent data did not show additional 
mortality benefits with increasing running distances per week [23], indicating that 
epidemiological associations based on evaluations at single time points do not 
always transfer into improved clinical outcomes.

Less evidence is available on the associations of fitness levels with Lp(a) or 
familial hypercholesterolemia (FAH):

• Regarding Lp(a), in an observational study on diabetic men (55 ± 8 years), higher 
fitness as assessed by exercise testing was associated with significantly lower 
levels of Lp(a), but no clinical outcomes were reported [24].

• Regarding FAH, in an observational study on 639 affected-patients free of cardiovas-
cular disease at baseline, decreased exercise capacity assessed by exercise testing at 
baseline significantly predicted incident coronary events during follow- up [25].
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Fig. 37.2 Schematic depiction of data from the National Runners’ Health Study showing the 
course of lipid parameters according to different weekly running distances. Regarding HDL a 
significant increase and regarding triglyceride levels, a significant reduction was achieved with 
every 16 km incremental increase in running distance, whereas observed decreases in LDL levels 
did not reach statistical significance (Created from data presented in [21])
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Summary of findings from epidemiological studies:
Studies indicate beneficial effects of high physical activity or fitness levels on 

lipid profiles, mostly pertaining to mildly improved HDL and TG levels; less effects 
are observed on LDL levels. However, although mortality risk is reduced in subjects 
with higher baseline fitness, it cannot definitely be derived from this data whether 
these effects are at least partly mediated by exercise-induced lipid profile 
improvements.

37.2.2  Randomized or Observational Trials

Few randomized controlled trials (RCT) of sufficient quality have focused on lipid 
levels as primary outcome of PA or ET interventions; they are by far more often 
assessed as secondary variables, lacking adequate statistical power. Other studies 
have focused on the effect of specific types of exercise on lipid levels, presented 
further below. Three relevant RCT applying ET or PA interventions are listed here:

• Eighty-one men (30–55 years) were randomized 1:1 to a regular moderate run-
ning program (70–85% peak oxygen uptake (VO2peak)) over 1 year or to a non- 
exercising control group [26].
 – Lipid profiles in runners improved in absolute terms, but group differences 

were not significant.
 – Only runners with weekly distances >13 km showed significant increases in 

HDL.
 – However, running longer distances per week was significantly associated with 

further improvements in HDL and LDL levels.
• HERITAGE family study: In this non-controlled observational study, 675 

participants from black and white families (17–65 years) underwent 
20 weeks of moderate aerobic exercise training on cycle ergometers at 75% 
VO2peak [27].
 – A modest, but significant increase in HDL in males and females and a signifi-

cant reduction of TG in males was observed; other lipid levels remained 
unchanged.

 – Interestingly, the lipid response to exercise correlated significantly within 
family members [28], indicating a contribution of genetic factors to the extent 
of exercise-induced effects.

• Following a PA counseling intervention in 179 type 2 diabetic subjects (62 ± 1 
years), lipid profiles improved alongside weekly increases in energy expendi-
ture; statistical significance was reached when values corresponding to 2.5 h of 
walking were exceeded [29].

Thus, PA or ET interventions may result in improved lipid levels, with mild 
increases in HDL and reductions of TG levels as the leading effect. However, long 
bouts of moderate aerobic exercise are required to induce these changes, and LDL 
levels remain largely unaffected.
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37.2.3  Different Types of Exercise

With respect to different types of exercise, resistance training (RT) or high-intensity 
interval training (HIIT) may represent alternative approaches beyond moderate aer-
obic exercise in selected patients (Chap. 44). Studies were mostly small in size, thus 
particularly effects of RT can better be derived from meta-analyses (see below). 
Regarding exercise at higher intensities or a classic HIIT protocol, the following 
two studies have evaluated its particular effect on lipid levels:

• In a landmark study evaluating the effect of amount vs. intensity of exercise on a 
variety of lipid parameters [30], a total of 84 sedentary, overweight-to-obese, 
dyslipidemic men and women (51  ±  8 years) were randomized to three sub-
groups differing by pre-defined amounts and intensities of exercise, or to a non- 
exercising control group.
 – After 8 months of training, a significant increase in HDL was observed only 

in the group performing high amount and high intensity exercise.
 – No effects on TC and LDL were observed.
 – Summarizing the absolute group-effects on all investigated lipoprotein param-

eters, there was a clear association with the amount, but not with the intensity 
of exercise.

• In 32 patients with the Metabolic Syndrome (52 ± 4 years), moderate exercise was 
compared with a 4 × 4 min HIIT protocol. Improvements were only observed for 
HDL levels, and interestingly this was restricted to the moderate exercise group [31].

Results from these trials are inconsistent, but both interventions indicate that 
moderate aerobic exercise appears to play a more pivotal role in improving lipid 
levels than increased intensities.

37.2.4  Effects of Exercise on Particle Size and Structure

Due to the classic epidemiological association of high HDL and low LDL levels 
with reduced mortality, exercise intervention studies have traditionally focused on 
improving the absolute quantity of these parameters. However, changes in their 
“quality”, namely particle size and structure, have also been linked to an increased 
risk for developing atherosclerotic disease. Regarding LDL subfractions, this par-
ticularly pertains to the proportion of particles of small density, whereas risk appears 
reduced with increasing LDL particle size (Fig. 37.3). Regarding HDL, research has 
in the meantime also focused on functional components rather than simply measur-
ing absolute levels:

• In the randomized controlled study on amount and intensity of exercise pre-
sented above [30], no changes in total LDL levels, but significant reductions of 
small dense particles and increases in particle size were observed, indicating 
beneficial exercise effects on a molecular level.
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• In another observational study, a significantly lower proportion of LDL small 
dense subfractions were observed in fit vs. in unfit hypercholesterolemic men (as 
assessed by exercise testing) [32].

• In the population-based Dallas Heart Study, HDL efflux capacity (defined as the 
ability of HDL to accept cholesterol from macrophages), but not baseline HDL 
level was inversely associated with incident cardiovascular events after adjust-
ment for baseline risk factors [33].

• In heart failure patients, the ability of HDL to promote endothelial function by 
stimulating the production of nitric oxide in vascular endothelial cells [34] was 
shown to be impaired compared with healthy controls.
 – However, after 12 weeks of aerobic exercise training, this functional property 

of HDL was restored, which was, in turn, clinically linked to improved flow- 
mediated dilatation.

Apart from these observations, a key clinical problem remains unresolved: 
drug- induced massive HDL increases have not consistently resulted in a reduc-
tion of cardiovascular events as compared to placebo. Thus, at this point of time, 
it is equivocal whether the comparably small increases in HDL levels induced by 
exercise will transfer into any clinical significance at all. On the other hand, it 
can also not be excluded that exercise may confer a more beneficial effect on 
HDL structure than drugs do. More research will be required to elucidate the role 
of lipid subfractions or functional properties within cardiovascular risk 
reduction.

Summary of findings from randomized and observational studies:
Moderate aerobic exercise appears superior to high-intensity interval or resis-

tance training regimens with respect to improvements of HDL and TC levels. When 
selectively intending to improve lipid levels, performing long bouts of moderate, 
dynamic exercise should be preferred over short, intensive bouts, including resis-
tance training. No consistent effect is reported on LDL levels.
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Fig. 37.3 Size and density of LDL subfractions. With decreasing particle size and increasing 
density the atherogenic potential increases, with the smallest particles showing the highest risk. 
Studies have shown a shift towards larger (and thus more beneficial) particles induced by a higher 
fitness level or an active exercise training intervention (see text for more details)
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37.2.5  Systematic Reviews and Meta-Analyses

Several systematic reviews and meta-analyses have summarized the specific effects 
of PA or ET interventions on lipid levels, either assessed as primary or as secondary 
outcomes in the studies included. The results are presented in Table 37.2.

Summary of findings from systematic reviews and meta-analyses:

Table 37.2 Summary of findings from systematic reviews and meta-analyses evaluating the 
effect of physical activity and exercise training interventions on lipid levels

No. of 
studies 
included

No. of 
patients 
included

Age 
(years)

Type of 
intervention

Duration of 
intervention 
(weeks) Main results References

25 1176 49 ± 14 Walking >8 Significant 
reduction of LDL 
(−5.5 ± 2.2 mg/dl); 
no effect on other 
lipids

[46]

25 1404 23–75 Moderate 
aerobic 
exercise

>8 Significant 
HDL-increase 
(+2.53 mg/dl) only 
when exceeding 
>120 min exercise 
per week; other 
lipids not tested

[47]

13 613 
(overweight 
and obese)

31–63 Moderate 
aerobic 
exercise

≥8 Significant 16% 
reduction of TG; no 
effect on other 
lipids

[48]

10 1260 
(coronary 
artery 
disease)

50–67 Moderate 
aerobic 
exercise

≥4 Modest but 
significant HDL 
increase 
(+3.7 ± 1.3 mg/dl) 
and TG reduction 
(−19.3 ± 5.4 mg/
dl); no changes in 
TC and LDL

[49]

29 1329 20–75 Resistance 
training

≥4 Modest but 
significant 
improvements in 
TC (−2.7%), LDL 
(−4.6%) and TG 
(−6.4%); no effect 
on HDL

[50]

34 N/A N/A Moderate 
aerobic 
exercise, 
resistance 
training or 
both

>8 No effect of 
resistance training 
alone; together with 
aerobic exercise 
significant TG 
reduction 
(−26.5 mg/dl); no 
effect on other lipids

[51]

(continued)
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Similar to results from single studies, HDL and TG levels have been identi-
fied as primary targets of physical activity or exercise training interventions in 
both primary and secondary prevention settings. Likewise, moderate aerobic 
exercise has been shown to be superior to high-intensity interval or resistance 
training.

37.2.6  Exercise Alone vs. Exercise and Diet

Several studies have compared the effects of PA or ET alone with either diet alone 
or with a combined diet and ET intervention:

• In the epidemiologic WHITEHALL-II-study, the independent effects of either 
lipid-lowering medication, diet or PA on LDL levels were investigated in 4469 
patients (39–62 years) over a follow-up period of 11.3 years [35].
 – As expected, the greatest LDL reduction was induced by initiating medical 

treatment.
 – Both improving diet (e.g. increased intake of unsaturated fatty acids) and 

increasing PA induced a less pronounced (vs. medication), but similar amount 
of reduction.

• In an RCT, 264 overweight subjects (25–49 years) were randomized to either 
hypocaloric diet or hypocaloric diet and ET groups or to a control group over a 
period of 12 months [36].
 – Participants in both intervention groups successfully reached dietary goals, 

but significant improvements in HDL and TG (in women also LDL) levels 
compared to controls were only observed in the diet and ET group.

• Similar observations were obtained in a subsequent RCT by the same group, 
randomizing 377 participants (30–64 years) to either diet or ET alone, diet and 
ET combined or to a control group (difference to the former study was an ET 
alone group) [37].

Table 37.2 (continued)

No. of 
studies 
included

No. of 
patients 
included

Age 
(years)

Type of 
intervention

Duration of 
intervention 
(weeks) Main results References

14 661 N/A High- 
intensity 
interval 
training

≥2 Significant HDL 
increase in only 
three of 14 studies; 
no effect on other 
lipids

[52]

6 445 51–69 
(mean 
ages)

Tai chi >12 Significant TG 
reduction 
(−16.8 mg/dl); no 
effect on other 
lipids

[53]

TC total cholesterol, HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cho-
lesterol, TG triglycerides, N/A no information on this variable provided
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 – After 12 months, a significant reduction of LDL levels was only observed in 
the combined group, whereas an observed increase of HDL after ET alone did 
not reach statistical significance.

Findings from these studies at least partly confirm the potential of ET alone to 
primarily induce an increase in HDL levels. Regarding LDL, significant reductions 
may be induced by both diet and ET alone, but they only reach statistical signifi-
cance when both modalities are combined.

37.2.7  Multimodal Lifestyle Interventions

Apart from the aforementioned studies comparing ET with dietary interventions, 
other approaches offer multimodal lifestyle interventions and evaluate their effect 
against standard medical care. These programs consist of structured, supervised 
interventions of different frequencies, intensities and duration, usually including PA, 
dietary and psychological advice. Typically, these interventions have been applied to 
(pre-)diabetic patients, aiming at delaying either the incidence or the clinical prog-
ress of type 2 diabetes. Since these programs are referred to in more detail in Chap. 
39, only one example focusing on changes in lipid profiles is presented here:

• In the multicenter RCT Look AHEAD, 5145 overweight or obese patients with 
type 2 diabetes were assigned to either participate in an intensive lifestyle interven-
tion that promoted weight loss through decreased caloric intake and increased PA 
(intervention group) or to receive diabetes support and education (control group).
 – The primary endpoint, a reduction of cardiovascular mortality, was missed 

and the study was terminated early after 9.6 years follow-up [38].
 – However, in the first years of the study significant improvements in HDL and 

TG levels were observed but diminished over time alongside a decrease in the 
number of supervised educational sessions [39].

 – In contrast, LDL cholesterol was not different between groups.

Importantly, the mean level of fitness measured in the Look AHEAD participants 
was increased in the first year, but went back to baseline after that, strongly indicat-
ing that participants decreased being active [39]. This once again underlines the 
difficulty of a long-term adherence to a lifestyle-related behavior change, which 
would otherwise perhaps have resulted in maintained improvements in lipid levels 
and perhaps even in a reduction in mortality.

37.3  Statin Treatment and Exercise

Depending on the risk profiles, many patients will be candidates for both ET inter-
ventions and statin treatment. Statins and PA or ET may be a particularly good 
combination as their main effects on lipid levels complement each other, with 
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exercise having a more pronounced effect on those fractions (TG, HDL) that statins 
show lower effects on, and vice versa (LDL). Since statins may induce negative 
effects on muscle integrity, several studies have evaluated combined effects of med-
ical treatment and ET:

• In 10,043 men (59 ± 11 years) with and without cardiovascular disease [40], the 
combined effect of fitness (assessed by exercise test) and statin therapy were 
evaluated.
 – A total of 2318 deaths were noted during a follow-up of 10 years, and both 

high fitness and statin therapy were independently associated with reduced 
mortality.

 – If both modalities were present, risk reduction was more than doubled, indi-
cating an exponential beneficial effect of combining exercise and statins at 
least from an epidemiological perspective (Fig. 37.4).

• In a cardiac rehabilitation setting, no differences in changes in VO2peak after 
3  months of ET were observed between patients with (n  =  968) or without 
(n = 233) statin treatment [41].

• In contrast, in patients with the Metabolic Syndrome, 37 participants (43 ± 11 
years) were randomized to 12 weeks of aerobic ET alone or to ET and simvas-
tatin 40 mg [42]. VO2peak increased significantly in the exercise-only group, but 
was blunted in the combined group, indicating an unfavorable interaction 
between statins and exercise in this small population.

Thus, statin therapy may attenuate the effects induced by regular exercise in 
single cases, but the overall evidence suggests neutral or even beneficial effects of 
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combining both treatments. It is therefore not justified to withhold statin treatment 
(if indicated according to current guidelines) in patients exercising regularly, or vice 
versa.

Statins are usually the first-line treatment in all types of dyslipidemia, having their 
strongest effect in reducing LDL-cholesterol levels. As the effects of statins on HDL-
improvement and TG-reduction is much weaker, the combination of PA or ET and 
statins may be extremely useful in patients with dyslipidemia. In modern society, a 
lipid profile with low HDL and hypertriglyceridemia is more common than extremely 
high LDL-levels, making the combination of PA and statins particularly useful. In 
patients with extremely elevated levels of LDL, i.e. familiar hypercholesterolemia, 
statins may have to be combined with other (modern) lipid lowering drugs.

In athletes being treated with statins, it is important to acknowledge the associa-
tion of statins and muscular side-effects:

• Muscle pain (benign) is overall not uncommon
• Myopathy, pain, weakness and major increments in muscle creatinkinase (CK) 

as a marker of severe muscle damage [43]

If any muscle symptoms are experienced during statin treatment in an exercising 
individual, the physical activity should be stopped and a clinical control, including 
CK, should be initiated. In case of benign muscle symptoms, an alternative statin or 
an alternative lipid-lowering drug can be tried. Training may be resumed when the 
patient is symptom-free and CK has returned to baseline (www.fyss.se).

37.4  Practical Recommendations

37.4.1  What Do Current Guidelines Advice?

According to the significance of appropriate lipid management, guidelines are 
updated in close intervals, with the latest recommendations of the European Society 
of Cardiology in association with either the European Atherosclerosis Society [8] 
(EAS; focusing on dyslipidemia) and the European Association of Cardiovascular 
Prevention and Rehabilitation [3] (focusing on prevention) having been published 
in 2019 and in 2016. Both guidelines almost exclusively focus on LDL as the pri-
mary treatment target, in line with the latest guidelines from the American Heart 
Association [44]. Although the favorable epidemiological effect of elevated HDL 
levels on mortality is still acknowledged, recent efforts to reduce mortality risk by 
actively elevating HDL levels using various agents have mostly failed, despite sub-
stantial increases induced by these drugs [45].

In these guidelines, ET is mentioned within the sections on non-pharmacological 
treatment options but is largely embedded into the evidence for combined effects of 
multi-modal lifestyle interventions. Nonetheless, single evidence grades for exer-
cise are provided in the EAS guidelines, with the highest evidence for increasing 
HDL (+++A), followed by reducing triglycerides (TG; ++A); instead, lowering 
LDL by exercise is less well established (LDL; +B) [8].
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It is generally recommended that individuals with dyslipidemia engage in a mini-
mum of 150 min per week of moderate PA, or at least 75 min of vigorous activities, 
the latter being comparable to active ET. It is, however, emphasized that, in order to 
achieve greater benefits, a gradual increase up to 300 min per week of moderate and 
150 min per week of vigorous PA should be targeted. Combinations of moderate and 
vigorous activities are of course possible, with a minimum duration of exercise of 
10 min (shorter sessions may be preferred in deconditioned individuals). Importantly, 
a regular assessment of individual fitness is highly recommended. With special regards 
to patients with dyslipidemia, again longer bouts of exercise of up to 60–90 min per 
day are recommended, according to the evidence presented in this chapter. Independent 
of lipid levels, resistance training is recommended in moderate intensities at least on 
2 days per week (see Chaps. 44 and 45 for more details on calculating suitable intensi-
ties from measured parameters and on the modalities of prescription).

37.5  Conclusion

Summarizing the current evidence, effects of regular exercise on lipid levels are at 
best modest, and many studies have yielded rather disappointing results. Long bouts 
of moderate aerobic exercise are preferred over resistance or high-intensity interval 
exercise. Small improvements in HDL and TG are most frequently observed, the 
clinical significance of which remains to be established. LDL is rarely affected in 
absolute terms, but exercise-induced reductions of atherogenic small dense subfrac-
tions indicate that future research should additionally focus on changes in lipid 
quality rather than quantity. Elevated LDL levels should be treated according to 
current guidelines, which in many cases will include early-onset statin therapy. 
Apart from individual side effects pertaining to symptoms of myalgia, the overall 
evidence supports a favorable effect of combining exercise and statin therapy. 
Finally, as stated in the introduction, the present article focuses on the effects of 
exercise on lipid levels as a single intervention. Since in many patients abnormal 
lipid profiles are part of a combination of various risk factors, exercise training as a 
key component of multi-modal lifestyle interventions remains a cornerstone of non- 
pharmacological therapies and should be implemented into treatment strategies 
wherever possible.

Clinical Pearls
• Patients with dyslipidemia should be motivated to increase their physical activity 

habits but should be informed that effects will be more pronounced with more 
vigorous activities.

• High fitness levels are associated with improved lipid profiles or mitigate unfa-
vorable effects of increased lipids, independent of changes in body weight.

• Studies and meta-analyses mostly indicate beneficial effects of increased physi-
cal activity habits, exercise training or high fitness levels on lipid profiles, usu-
ally pertaining to mildly improved HDL and TG levels; less effects are observed 
on LDL levels.
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• Long bouts of moderate continuous exercise are preferred over high-intensity 
interval or resistance training interventions.

• Multimodal lifestyle interventions improve lipid profiles, but long-term adher-
ence is required to maintain these effects.

• Statin therapy may attenuate the effects induced by regular exercise in single 
cases, but the overall evidence suggests neutral or even beneficial effects of com-
bining both treatments

 Review

 Questions

 1. A 49-year-old female overweight patient presents in your outpatient clinic, wish-
ing to begin a regular exercise program in order to decrease her lipid levels and 
reduce weight. Her LDL is 197  mg/dl (5.12  mmol/l), her HDL 67  mg/dl 
(1.74  mmol/l) and her triglycerides are 234  mg/dl (2.67  mmol/l). She would 
prefer shorter bouts of high intensity exercise or resistance training in a gym due 
to a lack of time. Her father suffered from coronary artery disease diagnosed at 
the age of 55 years; blood pressure and glucose level are normal, and she has 
never smoked. What would be your first step? What do you tell her about the 
expected effect of her preferred type of exercise? Would you prescribe a statin in 
addition to lifestyle advice?

 2. Which of the following combinations best describes the effects of exercise on 
lipid levels?
 (a) Moderate continuous exercise—LDL decrease
 (b) High intensity interval exercise—LDL increase
 (c) Resistance exercise—HDL increase
 (d) Moderate continuous exercise—Triglyceride decrease
 (e) Moderate continuous exercise—HDL decrease

 3. A 55-year-old male patient is planning to start regular resistance training. Due to 
increased LDL levels and significant carotid plaques he is prescribed atorvastatin 
20 mg. After several weeks of training he presents with muscle pain in both legs 
several hours after exercise, lasting for several hours. His creatinkinase is ele-
vated (800 U/l). What are your next steps?

 Answers

 1. This patient clearly shows a relevantly increased risk of premature cardiovascu-
lar disease due to the high LDL level and the positive family history of coronary 
artery disease, both indicating a possible genetic background (familial hypercho-
lesterolemia). This is independent of the lack of other risk factors, although it 
should be noted that these may mitigate the overall risk. Thus, the first step 
should be a risk stratification and an extensive diagnostic work-up focusing on 
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the presence of at least subclinical cardiovascular disease, including exercise 
testing and also possibly coronary calcium scoring. If a significant atheroscle-
rotic disease is ruled out, exercise should be recommended as asked for by the 
patient. However, this patient should be informed that a relevant effect on LDL 
levels cannot be expected on average, but that HDL and Triglyceride levels may 
benefit; she should also be informed that these benefits will be more pronounced 
through performing moderate continuous exercise rather than high intensity or 
resistance exercise. To achieve lower LDL levels, exercise should be combined 
with a dietary intervention. According to the AHA/ACC guidelines, a statin 
should be prescribed if LDL levels exceed 190 mg/dl (5 mmol/l); this could only 
be debated if extensive work-up does not yield any sign of atherosclerotic dis-
ease. Close, annual follow-ups are reasonable.

 2. The correct answer is (d). Findings from the majority of randomized studies, 
confirmed by meta-analyses, have shown a rather good response of triglyceride 
levels to moderate aerobic, continuous exercise, whereas effects on LDL levels 
of either type of exercise is inconsistent. Moderate continuous exercise usually 
also results in a mild increase, not decrease, of HDL levels.

 3. This is a rather typical, but not an easy case. Both the newly initiated resistance 
training and the statin may be responsible for muscle pain, either alone or in 
combination, and this also holds true for the increased CK level. However, 
such high values are usually more typically induced by resistance training. A 
possible additional statin side effect could be an elevation of liver enzymes, but 
this may also be observed after resistance exercise. A reasonable approach 
would be to at least reduce or totally interrupt one of the interventions (prefer-
ably starting with the resistance training, since it is likely that chosen weights 
might have been too heavy). After 2–3 weeks, a clinical and laboratory follow-
up should be performed, and depending on the change in symptoms and CK 
levels, exercise could be started again at lower intensities. Otherwise, the same 
procedure is required for the statin treatment. If with atorvastatin the symp-
toms and increased CK levels will recur, a change to an alternative statin would 
be a first option; however, achieving a risk-adapted LDL level remains an 
important target.
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Risk Factors: Diabetes Mellitus
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Learning Objectives Physical activity and exercise programs may be able to pre-
vent type 2 diabetes, reverse prediabetes, and prevent or delay the onset of cardio-
vascular disease and other health complications associated with diabetes of any 
type. Readers should be able to:

 1. Be aware of the detrimental effects of a sedentary lifestyle and physical inactiv-
ity both for the development and progression of type 2 diabetes.

 2. Understand why increased physical activity is a key lifestyle component for 
gaining health benefits and preventing or delaying complications associated with 
diabetes.

 3. List the types of exercise training that adults with diabetes should engage in 
regularly for prevention and management of diabetes and its complications.

 4. Prescribe exercise programs for all individuals with diabetes that are both safe 
for them to do and effective for improving fitness and health.

 5. Advise athletes with diabetes on how to manage diabetes in every day training 
and competition.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_38&domain=pdf
https://doi.org/10.1007/978-3-030-35374-2_38#DOI
mailto:scolberg@odu.edu
mailto:david.niederseer@usz.ch


770

38.1  Introduction

Comprehensive treatment of diabetes of any type frequently involves antihypergly-
cemic, antihypertensive, and lipid-lowering medications, especially in patients at 
risk for or with cardiovascular problems. Weight loss, dietary changes, and regular 
physical activity have been shown to reduce insulin resistance in individuals with 
type 2 diabetes and in those with type 1 who are also insulin resistant. The most 
important challenge faced by patients with diabetes is how to comply with and 
adhere to frequently complex treatment regimens, many of which include manage-
ment of cardiovascular disease (CVD) risks along with blood glucose.

38.2  Overall Health and Fitness Benefits from Physical 
Activity in Patients with Diabetes

It has been shown in multiple studies that many health benefits can be gained by 
anyone with diabetes who engages in regular physical activity, including improved 
cardiorespiratory fitness, muscular strength, and muscular endurance. For example, 
the benefits of exercise for a patient with type 2 diabetes are even more substantial 
than for those without diabetes [1, 2]. Regular exercise participation results in the 
following for these individuals:

 1. Enhanced cardiorespiratory fitness and greater muscular strength and 
endurance.

 2. Improved blood glucose management (measured with A1C).
 3. Greater insulin sensitivity, resulting in lower plasma insulin levels.
 4. Reduced risk for CVD and its complications.
 5. Lesser need for diabetes medications or lower doses required to manage 

glycemia.
 6. Loss of body fat and easier maintenance of body weight.
 7. Enhanced retention of muscle mass and lower risk of sarcopenia.
 8. Improved overall health and quality of life, especially with comorbid health 

issues.
 9. Prevention of or delay in the onset of type 2 diabetes in patients with 

prediabetes.

Many of the potential benefits of physical activity with respect to diabetes man-
agement result from enhancements in insulin sensitivity, which can be accomplished 
through both cardiorespiratory (aerobic) and resistance training. Enhanced cardio-
respiratory fitness is also key for improving health outcomes and lowering the risk 
for premature mortality.

• In the Look AHEAD (Advances in Health in Diabetes) trial, change in cardiore-
spiratory fitness after 4 years of intensive lifestyle intervention was associated 
with improvements in glycemic control [3].
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• Others have found that for each metabolic equivalent of task (MET) increase in 
aerobic capacity, mortality is decreased by 19% and 14% for Caucasian and 
African American men with type 2 diabetes, respectively [4].

• The Look AHEAD trial reported many other health benefits of such an intensive 
lifestyle intervention, such as improved glucose and lipid levels, less sleep apnea, 
lower liver fat, less depression, improved insulin sensitivity, less kidney disease, 
reduced need of diabetes medications, maintenance of physical mobility, 
improved quality of life, and lower costs [5].

• Regular physical activity participation heightens the action of insulin, which 
typically remains elevated for hours to days after each aerobic exercise training 
session [6].

While most of these benefits of exercise are also experienced by patients with 
type 1 diabetes, management of blood glucose during and after exercise can be more 
problematic due to the need to balance insulin levels with food intake [7]. Adjustment 
of insulin dosing and/or nutrition therapy is usually necessary to allow safe and 
effective participation and is an important management strategy in anyone who uses 
insulin [8, 9].

Particularly for patients who use insulin, it is the role of the clinician to:

• Encourage self-monitoring of blood glucose levels around physical activity;
• Make patients aware that hypoglycemia can occur during, immediately after, or 

many hours following cessation of activity;
• Teach patients that hyperglycemia can also result from activity under certain 

circumstances; knowledge of expected activity-related metabolic responses, as 
well as awareness of signs and symptoms and self-management, can minimize 
the risk;

• Help active individuals make appropriate insulin dose adjustments for various 
levels of exertion rather than solely focusing on nutritional changes to 
compensate.

Exercise increases glucose disposal and insulin sensitivity but can make main-
taining glycemic balance a challenge when insulin is an additional variable.

38.3  Cardiovascular Health Benefits from Physical Activity 
in Patients with Diabetes

Most individuals with type 2 diabetes or prediabetes (and many with type 1 diabe-
tes) are overweight and have an increased risk of developing CVD. Diabetes itself 
is considered a major CVD risk factor, along with other modifiable factors like 
insulin resistance, overweight/obesity, hypertension, dyslipidemia, physical inactiv-
ity, poor nutrition, psychosocial stress, and cigarette smoking.

Clinical trials have addressed potential beneficial outcomes associated with 
intentional weight loss on CVD and other metabolic considerations. For instance:
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• The Look AHEAD clinical trial reported effects of intentional weight loss on 
cardiovascular morbidity and mortality in 5145 overweight or obese adults with 
type 2 diabetes followed for over 8 years. That trial found that an intensive life-
style intervention aimed at achieving weight loss through dietary management 
and physical activity lowered body weight and enhanced cardiorespiratory fit-
ness without having a differential effect on cardiovascular outcomes [5, 10].

• Individuals in that trial with the greatest weight loss and the most effective main-
tainers of such losses included regular participants in more total physical activity 
(usually moderate in intensity) and those who more tightly monitored their calo-
rie intake over time [10].

• Others have suggested that a sustained weight loss of >5% appears necessary 
for beneficial effects on blood glucose (A1C), lipids, and blood pressure. 
Achieving this level of weight loss requires intense interventions, including 
energy restriction, regular physical activity, and frequent contact with health 
professionals [11].

Others have suggested that physical activity is more critical than weight loss in 
lowering cardiovascular mortality among those with diagnosed coronary artery dis-
ease (CAD), controlled for diabetes status.

• A recent, 30-year longitudinal study observed no mortality risk reductions asso-
ciated with weight loss in individuals with diagnosed CAD, although mortality 
risk was lower with weight gain in individuals who were normal weight at base-
line [12].

• The main variable that was associated with improved survival with known CAD 
was sustained participation in physical activity, low or high levels, during 
follow-up.

For adults with diabetes, one of the most critical benefits of physical activity is 
maximizing its cardiovascular benefits. Such benefits likely follow from better man-
agement of blood glucose levels via improved insulin sensitivity and reductions in 
inflammation [13–15].

• Low-level, systemic inflammation underlies many metabolic conditions, includ-
ing obesity, insulin resistance, type 2 diabetes, hypertension, and vascular 
diseases.

• In individuals without diabetes, physical activity enhances sensitivity to insulin 
in a dose-dependent manner [16] and lowers inflammatory markers.

• Cardiac autonomic imbalance and inflammation occur early in diabetes and are 
interrelated; cardiac autonomic imbalance correlates with the adipose tissue- 
derived inflammation seen early in type 2 diabetes [17].

• Lower insulin sensitivity is associated with a more atherogenic lipid profile in 
both youths and adults with type 1 diabetes [18].

• Cellular uptake of glucose that lowers blood glucose typically results from phys-
ical activity undertaken by those with type 2 diabetes or prediabetes.
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• For persons with type 1 diabetes, greater insulin sensitivity has little impact on 
the ability of pancreatic beta cells to make insulin, but regular training often low-
ers requirements for exogenous insulin [19].

• Healthy weight loss and maintenance of a lower body weight may be more press-
ing issues for individuals with type 2 diabetes and prediabetes, but excess body 
weight can occur in those with type 1 diabetes as well.

• Participation in regular physical activity can better manage blood glucose, body 
weight, and inflammatory markers in patients with diabetes or prediabetes.

• Physical activity participation is associated with a lower risk of premature all- 
cause and cardiovascular mortality in patients with type 1 diabetes, especially 
when it is more frequently undertaken and more vigorous in nature [20, 21].

• In patients with type 2 diabetes, engaging in lower intensity exercise improves 
endothelial function, suggesting that lower intensity exercise is not necessarily 
less cardioprotective than higher intensity training [22].

38.4  Risks Associated with Exercise in Patients with Diabetes

Most patients with diabetes can exercise safely and effectively. However, being 
active is not without risks in some cases [1]. Both patients and practitioners should 
be made aware of these risks so that exercise participation Is less likely to cause 
them to occur.

 1. Cardiovascular risks of physical activity participation may include:
• Cardiac dysfunction and dysrhythmias caused by subclinical or diagnosed 

ischemic heart disease (silent ischemia).
• Myocardial infarction or stroke during activities.
• Excessive increases or decreases in blood pressure or heart rate secondary to 

the presence of autonomic neuropathy.
• Post-exercise and orthostatic hypotension due to autonomic neuropathy or 

medication use.
 2. Metabolic risks are also present during activities:

• Hypoglycemia resulting during or after exercise in patients taking insulin or 
select oral hypoglycemic agents (i.e., insulin secretagogues).

• Exacerbation of hyperglycemia (in cases of insulin deficiency).
• Dehydration and potential electrolyte imbalances, particularly when blood 

glucose levels have been elevated prior to activity.
 3. Musculoskeletal and traumatic risks are generally the same for all individuals 

who are active, but may include others for those with diabetes:
• Injuries, both acute (like ankle sprain) and overuse (such as tendinitis).
• Foot ulcers (especially in the presence of peripheral neuropathy), which can 

develop from traumatized areas, blisters, calluses, and more.
• Orthopedic injuries like Charcot foot or stress fractures related to peripheral 

neuropathy, the presence of which can affect stance, gait, and balance 
ability.
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 4. Microvascular risks are related to the presence of certain diabetes 
complications:
• Peripheral neuropathy: Comprehensive foot care and daily monitoring are 

required to treat problems early to prevent greater foot damage, ulceration, 
and amputation.

• Retinopathy (eye disease): Exercise that involves straining, jumping, jarring, 
head-down, or Valsalva-like maneuvers and vigorous activities are contraindi-
cated in patients with unstable proliferative diabetic retinopathy due to the 
risk of retinal hemorrhages or detachment.

• Diabetic kidney disease: Low- to moderate-intensity activities are safe (even 
during dialysis treatments), but high-intensity exercise may not be sustainable 
due to low fitness levels; also monitor for electrolyte imbalances.

38.5  Pre-Exercise Assessment and Exercise Testing 
of Patients with Diabetes

To maximize the benefits and minimize the risks associated with physical activity 
participation, appropriate screening of high-risk patients is essential. Furthermore, 
clinicians should emphasize adherence to programs and offer guidance to patients 
to enable them to improve glucose monitoring and lessen cardiovascular risks asso-
ciated with being active.

Minimally, a patient’s age and prior physical activity level should be considered 
when deciding on whether a pre-exercise evaluation is necessary and the extent of 
testing.

The presence of diabetes-related health complications or other comorbid condi-
tions usually necessitates a more thorough patient evaluation prior to most exercise 
participation [1, 2, 23]. Patients should be assessed for conditions that might contra-
indicate certain types of activity or predispose them to injury, including:

• Uncontrolled hypertension
• Unstable diabetic proliferative retinopathy
• Autonomic neuropathy, especially cardiac autonomic neuropathy
• Severe peripheral neuropathy
• Presence of Charcot foot
• History of foot ulcers or amputation

Pre-exercise evaluation may include other important assessments, such as:

• Current and previous physical activity participation
• Review of current medications
• Physical, joint, or orthopedic limitations
• Signs and symptoms suggestive of other health complications
• Psychosocial situation
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High-risk patients should be encouraged to start with short periods of low- 
intensity exercise and slowly increase intensity and duration. Start low and progress 
slowly.

In addition, clinicians should determine each individual patient’s knowledge and 
understanding of diabetes and its management with activity, including medication 
interactions, dietary considerations, and exercise programming. This discussion 
should specifically include:

• Potential effects of insulin and other hypoglycemic agents on exercise 
responses

• Other medications taken, including side effects and potential drug interactions
• Importance of frequent self-monitoring of blood glucose levels with activity
• Impact of diet on exercise responses and treatment of hypoglycemia
• Progression of exercise programming based on current activity level and desired 

health and fitness outcomes

Is medical clearance or more extensive testing necessary for all patients with 
diabetes prior to participation in physical activity and exercise training? Not in all 
cases [1]. It depends on the training state of the individual and his or her planned 
physical activities, along with the presence or absence of known CAD or other car-
diovascular risk factors and health complications. In general:

• Lower risk patients can usually begin engaging in low- to moderate-intensity 
physical activities like walking without obtaining medical clearance or undergo-
ing additional testing, although regular medical checkups are advisable.

• For sedentary patients choosing to participate in these moderate activities, pro-
viders should use their clinical judgment in deciding whether to recommend fur-
ther testing. If in doubt, a full clinical workup should be performed.

• Due to an increased incidence of asymptomatic CAD in patients with diabetes, 
however, obtaining medical clearance is advisable for previously sedentary indi-
viduals planning to undertake a vigorous exercise program (i.e., more intense 
than activities of daily living, including brisk walking).

• Higher risk individuals planning to undertake harder activities will likely benefit 
from being assessed more fully before starting. Providers should perform a care-
ful history, assess cardiovascular risk factors, and be aware of the commonly 
atypical presentation of CAD in patients with diabetes.

• Graded exercise testing is not routinely recommended as its clinical utility for 
diagnosing CAD in asymptomatic patients remains controversial [1]. Providers 
should use their clinical judgment in deciding whether to recommend such 
testing.

Sedentary older individuals (≥40 years) with diabetes and anyone ≥30 years of 
age with a high cardiovascular risk should likely undergo medical screening and 
obtain medical clearance prior to performing vigorous-intensity exercise.
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In some cases, conducting more extensive graded exercise testing can reveal car-
diovascular abnormalities and increase the safety and effectiveness of prescribed 
exercise programs. The following guidelines [2] were established to help clinicians 
decide which patients may be candidates for more extensive, graded exercise stress 
testing and electrocardiogram (ECG) evaluation prior to starting physical activity 
training.

38.6  General Indications for Exercise Stress Testing 
in Patients with Diabetes [2]

 1. Age > 40 years
 2. Age > 30 years and any of the following:

• Type 1 or 2 diabetes >10 years in duration
• Hypertension
• Cigarette smoking
• Dyslipidemia
• Proliferative or preproliferative retinopathy
• Nephropathy including microalbuminuria

 3. Any of the following, regardless of age:
• Known or suspected coronary artery disease, cerebrovascular disease, or 

peripheral artery disease
• Autonomic neuropathy
• Advanced nephropathy with renal failure

If performed, graded exercise stress testing should evaluate the presence of isch-
emia, dysrhythmia, and abnormal blood pressure responses to exercise and recov-
ery. Test results may provide more accurate information for the prescription of 
initial levels of exercise, along with corresponding training heart rates for specific 
activities, as well as identify any patient-specific precautions regarding exercise and 
physical activity.

Should clinicians order more intensive testing after an abnormal exercise stress 
test result?

• If a patient exhibits positive or nonspecific ECG changes during exercise or non-
specific ST and T wave changes at rest, follow-up diagnostic testing may be 
warranted.

• However, the DIAD (Detection of Ischemia in Asymptomatic Diabetes) trial 
involving 1123 individuals with type 2 diabetes and no symptoms of coronary 
artery disease found that screening with adenosine-stress radionuclide myocar-
dial perfusion imaging for myocardial ischemia did not alter rates of cardiac 
events [24].

• The cost-effectiveness and diagnostic value of more intensive testing in all cases 
has not been investigated to date.
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38.7  Benefits of Various Training Modalities for Patients 
with Diabetes

Individuals with diabetes will likely benefit from regularly engaging in more than 
one type of physical activity training. Some are more focused on improving cardio-
respiratory fitness while others enhance muscular strength and endurance, flexibil-
ity, and/or balance ability.

 1. Aerobic and high-intensity interval training:
• Moderate intensity exercise totaling 150 min or more per week is associated 

with reduced morbidity and mortality in observational studies in all popula-
tions, including individuals with diabetes [25, 26].

• Differences among training modalities have generally been trivial, with any 
type of regular exercise (or combinations of training) undertaken by adults 
with type 2 diabetes resulting in improved glucose tolerance, increased insu-
lin sensitivity, and decreased A1C [27, 28].

• For aerobic training, the total training volume (comprised of frequency, inten-
sity, and duration) may have the greatest impact on glycemic control in adults 
with type 2 diabetes, with a greater volume producing a superior glucose 
lowering effect [29].

• High-intensity interval training may benefit cardiorespiratory fitness in 
adults with diabetes but may cause a temporary elevation in blood glucose 
[30, 31].

• Most adults with type 1 diabetes can safely engage in high-intensity interval 
training without significant deterioration in blood glucose management [32, 33].

 2. Resistance training:
• Resistance exercise does not differ from aerobic exercise in its safety or 

impact on CVD risk markers in adults with type 2 diabetes; thus, selecting 
one modality over the other may be less important than regularly engaging in 
either activity [34].

• Weekly resistance training volume likely has an effect on glycemic manage-
ment, however [29], with more training providing greater benefits.

• Higher intensity, supervised resistance training results in lower A1C levels 
than unsupervised or similar, home-based training, at least in older adults 
with type 2 diabetes [35, 36].

• Endurance strength training (lower resistance, higher repetitions) and hyper-
trophy strength training (higher resistance, fewer repetitions) may result in 
comparable effects on glycemic control, muscle mass, and strength in adults 
with diabetes [37].

• Eccentric exercise might be as effective as concentric exercise, as a study 
showed equal to better results from walking downhill (eccentric) as compared 
to uphill [38].

• Adults with type 1 diabetes may experience a lesser decline, or even an 
increase, in blood glucose levels during acute bouts of resistance exercise [33].
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 3. Combined aerobic and resistance training:
• A combination of aerobic and resistance training lowers overall blood glu-

cose levels more than either modality alone [19, 39, 40], but combined train-
ing studies have typically not controlled for calorie expenditure.

• Whether glycemic benefits are the result of greater overall caloric usage [40] 
or are specific to the combination of aerobic and resistance training [19, 39] 
has not yet been fully resolved.

• The exact regimen of resistance training undertaken appears less important 
than engaging in both types of training to gain improvements in glycemic 
control, cardiovascular risk factors, and body composition after 6 months of 
combined training in adults with type 2 diabetes [41].

 4. Balance and flexibility training:
• Reducing falls and falls risk is critical for aging populations, and falls are an 

even greater risk when diabetes is present [42].
• All modes of balance training have been shown to be beneficial for lowering 

falls risk and may lessen mortality and morbidity associated with frequent or 
injurious falls in older individuals with diabetes [43, 44].

• Similarly, flexibility training may also lower the risk of falling by improving 
range of motion around joints [45].

• Flexibility training is recommended in addition to, not instead of, other rec-
ommended physical activities.

 5. Sedentary time and frequent activity breaks:
• Prolonged sedentary time is independently associated with deleterious health 

outcomes, such as onset of type 2 diabetes and all-cause mortality; however, 
such outcomes generally decrease with higher levels of physical activity [46].

• Glycemic management postprandially and over a 24-h period is improved in 
adults with type 2 diabetes who take frequent activity breaks [47, 48].

• All individuals with diabetes or prediabetes should be encouraged to be regularly 
physically active, including more daily physical movement and structured exer-
cise, to improve their glycemic management, health, longevity, and quality of life.

38.8  Recommended Exercise Prescription for Patients 
with Diabetes

Exercise prescription for patients with diabetes or prediabetes must be individual-
ized according to the following:

• Medication schedule
• Presence and severity of comorbid health complications
• Individual health and fitness goals
• Expected benefits and outcomes of the exercise program

The primary goals for patients participating in a training program may include 
the following:
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 1. Improve management of blood glucose levels
 2. Weight loss or weight maintenance
 3. Delay or prevent onset of health complications of diabetes
 4. Reduce cardiovascular risk
 5. Enhance aerobic capacity, strength and endurance, flexibility, and/or balance
 6. Heighten energy levels and well-being
 7. Improve quality of life with fewer physical or mental limitations
 8. Enhance mood, reduce anxiety, and manage depression

The components of an exercise prescription for patients with diabetes are essen-
tially the same as those prescribed for all individuals, with minor exceptions.

Similar to guidelines for most healthy adults [49], it is recommended that adults 
with diabetes engage in the following types of physical activity [1, 2, 9, 50, 51], as 
summarized in Table 38.1 in more detail:

Table 38.1 Recommended physical activities for adults with diabetes

Aerobic Resistance Flexibility Balance
Frequency 3–7 day × week−1 A minimum of 

2 
nonconsecutive 
days × week−1, 
but preferably 3

≥2–3 day × week−1 ≥2–3 day × week−1

Intensity Moderate (40%–59% 
HRR, or 11–12 RPE, 
rating of perceived 
exertion, rating) to 
vigorous (60%–89% 
HRR or 14–17 RPE)

Moderate 
(50–69% of 
1-repetition 
maximum, or 
1-RM) to 
vigorous 
(70–85% of 
1-RM)

Stretch to the point 
of tightness or 
slight discomfort

No prescribed 
intensity

Duration At least 150–
300 min × week−1 of 
moderate intensity, or 
75–150 min × week−1 
of vigorous intensity, 
or combination 
thereof; high-intensity 
interval training is a 
viable training mode 
as well as continuous 
training

At least 8–10 
exercises with 
completion of 
1–3 sets of 
8–15 repetitions 
to near fatigue 
per set on every 
exercise

Hold static 
stretches for 
10–30 s or move 
dynamically for 
that period; 2–4 
repetitions of each 
exercise

No prescribed 
duration

Type Prolonged, rhythmic 
activities using large 
muscle groups (e.g., 
walking, cycling, 
swimming) or interval 
training

Resistance 
machines, 
resistance 
bands, free 
weights, use of 
body weight as 
resistance

Static and/or 
dynamic stretching

Single-leg stand, 
lower and core 
body exercises, 
balance training 
equipment, agility 
and neuromotor 
control exercises

HRR Heart rate reserve, 1-RM one-repetition maximum, RPE rating of perceived exertion
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 1. Aerobic/cardiorespiratory training:
• Engage in moderate aerobic activities like walking for at least 150–300 min 

total weekly, 75–150  min of vigorous physical activity, or a combination 
thereof

• Both high-intensity interval and continuous aerobic training are recommended 
forms of vigorous intensity exercise for individuals with diabetes [52].

• It is recommended that individuals with diabetes allow no more than two 
consecutive days to lapse without activity (to keep insulin sensitivity 
heightened).

 2. Resistance training:
• At least 2, but preferably 3, nonconsecutive days per week

 3. Flexibility training:
• At least 2–3 days per week

 4. Balance/neuromotor training:
• At least 2–3 or more days per week (especially for all patients over 40 or with 

neuropathy of any type)
 5. Daily movement:

• Include more movement throughout each day; also break up prolonged seden-
tary time (every 20–30 min, if possible) by engaging in a few min of any 
activity

38.9  Exercise Training Considerations

In certain populations, physical activity training may be impacted by other health 
considerations related to the presence of diabetes. Patients should be advised of any 
training considerations relevant to their physical conditions, which include the 
following:

• Many individuals with diabetes or prediabetes are at high risk for or may already 
have CVD, whether diagnosed or undiagnosed.

• Due to low initial fitness levels, most individuals with type 2 diabetes may 
require at least 150 min × week.−1 of moderate to vigorous aerobic exercise to 
achieve optimal CVD risk reduction [2].

• Vigorous aerobic exercise will increase cardiorespiratory fitness more effectively 
than lower intensity training, although the former may be complicated or even 
contraindicated by the presence of health-related complications.

• Higher intensity resistance training may be beneficial for optimization of skeletal 
muscle strength, insulin action and overall blood glucose management [36], 
although moderate resistance exercise may be equally effective in sedentary 
adults [53].

• Appropriate progression of resistance exercise is important to prevent injury as 
individuals with diabetes often have a more limited joint mobility due to the 
process of glycation of collagen [54].
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• Beginning resistance training intensity should be moderate, involving 10–15 rep-
etitions per set, with increases in weight or resistance undertaken with a lower 
number of repetitions [8–10] only after the target number of repetitions per set 
can consistently be exceeded. This increase in resistance can be followed by a 
greater number of sets and lastly by increased training frequency [49].

• During combined training, completing resistance training prior to aerobic 
training may lower the risk of hypoglycemia in individuals with type 1 diabetes 
[55, 56].

• Interspersing very short, high intensity intervals during moderate intensity aero-
bic exercise may be useful to lessen the decline in blood glucose during the early 
post-exercise recovery period in insulin users [57].

• Regardless of initial blood glucose levels, vigorous activity of any type may 
cause elevations in glucose due to an exaggerated release of counterregulatory 
hormones like epinephrine and glucagon [58]. In such cases, insulin users may 
need small doses of supplemental, short-acting insulin to lower post-exercise 
hyperglycemia.

• While flexibility training may be recommended for all individuals, it should 
not substitute for other activities (i.e., aerobic and resistance training), as flex-
ibility training does not manage glucose control, body composition or insulin 
action.

• Complications may affect the appropriateness of some types of activities (e.g., 
those with unhealed foot ulcers should avoid weight-bearing and aquatic 
activities).

• Continuous glucose monitors can be very useful in detecting patterns in blood 
glucose across multiple days and evaluating immediate and delayed effects.

38.10  Exercise Training Precautions

Here are some general exercise safeguards for patients with diabetes to follow [1, 9]:

• Know the signs, symptoms, and management of hypoglycemia and hyperglycemia.
• Avoid vigorous exercise if blood glucose is already elevated.
• Hydrate adequately before, during, and after exercise.
• Use caution when exercising in the heat as temperature regulation may be 

impaired.
• Carry a personal identification specifying diabetes along with emergency 

contacts.
• Carry a mobile phone or have another means of reaching out in case of 

emergency.
• Instruct patients to prevent or treat early any trauma, even minor skin lacerations 

that may develop into serious health issues.
• Instruct patients to use appropriate socks, shoes, and sporting clothing to prevent 

trauma or injury.
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Take appropriate precautions to avoid hypoglycemia or hyperglycemia during 
physical activity participation, especially when using insulin or oral insulin 
secretagogues:

• Check blood glucose frequently as responses may vary with each individual and 
activity session.

• When exercising in a supervised setting, check blood glucose prior to and after 
each exercise session, at least for the first few sessions, and document 
measurements.

• Continue having patients monitor more frequently whenever symptomatic or 
have experienced recent high or low blood glucose levels prior to exercise 
sessions.

• Always have a carbohydrate source available for rapid treatment of hypoglyce-
mia, preferably glucose for fastest treatment.

• Insulin users should avoid exercising during peak insulin times by scheduling it 
2 or more hours after meals for which insulin is taken.

• If exercising during insulin peaks, consider consuming a carbohydrate snack 
before or during exercise and/or decrease insulin or oral hypoglycemic dose of 
select medications before exercise.

• Longer-acting basal insulins (e.g., glargine, detemir, and NPH) are less likely to 
cause exercise-induced hypoglycemia [59].

• Overall doses of meal-time and basal insulins may need to be reduced to accom-
modate regular exercise training.

• With insulin pumps, insulin delivery during exercise can be markedly reduced by 
decreasing the basal rate or disconnecting the pump for short durations, depend-
ing on the intensity and duration of exercise.

• Reducing basal insulin delivery rates for up to 12 h post-exercise may be neces-
sary to avoid later-onset hypoglycemia.

• Exercise undertaken later in the day may increase risk of nocturnal hypoglyce-
mia, especially in insulin users.

• Hypoglycemia risk is higher during and immediately following exercise but can 
occur up to 12 h or more post-exercise, making food and/or medication adjust-
ments necessary, mostly in insulin users [60].

• Other medications may mask or exacerbate exercise-related hypoglycemia, 
including beta-blockers, diuretics, calcium channel blockers, and warfarin.

• Exercise should be postponed when both hyperglycemia and ketones are evi-
dent. It is recommended that insulin users check for urine ketones when 
blood glucose levels are ≥250 mg ∙ dl−1 (13.9 mmol ∙ l−1) before starting to 
exercise [9].

• Autonomic neuropathy, long-standing type 1 diabetes, and recent antecedent 
hypoglycemia or exercise can contribute to impaired hormonal responses and 
hypoglycemia unawareness [61].

• In older patients with type 2 diabetes, the joint occurrence of hypoglycemia 
unawareness and deteriorated cognitive function is a critical factor that needs to 
be considered in their exercise blood glucose management [62].
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38.11  Monitoring Blood Glucose Levels with Physical Activity

Monitoring blood glucose is vital for the long-term maintenance of glycemic manage-
ment and is especially important during exercise given that beta-blocker therapy can 
mask the onset of hypoglycemia. Done during exercise, such monitoring may also 
provide positive feedback regarding the regulation or progression of the exercise pre-
scription, which may result in greater subsequent long-term adherence to exercise. This 
is particularly important since exercise is a cornerstone of treatment for diabetes.

When patients with diabetes begin an exercise program, their blood glucose 
responses to exercise should be monitored closely. Monitoring and recording their 
levels before and after exercise is important because it may:

• Allow for early detection and prevention of hypoglycemia or hyperglycemia
• Help determine appropriate pre-exercise levels to lower risk of hypoglycemia or 

hyperglycemia
• Identify patients who can benefit from monitoring during and after exercise
• Provide information for modifying the exercise prescription
• Allow for better adjustment of diabetes regimens to manage all activities
• Motivate patients to remain more active to better manage their diabetes

38.12  Glycemic Impact of Exercise Timing

Timing of exercise is particularly important, especially in individuals taking insulin. 
Consider the following for patients using basal and/or bolus insulin:

• Changing insulin timing, reducing insulin doses, and/or increasing carbohydrate 
intake are effective strategies to prevent hypoglycemia and hyperglycemia dur-
ing and after exercise [9, 63].

• Early morning exercise may result in elevations in blood glucose levels instead 
of the usual decrease with moderate activity [9, 64].

• Food intake must be considered with respect to the timing of exercise, particu-
larly for anyone who takes insulin [9].

38.13  Exercising Safely with Diabetes-Related Health 
Complications

It is possible for patients to exercise safely and effectively with most diabetes- 
related health complications, assuming precautions are taken. In most cases, the 
potential benefits of being active outweigh the risks associated with the activity.

 1. Cardiovascular disease:
• It is generally safe for individuals with stable CVD to engage in various forms 

of physical exercise training, including resistance exercise.
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• If angina occurs during physical activity, patients should keep their heart rate 
at least 10 beats per minute below its onset.

• Resistance and high-intensity aerobic exercise may improve coronary perfu-
sion rather than restrict it due to a higher mean arterial pressure.

• Silent ischemia in patients with diabetes often goes undetected [65], and it 
may advisable to conduct annual cardiovascular risk factor assessments [2].

 2. Proliferative retinopathy and other eye diseases:
• Individuals with proliferative retinopathy at risk for vitreous hemorrhage can 

minimize this risk by avoiding activities that dramatically elevate blood pressure.
• Patients with severe non-proliferative and proliferative diabetic retinopathy 

should avoid vigorous aerobic and resistance training, jumping, jarring, and 
head-down activities, and Valsalva (breath-holding) maneuvers.

• If vision is impaired by cataracts, patients should use caution when exercising 
outdoors or to exercise using a sighted guide.

 3. Autonomic neuropathy:
• Autonomic neuropathy may cause a blunted blood pressure response, attenu-

ated oxygen kinetics, and anhidrosis (i.e., water deprivation) during physical 
activities.

• Monitor for signs and symptoms of silent ischemia, such as unusual shortness 
of breath or back pain, due to a reduced ability to perceive angina.

• Monitor blood pressure before and after exercise to manage hypotension and 
hypertension associated with vigorous intensity exercise.

• Heart rate and blood pressure responses to exercise may be blunted secondary 
to autonomic dysfunction; use ratings of perceived exertion (RPE) or heart 
rate reserve (HRR) to better assess exercise intensity [66].

 4. Peripheral neuropathy:
• Individuals with peripheral neuropathy need to take proper care of their feet 

to prevent foot ulcers and lower the risk of amputation [1].
• Precautions should be taken to prevent blisters or other areas of trauma on the 

feet.
• Feet should be kept dry with polyester or blend socks, and athletic footwear 

should fit well and contain silica gel or air midsoles.
• All individuals should examine their feet daily to detect and treat problems 

early.
 5. Diabetic kidney disease:

• Exercise does not accelerate progression of kidney disease even though pro-
tein excretion may transiently increase after exercise.

• Both aerobic and resistance training improve physical function and quality of 
life in individuals with kidney disease and should be encouraged to be active.

• Exercise should begin at a low intensity and volume if a patient’s aerobic 
capacity and muscle function are substantially reduced.

In summary, the exercise prescription for patients with diabetes should be tai-
lored according to the timing of their medications, presence of diabetes complica-
tions, and individual exercise and glycemic goals. The benefits of regular physical 
activity participation go well beyond increasing insulin sensitivity and lowering 
blood glucose levels. A comprehensive exercise program performed consistently 
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and progressively will help persons with diabetes manage the disease and improve 
their quality of life.

38.14  The Athletic Individual with Diabetes

While almost all adults with type 2 diabetes may be able to engage in exercise for 
preventive measures as outlined, in adolescents and adults with type 1 diabetes (and 
also some with type 2 diabetes), excelling in high-level competitive sports is 
possible.

Several aspects of glycemic management need specific attention in athletic indi-
viduals with diabetes, as illustrated in the Fig. 38.1 [50]:

• The type, order, timing, and duration of physical activities can impact blood 
glucose responses, and participation in aerobic, sprint, and resistance training 
can result in widely varying blood glucose responses [1, 9, 55].

• Exercise-related alterations in blood glucose levels can usually be managed 
effectively with appropriate diabetes regimen modifications.

• Insulin and food intake may require adjustments to prevent both hypoglyce-
mia and hyperglycemia in individuals with diabetes before, during, and after 
activity [67].

• Hydration and electrolyte status, which can be affected by hyperglycemia and 
medications commonly prescribed for people with diabetes, also can affect 
performance.

• Boluses of mealtime insulin taken within 2–3 h of the onset of physical training 
may need to be reduced to prevent hypoglycemia, depending on the intensity and 
duration of the activity (Table 38.2).

Exercise

Hypoglycemia-associated
autonomic failure

Environment

Bodily concernsRegimen changes

Type/mode Frequency

Intensity Duration Timing

Training status

Starting blood glucose levels

Circulating insulin levels

Food intake

Heat

Cold

Humidity

Altitude

Physical and mental stress

Nutritional status     Hydration

Muscle/liver glycogen levels

Menstrual cyle phase

(woman)

Prior hypoglycemia

Prior exercise

Fig. 38.1 Multiple factors can influence the glycemic management of active individuals with 
diabetes (adapted from [50])
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• Athletic individuals with diabetes at any level of competition or sports participa-
tion can potentially be as successful as those without diabetes.

• Athletes and coaches should be aware of the impact of blood glucose levels and 
medications on hydration and electrolyte balance to make suitable adjustments 
to achieve optimal performance.

• Newer technologies like insulin pumps, continuous glucose monitors, and artifi-
cial pancreas (i.e., “closed loop” or “hybrid closed loop”) systems, while some-
what limited at present in their accuracy and use, may assist some users in better 
managing their blood glucose levels for athletic endeavors.

• Insulin is prohibited under S4 of the WADA (World Anti-Doping Agency) 
Prohibited List – Hormone and Metabolic Modulators. All individuals with 
diabetes on insulin require a TUE (Therapeutic Use Exemption) to 
compete.

• Athletes with type 2 diabetes who are not on insulin do not require a TUE.

Clinical Pearls It is safe for most individuals with diabetes to begin an easy to 
moderate physical activity program, although in certain cases, pre-exercise physical 
assessment and exercise stress testing may be advisable, especially for sedentary, 
higher risk individuals desiring to engage in more vigorous activities.

• Exercise prescriptions should be tailored to meet the individual needs of patients 
with regards to their fitness, health, and blood glucose management goals.

• Most individuals with diabetes will benefit from self-monitoring of blood glu-
cose when engaging in physical activities, as well as monitoring of other signs 
and symptoms associated with health complications.

• Athletic individuals with diabetes may engage in competitive sports at all levels 
if certain precautions (i.e., glucose monitoring, altered insulin regimens, indi-
vidualized food intake) are made to manage glycemic levels.

 Case Study Wrap-Up

Case Vignette: A 54-year-old man presents for an assessment of his physical fitness. 
Two years ago, he experienced a non-ST-elevation myocardial infarction of the 
anterior wall, which necessitated placement of a drug-eluting stent in his left 

Table 38.2 Recommended pre-exercise meal insulin bolus reductions for activities started within 
90 min after administration (adapted from [50])

Intensity of activity Activity lasting 30 min Activity lasting 60 min
Light aerobic (30–39% HRR) −25% −50%
Moderate aerobic (40–59% HRR) −50% −75%
Vigorous aerobic (60–89% HRR) −75% Not assessed
Maximal or near maximal (>89% 
HRR)

No reduction Not assessed

HRR heart rate reserve

S. R. Colberg and D. Niederseer



787

descending artery. He also reports that his GP told him that he has “elevated blood 
sugar levels” for which he received lifestyle advice. His family history is unremark-
able for cardiovascular diseases and he reports no angina or other cardiovascular 
disorders. The patient smokes one pack of cigarettes per day (and has done so for 
30 years). As for physical activity, he reports engaging in 30–45 min of jogging 
once a week. His present medications include 100 mg of acetylsalicylic acid, a beta- 
blocker (bisoprolol 5 mg 1–0-0), an angiotensin converting enzyme (ACE)-inhibitor 
(ramipril 2.5 mg 1–0-0), and a statin (simvastatin 20 mg 0–0-1).

On physical examination, his body mass index (BMI, 31.1 kg/m2), waist circum-
ference (105 cm), and blood pressure (145/95 mmHg) are elevated. Auscultation of 
heart and lungs reveal no pathologic findings and no signs of heart failure are noted. 
The ECG reveals a sinus rhythm with 65 beats per minute, normal indices, and no 
Q-waves. A maximal exercise stress test reveals a reduced exercise capacity (75% of 
age predicted, or 151 Watts), but it is negative for ischemia and other abnormalities.

Blood tests show a fasting plasma glucose of 6.6 mmol/l (119 mg/dl), HbA1c of 
6.9%, and dyslipidemia despite use of a statin: total cholesterol, 7.0 mmol/l (270 mg/
dl); low density lipoprotein (LDL)-cholesterol, 4.0 mmol/L (155 mg/dl); high density 
lipoprotein (HDL)-cholesterol, 2.2 mmol/l (85 mg/dl); and triglycerides, 1.7 mmol/l 
(148 mg/dl). Urinary analysis shows some microalbuminuria and glucosuria.

 Questions

 1. In addition to optimization of his medications (change of statin, upped titration 
of ramipril, and addition of antidiabetic medications) and smoking cessation, 
what exercise advice would you give this patient?

 2. Would you recommend blood glucose monitoring before, during and after exer-
cise? What precisely do you recommend?

 3. Would you perform a graded exercise stress test on this patient prior to his start-
ing a more formal exercise program?

 4. During routine exercise stress testing conducted on this patient, he becomes 
symptomatic with fatigue, dizziness, and a dry mouth. What is the most likely 
cause of his symptoms?

 Answers

 1. All adults with diabetes are recommended to undertake at least 150 min per week of 
moderate to vigorous aerobic exercise training, although up to 300 min likely bestows 
additional health benefits. Given his underlying CVD (including a prior myocardial 
infarction and stent placement), his recommended intensity should be light to moder-
ate, at least to start. He may choose to continue jogging (at a moderate pace) and 
include other types of aerobic training spread throughout the week, allowing no more 
than 2 days to lapse between bouts of activity. In addition, he should add in moderate 
resistance training exercises at least twice weekly (on nonconsecutive days) to 
enhance retention of his muscle mass. Engaging in flexibility exercises and balance 
training at least 2–3 days per week should also be recommended to someone his age 
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(see Table 38.1), along with staying more active overall on a daily basis and breaking 
up sedentary time with frequent bouts of activity.

At least initially, this patient’s blood glucose should be monitored closely 
before, during and after exercise. Depending on which diabetes medications this 
patient is prescribed, monitoring blood glucose levels may remain important 
around exercise given that beta-blocker therapy can mask the onset of hypogly-
cemia. Done before and after exercise, such monitoring may also provide posi-
tive feedback regarding the glycemic benefits of regular exercise training, which 
may result in greater subsequent long-term adherence to his exercise training 
prescription. This is particularly important since exercise is a cornerstone for the 
management of all types of diabetes and its potential health complications.

 2. Although routine monitoring around exercise is not recommended for all adults 
with type 2 diabetes (given that most have a low risk of developing exercise- 
related hypoglycemia), when such patients begin an exercise program, their 
blood glucose responses to exercise should be checked. Monitoring and record-
ing blood glucose levels before and after exercise, at least initially, is important 
because it may:
• Allow for early detection and prevention of hypoglycemia or hyperglycemia
• Help determine appropriate pre-exercise blood glucose levels to lower risk of 

glycemic imbalances resulting from activities
• Identify patients who may benefit from continued monitoring around exercise
• Provide information for modifying prescribed exercise based on glycemic 

responses
• Allow for better adjustment of diabetes regimens to manage all activities
• Motivate patients to remain more active to better manage their diabetes

 3. Likely yes, but it depends. Since this patient is already somewhat active, a stress test 
is only advisable if he plans to start new activities more vigorous than his current 
daily ones, which include weekly jogging (which he has been undertaking without 
any problems or symptoms arising). As stated, previously sedentary older individu-
als (≥ 40 years) with diabetes and anyone ≥30 years of age with a high cardiovascu-
lar risk should likely undergo medical screening and obtain medical clearance prior 
to performing vigorous intensity exercise. In addition, this patient does meet several 
criteria for a possible pre-participation exercise stress test, including his age, ciga-
rette smoking, dyslipidemia, and known coronary artery disease (see section on 
“General Indications for Exercise Stress Testing in Patients with Diabetes”).

 4. Routine pre-session blood glucose measurement is 11.2  mmol/l (200  mg/dl), 
which compares well to his previous pre-session measurements. He starts to train 
on a cycle ergometer. After 10 min of ergometer training his heart rate starts to rise, 
although his workload is constantly decreasing from 75 to 45 W. The patient also 
reports feeling dizziness and a dry mouth. No ECG changes are evident, however.
His immediate blood glucose is 19.4 mmol/l (350 mg/dl), indicating an increase in 
hyperglycemia in this patient. Some of his symptoms correspond to possible symp-
toms of hyperglycemia, which can include fatigue, hyperventilation, and dry mouth, 
along with polyphagia, polydipsia, polyuria, blurred vision, weight loss, poor wound 
healing, dry or itchy skin, impotence (male), recurrent infections such as vaginal 
yeast infections, groin rash, external ear infections (swimmer’s ear), cardiac arrhyth-
mias, stupor, and coma. Moreover, physical exhaustion causes glucose production in 
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the liver (glycogenesis and glycogenolysis) plus enhanced free fatty acid release by 
adipose tissue and reduced muscle uptake of glucose and, consequently, may contrib-
ute to hyperglycemia in exercising patients with diabetes.

After a few minutes of rest, the patient’s symptoms resolve, but his blood 
glucose remains elevated at 19.4  mmol/l (342  mg/dl) 15  min later. A urinary 
analysis reveals moderate ketone bodies. When asked further, the patient reports 
having had a demanding week at his job and furthermore some domestic prob-
lems, resulting in significant insomnia during the prior week. To reduce his men-
tal stress, he had exercised on a cycle ergometer for 2 h before this scheduled 
testing. He is instructed not to perform any exercise for the rest of the day and to 
continue to monitor his blood glucose levels frequently. The next day the patient’s 
urine is rechecked and found to be free of ketones. His blood glucose is 9.6 mmol/l 
(174 mg/dl) and he reports feeling completely recovered after a day of rest. He 
reports that his GP has recommended that he start on diabetes medications imme-
diately to lower his blood glucose levels and that he plans to do so.
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Learning Objectives
 1. Learn the vital importance of cardiorespiratory fitness (CRF) and its impact on 

mortality.
 2. Understand the physiologic changes that occur with obesity and the associated 

increased cardiovascular risks.
 3. Learn about the obesity mortality paradox; that being classified as “obese” alone 

does not necessarily equate to poor health as much as metabolic disturbances 
associated with obesity.

 4. Understand the utility of cardiac rehabilitation in patients with cardiovascular 
disease.

39.1  Introduction

Worldwide obesity, as measured by the body mass index (BMI), has more than 
doubled between 1980 and 2014 and currently affects more than 10% of the global 
population. Obesity is a well-established risk factor for cardiovascular (CV) disease 
(CVD), and is the second leading cause of preventable death in developed countries, 
following tobacco use [1]. The American Heart Association (AHA) obesity guide-
lines recommend that physicians identify patients who meet clinical criteria for obe-
sity using BMI ≥ 30 kg/m2 to identify adults who may be at elevated risk of mortality 
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from all causes, because of the well documented increased morbidity and mortality 
in the obese population [2]. This increasing burden and obesity’s role in the devel-
opment of CVD has led the World Health Organization (WHO) to declare obesity 
as one of the nine target areas in fighting the global epidemic of non- communicable 
diseases. One of the major components of secondary prevention for CVD is exercise 
training (ET).

39.2  Current AHA Guidelines

The treatment of overweight and obesity allows patients to experience significant 
metabolic improvements that reduce their risk of CVD. Throughout this chapter, 
various tables are presented which summarize current recommendations from the 
AHA regarding obesity management, with a focus on evidence statements achiev-
ing a rating of high or moderate strength of evidence. The interested reader is 
encouraged to review the complete 2013 AHA guidelines for the management of 
overweight and obesity in adults [2].

39.3  Defining Obesity

39.3.1  WHO Definition of Obesity

The WHO defines overweight as a BMI ≥ 25 kg/m2 and obesity as a BMI ≥ 30 kg/
m2, regardless of age, sex and race (Table 39.1) [3].

39.3.2  Calculating BMI

BMI is calculated as weight in kilograms divided by height in meters squared.
BMI = weight (kg)/height (m2)
Therefore, BMI is merely a descriptor of an individual’s weight relative to their 

height, however, it does not accurately describe body composition.

Table 39.1 Weight classification according to Body 
Mass Index (BMI)

Weight category BMI
Underweight <18.5 kg/m2

Normal weight 18.5–24.9 kg/m2

Overweight 25.0–29.9 kg/m2

Obesity
Class I 30.0–34.9 kg/m2

Class II 35.0–39.9 kg/m2

Class III 40.0–49.9 kg/m2

Class IV 50.0–59.9 kg/m2

Class V ≥60 kg/m2

A. Elagizi et al.
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39.3.3  Criticism of BMI

The utility of BMI to assess obesity has been criticized for its inability to differenti-
ate between fat, muscle and skeletal weight [1], therefore not being a precise mea-
surement of adiposity.

• Having a normal BMI does not preclude an individual from having high levels of 
adipose tissue [4].
 – Patients who have normal BMI and high adiposity are known as “normal 

weight obese”, who have been shown to have increased CVD and mortality 
risk [5, 6].

 – Those with increased muscle mass and shorter stature will have a higher BMI, 
and may be misclassified as overweight or obese, despite having low amounts 
of adipose tissue.

Therefore, BMI in the “normal” range may describe a person with high adiposity 
but a normal height-to-weight ratio, and falsely indicate good health status, and vice 
versa.

39.3.4  Clinical Utility of BMI

Because of the low cost and ease of use of the BMI calculation, despite its criti-
cisms, BMI is still the most used anthropometric index in the literature and persists 
as a strong predictor of CVD mortality [7].

• BMI has been shown to be as clinically important or more important than total 
adiposity measured using accurate, complex and expensive methods, such as 
body fat percentage, fat mass index, fat-free mass and fat free mass index [8].

39.4  Etiology and Epidemiologic Trends

39.4.1  Etiology

It is widely accepted that increased body weight and overall adiposity are the result 
of a chronic positive energy balance (energy intake > energy expenditure) [9].

• However, the etiology of obesity can be multifactorial, including heritability [10].
 – Forms of monogenic obesity account for 2–4% of individuals with obesity, 

such as the autosomal dominant melanocortin-4 receptor gene mutation [11].
 – Autosomal recessively inherited leptin deficiency is the only form of 

monogenic obesity that can be treated causally via leptin replacement 
therapy [12].

39 Impact of Exercise on Cardiovascular Risk Factors: Obesity
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39.4.2  Obesity Epidemic

The prevalence of overweight/obesity has reached epidemic proportions in Western 
countries, and is the second leading cause of preventable death following tobacco 
abuse [1].

• More than 78 million adults in the US were obese in 2009 and 2010 [13].
• The Global Burden of Disease obesity collaborators [14] analyzed data from 

68.5 million persons between 1980 and 2015.
 – In 2015, a total of 107.7 million children and 603.7 million adults were obese.

These statistics are magnified when realizing that approximately 90% of 
obese children will become obese adults [15].
Due to increasing rates of childhood obesity in the USA, we may see the 
first generation which will be less healthy and have a shorter life expec-
tancy than their parents [16].

 – Since 1980, the prevalence of obesity has doubled in >70 countries and has 
continuously increased in most others [14].

 – High BMI accounted for four million deaths globally, and over 2/3 of those 
deaths were due to CVD [14].

39.5  Physiologic Impact of Obesity (Fig. 39.1)

• Increasing adiposity leads to adipocyte hyperplasia, driven by recruitment of 
adipogenic progenitors and growth factors [17].
 – As obesity advances, hypertrophied adipocytes undergo apoptosis, cell necro-

sis and fibrosis, which further induce an inflammatory state and adipose tissue 
dysfunction [17].

The inflammatory state is intensified by macrophage recruitment.
These macrophages produce proinflammatory cytokines, inducible 
NO synthase, ROS and nitrogen intermediates and are thought to pro-
mote insulin resistance, metabolic syndrome or diabetes mellitus 
(DM) [17].

Increasing adiposity also has a negative impact on cardiac structure and func-
tion [18]:

 1. Increased total and central blood volume.
 2. Increased stroke volume.
 3. Increased cardiac output.
 4. Increased preload and left ventricular filling pressure.
 5. Adverse impact on systolic, and especially diastolic dysfunction.
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39.5.1  Mechanisms of Adipose-Associated Effects on CVD

The effects of adiposity on dysregulating homeostasis spans multiple organ sys-
tems, and increases the risks of renal disease, stroke, coronary heart disease (CHD), 
and mortality [19–22].

Adipose tissue causes cellular ischemia when accumulation out-strips available 
blood supply [23]. This helps initiate the release of adipokines and inflammatory 
factors such as C-reactive protein, Tumor necrosis factor (TNF), leptin, and adipo-
nectin that trigger inflammation characteristic of atherosclerotic and hypertensive 
CVD [24].

• Weight-associated elevations in circulating blood volume cause a disproportion-
ate increase in cardiac output that is related to an increase in free fatty acids 
(FFA) and sympathetic activity [25, 26].

• FFA increases sympathetic tone which inhibits sodium/potassium exchange 
pumps as well as sodium ATP pumps, leading to:

Fig. 39.1 Physiologic 
impact of worsening 
obesity [30]
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 – Higher smooth muscle tonicity which causes higher peripheral resistance and 
blood pressure (BP) [27–29].

 – High sympathetic tone triggers excessive Renin-angiotensin-aldosterone sys-
tem (RAAS) activation which leads to renal vasoconstriction and renin- 
dependent chronic hypertension (HTN) (Fig. 39.2).

• FFA increases infiltration of oxidized lipids in the artery wall, triggering a 
chronic inflammatory response with macrophage activation [31].

• Adipokines released from excess fat promote an inflammatory cascade
 – Activate cytokines that include IL-1β, IL-6, and nitric oxide (NO) synthase 2 

[32, 33].
 – Stimulate macrophage infiltration into adipose and hepatic tissue.
 – Result in an inflammatory feedback loop, glucose dysregulation and ulti-

mately potentiates dysfunction [34].
• The result is a feedback loop that stimulates additional FFA secretion, more adi-

pokines, and worsening hyperglycemia that potentiate diabetes and 
atherosclerosis.

• Adiposity-related insulin resistance has been associated with reduced endothelial- 
dependent vasodilation [35, 36].
 – There is increasing evidence of endothelial dysfunction as a culprit in the 

oxygen imbalance of myocardial demand and supply that may lead to cardiac 
ischemia and infarction [37–39].

Dyslipidemia (decreases in high-density lipoprotein cholesterol (HDL-C), 
increases in low-density lipoprotein cholesterol (LDL-C)) is another mechanism of 
adiposity-related dysregulation; and is associated with FFA release, insulin resis-
tance, and increased inflammation which lead to endothelial dysfunction [40].

Fig. 39.2 Obesity and hypertension [30]
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• HDL-C protects against atherosclerosis by both removing excess cholesterol 
from macrophages and by downregulating adipokine secretion in fat tissue.

• Excess LDL-C promotes atherosclerosis through sub-endothelial deposition of 
LDL-C/apolipoprotein-B containing particles that stimulate macrophage- 
activity, phagocytosis, and foam cell formation.
 – This leads to increased oxidative stress and associated inflammation [41, 42].

• Oxidative stress is regulated by mechanisms that balance reactive oxygen species 
(ROS) production with ROS removal by anti-oxidant enzymes such as superox-
ide dismutase [43, 44].
 – Excessive ROS causes DNA damage, lipid oxidation, and protein 

denaturation.
• ROS likewise reduces vaso-reactivity by downregulating NO [45].

 – Lower NO levels lead to reduced vasodilation, impaired anti-coagulation, 
increased leukocyte adhesion, and smooth muscle proliferation [46].

 – The result is endothelial dysfunction and progression of CVD.

In summary, obesity promotes an inflammatory cascade through a combination 
of increased adrenergic tone, insulin resistance, and lipid dysregulation that acceler-
ates inflammation and endothelial dysfunction leading to atherosclerotic diseases 
(Fig. 39.3) [47].

These changes lead to left ventricular hypertrophy and dysfunction, which 
becomes more pronounced with greater severity of obesity [1], and ultimately 
increases the incidence of heart failure (HF) and other CVD. Many of the physio-
logic effects of obesity can be reversed with purposeful weight loss [15]. Figure 39.4 
illustrates mechanisms of CV risk related to obesity.

Fig. 39.3 Obesity, inflammation, and atherosclerosis [30]
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39.6  Obesity and Various Types of CVD

Obesity has negative effects on almost all major CVD risk factors, and the over-
weight/obese population demonstrate a higher incidence of almost all CVDs [1].

39.6.1  Obesity and Hypertension

Overweight/obesity is associated with increased risk of HTN (Table 39.2) via mul-
tiple mechanisms:

Epi/pericardial AT

Perivascular AT

Myocardial fat
• Impaired myocardial metabolism
• Reduced metabolic flexibility
• Heart failure
•  Diastolic chamber compliance
•  Left ventricular (LV) mass
• Concentric LV remodelling
• Adipositas cordis

Perivascular AT
• Local inflammation
• Impaired vascular function
• Vascular remodeling
•  Infiltrated macrophages

in atherosclerotic lesions
Subcutaneous AT
• Neutral “metabolic sink”

Liver fat:
•  Glucose production
•  lnsulin degradation
•  VLDL production
•  Apo B degradation 

Pancreas fat
• Inflammation
• Apoptosis
• -cell function

Renal fat
• Blood pressure

Visceral AT
•  FFA release
• Inflammatory cytokines
•    Adiponectin
•    Peripheral resistance
•     Cardiac output
•    Endothelium-dependent

vasodilation

Subcutaneous gluteal-femoral AT
•  Postprandial uptake of dietary

lipid
• “Metabolic sink” protects against

lipid spillover

Epi/pericardial fat
• Protective until storage

capacity is saturated?
Muscle fat
• Insulin resistance/inflammation

Liver fat

Subcutaneous AT

Visceral AT

Subcutaneous
gluteal-femoral AT

Myocardial fat

Pancreas fat

Muscle fat

Renal sinus fat

Fig. 39.4 Mechanisms of cardiovascular risk related to adiposity in the obese (reproduced with 
permission from [48]). Apo apolipoprotein, FFA free fatty acids, AT adipose tissue
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• Obesity causes increases in renal sodium reabsorption, impairment in natriuresis 
and ultimately leads to extracellular volume expansion and elevated BP[15].

• Increased adiposity leads to RAAS activation and sympathetic system activa-
tion [17].

• The Physician’s health study demonstrated approximately 8% increase risk of 
HTN per 1-unit increase in BMI [49].

• Weight loss can reverse some of the negative physiologic effects of obesity and 
reduce BP[1].

• The relationship between obesity and HTN has important prognostic implica-
tions considering the improved CVD outcomes with tight BP control in the 
SPRINT study [50].

39.6.2  Obesity and Dyslipidemia

Overweight/obesity increases CVD risk and leads to an unfavorable lipid profile 
(Table  39.3), such as increased fasting plasma triglycerides, higher LDL-C and 
lower HDL-C [49].

• Chylomicron remnants and LDL-C may migrate into the sub-endothelium and 
become trapped [51].

Table 39.2 Weight loss and hypertension risk (adapted from [2])

Evidence statement
Strength of 
evidence

In overweight/obese adults with increased CV risk (including HTN or DM2), 
there is a dose-response relationship between weight loss achieved up to 3 years 
by lifestyle intervention and lowering BP
•  5% weight loss results in mean systolic and diastolic BP reductions of 3 and 

2 mmHg, respectively
• <5% weight loss has more modest and variable reductions in BP

High

Mean 5% weight loss achieved over 4 years by lifestyle intervention in 
overweight/obese adults with DM2 is associated with reduced antihypertensive 
medication prescriptions

Moderate

Table 39.3 Weight loss and Impact on cholesterol/lipid profiles (adapted from [2])

Evidence statement
Strength of 
evidence

There is a dose-response relationship between weight loss and the 
improvement in lipid profile
• 3 kg weight loss leads to a mean triglyceride reduction of 15 mg/dl
•  5–8 kg weight loss lowers LDL-C approximately 5 mg/dl and increases 

HDL-C 2–3 mg/dl
• <3 kg weight loss has more modest and variable improvements

High

5% weight loss achieved over 4 years in overweight/obese adults with DM2 is 
associated with reduced newly prescribed lipid-lowering medications

Moderate

Compared with placebo, Orlistat added to lifestyle intervention results in an 
average 3 kg greater weight loss and improved lipid profile

High

39 Impact of Exercise on Cardiovascular Risk Factors: Obesity
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 – Remnants of chylomicrons and very low density lipoprotein are involved in 
the development of atherosclerosis [52].

• Treatment of obesity related dyslipidemia should focus on lifestyle changes 
including weight loss, physical activity (PA) and healthful diet.
 – PA has been shown to increase lipase activity which stimulates triglyceride 

lipolysis, possibly due to increased muscular lipase activity [51].

39.6.3  Obesity and Diabetes Mellitus

Globally, obesity is a bigger health crisis than hunger, and is the leading cause of 
death and disability around the world [53]. Obesity is also a major risk factor for 
diabetes mellitus (DM) and trends in the incidence and prevalence of DM have mir-
rored those of obesity (Table 39.4).

• Although historically thought to be an adult disease, increasing obesity preva-
lence among children and adolescents have resulted in increasing rates of DM 
among youth populations [53].

• It has been predicted that in 2030, DM will be prevalent in over 7.5% of the 
global population [16].
 – A direct relationship between DM and obesity has been demonstrated, and the 

pathogenesis is due to peripheral tissue insulin resistance [16].
• CVD is the leading cause of morbidity and mortality among individuals with 

DM, accounting for 68% of all DM deaths [54].
 – This excess risk of CHD in DM disproportionately affects women, such that DM 

completely eliminates or attenuates the CHD advantage of being female [53].
• For overweight and obese patients, a modest weight-loss goal of 5–10% can 

substantially reduce the risk of developing DM, and moderate-intensity PA such 

Table 39.4 Evidence for weight loss and risk of diabetes (adapted from [2])

Evidence statement
Strength of 
evidence

Overweight/obese adults at risk for DM2, average weight loss of 2.5–5.5 kg can 
reduce the risk of DM2 by 30–60%

High

Overweight/obese adults with DM2, 2–5% weight loss with lifestyle intervention 
results in modest reductions in fasting plasma glucose (lowering hemoglobin A1c 
by 0.2% to 0.3%)

High

Overweight/obese adults who achieve greater weight loss at 1 year with lifestyle 
intervention have greater improvements in hemoglobin A1c. Weight loss of 
5–10% is associated with hemoglobin A1c reductions of 0.6–1.0%

High

Overweight/obese adults with DM2 who lose more weight achieve greater 
reductions in plasma glucose concentrations (2–5% weight loss is achieved with 
clinically meaningful reductions of plasma glucose)

High

Overweight/obese adults with DM2 treated with orlistat with lifestyle 
intervention achieve 2–3 kg greater weight loss at 1 and 2 years than placebo 
with lifestyle intervention

High

DM diabetes mellitus

A. Elagizi et al.



803

as brisk walking for at least 150 min per week also plays an important role in 
reducing the risk of DM, even without weight loss [16].

39.6.4  Obesity and Heart Failure

Heart failure (HF) has been increasing in prevalence, alongside the increasing inci-
dence of obesity. Despite therapeutic advances, morbidity and mortality after the 
onset of HF remain substantial [55].

• The Framingham study [55] demonstrated that every 1 kg/m2 increase in BMI 
increased the risk of HF by 7% in women and 5% in men.
 – Approximately 11% cases of HF in men and 14% in women are attributable 

to obesity alone, and the contribution of obesity to the risk of HF has not been 
adequately recognized [55].

The likelihood of HF increases as the duration of morbid obesity increases, 
up to a prevalence of almost 90% at 30 years [56].
Elevated BMI was associated with an increased risk of HF, without evi-
dence of a threshold, and this risk was evident in both sexes and not limited 
to those with extreme obesity [55].

• Kenchaiah et  al. [55] suggested plausible mechanisms for increased HF in 
obesity:

 – Increased BMI is a risk factor for HTN, DM and dyslipidemia, all of which 
augment the risk for myocardial infarction (MI), an important antecedent 
of HF.

In addition, HTN and DM independently increase the risk for HF.
 – Elevated BMI is associated with left ventricular remodeling and may account 

for the disproportionately greater prevalence of HF with preserved left ven-
tricular function (compared to HF with reduced left ventricular function).

• It has been shown that the absence of HTN, DM and obesity at age 45 years and 
55 years is associated with 73–86% lower risks for incident HF over the remain-
ing life course compared to those with all 3 risk factors [57].
 – These data underscore the importance of preventing the development of risk 

factors in mid-life for decreasing the public health impact of HF.

39.6.5  Obesity and Coronary Heart Disease

The major effect of obesity on CHD risk is attributable to atherogenic dyslipidemia, 
metabolic syndrome and DM (Table 39.5) [1].

• According to the AHA, the current cut-points for overweight (BMI ≥ 25 kg/m2) 
and obesity (BMI ≥ 30 kg/m2) compared with normal weight are associated with 
elevated risk of combined fatal and nonfatal CHD [2].
 – The higher the BMI, the higher the risk of fatal and non-fatal CHD.
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• The INTERHEART study found that over 90% of the risk for acute MI is attrib-
utable to nine modifiable risk factors [58].
 – Dyslipidemia, the leading factor, could account for approximately 50% of the 

risk of developing acute MI.
• Although obese patients may have relatively normal LDL-C plasma levels, obese 

individuals typically have an increased proportion of smaller, denser and more ath-
erogenic LDL-C particles [1], thus increasing their risk for atherosclerotic CVD.

• Obesity also increases CHD risk indirectly through its effect on related comor-
bidities, such as HTN, glucose intolerance, endothelial dysfunction and inflam-
mation [53].

• The Nurse’s health study found that obesity was associated with a nearly twofold 
higher risk of CHD even after adjustment for HTN, DM, dyslipidemia and fam-
ily history, and this independent association between obesity and CHD was dem-
onstrated in both men and women, even with small increases in BMI [53].

39.6.6  Obesity and Atrial Fibrillation

Atrial Fibrillation (AF) is the most common sustained arrhythmia with a projected prev-
alence that will rise from 5.2 million in 2010 to 12.1 million in 2030, driven primarily 
by our aging population [59]. Obesity is an independent risk factor for AF [60], and 
obese patients have been shown to have a 50% increased risk for developing AF [61].

• It has been shown that every 1-unit increase in BMI has been associated with an 
almost 4% increased risk of AF [62].
 – This increased prevalence of AF in obesity is multifactorial, and may be due 

to the increased prevalence of HTN, as well as increased left atrial size and 
volume [1].

Obesity is also associated with left atrial enlargement, conduction slowing, 
conduction heterogeneity, increased interstitial fibrosis and myocardial 
lipidosis to result in increased spontaneous and induced AF [60].

• Obesity may also be a risk factor for progression of paroxysmal to persistent AF, 
which carries higher morbidity and mortality [9].

In summary, the available scientific evidence is clear that increasing obesity 
appears to have a causal effect on the development of various CVD risk factors and 

Table 39.5 Current BMI cut-points with respect to coronary heart disease risk (adapted from [2])

Evidence statement
Strength of 
evidence

The higher the BMI, the higher the risk of CHD, fatal and nonfatal CHD, 
ischemic and hemorrhagic stroke, fatal stroke, fatal and nonfatal CVD, risk of 
type 2 DM and all-cause mortality

Moderate

The current cut-points for overweight (BMI ≥ 25 kg/m2) and obesity 
(BMI ≥ 30 kg/m2) are associated with elevated risk of CHD and elevated risk of 
fatal CVD in men and women

Moderate

CHD coronary heart disease, CVD cardiovascular disease, DM diabetes mellitus
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increasing the risk for various forms of CVD themselves, therefore leading to 
increased morbidity and mortality. Weight loss can improve outcomes, or even 
reverse some of these diseases.

39.7  Obesity and its Mortality Paradox

Despite the relationships of obesity with metabolic dysregulation and CVD pre-
sented earlier, there has been compelling evidence of survival benefits associated 
with obesity in populations with chronic disease; a phenomenon termed the obesity 
paradox.

• The obesity paradox has been found in individuals with both medically and sur-
gically treated disease and extends to non-cardiac diseases, including renal and 
pulmonary diseases [63–66].

• The nadir of mortality occurs in the overweight group, with a U and/or reverse- 
J- shaped distribution of increasing mortality as BMI values diverge in the posi-
tive and negative direction (Fig. 39.5) [67–69].
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Fig. 39.5 Obesity paradox by BMI in patients with CHD. Modelled relative risk from three stud-
ies of the obesity paradox, in each case normal weight is the comparison group. A U-shaped distri-
bution is formed with the trough (lowest mortality risk) anchored in the overweight and obese 
groups. This visual representation does not denote the presence of absence of statistical signifi-
cance (refs. are [65–67])
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The reasons for the obesity paradox are thought to either come indirectly from 
increases in lean mass (LM) and earlier exposure to healthcare, or directly from 
body fat providing cytokine sequestration, or serving as a metabolic reservoir in 
those with severe chronic diseases with persistent catabolic states.

• Increases in LM associated with obesity have been found to have improved out-
comes; the metabolically-healthy obese (MHO) [7].

• These benefits erode in the morbidly obese as increasing visceral adiposity 
increases the risk of developing metabolic syndrome and other precursors of 
CVD [70].

• Mortality benefits attributed to obesity have been found to be interrelated with 
cardiorespiratory fitness (CRF) [71–73].
 – When 10,000 patients divided into MHO and non-MHO groups were strati-

fied by CRF, only those in the bottom 20th percentile for age and gender lev-
els of CRF demonstrated an obesity paradox [74, 75].

• Cytokine sequestration is a possible protective mechanism due to increased pro-
duction of soluble TNF receptors [76].

• Normal-weight individuals (whether healthy or chronically ill) have both low 
adiposity and lower LM. In this group weight loss often becomes the defining 
metric of outcomes.
 – When stratifying weight loss by fat loss, those with fat loss alone had a 

reduced risk of death by ~15%, while those with overall weight loss (includ-
ing lean mass) had a ~35% higher mortality risk [77].

 – Stratifying weight loss by unintentional versus intentional weight loss also 
provides a basis for discriminating between outcomes:

Intentional weight loss was associated with a 24% lower mortality com-
pared with the mean while those with unintentional weight loss had a 31% 
higher mortality rate [78].

• Weight loss coupled with a fitness program has been associated with a signifi-
cantly lower risk of combined CVD events and mortality regardless of baseline 
BMI [79].

• A study of associations with differing levels of BMI in chronic disease found that 
obese individuals had shorter overall survival but lived significantly longer with 
HF than those without obesity [80].

Based on current literature, the benefits of excess BMI on survival are greatest in 
the mildly obese and in those with obesity that is not complicated by CVD risk fac-
tors such as metabolic syndrome. Furthermore, the effects appear to be inversely 
related to the degree of CV fitness. In discussing the obesity paradox, it is perhaps 
most important to note that increasing CRF regardless of body mass has been shown 
to improve CV outcomes and longevity [81].
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39.8  Cardiorespiratory Fitness

39.8.1  Definition

In 1923, Hill and Lupton [82] first described CRF as a plateau in oxygen uptake, 
above which further increases in exercise intensity produced no additional increase 
in oxygen uptake, representing the capacity of the circulatory-respiratory system.

39.8.2  Benefits of CRF

Besides being perhaps the strongest predictor for CVD and total mortality, CRF is 
also related to depression, dementia and various cancers [83]. In most cases, 
patients with major CHD risk factors (obesity, DM, HTN, etc.) and high CRF have 
lower mortality than patients without these risk factors but low CRF [83]. Thus, 
CRF seems to neutralize the negative impact of multiple traditional CVD risk fac-
tors [84].

39.8.3  Fat But Fit

Studies have shown that obese patients with higher levels of CRF (“fat but fit”) have 
lower mortality than the non-fit, non-obese population [84–86]. These findings sug-
gest that fitness is a more important predictor of CV health outcomes than BMI or 
adiposity alone.

• High levels of CRF largely neutralize the adverse effects of excess adiposity and 
other CVD risk factors [5, 84, 86].
 – It has been shown that overweight unfit individuals showed a significant mor-

tality risk compared to normal weight fit individuals, while overweight indi-
viduals who were fit did not experience significant risk [85].

Mortality in this study depended on the level of fitness, not BMI.
• Individuals who are unfit are at twice the risk of death compared to their fit coun-

terparts, regardless of BMI [87].
• Differences in all-cause and CVD morbidity and mortality between MHO and 

normal weight individuals are largely explained by differences in CRF [88].
• CRF appears to have a stronger impact on CVD than individual risk factors, 

including obesity, such that efforts to improve CVD risk and outcomes in patients 
with obesity should focus not only on weight loss, but more importantly to 
increase fitness.

• Higher CRF level independently reduces mortality risk regardless of BMI [89].
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 – Studies have shown that the inverse association of BMI with mortality was 
nullified among patients with high fitness but persisted in those with low fit-
ness [74].

39.8.4  Small Improvements in CRF Significantly Affect Mortality

According to available data, small improvements in CRF often translate into sub-
stantial benefits regarding overall health, morbidity and mortality [88].

• Each 1 metabolic equivalent (MET) increase in CRF has been associated with 
large (10–25%) improvements in survival [83].

• A meta-analysis by Kodama et  al. [90] (n  =  103,000) showed 13% and 15% 
reductions in CVD and all-cause mortality, respectively, per MET achieved.
 – Largest impact and health benefits were observed in the least fit groups of 

multiple studies, who improved their CRF.
• Therefore, not only do small improvements of CRF improve health outcomes, 

but they also seem to have the largest impact on the least fit individuals.

39.8.5  Optimal Exercise

• One large study, the Aerobics Center Longitudinal Study [91], followed 55,000 
people (13,000 runners and 42,000 non-runners) over a mean of 15 years, and 
found that runners had 30% and 45% decreased all-cause and CVD mortality, 
respectively.
 – Those in the least intense ET program (<6  miles per week, 1–2 times per 

week, <51  min per week) had similar benefits to those with more intense 
training, and greater benefit than those in the highest intensity group.

These results and other studies suggest that with running, the maximal 
effect on all-cause and CVD mortality occurs at low doses, well below the 
current major PA guidelines [92–94].

• These studies would suggest that low to moderate levels of PA/ET are associated 
with better outcomes than no exercise, as well as excess exercise, which can also 
have negative CV effects [95].

39.8.6  Physical Activity Guidelines

Exercise programs consistent with the minimum PA guidelines (150–300 min/week 
of moderate intensity PA or 75 min/week of vigorous intensity PA) are associated 
with CV health benefits (Table 39.6) [96].

• Patients seeking to lose weight without changing dietary habits require high PA 
levels (225–420 min/week of exercise).
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• For patients seeking to maintain weight loss, high levels of PA (200–300 min/
week of moderate intensity PA) have been associated with improved weight 
maintenance compared to lower levels (<150 min/week).

As previously mentioned, various studies have demonstrated health benefits 
with PA levels well below those recommended in current PA guidelines. Therefore, 
current PA guidelines serve as a target PA level, rather than a minimum 
requirement.

39.8.7  CRF and Improved Outcomes in Various Types of Heart 
Disease

• In 2066 systolic HF patients followed up to 5 years, in patients with low CRF 
annual mortality was 8.2%, compared with 2.8% in those with high CRF 
(p < 0.001) [97].

• Multiple studies demonstrated a consistent dose-dependent inverse association 
between CRF and the risk of AF [60].
 – Higher CRF has been associated with greater arrhythmia-free survival in 

patients with existing AF.
• In patients with CHD, sustained PA has been associated with better survival than 

weight loss [98].

39.8.8  Advocacy for the Clinical Use of CRF

• CRF is one of the best predictors of health outcome, regardless of age, sex, eth-
nicity, body habitus, chronic disease risk factors or actual chronic disease [1].

• The evidence for CRF importance is so compelling that the AHA has advocated 
for the routine use of CRF as a vital sign [95].

• A policy statement from the AHA has suggested the need for a CRF data-
base [83].

In summary, CRF appears to be the most important predictor of CV health and 
health outcomes. While there are clear health benefits from weight loss in those 

Table 39.6 Lifestyle Intervention (adapted from [2])

Evidence statement
Strength of 
evidence

High intensity lifestyle intervention should include all 3 of the following: 
reduced-calorie diet (energy deficit ≥500 kcal/d), increased PA (≥150 min/week 
equal to ≥30 min/d most days of the week) and behavior therapy

High

Overweight/obese who participate in comprehensive lifestyle interventions 
consisting of all 3 components have average weight loss of up to 8 kg in 
6 months of frequent on-site treatment

High

PA physical activity

39 Impact of Exercise on Cardiovascular Risk Factors: Obesity



810

with obesity to reduce their overall CVD risk, the emphasis for treatment of 
patients with obesity should focus on increasing fitness, rather than weight loss 
alone.

39.9  Cardiac Rehabilitation and Cardiovascular Disease

Cardiovascular rehabilitation (CR) is a multi-disciplinary approach to develop and 
maintain an optimal level of physical, social, and psychological well-being in order 
to promote recovery from CV illness that has a Class I recommendation from both 
American and European cardiac societies [99, 100]. Beneficial CV effects include 
improving CHD risk factors; particularly exercise capacity, reversing cardiac 
remodeling, and favorably modifying metabolism and systemic oxygen transport. 
Major components of secondary prevention for CHD are formal CR and exercise 
training ET programs that have been shown to lower rates of recurrent MI, improve 
favorable ventricular remodeling, lower re-hospitalizations, and decrease mortality 
[101–104].

• Most CR programs have three phases that combine education, ongoing medical 
management, dietary modifications, lifestyle changes and structured ET to opti-
mize recovery and decrease subsequent CVD morbidity and mortality.
 – Phase I: Inpatient enrollment: Education and early physical therapy with the 

goal of performing activities of daily living and transitions of care to outpa-
tient CR facilities.

 – Phase II: Outpatient supervised exercise program that commonly consists of 
up to 12 weeks of supervised ET and aggressive risk factor reduction.

Medical care includes patient assessment and aggressive risk factor man-
agement; the PA component consists of both education and supervision of 
a structured ET regimen with periodic reassessments [105].
Efficacy is improved with psychosocial stress counseling and therapeutic 
education in cardioprotective lifestyle changes [106].

 – Phase III: Continuation of lifestyle changes learned in phase II, outside of a 
supervised healthcare setting with the goal of improving CVD outcomes, 
health-related quality of life, and mortality.

• CR programs have been shown to reduce mortality, morbidity, and hospital 
readmissions.

• CR currently has a class I recommendation for patients after an acute MI, heart 
failure, and coronary revascularization procedure [99, 100, 107].

Efforts at innovation in CR have focused on expanding the scope of education 
and support (adding structured psychosocial and lifestyle counseling), using mobile 
and home-based delivery, and innovating exercise protocols to improve outcomes 
[106, 108].

• Numerous studies have looked at high intensity interval training (HIIT) proto-
cols versus the standard of moderate intensity continuous training (MICT).
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• HIIT consists of short, high-intensity intervals (75–95% of maximal effort) inter-
rupted by periods of rest [109].

• MICT involves continuous maintenance of workload at an intensity of 50–65% 
of the peak oxygen consumption or heart rate.

• HIIT regimens are superior in improving CRF when compared to MICT groups 
[110–113]:
 – Improvements in CV events found in HIIT groups over MICT participants can 

be attributed to improvements in CRF [114].
Two recent randomized trials have found no significant differences in fit-
ness and other parameters of health between HIIT and MICT protocols 
[115, 116].
In both trials, there was loose adherence to protocol parameters, leading to 
overlap in metrics of intensity between the two groups, likely decreasing 
the resolving ability.

• Pre-surgical rehabilitation protocols (PREhabilitation) have shown better post- 
operative outcomes; reductions in hospital length of stay, time on mechanical 
ventilation, and lower medical complication rates have been found [117].

To date, studies of HIIT protocols suggest more benefits from higher intensity 
ET, and current AHA guidelines on PA have suggested duration of both moderate 
and high intensity exercises, but well controlled randomized controlled trials are 
needed to confirm these findings.

39.10  Impact of CR on the CVD Risk Factor Profile

• In one meta-analysis of CHD patients, total cholesterol and LDL-C levels were 
significantly decreased in patients in the comprehensive CR intervention, but not 
the ET-only group [118] .

• Another meta-analysis demonstrated reductions in total cholesterol and triglyc-
erides, without improvements in LDL-C and HDL-C levels [119].

• A trend toward an improved lipid profile and BP was reported in another CR 
systematic review and meta-analysis, but the differences were not statistically 
significant [102].

• In randomized trials that prescribed and modulated medications within preven-
tive and rehabilitative ET programs, significant reductions in LDL-C and systolic 
BP were noted. However, this was not the case in the ET-only interventions.

• In addition, one randomized trial that addressed ≥6 CVD risk factors during CR 
demonstrated a reduction in overall mortality, but no differences in overall mor-
tality were present in more recent studies with adherence to guideline-directed 
medical therapies, that addressed fewer risk factors [106].

Based on available data, improvement in CHD risk factors observed with CR are 
closely linked to concomitant comprehensive medical management with ET-based 
programs, suggesting a critical role of risk factor modification in the secondary 
prevention of CHD.
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39.11  Mortality Effects of CR

The benefits of regular PA on mortality in CHD patients has been examined in 
observational and case-control studies, establishing PA as one of the principal modi-
fiers of mortality risk [58, 120].

• Early meta-analyses showed reductions in all-cause and CVD mortality of ~20–
25% associated with CR [121, 122].
 – Represented middle-aged male post-MI survivors, with low proportions of 

women and elderly.
• Subsequent Cochrane reviews and newer meta-analyses showed reductions in 

mortality rates associated between 13–27% for all-cause and 26–36% for CVD 
mortality [102, 118, 119, 123].

• Over time, these benefits have decreased; a large meta-analysis of 25 randomized 
and non-randomized studies from 1995 onward showed continued mortality ben-
efits [124].
 – However, a Cochrane review and meta-analysis of 63 randomized controlled 

trials between 1970 and 2014 showed that significant differences in all-cause 
mortality were absent (though CV mortality was still improved) [125].

Subgroup analyses suggested that all-cause mortality becomes non- 
significant after 1995, and a meta-regression analysis demonstrated an 
overall gradual reduction in pooled total mortality over time.

• This was found in another meta-analysis spanning randomized controlled trials 
from 2010 to 2015 showing significant reductions in CVD, but not in all-cause 
mortality [106].
 – In a sub-group analysis of comprehensive CR programs, both all-cause and 

CVD mortality were significantly decreased.
• One possible explanation is that optimal medical therapy and advances in inter-

ventions likely play a major role in mortality benefit.
• Another is that mortality effects in later studies have been more realistic with the 

inclusion of more women and elderly in later trials.
• The van Halewijn study suggests that improved risk factor modification in com-

prehensive CR programs can make up for both demographic differences and 
therapeutic changes over time.

• Patient compliance with Phase II is one indicator of long-term retention of CR- 
associated lifestyle modification and is suggested to have a direct association 
with mortality benefits [126].

Given the current environment of shrinking healthcare funding, it will be crucial 
to identify the types of patients most likely to benefit from CR, as this will improve 
resource utilization in long-term management of CVD patients.
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39.12  Weight Loss

Considering that obesity is generally attributed to an excess in energy consump-
tion, to achieve weight loss, an energy deficit is required, which can be achieved by 
various dietary methods (Table 39.7). The AHA defines a comprehensive lifestyle 
intervention for weight loss and weight loss maintenance to include all 3 of the 
following: [2].

 1. Prescription of a moderately reduced calorie diet.
 2. A program of increased PA.
 3. The use of behavioral strategies to facilitate adherence to diet and activity 

recommendations.
• Comprehensive lifestyle programs typically prescribe increased aerobic PA 

(such as brisk walking) ≥150 min per week (equal to ≥30 min per day most 
days of the week) [2].

• Higher levels of activity, approximately 200–300  min per week, are rec-
ommended to maintain lost weight or minimize long-term weight regain 
(>1 year) [2].

39.13  Conclusion

The increasing burden of obesity has taken a large toll on healthcare systems and the 
economy. Obesity is associated with many unfavorable physiologic changes that 
increase the risk for various types of CVD, which increase morbidity and mortality. 
Many of these diseases can be prevented, or even reversed with increased levels of PA/
ET. The importance of CRF cannot be emphasized enough with respect to the role that 
it plays in maintaining health, in obese and non-obese persons alike. In fact, CRF is so 
important that, as discussed above, obese patients with higher CRF have been shown 

Table 39.7 Dietary intervention (adapted from [2])

Evidence statement
Strength of 
evidence

To achieve weight loss, an energy deficit is required, and techniques for 
reducing energy intake include:
•  Energy intake target less than that required for an energy balance, usually 

1200–1500 kcal/d for women and 1500–1800 kcal/d for men
•  Estimation of individual energy requirements and prescription of an energy 

deficit of 500 kcal/d or 750 kcal/d or 30% energy deficit
•  Restriction or elimination of particular food groups or provision of 

prescribed foods

High
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to have lower mortality than unfit non-obese adults, and the AHA has advocated for 
the use of CRF as a vital sign. Regarding obesity and CVD, although weight loss can 
be beneficial, increasing PA and CRF levels is of utmost importance.

Clinical Pearls
• Cardiorespiratory fitness (CRF) is perhaps the strongest predictor for CVD and 

total mortality, and the clinical emphasis for obese patients should be to increase 
fitness, rather than to lose weight.

• Increasing the level of CRF is not only beneficial for obesity, but for most life-
style diseases.

• Obesity alone (as represented by high BMI) is not as important a predictor of 
health outcomes as the metabolic disturbances (HTN, DM, HLD, CVD) that 
some patients with obesity develop.

Practice Questions

 Questions

 1. An obese patient is undergoing routine clinical evaluation. The patient suffers from 
hypertension and diabetes mellitus, but in recent months has made lifestyle changes 
in an effort to improve his overall health. He has begun a regimen of brisk walking 
for 20 min, three days per week, and has started resistance training at the local gym 
for 40 min once per week (moderate intensity). He inquires if this is an effective 
regimen based on current physical activity guidelines, what is your response?

 2. You are hired as a consultant for a clinic which has recently opened, which spe-
cializes in the primary prevention and treatment of cardiovascular diseases. The 
clinical manager requests your advice regarding cost-effective screening tools to 
combat the increasing obesity epidemic and cardiovascular diseases which are 
becoming more prevalent in the community. What advice can you give, based on 
the information in this chapter?

 3. Two patients are evaluated at a follow-up visit, they both have New York Heart 
Association stage III congestive heart failure and have been hospitalized multi-
ple times in the past year. Patient A is an obese male whose BMI has remained 
elevated at 30, despite multiple efforts to lose weight. Patient B is a formerly 
obese male whose BMI is now 18 (below normal) and states that he has been 
losing weight unintentionally. How would you classify these patients regarding 
their overall prognosis?

 Answers

 1. This patient should be advised to increase his physical activity regimen to meet 
the current guidelines. The minimum physical activity guidelines include 150–
300 min per week of moderate intensity physical activity or 75 min per week of 
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vigorous intensity activity which are associated with cardiovascular health ben-
efits. This patient is only achieving 100  min per week of moderate intensity 
exercise, which does not meet the current guidelines.

 2. The American Heart Association has advocated for the routine use of cardiore-
spiratory fitness as a vital sign in clinical practice, and this method has been 
adopted by large institutions, such as Kaiser Permanente, Intermountain 
Healthcare (Utah), and Greenville Health System (South Caroline). This is a 
vital marker of overall health that is much more important than measurements 
such as BMI alone, and can allow clinicians to more effectively select patients 
who require lifestyle modifications to improve their overall health and cardiovas-
cular risk.

 3. Patient B has a worse prognosis. There are multiple clinical teaching points in this 
question. First, unintentional weight loss is almost always a bad sign, typically 
representing some underlying disease process that is causing decreased appetite 
(e.g., abdominal congestion due to advancing heart failure) or stealing nutrition 
(e.g., rapidly advancing malignancy). Second, multiple hospitalizations are typi-
cally a sign of advancing disease, and both of these patients seem to be suffering 
from progressively worsening heart failure. Patient B who is obese and unable to 
lose weight would have the better prognosis according to the obesity paradox, 
possibly due to having increased metabolic reserve. Multiple studies have shown 
an obesity paradox in which obese patients tend to have better clinical outcomes 
compared to underweight (and sometimes normal weight) patients. Cachexia car-
ries a devastating prognosis in many diseases, including heart failure.
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Learning Objectives
After having read this chapter, you should be able to:

 1. Explain how dysfunction and loss of the endothelial layer leads to a higher risk 
of cardiovascular events.

 2. Explain how high LDL cholesterol levels modulate the development of 
atherosclerosis.

 3. Explain how regular exercise affects the profile of circulating pro-and anti- 
inflammatory mediators.

 4. Explain how exercise can modulate vascular stiffness and furthermore vascular 
function.

 5. Name methodologies to investigate vascular function in a clinical/experimental 
setting.
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40.1  Introduction

The vascular system ensures delivery of nutrients and oxygen to the organs, drain-
age of toxic products and de-oxygenated blood from the organs, and inter-organ 
communication. While this prominent task at organ level is performed by the capil-
laries (below 10 μm in diameter), arteries and veins of increasing calibre perform 
different functions: the regulation of local blood flow to each organ or tissue, the 
adjustment of vessel diameter (which translates into pressure if blood volume 
remains constant) and the conductance of the flowing blood.

Two loops, the pulmonary and the systemic circulation, are powered by the pump 
work of the heart to drive re-oxygenation of the blood and to distribute re-oxygen-
ized blood throughout the body.

The architecture of the whole vascular system, as well as the structure of the 
vascular wall at each level reflect these different tasks and also determine the typical 
symptoms of vascular dysfunction in the various cardiovascular diseases:

• Capillaries, where permeability needs to be high, but controlled, effect tissue 
oxygen and nutrient supply. These small vessels are more or less fenestrated—
depending on the organ—and partially covered by pericytes on the abluminal 
side. Dysfunction and death of endothelial cells at this level of the vascular tree 
initially results in increased adhesion and extravasation of inflammatory cells 
and leakage of blood components into the surrounding tissue, aggravating the 
inflammatory response. Loss of microvessels due to endothelial cell death results 
in underperfusion of the limb or organ.

• At the next higher level, resistance arteries feature a small lumen and a well 
muscularised medial layer. Those vessels regulate blood flow at the organ level 
and are the main resistance vessels. Dysfunction and remodelling of these ves-
sels results in hypertension and organ underperfusion.

• Walls of large and medium-sized arteries are multi-layered and well muscula-
rised to convey stability as well as flexibility under the higher and alternating 
pressure conditions they are exposed to and furthermore prevent leakage of 
blood components. Especially haemodynamic flow patterns—velocity, laminar 
or turbulent flow—in combination with pressure-mediated strain and biochemi-
cal cues—e.g., inflammatory cytokines, fine particular matter—induce endothe-
lial cell injury in larger arteries [1]. An inflammatory response is triggered, which 
leads to sub-endothelial deposition and modification of lipoproteins. Continued, 
unresolved inflammation furthermore drives atherosclerotic plaque growth and 
rupture, finally resulting in thrombogenic vessel occlusion [2, 3]. In the absence 
of atherosclerotic plaque rupture, thrombogenesis leading to coronary vessel 
occlusion may still occur due to loss of endothelial cells [4].

• Veins collect deoxygenated blood from the tissues and transport it back to the 
heart. Pressure is lower in the venous system, reflected by the thinner medial layer. 
In veins below hip level, valves prevent backflow. Skeletal muscle contractions—
e.g., during walking—support venous function. Ageing and physical inactivity 
affect venous valve integrity, thereby allowing backflow of the blood into the lower 
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extremities and increasing venous pressure. In contrast to arterial thrombi, venous 
thrombus formation is not strongly associated with endothelial damage, but rather 
with a combination of enhanced pro-coagulant state and blood stasis. The specific 
flow conditions at the venous valves make them predilection sites of venous throm-
bus formation. Venous thrombi differ from arterial thrombi both in their distribu-
tion of fibrin and platelets as well as in their erythrocyte content.

The three main layers of the vascular wall (except capillaries) are (Fig. 40.1):

 1. The tunica intima, containing the endothelium and the internal elastic mem-
brane, providing an adhesion platform as well as survival signals for endothelial 
cells.

 2. The tunica media, containing smooth muscle cells embedded in extracellular 
matrix to convey both stability and elasticity, and the external elastic membrane 
(arteries). The smooth muscle cell layer is thicker in the more highly pressurized 
arterial system than in the veins.

 3. The tunica adventitia, containing fibroblasts, macrophages, and dendritic cells 
which conduct immune surveillance, vasa vasorum, which provide nutrient and 
oxygen supply, nervi vasorum, which convey contractile signals from the sym-
pathetic nervous system, as well as perivascular adipose tissue, which can 

Tunica intima

Tunica media

Tunica adventitia

Contains:
•  Vascular smooth muscle cells
•  Extracellular matrix
•  Membrana elastica externa

Contains:
•  Fibroblasts
•  Marcophages, dendritic cells,
   lymphocytes
•  Perivascular adipose tissue
•  Vasa vasorum
•  Nervi vasorum

Functions:
•  Immune surveillance
•  Provides contractile/relaxing signals
•  Provides nutrition
•  Provides growth signals
•  Matrix secretion to increase stability

Functions:
•  Performs contractile work
•  Conveys stability

Contains:
•  Endothelial cells
•  Membrana elastica interna

Functions:
•  Controls passage of cells & molecules (capillaries)
•  „Translates’’ biochemical signals from the luminal side
•  Anti-thrombosis/haemostasis
•  Release of endothelial-derived relaxing and contracting factors

Inflammatory
mediators

Vasoactive
factors

Relaxing &
contracting factors

Inflammatory
mediators

Shear/
Flow pattern

Growth/
Differentiation factors

Relaxing &
contracting factors

Inflammatory
mediators

Strain

Fig. 40.1 Schematic of a healthy arterial wall showing cell types and structures present and stim-
uli impacting upon vascular function. Physical forces, such as strain and shear stress are exerted by 
the pulse wave and blood flow patterns and impact directly or indirectly (via the endothelium) on 
smooth muscle cells and fibroblasts within the medial and adventitial layers. Circulating factors, 
including neuro-humoral mediators and lipoproteins, as well as circulating and cell-derived inflam-
matory mediators can act upon the endothelium or reach the media from the adventitial side (via 
vasa and nervi vasorum). The endothelium and perivascular adipose tissue process some of these 
signals, including vasoactive peptides and catecholamines
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mediate and buffer sympathetic neurotransmitters and furthermore provides 
growth and inflammatory signals.

While the contractile activity of the medial smooth muscle cells realises the 
actual volume adjustments, the endothelium is a crucial regulator of smooth muscle 
cell contractile status (see also Box 40.1). Arterial smooth muscle cells also underlie 
regulation from the abluminal side: nervi vasorum deliver pro-contractile signals, 
vasa vasorum allow for the influx of leukocytes, and perivascular adipose tissue can 
provide growth and proliferation signals, in addition to mediating noradrenaline 
signals and regulating inflammatory status (Fig. 40.1) [5, 6].

40.2  Mechanisms of Vascular Functional Regulation and its 
Dysregulation in Cardiovascular Disease

A number of physical and bio-chemical stimuli can regulate the function of the vari-
ous vascular cells both acutely and chronically. Adaptations to non-injurious stim-
uli, such as adaptive intimal thickening due to increased flow or single occurrence 
of injurious stimuli, may not progress to atherosclerotic plaques, while repeated or 
chronic exposure to injurious signals and combination of multiple influencing fac-
tors results in dysregulated remodelling (Fig. 40.2).

Impaired functionality of the cells populating all vascular layers and beds can 
result in diverse clinical manifestations, including thrombosis with acute ischaemia 
of the heart, lung, brain, or limbs and chronic ischaemia of the skin, gut, or limbs.

Box 40.1
The term “Endothelial Dysfunction” refers to the loss of main functions of the 
endothelial layer:

• Regulation of vascular tone: The ability of the endothelium to balance 
vasoconstrictive with vasodilative mechanisms. Endothelial dysfunction 
results in a predominance of constrictive mechanisms.

• Quiescence/selective permeability: Dysfunctional endothelial cells 
exhibit a more inflammatory phenotype, including the synthesis of cyto-
kines, expression of adhesion molecules, downregulation of intercellular 
junctions and loss of endothelial cells by detachment and apoptosis. This 
allows for lipoprotein deposition within the vascular wall and leukocyte 
recruitment resulting in vascular inflammation pertinent to atherosclerosis.

• Anti-thrombotic activity: In dysfunctional endothelium, pro-thrombotic 
effects predominate anti-thrombotic mechanisms, resulting in increased 
platelet adhesion and activation.

N. Kränkel et al.
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40.2.1  Factors Regulating Vascular Tone

Under physiological conditions, the vascular endothelium and the perivascular adi-
pose tissue, nerves and capillaries in the adventitia release a broad range of sub-
stances which induce relaxation or contraction in the medial smooth muscle cells 
momentarily (Table 40.1). Repeated mechanical injury and chronic exposure to cer-
tain bio-chemical factors such as

 (a) Cytokines,
 (b) Oxidative stress,
 (c) Sympathetic messengers,
 (d) Mediators of the renin-angiotensin-aldosterone system,
 (e) Platelet-derived and coagulation factors

shift the balance of endothelial-derived relaxing-versus-contracting factors 
towards a pathological state [38, 39]. In addition, platelets, recruited to micro-
injuries of the vascular wall and activated by loss of endothelial anti-thrombotic 
activity also are a source of vasoconstrictive factors, including serotonin and 
thromboxane [31].

Fine particular matter Physical inactivity,
Metabolic dysfunction

Activation of
innate immunity

(„response to injury”)

Hypertension

Increase of rigidity
(Matrix deposition,

Constriction≠, RelaxationØ,
VSMC phenotypic switch & proliferation)

Atherosclerotic plaque
erosion

Atherosclerotic plaque
instability

Perpetuation of
inflammation

Lipid deposition &
modification

Activation / Dysfunction /
Detachment / Death
of endothelial cells

Blood flow pattern
(shear stress)

Pulse pressure
(strain)

Sympathetic tone

Vascular wall
Physical injury

Activation of
adaptive immunity

Shift in innate immunity
(pro-inflammatory≠, pro-resolvingØ)

Fig. 40.2 Main bio-chemical processes leading to vascular dysfunction in the persistent presence 
of physical and bio-chemical risk factors. At the centre, a triad of endothelial dysfunction, lipid 
deposition, and unresolved inflammation drives atherosclerotic plaque progression and instability 
as well as endothelial loss leading to plaque erosion—both can eventually initiate thrombotic coro-
nary artery occlusion. Inflammatory mechanisms are also involved in a shift of endothelial-derived 
vasoactive factor release towards a more pro-contractile and less relax ative spectrum. Together 
with the mechanical strain affected by the pulse pressure and sympathetic tone, this leads to more 
contracted, stiffer resistance vessels and hypertension
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40.2.1.1  Shear Stress and Strain
Blood vessels are permanently subjected to mechanical forces in the form of 
stretch, encompassing cyclic mechanical strain due to the pulsatile nature of 
blood flow, and shear stress. Blood pressure is the major determinant of vessel 
stretch. It creates radial and tangential forces affecting all cell types in the vessel. 
In comparison, fluid shear stress results from the friction of blood against the 
vessel wall, and it acts in parallel to the vessel surface. Accordingly, shear is 
sensed principally by endothelial cells, strategically located at the interface 
between the blood and the vessel wall. Several lines of evidence documented that 
mechanotransduction, a process converting physical forces into intracellular bio-
chemical signals, is mediated by multiple mechanosensors [40]. Endothelial 
cells sense fluid shear stress by employing a wide repertoire of mechanosensors, 
including

 (a) Junctional proteins (VE-cadherin, occludin) [41],
 (b) Receptor kinases (vascular endothelial growth factor (VEGF) receptor 2 

(VEGFR2) and others),
 (c) Integrins,
 (d) Focal adhesions (FAs) [42],
 (e) G-proteins and G-protein coupled receptors (GPCRs) [43],
 (f) Ion carriers (Piezo1) [44], and
 (g) The glycocalyx.

Key molecules influenced by shear stress, which finally lead to changes in cell 
function, are endothelial nitric oxide synthase (eNOS) and enzymes regulating 
concentration of reactive oxygen species (ROS). With respect to shear stress we 
have to discriminate between unidirectional, laminar shear stress, in the range of 
10–70  dyne/cm2 in the arterial system which is atheroprotective, and turbulent/
multidirectional shear at low or alternating velocities (<10  dyne/cm2) which is 
implicated in the development of atherosclerotic lesions embedded in arterial 
bifurcations or tortuous arteries [40, 45]. Especially physiological shear stress 
induces the expression/activity of eNOS via several mechanisms including phos-
phorylation at specific sites (for review see [46, 47]) and increased expression via 
the activation of the transcription factor KLF2 [48, 49]. On the other hand, low 
shear results in vascular eNOS uncoupling (eNOS generates superoxide instead of 
nitric oxide) [50] and the inhibitory phosphorylation of eNOS at Thr495 via 
ERK1/2, thereby inhibiting eNOS function [51].

Cyclic strain has been shown to cause an increase in production of various vaso-
active substances, including prostacyclin, ET-1, tPA, ROS, and monocyte chemo-
tactic protein-1 (MCP-1) (Table 40.1) [52–54]. It also affects endothelial cell gene 
expression, and many transcription factors, including AP-1, cAMP response ele-
ment binding protein (CREB), and NF-κB, are known to be involved in the cyclic 
strain- mediated regulation of gene expression [55, 56].
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40.2.2  The Vascular Response to Injury—Unresolved 
Inflammation

Physical and/or bio-chemical micro-injuries to the endothelium and underlying 
vascular layers initiate a “response to injury” (see also Box 40.2), which involves 
the activation of platelets and the innate immune response. Persistence and repeti-
tion of injurious signals in individuals with high cardiovascular risk prevents the 
resolution of the inflammation, as would be typical for “healthy” wound healing.

Box 40.2
The response-to-injury concept describes atherosclerotic vascular disease 
initiation and progression as the result of a non-resolved, perpetuating inflam-
matory reaction, which does not result in wound healing, but in progressive 
and ultimately destructive vascular wall remodelling.

• Injuries are inflicted upon the endothelium by turbulent flow conditions – 
at sites of arterial bifurcations and curvatures [68]—in combination with 
mechanical strain exerted by the pulse wave [1] and toxic bio-chemical 
mediators, such as fine particular matter [69], oxygen and nitroso radicals 
and damage-associated molecular patterns.

• Acutely, these lead to inflammatory activation of endothelial cells—char-
acterized by upregulation of adhesion molecules, downregulation of inter-
endothelial cell junctions, enhanced motility and accelerated 
proliferation.

• As a result, permeability of the endothelial layer increases and low-density 
lipoproteins (LDL) and leukocytes can enter the sub-endothelial layer.

• Moreover, vasospasms—contraction of the smooth muscle cells—are 
induced by the endothelium early after vascular injury and activated plate-
lets release pro-coagulant and pro-constrictive factors, including adenos-
ine diphosphate (ADP), serotonin and thromboxane A2.

• Normally, wound healing would be induced by progression of the initial 
pro-inflammatory “defensive” M1-type macrophage response, which 
includes release of pro-oxidative and proteolytic enzymes, to a pro-resolv-
ing M2-type macrophage response, which employs efferocytosis and the 
release of “specialized pro-resolving mediators” [70].

• The continuous or repetitive presence of injurious stimuli in individuals 
with high cardiovascular risk prevents effective resolution of inflammation 
and tissue healing in favour of a continuous and/or constantly re-activated 
“defensive” M1 response.

• M1 macrophage response is supported by a TH1-type adaptive immune 
response to antigens typical for metabolic dysfunction and injury (LDL, 
heat shock proteins) [71].

• Efferocytosis, crucial for the resolution of inflammation, becomes dys-
functional in prolonged atherosclerosis [72].
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40.2.2.1  Lipoproteins
The plasma lipoproteins transport cholesterol and triglycerides between the liver 
and tissues, where they may be used for synthesis of cellular organelles and hor-
mones and serve as substrates in energy metabolism.

• High levels of low-density lipoproteins (LDL) in plasma are indicative of high 
amounts of cholesterol being transported from the liver towards the organs and 
are considered pro-atherosclerotic.

• High plasma levels of high-density lipoproteins (HDL) indicate a high flux of 
cholesterol from the tissues and organs towards the liver—a process called 
“reverse cholesterol transport”. This is considered anti-atherosclerotic.

LDL binding to endothelial cells, smooth muscle cells and macrophages within 
the vascular wall leads to shuttling of cholesterol into the recipient cell. High 
intra-cellular cholesterol levels usually leads to down-regulation of the LDL 
receptor, preventing further cholesterol uptake. However, LDL can be oxidized 
and otherwise modified extracellularly and then bind to a different set of recep-
tors, the so-called scavenger receptors [57], which are not downregulated at high 
intracellular cholesterol levels. Oxidized LDL therefore induces foam cell forma-
tion in vascular smooth muscle cells and macrophages. In endothelial cells, oxi-
dized LDL induces the upregulation of adhesion molecules, which enhances the 
recruitment of leukocytes, downregulation of the cholesterol transporter ABCA1 
and apoptosis [58, 59]. Oxidized LDL shifts the spectrum of endothelial-derived 
mediators controlling smooth muscle cell function away from the relaxant nitric 
oxide towards the vasoconstricting factor endothelin [60, 61].

HDL may stimulate outflow of cholesterol from the vascular wall and thus 
mediate regression of intravascular lipid deposits—at least in animal models [62]. 
In humans, targeting HDL in anti-atherosclerotic therapy has not been successful 
[63]. The reasons for this are likely complex, and include the modification of HDL 
in patients with cardiovascular or chronic kidney disease that reverses its anti- 
atherosclerotic and endothelial-protective action [64–67].

40.2.2.2 Inflammation
Increased endothelial permeability allows for plasma lipoproteins to enter the sub-
endothelial vascular wall, where they are retained by the extracellular matrix and 
prone to modification by macrophage- derived oxidative enzymes. Ingestion of oxi-
dized LDL and attempted ingestion of cholesterol crystals by macrophages results 
in activation of inflammasome signalling and subsequent release of inflammatory 
cytokines such as interleukin-1β, foam cell generation, and macrophage death, giv-
ing rise to the lipid-rich necrotic core. Foamy macrophages cannot effectively per-
form efferocytosis, thus resolution of inflammation cannot be mounted, and 
vascular inflammation persists. The accumulation of cell debris and mediators 
released from dying cells—macrophages and smooth muscle cells—curbs macro-
phage infiltration and activation. In addition, LDL can be recognised as an antigen 
by CD4+ TH1 cells, which promote macrophage polarisation towards the 
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pro-inflammatory M1 phenotype [4, 71]. Effector molecules released from acti-
vated innate immune cells also include growth factors and proteases, which medi-
ate intra-plaque angiogenesis and haemorrhage [73], smooth muscle cell 
proliferation and migration, as well as fibrous cap thinning and ultimately rup-
ture—depending on their localization.

In contrast to plaque rupture, thrombus formation can also be initiated by erosion 
of the endothelial layer covering the culprit lesion [74].

40.2.3  Status of Pro−/Anti-oxidative Mechanisms

Homeostatic concentrations of reactive oxygen species (ROS) are an important fac-
tor in health and disease. A problem occurs when ROS bioavailability overtakes the 
antioxidant defences. In this situation, ROS act as destructive agents by affecting 
proteins, lipids and DNA, finally leading to cellular damage, tissue injury and 
inflammation. Vascular oxidative stress is the leading cause of cardiovascular dis-
eases since it leads to vasoconstriction, vascular remodelling and fibrosis [77–79].

A variety of important ROS-producing systems are present in the vascular 
wall, including NADPH oxidase, xanthine oxidase, enzymes of the mitochondrial 
respiratory chain, and a dysfunctional, uncoupled eNOS [78, 80]. The major ROS 
produced in response to several stimuli, e.g. hyperlipidaemia or hypertension, is 
the superoxide anion (O2.-) that quickly reacts with nitric oxide (NO) to form 
peroxynitrite (ONOO−), which decreases NO bioavailability and induces endo-
thelial dysfunction [81–83]. Besides endothelial cells also vascular smooth mus-
cle cells and invading and activated innate immune cells can be a source of ROS 
[84]. Various stimuli like increased cyclic stretch can promote ROS generation via 
up-regulation of lysyl oxidase (LOX) and NADPH oxidase. Activation of LOX is 
associated with enhanced oxidative stress that promotes p38MAPK activation, 
elastin structural alterations, and vascular stiffness thereby contributing to vascu-
lar abnormalities in hypertension [85]. As mentioned above increased ROS can 
also be attributed to a reduction in anti-oxidant defence. In the vascular wall, the 
primary antioxidant defence systems to neutralize ROS production are enzymatic 
detoxifiers such as

 (a) Superoxide dismutases (MnSOD, CuZnSOD, EcSOD),
 (b) Catalase,
 (c) Glutathione peroxidase,
 (d) Paraoxonase,
 (e) Thioredoxin peroxidase, and
 (f) Haeme oxygenases [86].

In addition, the transcription factor nuclear factor erythroid-2 related factor 2 
(Nrf2) has also been shown to play a key role in establishing a cellular anti-oxidant 
defence mechanism against oxidative stress [87, 88] and is considered an important 
therapeutic target to manage vascular dysfunction [89].
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40.2.4  Calcification

Besides the deposition of lipids and influx of inflammatory cells, deposition of cal-
cium in the intimal and medial layers is a feature of atherosclerotic plaques.

• In larger elastic arteries, medial calcification leads to increased rigidity, thus 
increasing pulse wave velocity and pulse pressure, as well as systolic blood 
pressure.

• In arterioles, calcification can lead to organ ischaemia, e.g. in the skin and gut.
• Small vessel calcification occurs more frequently in patients of advanced age, 

diabetes and renal disease.

Beginning intimal calcification is associated with apoptotic smooth muscle cells 
and macrophages in lipid pools and early necrotic cores [75]. Subsequently, sheets 
of calcific deposit develop in proximity of and within the necrotic core. 
Microcalcification due to apoptotic smooth muscle cells and macrophages has also 
been observed in thin cap fibroatheromas, but a causative role of calcification and 
plaque rupture is still under discussion [75]. Microcalcifications then grow to form 
larger speckled and fragmented calcifications, especially in the deeper regions of 
the necrotic core. If calcified plates fracture, they may protrude into the lumen and 
initiate thrombus formation.

While a wide variety of factors—associated with genetic risk, ageing, oestrogen 
status and kidney function—might be implicated in the initiation of calcification of 
the intima and media in the different vascular beds, initial formation of micro-deposits 
by apoptotic smooth muscle cells and macrophages, as well as de-differentiation of 
smooth muscle cells into an osteoblast-like phenotype may be common processes.

While coronary calcification predicts generic risk of acute events, it does not 
characterize vulnerable lesions [76]. Instead, a number of observations indicate 
that calcium rather confers stability to plaques [75]. There may, however be a dif-
ference between the impact of smaller versus larger micro-calcifications on plaque 
stability [76].

40.3  Effect of Exercise on the Regulation and Dysregulation 
of Vascular Function

Physical activity over a sufficiently long-time course and with sufficient intensity 
elicits a number of systemic effects, ensuring adaptation of energy metabolism, 
thermal regulation and organ perfusion.

If repeated, skeletal muscle and vascular adaptations ensure improved effectivity 
of muscle work.

Factors mediating the effects of exercise on the vascular system include

 (a) Physical forces of strain and shear,
 (b) Sympathetic nerve activity,
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 (c) Systemic adaptation of energy metabolism (including the liver, adipose tissues 
and the skeletal muscle itself), as well as

 (d) Anabolic factors released by the skeletal muscle.

In primary prevention, these mechanisms counteract the aforementioned pro-
cesses contributing to increased cardiovascular risk: metabolic dysfunction, venous 
stasis and a shift towards more vasoconstrictive endothelium-mediated signalling.

40.3.1  Strain and Shear Stress

Increased shear stress during exercise improves vascular homeostasis by both, 
decreasing ROS and increasing NO bioavailability in the endothelium. In experi-
mental [90–92] and in human studies [93–95] exercise training resulted in an activa-
tion of eNOS and a reduction of ROS, finally elevating NO bioavailability and 
subsequently endothelial function.

Determining the intensity and specific type of exercise that yields the optimal 
cardiovascular benefit is an area of still ongoing research. Already in 2003, Goto 
and colleagues investigated the optimal intensity to improve vascular function by 
assigning healthy adults to a mild (25% VO2max), a medium (50% VO2max) or high 
intensity (75% VO2max) training regime for 12 weeks [96]. He clearly documented 
that only the medium exercise training group exhibited beneficial effects on vascu-
lar function. The authors speculated that in the high intensity exercise training group 
a threshold was surpassed where already an increased amount of ROS was gener-
ated, thereby reducing NO bioavailability. Together with results from other studies 
[97, 98] it is suggested that prolonged periods of intense exercise may cause exces-
sive ROS generation, thereby negatively influencing vascular function. With respect 
to the question whether continuous exercise at moderate intensity (MCT) or high 
intensity interval training (HIIT) is superior for improving vascular function, the 
debate is still ongoing. Stimulated by the observation of Wisloff and colleagues in 
2007 that in heart failure patients HIIT seems to be superior with respect to improved 
endothelial function several studies were initiated to compare both training modali-
ties. Unfortunately, the results of Wisloff and colleagues could not be confirmed in 
larger clinical trials (see also Chap. 47) [99, 100].

Besides directly modulating NO bioavailability by increasing eNOS activation 
or expression, laminar shear stress is able to prevent inflammation-related altera-
tions in eNOS levels and prostacyclin/thromboxane ratio [101].

40.3.2  Vasoactive Peptides and Hormones, Including 
Neurohumoral Activation

While the spectrum of endothelial-derived vasoactive factors shifts towards a more 
constrictive repertoire with age, in obesity, hypertension and with physical inactivity, 
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these changes can be prevented, and even partially reversed, by habitual physical 
activity and participation in exercise programmes. In addition to a decline of plasma 
levels of vasoconstrictors, such as endothelin or noradrenalin, with regular exercise, 
also the sensitivity to those ligands partially declines, as seen for the ETA receptor 
[102]. This effect—known as functional sympatholysis in acute exercise—describes 
the ability to reduce the vasoconstrictive effects of noradrenaline in the active skele-
tal muscle and allowing for vasorelaxant effects to prevail in acute exercise, most 
likely through receptor desensitisation [103]. As discussed above, regular exercise 
increases nitric oxide synthesis, mainly through flow-dependent mechanisms, medi-
ating vasorelaxation. In addition to the endothelium, also erythrocytes may release 
vasodilators while unloading oxygen from haemoglobin [104–107].

Underlying pathology, gene polymorphisms and exercise parameters, including 
duration and intensity, may mediate the effect, with higher intensities and durations 
usually achieving greater effects [102, 108, 109]. However, effects have already 
been shown with rather light exercises [110, 111], supporting a “something is better 
than nothing” approach.

Exercise training and habitual physical activity modulate the balance between 
vasodilating and vasoconstricting factors:

• NO/ET-1 balance: NO and ET-1 feedback on each other’s synthesis and signal-
ling. Habitual physical activity and participation in exercise training programmes 
are able to limit the age and morbidity-associated decline in NO and increase in 
ET-1 synthesis and can revert these pathological dysregulations.
 – Both, plasma levels [112, 113], and ETA receptor signalling are reduced by 

regular aerobic exercise in overweight and obese adults [102].
 – Several exercise programmes have been effective, including aerobic endur-

ance and combined resistance/endurance exercise in men [112, 114, 115], 
young adolescent obese pre-hypertensive girls [116, 117] and post-meno-
pausal hypertensive women [118].

 – While endothelin-related gene polymorphisms influenced the development of 
arterial stiffness over time, regular aerobic exercise attenuated arterial stiffen-
ing independently of endothelin-related genotype in a 10 year longitudinal 
study [119].

 – Exercise duration and intensity appear to impact on effect size, with longer 
duration and greater intensity, potentially mediated by ETA receptor function 
[108, 109, 112].

 – Yet, inactivity-mediated rises in ET-1 plasma levels could already be pre-
vented by short resistance activities [110].

 – Animal experiments further point to enhanced kinin-mediated vasorelaxation 
after exercise training [120, 121].

• Prostacyclin/thromboxane balance: Both are downstream mediators of arachi-
donic acid, whose synthesis is controlled by cyclooxygenases.
 – Ageing, physical inactivity and hypertension have been reported to shift the 

balance towards the vasoconstrictor thromboxane.

40 Exercise and Vascular Function



836

 – This can be reversed by exercise training in normal and hypertensive partici-
pants [122].

 – Both, moderate continuous and high-intensity, high-amount exercise have 
been shown to be effective, with no comparative studies available [113].

 – There might, however, be an effect of intensity or extent of the underlying 
morbidity, as a 12-week treadmill training did not change thromboxane levels 
in a cohort of patients with peripheral artery disease [123], despite improve-
ments in pain-free walking distance.

• Sympathetic vasoconstrictors: Sympathetic nerve activity is usually increased 
in cardiovascular disease. Exercise training can reduce or normalize sympathetic 
drive [124, 125].
 – Noradrenaline levels have been observed to decrease by water-based exercise 

in patients with resistant hypertension [111].
 – Exercise intensity might affect the extent of benefit conveyed, as HIIT 

achieved greater reductions in ET-1 plasma levels than equal-volume MCT in 
young women with high familial risk of hypertension [126].

 – A lack of decrease in plasma noradrenaline levels during a 3-month exercise 
programme was a strong predictor of cardiac mortality in patients with chronic 
heart failure [127].

• Angiotensin II: According to a recent meta-analysis, plasma levels of angioten-
sin II decrease with exercise [128].
 – In patients with stable coronary artery disease exercise resulted in downregu-

lation of the AT1 receptor, accompanied by a reduction in angiotensin 
II-dependent vasoconstriction [94].

 – Exercise effects may be stronger in pathologic dysregulation of the renin-
angiotensin-aldosterone system, as no differences in forearm vasoconstriction 
in response to angiotensin II were observed between elite athletic and seden-
tary healthy men, and exercise did not reduce plasma angiotensin II or aldo-
sterone levels in healthy [129, 130].

40.3.3  Vascular Remodelling

The vascular layout is constantly re-organized, including the formation and stabili-
sation of new vessels (see also Box 40.3), the change in lumen diameter and wall 
architecture of existing vessels, as well as their regression. These processes are 
driven by blood flow and shear stress-dependent mechanisms as well as by hypoxia-
dependent and -independent growth factors. Inflammatory cells take on a crucial 
role in the organisation and (de-) stabilisation of newly forming vascular networks 
[131]. In physiological angiogenesis, macrophages can localise to vessel branch 
points, promote vascular anastomosis and suppress tip cell sprouting, thus stabilis-
ing the newly formed anastomosis [131, 132]. In pathological angiogenesis, macro-
phages release proteases, which degrade extracellular matrix and modulate cytokine 

N. Kränkel et al.



837

and growth factor activity, thereby leading to a less well-organised and less stable 
capillary network. Release of growth factors, such as the TGF-β, also contributes to 
increased rigidity of muscular arteries [133].

• Both, the number of capillaries per muscle fibre, as well as the vascular wall 
architecture are modulated by exercise training [134–137], reflecting an increased 
potential for nutrient and oxygen supply, as well as an increased conductance 
higher up in the vascular tree [138, 139].

• Of note, increased perfusion results from a combination of vasodilation, neovas-
cularization, and (flow-mediated) stabilisation of neovessels as well as existing 
ones.

• Vascular adaptation to regular exercise is heterogeneous, with the muscles exer-
cised and the type, duration and intensity of exercise impacting on the extent and 
contribution of each influencing process [140].

Sprouting angiogenesis in exercise training has been associated with an initial 
upregulation of hypoxia-inducible signalling, followed by a downregulation of the 
HIF-1 pathway upon regular exercise training, which likely contributes to stability of 
the newly formed vessels [141, 142]. Hypoxia-dependent and -independent growth 
factors, involved in exercise-mediated angiogenesis and vascular stabilisation, include 
vascular endothelial growth factor (VEGF) and angiopoietins, as well as the insulin-
like growth factor 1 (IGF-1) [143–147]. In mice and men, also PDGF-levels in skel-
etal muscle were increased, supporting a stabilisation of microvessels [148, 149].

The pro-angiogenic effect of exercise is not limited to the exercising skeletal 
muscle:

• Increased angiogenesis of adipose tissue by exercise was associated to a reduc-
tion of pro-inflammatory cells and mediators in subcutaneous adipose tissue of 
overweight and obese adults [150].

• Differences were observed for insulin-resistant individuals, which showed an 
impaired angiogenesis response in adipose tissue, albeit an angiogenic response 
in the skeletal muscle was achieved [144].

• Increased coronary collateral flow was observed in patients with coronary artery 
disease after moderate- and high-intensity exercise training, albeit this might rely 
on a combination of pro-angiogenic and vasodilative mechanisms [151].

Habitual physical activity is associated with lower arterial stiffness [152, 153], 
and exercise interventions have shown a reduction of arterial stiffness [154]. TGF-β 
increase with ageing and ageing-associated arterial stiffening were reduced by aero-
bic exercise in both, mice and men [154]. TGF-β can increase oxidative stress in 
fibroblasts and increase collagen I deposition [154]. The data agree with human 
observations of increased oxidative stress being associated to large elastic artery 
compliance in habitually exercising versus sedentary postmenopausal women [155].
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40.3.4  Dysregulated and Dysfunctional Lipoproteins

In various primary prevention cohorts, exercise induced a modest, but clear and 
statistically significant increase in plasma HDL [113, 128, 161–163].

• Subjects with a higher initial plasma total cholesterol level and those who were 
less obese obtained a greater benefit from the exercise intervention [161].
 – Moreover, the effect size depended on exercise duration in endurance proto-

cols—with the recommended duration of 30  min per day not being suffi-
cient—but was not associated with exercise frequency or intensity [161].

• In patients with metabolic syndrome (MetS), HDL increase was only achieved in 
combined endurance/resistance training [164].
 – In addition, there was an indication that higher exercise intensities might 

achieve greater effects for HDL increase in MetS patients, but data directly 
comparing exercise modalities are scarce and it is therefore currently not pos-
sible to identify an “optimal” exercise intensity [164].

In patients with cardiovascular diseases or chronic kidney disease, the HDL par-
ticle is remodelled, resulting in a loss of anti-atherogenic or even a gain of pro-ath-
erogenic properties [64, 65, 165].

Box 40.3
Blood vessels can form and remodel by three main processes:

• Angiogenesis refers to the sprouting of a new capillary branch from an 
existing blood vessel. The main angiogenesis-inducing signal is tissue 
hypoxia. Depending on local distribution of angiogenic (growth factor) 
signals, the initially quiescent endothelial cells establish a hierarchy of 
“tip” and “stalk” cells. The tip cell protrudes filopodia, releases proteolytic 
enzymes to degrade the basement membrane and invades the tissue towards 
the angiogenic stimulus [156]. Signalling from the tip cell back towards 
the stalk cell limits filopodia formation in stalk cells and supports their 
proliferation, migratory behaviour to follow the tip cell-initiated sprout 
and lumen establishment. When meeting with another sprout, tip cells of 
both sprouts fuse to establish an anastomosis [132]. Flow- and macrophage- 
mediated mechanisms organise and stabilise newly formed anastomoses 
[131, 157].

• Vasculogenesis describes the de novo formation of blood vessels from 
angiogenic progenitor cells in situ. This process mainly takes place during 
embryogenesis [158]. Despite initial reports of adult vasculogenesis, 
strong supporting data are rare [159].

• Arteriogenesis denotes the remodelling of an existing arteriole, including 
the increase of lumen diameter and wall cellularity [160]. The main stimu-
lus inducing arteriogenesis is flow.
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• Endurance exercise was able to improve vascular effects of HDL, including 
endothelial cell NO synthesis [165].

Reduction of LDL by exercise intervention is less clear and appears to be tied to 
exercise-induced weight loss [166]. The effect of exercise on plasma LDL levels is 
likely modulated by a number of factors, such as underlying pathology and exercise 
modalities [128, 162–164, 166, 167]. Exercise volume might therefore have a larger 
impact on LDL reduction than exercise intensity [162]. LDL particle size and oxi-
dation might provide additional insight into LDL pro-atherogenic effects, as small, 
dense LDL particles are associated with higher coronary artery stenosis [168] and 
oxidized LDL, more than unmodified LDL, exerts pro-atherogenic effects within 
the vascular wall and in platelet aggregation [58, 59].

• Exercise training with high volumes and at high intensities reduced the amount 
of small LDL particles and increased average size of LDL particles [162].

• Exercise training also appears to reduce LDL oxidation [169–172] and the sus-
ceptibility of platelets to oxidized LDL [173].

• Reduction of oxidized LDL might depend on exercise volume, similar to the 
findings reported for total LDL [162, 174].

The lipoprotein(a) (Lp(a)) is a sub-species of LDL, carrying the apolipoprotein 
(a) [apo(a)] and apoB. Lp(a) is a pro-atherogenic and anti-fibrinolytic factor [175]. 
Plasma concentrations of Lp(a) are mainly controlled through gene expression of 
the apo(a) and are highly heritable.

• Lp(a) levels have been reported to not change with exercise [176–178], while 
only one study reported a decrease of Lp(a) in exercising patients with chronic 
heart failure [179].

40.3.5  Status of Inflammatory Activation

Endurance training at low-to-moderate intensity has repeatedly been reported to 
lower levels of inflammatory markers, including C-reactive protein (CRP) [180–
183], IL-18 [182], IL-1β [184] and IL-8 [185], while increasing IL-10 [182]. Effects 
of resistance training on the inflammatory profile varies, with a reduction in CRP, 
but controversial data for changes in IL-6 and TNF-α [186, 187].

• High-volume high-intensity exercise proved effective in men [113].
• A number of mechanisms are considered responsible for the anti-inflammatory 

effect of regular exercise training, including the reduction of adiposity as well as 
a range of anti-inflammatory and anabolic mediators released from the active 
skeletal muscle (referred to as “myokines” or “exerkines”) [188].

• Especially in obese subjects, inflammation of the adipose tissue feeds into 
increased systemic levels of inflammatory cytokines. Reduction of body fat due 
to the higher energy expenditure reduces the pro- inflammatory activation of adi-
pose tissue macrophages [188, 189]. This notion is in line with the observation 
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that exercise-mediated reduction in inflammatory status is more pronounced 
when it is associated with weight loss [190].

• In addition, exercise induces the release of adiponectin from adipose tissue, 
which harbours anti-inflammatory characteristics besides acting as a vasodilator 
[191–193].

The active skeletal muscle produces and releases a range of factors with systemic 
activity, chief among them is interleukin-6 (IL-6) [194, 195]. IL-6 in turn, can reduce 
the production of TNF-α and IL-1β [196, 197] and induce the release of IL-10 [198]. 
In line with this, exercise training can induce local reductions in TNF-α and IL-1β, 
even if these are not reflected by reduced plasma levels [199]. Nevertheless, the 
change in local cytokine levels might account for a systemic shift in the innate immu-
nity towards a more pro-resolving phenotype [200, 201] and this would be in line 
with the observation of reduced toll-like receptor-4 expression on monocytes [202–
205]. In addition, the regulatory arm of the adaptive immunity is upregulated by 
exercise [206, 207], supporting anti-inflammatory and pro-resolving mechanisms.

• A large number of studies have investigated anti-inflammatory effects of exer-
cise, and while most support a lowering of inflammatory status, others could not 
find significant changes [190, 205, 208–211].

• Those data indicate a dependence on parameters such as underlying morbidities, 
especially metabolic and cardiovascular status, gender and exercise parameters.

40.3.6  Calcification

In endurance athletes with a life-long exercise volume > 2000 MET-min/week, a 
high coronary artery calcium score was observed (see also Chap. 32) [212]. In run-
ners with atherosclerotic plaques, higher prevalence of purely calcified plaques and 
a lower prevalence of mixed plaques was reported in the most active as compared to 
the least active participants, indicating a more stable plaque phenotype [213, 214]. 
Life-long exercise might also exert different effects on calcification on men as com-
pared to women [215]. In female marathon runners, coronary plaque load and cal-
cium was lower than in sedentary women of comparable age and age was deemed 
the most relevant parameter for plaque formation in female athletes [216].

Overall, these results are usually interpreted as improvement of plaque stability 
with high life-long exercise volume [214].

Data on the effect of exercise training in patients with high cardiovascular risk 
are scarce.

• In patients with chronic kidney disease, exercise training led to a reduction of serum 
alkaline phosphatase (ALP), a putative risk factor for vascular calcification [217].

• In contrast, in obese patients, a 6-month walking-based training did reduce pulse 
wave velocity, but not osteoprotegerin, TRAIL or hsCRP. The authors therefore 
speculated that effects mainly were due to improved smooth muscle cell relax-
ation [218].
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40.4  Methodology: Assessment of Vascular Function

40.4.1  Assessment of Vascular Endothelial Function: Coronary 
Versus Peripheral

Early studies focussed on coronary endothelial function and measured coronary 
artery diameter before and after administration of acetylcholine or other vasodi-
lating stimuli. After the development of flow-sensitive wires, coronary flow 
reserve (CFR), defined as the ratio of coronary blood flow after the vasodilating 
stimulus over blood flow at rest, could be calculated. Invasive intracoronary mea-
surement is considered the gold standard for CFR, but recently transthoracic 
echocardiography and position emission tomography (PET) have also been vali-
dated (Table 40.2).

For assessment of peripheral endothelial function, older studies used invasive 
venous occlusion plethysmography of the forearm. A vasodilating drug is directly 
infused in the brachial artery, and the rate of forearm swelling is recorded during 
venous occlusion. This technique has however largely been replaced by non-inva-
sive techniques such as flow mediated dilatation (FMD) and peripheral arterial 
tonometry (PAT). The rationale for this technique is the fact that healthy arteries 
dilate in response to hyperaemia or pharmacologic stimuli via release of NO, 
whereas diseased arteries display reduced or absent endothelium- dependent 
vasodilatation.

An overview of available techniques is given in Table 40.2.

40.4.2  Non-invasive Assessment of Vascular Endothelial Function 
in Clinical Practice: FMD and PAT

Peripheral endothelial function can be easily measured in patients, and two different 
non-invasive techniques dominate the literature (Fig. 40.3).

40.4.2.1  Flow-Mediated Dilation (FMD)
FMD uses high-resolution ultrasound to measure brachial (or radial) artery 
diameter before cuff occlusion and after cuff release at the distal vascular bed 
(the forearm). The increase in shear stress resulting from the distal reactive 
hyperaemia following cuff release, elicits a NO-dependent vasodilation. FMD is 
usually reported as percent increase in brachial artery diameter. It is an interna-
tionally standardised measurement for which several guidelines have been 
issued [229, 230].

 1. FMD measures the response to shear stress in conduit vessels, which is largely 
NO dependent.

 2. Possible drawbacks are
 (a) Strong operator-dependency of the technique
 (b) Steep learning curve
 (c) Lack of correction for systemic effects.
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40.4.2.2  Peripheral Arterial Tonometry (PAT)
PAT, commercialised in the EndoPAT® device (Itamar Medical, Israel), detects ple-
thysmographic pressure changes in the finger tips caused by the arterial pulse and 
translates this to a peripheral arterial tone. Again, forearm occlusion and release are 
used to elicit a reactive hyperaemia. Measurements on the contralateral arm are used 
to control for concurrent changes in vascular tone, e.g. sympathetic activation [230]. 
Usually, PAT measurements are reported as reactive hyperemia index (RHI), the 
ratio of baseline to hyperemic peripheral arterial tone. It is an operator-independent 
technique using computerised analysis.

 1. RHI measures the response to shear stress in the micovasculature, which is not 
merely NO-dependent [231].

 2. A possible drawback is the price of the single-use finger probes.

Formula

FMD PAT

Normal response

Abnormal response

FMD (%) =
(A-B)

B
x 100 RHI =

A/B

C/D

Normal
response

pre-occlusion

pre-occlusion post-occlusion

post-occlusionA

CD

B

control signal

control signal

Abormal
response

5 minute occlusion period

x correction factor

Fig. 40.3 Non-invasive clinical assessment of vascular endothelial function using both Flow-
mediated dilation (FMD) and Peripheral arterial tonometry (PAT) in the same patient, including 
the calculation of the particular parameter as well as an illustration of normal and abnormal 
responses (see text for detailed description)

40 Exercise and Vascular Function



844

40.4.2.3  Comparison of FMD and PAT
• FMD measures the response to shear stress in conduit vessels, which is largely 

NO dependent.
• RHI, however, measures microvascular dilatation to shear stress, which involves 

other vascular mediators in addition to NO [232].
• This could explain the lack of correlation between FMD and RHI seen in the 

Framingham cohort [233].

Despite this functional difference, clinical data regarding the two techniques 
share many similarities. Both FMD and RHI are independent predictors of cardio-
vascular events and all-cause mortality. This has been proven extensively for FMD, 
in cohorts ranging from an unselected general population over patients at risk for 
cardiovascular disease (hypertension, chronic kidney disease) to patients with 
established cardiovascular disease, as described in a recent meta-analysis [234]. 
Besides one study linking RHI to cardiovascular outcome in chest pain patients 
[235], there is some data correlating RHI to cardiovascular risk factors [236]. 
Furthermore, both techniques predict survival in HF patients with reduced ejection 
fraction [236, 237].

With regard to patients with heart failure with preserved ejection fraction 
(HFpEF), it has been widely proven that they have both, conduit vessel and micro-
vascular endothelial dysfunction, when compared to healthy or hypertensive con-
trols (see Chap. 46) [238].

40.4.3  Effects of Physical Activity on Vascular  
Endothelial Function

As expected from above-mentioned molecular and cellular mechanisms, FMD and 
RHI are improved by physical activity, both in patients with cardiovascular risk fac-
tors (primary prevention) and in patients with established cardiovascular disease 
(secondary prevention):

• In asymptomatic patients with cardiovascular risk factors [239, 240].
• In coronary artery disease patients. A training program improves endothe-

lial function as measured invasively or by FMD [100]. In one study, RHI did not 
change after training despite a significant improvement in FMD, possibly reflect-
ing diverging effects on conduit vessel and microvascular function [241].

• In heart failure with reduced ejection fraction (HFrEF) patients, peripheral endo-
thelial function (as measured invasively or by FMD) is improved by exercise 
training (see Chap. 47) [242].

• In heart failure with preserved ejection fraction (HFpEF) patients, Kitzman et al. 
failed to demonstrate an improvement of endothelial function, using brachial 
artery FMD as endothelial function measurement [243]. Studies on RHI as out-
come measure are currently ongoing (OptimEx-Clin) [244].

N. Kränkel et al.



845

In conclusion, FMD and RHI are measures of conduit vessel endothelial 
function and microvascular endothelial function, respectively. Although they 
share a prognostic value for cardiovascular events and mortality in diverse pop-
ulations, the differences between both techniques are reflected in conflicting 
evidence of the beneficial effects of exercise in patients with cardiovascular 
disease.

Clinical Pearls
• Exercise is an essential stimulus for the maintenance of vascular health. Repeated 

episodic bouts of exercise induce functional adaptation of the arteries and, ulti-
mately, structural arterial remodelling.

• These physiological adaptations in response to exercise training result in clear 
clinical benefits regarding the development of atherosclerosis and the occur-
rence of cardiovascular disease, including myocardial infarction and heart 
failure.
The magnitude of the effects on vascular function and structure are dependent on 

the type of training and are modulated by exercise-induced inflammation and oxida-
tive stress.

 Review

 Questions

 1. Which is the most prominent factor regulating vasodilation?
(a) Bioavailability of nitric oxide (NO)
(b) Degradation of extracellular matrix by matrix metalloproteases
(c) Expression of ROS generating enzymes and subsequently the concentration 

of ROS.
(d) The level of ATP generated by the mitochondria

 2. Increased plasma levels of LDL cholesterol and low plasma levels of HDL cho-
lesterol are associated with increased cardiovascular risk. How can regular exer-
cise training affect HDL and LDL levels? Which exercise parameters (type, 
duration, intensity, frequency) impact on the outcome? Which patients benefit 
most?
(a) HDL levels are increased by endurance exercise with longer exercise dura-

tions improving the effect.
(b) Lipoprotein(a) is decreased by high-intensity training in non-diabetic 

individuals.
(c) LDL is increased by combined endurance/resistance exercise.
(d) LDL levels are reduced by high-intensity interval endurance exercise in 

MetS.
(e) HDL levels are only increased in exercise interventions when the weight 

remains stable.

40 Exercise and Vascular Function



846

 3. What is the underlying mechanism for vasodilation in response to cuff occlu-
sion/release in healthy arteries?
(a) Shear stress-induced NO production through mechanosensors in the endo-

thelial cell
(b) Accumulated ROS, generated during occlusion, suddenly flood the artery.
(c) Temperature increase due to restored blood flow.
(d) Hypoxia-induced signalling from the occluded region.
(e) Oxygen-induced spike in NO production after the cuff has been released.

 Answers

 1. (a) Bioavailability of nitric oxide (NO)
 2. (a)  HDL levels are increased by endurance exercise with longer exercise dura-

tions improving the effect.
 3. (a)  Shear stress-induced NO production through mechanosensors in the endo-

thelial cell
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41The Optimal Dose of Exercise

Thijs M. H. Eijsvogels and Aaron L. Baggish

Learning Objectives
 1. Become familiar with methods to assess physical activity and exercise 

characteristics.
 2. Become familiar with the WHO physical activity recommendations.
 3. Understand the dose-response relationship between physical activity or exercise 

and health outcomes.
 4. Understand the minimal and optimal exercise dose to yield health benefits.
 5. Be able to differentiate between different aspects of the ‘too much exercise’ 

hypothesis.
 6. Be able to prescribe exercise as medicine in clinical practice.

41.1  Introduction

Habitual physical activity (PA) and exercise training (EX) are part of a healthy life-
style. Regular performance of physical activities is known to reduce the risk of 
chronic diseases including, but not limited to, cardiovascular morbidity and mortal-
ity, neurological diseases, type 2 diabetes, pulmonary diseases, musculoskeletal dis-
orders and several types of cancer (i.e. bladder, breast, colon, endometrium, 
esophagus, kidney, stomach, and lung) [1]. Exercise prescription is an important 
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component of primary and secondary prevention strategies [2]. Nevertheless, the 
prevalence of physical inactivity remains high across the globe, and initiatives to 
increase the amount of physical activity in the general population have only little or 
temporal effects. This chapter will provide an overview of the dose-response rela-
tionship between PA/EX and associated health outcomes. The minimal, optimal and 
potential harmful dose of exercise to induce risk reductions in all-cause and cardio-
vascular mortality will be addressed.

41.2  Physical Activity Definitions and Measurements

41.2.1  Physical Activity Versus Exercise

• PA is defined as any bodily movement resulting from the contraction of skeletal 
muscle that increases energy expenditure above the basal level.

• EX, as a subcategory of PA, is defined as any planned and structured action with 
the objective of improving or maintaining physical fitness or health and/or 
achieving athletic goals.

• EX involves a combination of isometric (static) and isotonic (dynamic) stress, 
which serves as the basis for the physiological classification of competitive 
sports (see Chap. 1) [3, 4].

• EX is most commonly divided into the broad subgroups of aerobic/endurance 
(i.e., running, walking) and resistance (i.e., weight lifting) activity, although 
many sport and EX modalities integrate both physiological disciplines.

41.2.2  Subjective Versus Objective Measurements

PA and EX characteristics can be assessed using objective and subjective measure-
ment tools. An appropriate measurement tool should be chosen to ensure the accu-
racy and validity of data collection, and may depend on the group size, age, 
disabilities, budget and PA characteristic of interest.

• Subjective measurements rely on a person’s recall and personal perception of 
PA and their involvement in it. Examples of subjective measurements are recall 
surveys, questionnaires, logbooks and journals.
 – Benefits of subjective methods are its low costs, low participant burden, can 

easily be applied in large numbers, and can collect data from all dimensions 
of activities.

 – Subjective methods are vulnerable to recall bias, cannot be applied to young 
children or cognitive impaired individuals, whereas over- or under reporting can 
easily occur due to socially desirable responses. The use of validated methods 
and clear instructions are therefore preferred in clinical and research settings.

• Objective measurements make use of direct observations or an electronic 
instrument to determine the amount of PA and EX training. Examples of 
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objective measurements are pedometers, accelerometers, global positioning sys-
tem (GPS)-enabled devices and direct observation. Benefits and limitations of 
objective measurements strongly depend on the measurement tool of choice:
 – Pedometers are cheap, small, non-invasive and easy to use devices that can be 

used in large groups of individuals. The pedometer records the daily number 
of steps taken, but does not provide insight on the frequency, intensity or dura-
tion of activities. Also, types of activities other than walking, jogging or run-
ning, are typically not accurately recorded by a pedometer.

 – Accelerometers are small, non-invasive devices that can record movement for 
several consecutive days to weeks, with low participant burden. Some types 
of accelerometers have the possibility to provide real-time feedback. 
Limitations of accelerometers are its relatively high costs, the possibility of 
developing skin reactivity, people may forget to wear them, and controversy 
about analytic techniques data processing.

 – GPS-enabled devices are increasingly commonly used to measure PA and 
EX. These devices include smart phones with location services and wrist 
mounted units that are often coupled with heart rate monitoring technol-
ogy. GPS data permits accurate determination of distance covered and thus 
pace during outdoor activities and serves as the gold standard for this pur-
pose. GPS-enabled devices are not currently suitable for monitoring of 
indoor PA or EX.

 – Direct observation allows collection of data from all PA dimensions, but also 
its context. Nevertheless, this type of data collection and analysis is intrusive, 
highly labour intensive, and presence of an observer may cause changes in 
behavioural activities.

41.2.3  Exercise Intensity

EX intensity can be quantified in absolute terms as the metabolic cost of an EX 
session or in relative terms as the performance of a given activity as a function of 
the percentage of measurable maximal capacity.

• Absolute measures of EX intensity include kilocalories per unit of time (1 l O2 
consumption = 5 kcal) or assessment of the Metabolic Equivalent of Task score 
(METs, 1 MET = 3.5 mL O2 consumption/kg·min = quiet sitting).
 – A limitation of absolute intensity metrics is their innate inability to account 

for the large variability in fitness that exists across individuals. For example, 
EX intensity of 5 METs may simultaneously represent a peak EX effort for a 
patient with advanced CVD and a relatively easy effort for a competitive 
athlete.

 – Indexes of relative EX intensity account for differences in individual fitness 
levels by defining intensity as a percentage of some peak or maximal physi-
ological parameters (i.e. heart rate and oxygen consumption). Accordingly, a 
relative intensity of 75% peak oxygen consumption ( V O2) may translate into 

41 The Optimal Dose of Exercise



864

a treadmill walk at 3 mph for a patient with advanced CVD and a treadmill 
run at 8 mph for a competitive athlete.

• The use of relative EX intensity is common in clinical practice for the generation of 
EX prescription and in high-quality observational and interventional EX studies.
 – Relative EX intensity metrics may be preferable to absolute intensity metrics 

when they can be applied with rigor.
 – However, effective application of a relative intensity metric requires accurate deter-

mination of a peak value for the metric of choice, which typically involves some 
form of laboratory- or field-based EX assessment. This is typically a resource-
intensive process that may not be feasible for large population- based studies.

 – Although the use of equations or predictive algorithms for metrics such as 
peak heart rate have been developed, the application of these tools is associ-
ated with considerable inaccuracy.

41.2.4  Calculation of Exercise Dose

Quantification of EX exposure is typically accomplished with the concept of EX dose, 
which can be calculated as the product of the duration, frequency, and intensity of EX.

• Duration reflects the amount of time accrued in a single EX session and, for 
aerobic/endurance EX, is most often characterized as minutes or hours.

• Frequency captures the number of EX sessions over more extended periods (i.e., 
days, weeks, or months). The product of these 2 parameters reflect the total 
amount of time spent in EX over a given period.

• When EX is measured in terms of
 – Absolute intensity, this translates to total dose expressed as kilocalories per 

week, MET-hours per week, or MET-minutes per week. These values are 
commonly used in epidemiological studies of EX dose because they can be 
extrapolated from self-reported activity patterns.

 – Relative intensity, total dose is instead expressed as time per week spent in 
light/moderate/vigorous EX.  These terms may be patient-friendlier but, as 
noted above, require some knowledge of an individual patient’s physiology 
and EX capacity.

• Peak oxygen consumption ( V O2) and exercise capacity (Watt) can be measured 
in a cardiopulmonary exercise test with breath-by-breath analyses of V O2 and 
VC O2 for accurate quantification of relative intensity (see Chap. 44).

41.3  Physical Activity Recommendations

41.3.1  Historical Perspectives

Survival of the human species has depended on routine PA for thousands of our 
years. Access to food and water required us to move on a regular basis. We therefore 
evolved the capacity to walk and to run, oftentimes over long distances, and our 
survival depended on our ability to do so.
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During so-called ‘persistence hunts’, distances more than 30 km were regularly 
covered [5]. In contrast to this intermittent but substantial exertion, it is believed that 
hunters were predominantly physically inactive during the remainder of the day [6]. 
This inactive behavior reduced their energy expenditure and was essential to main-
tain a proper balance between energy intake and expenditure.

The concept that regular PA could also promote health and longevity was first 
recognized by Hippocrates (460–377 B.C.):

• “All parts of the body, if used in moderation and exercised in labours to which 
each is accustomed, become thereby healthy and well developed and age slowly; 
but if they are unused and left idle, they become liable to disease, defective in 
growth and age quickly”.

Henschen [7] and Darling [8] were the first visionary investigators to recognize 
the impact of EX training on cardiac remodeling. Both researchers described inde-
pendently and nearly simultaneously observations of enlarged cardiac silhouettes 
among Nordic skiers and rowers, respectively.

The first scientific evidence for health benefits of an active lifestyle were pub-
lished by Morris and colleagues in 1953. They reported lower rates of coronary 
heart disease among the conductors of London’s double-decker buses who spent 
their working time walking up and down aisles and double-decker staircases, had 
approximately half the rate of coronary heart disease of substantially more seden-
tary streetcar drivers [9]. These findings were reinforced in a second study in which 
they found a lower incidence of coronary heart disease among English postmen 
compared with telephone operators working at the same company [9].

Many subsequent epidemiological studies confirmed the inverse relationship 
between PA and cardiovascular diseases [10–12], but none have proven causation 
because all such studies are observational.

• To date, there are no randomized clinical trials directly testing whether PA pre-
vents CVD.

• Such a study would require an enormous sample size and study duration because 
of subject crossover among those volunteering for an “EX study” and because 
the progressively lower rates of primary CVD in the general population would 
reduce CVD endpoints.

Powell et al. [13] evaluated the possibly causative relationship between PA and 
cardiovascular disease using the same criteria used to document a causative rela-
tionship between cigarette smoking and health [14], a relationship also lacking a 
randomized, controlled clinical trial. They demonstrated that the relationship 
between PA and CVD

 1. Was strong,
 2. Was consistent among studies,
 3. Had a graded risk reduction with increasing EX volumes, and
 4. Was coherent with clinical studies showing a putatively beneficial effect of EX 

on CVD risk factors [13].
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They concluded that increasing PA was causally related to lower rates of CVD 
despite the absence of the classical clinical trial.

41.3.2  Physical Activity Guidelines

Writing groups of the American College of Sports Medicine and the Centers for 
Disease Control [15], the National Institutes of Health [16], and the US 
Department of Health and Human Services (HHS) [17] concluded between 
1990 and 2000 that routine moderate-intensity EX was an effective means to 
reduce the overall risk of chronic disease. The consistent recommendation 
across these initial guidelines was that all people should engage in at least 
30  min of moderate-intensity EX on most, preferably all, days of the week. 
Similar recommendations were developed in many other countries, including 
EU nations, Australia, Canada, and Brazil.

The current “Global Recommendations on Physical Activity for Health“of the 
World Health Organization (WHO) address three age groups: 5–17 years old, 18–
64 years old and 65 years old and above. These age groups were selected taking into 
consideration the nature and availability of the scientific evidence relevant to the 
prevention of noncommunicable diseases through PA [18].

 1. For children and young people, PA includes play, games, sports, transportation, 
chores, recreation, physical education, or planned EX, in the context of family, 
school, and community activities. In order to improve cardiorespiratory and 
muscular fitness, bone health, and cardiovascular and metabolic health biomark-
ers, it is recommended that children and youth aged 5–17:
 (a) Accumulate at least 60 min of moderate- to vigorous-intensity PA daily.
 (b) Amounts of PA greater than 60 min provide additional health benefits.
 (c) Most of the daily PA should be aerobic. Vigorous-intensity activities should 

be incorporated, including those that strengthen muscle and bone, at least 
three times per week.

 2. In adults aged 18–64, PA includes leisure time PA (for example: walking, danc-
ing, gardening, hiking, swimming), transportation (e.g. walking or cycling), 
occupational (i.e. work), household chores, play, games, sports or planned EX, 
in the context of daily, family, and community activities. In order to improve 
cardiorespiratory and muscular fitness, bone health, reduce the risk of NCDs and 
depression:
 (a) Adults aged 18–64 should do at least 150 min of moderate-intensity aerobic 

PA throughout the week or do at least 75 min of vigorous-intensity aerobic 
PA throughout the week or an equivalent combination of moderate- and 
vigorous-intensity activity.

 (b) Aerobic activity should be performed in bouts of at least 10 min duration.
 (c) For additional health benefits, adults should increase their moderate- intensity 

aerobic PA to 300 min per week or engage in 150 min of vigorous-intensity 
aerobic PA per week, or an equivalent combination of moderate- and 
vigorous- intensity activity.
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 (d) Muscle-strengthening activities should be done involving major muscle 
groups on 2 or more days a week.

 3. In adults aged 65 years and above, PA includes leisure time PA (for example: 
walking, dancing, gardening, hiking, swimming), transportation (e.g. walking or 
cycling), occupational (if the individual is still engaged in work), household 
chores, play, games, sports or planned EX, in the context of daily, family, and 
community activities. In order to improve cardiorespiratory and muscular fit-
ness, bone and functional health, reduce the risk of NCDs, depression and cogni-
tive decline:
 (a) Older adults should do at least 150 min of moderate-intensity aerobic PA 

throughout the week or do at least 75 min of vigorous-intensity aerobic PA 
throughout the week or an equivalent combination of moderate- and 
vigorous- intensity activity.

 (b) Aerobic activity should be performed in bouts of at least 10 min duration.
 (c) For additional health benefits, older adults should increase their moderate- 

intensity aerobic PA to 300 min per week or engage in 150 min of vigorous- 
intensity aerobic PA per week, or an equivalent combination of moderate-and 
vigorous-intensity activity.

 (d) Older adults, with poor mobility, should perform PA to enhance balance and 
prevent falls on 3 or more days per week.

 (e) Muscle-strengthening activities, involving major muscle groups, should be 
done on 2 or more days a week.

 (f) When older adults cannot do the recommended amounts of PA due to health 
conditions, they should be as physically active as their abilities and condi-
tions allow.

41.3.3  Dose-Response Relationship

The association between EX or PA volumes and health outcome is most frequently 
described as a curvilinear relationship (Fig. 41.1) [20]. The nature of this relation-
ship indicates that a change from being sedentary to a mild or moderately active 
lifestyle yields relatively large health benefits with substantial risk reductions for 
adverse outcomes.

• A similar increase in PA dosage in a more active individual produces smaller risk 
reductions.

• Very active individuals who will further increase their weekly EX dosage are 
unlikely to experience any additional health benefit.

• Calculations reveal that compared with an essentially sedentary lifestyle (<0.5 h/
week of moderate to vigorous EX), 1.5 h of moderate- to vigorous-intensity EX 
is associated with a 20% risk reduction in mortality [21]. To attain an additional 
20% risk reduction (for a total of 40% risk reduction in mortality), an additional 
5.5 h of moderate to vigorous EX was required for a total of 7 h/wk.

• Although increasing EX doses were associated with diminishing returns, there 
was no EX dose at which more did not yield progressive benefit.
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41.4  Minimal Effective Exercise Dose

41.4.1  Targeting Sedentary Behaviour

Sedentary behaviour refers to any waking activity characterized by an energy 
expenditure ≤1.5 metabolic equivalents and a sitting or reclining posture. In gen-
eral, this means that any time a person is sitting or lying down, they are engaging in 
sedentary behaviour.

A worldwide trend of increased sedentary behaviour is observed, which can 
largely be ascribed due to technological ‘progression’ that allow individuals to be 
physically inactive throughout the majority of the day.

• The concerns about the increasing prevalence of a physically inactive lifestyle 
were summarized at the cover of the 2012 Lancet physical activity series as
 – “Pandemic, with far-reaching health, economic, environmental, and social 

consequences” [22], followed by
 – “Bold actions are needed to make active living a more desired, affordable, and 

accessible choice for all population groups” [23] in the 2016 series.

Physical inactivity is estimated to cause 6% of the global burden of disease from 
coronary heart disease, 7% of type 2 diabetes, 10% of breast and colon cancer, and 9% 
of premature mortality, equivalent to about five million inactivity-related deaths per 
year [24]. A meta-analysis reported that increased sedentary time was associated with
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 (a) All-cause mortality (HR: 1.24, 95% CI: 1.09–1.41)
 (b) Cardiovascular disease incidence (HR: 1.14, 95% CI: 1.002–1.73),
 (c) Cardiovascular mortality (HR: 1.18, 95% CI: 1.11–1.26),
 (d) Cancer incidence (HR: 1.13, 95% CI 1.05–1.21),
 (e) Cancer mortality (HR: 1.17, 95% CI: 1.11–1.24), and
 (f) Type 2 diabetes incidence (HR: 1.91, 95% CI: 1.64–2.22) [25].

Accumulating evidence suggests that the detrimental health effects of sedentary 
time are independent from physical activity behavior, in particular among the most 
inactive group [25–27].

Ekelund et al. performed a meta-analyses to explore the joint associations of sit-
ting time and physical activity with all-cause mortality among 1,005,791 individu-
als (Fig. 41.2) [28].
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Fig. 41.2 The joint association of sitting time and physical activity volumes on all-cause mortality. 
Data are presented for physically inactive individuals (<2.5 MET-h/week; red box), active individuals 
meeting the upper end of the WHO recommendations (16 MET-h/week; yellow box), and very active 
individuals performing physical activity for ≥2.5 times the WHO recommendations (> 30 MET-h/
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with a lower mortality risk. Similarly, green dashed arrows highlight that a decrease of sitting time is 
associated with a mortality risk reduction within each activity quartile (adapted from [28])
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• High volumes of sitting time were associated with higher mortality risks within 
each physical activity quartile.

• Both, increasing levels of habitual physical activity and reducing the time spend 
sitting, resulted in a lower mortality risk, even for individuals performing exercise 
volumes above the WHO recommendations, although at a much lower magnitude 
of effect than individuals engaging in low levels of physical activity (Fig. 41.2) [28].

These observations highlight the need for effective interventions aimed at reduc-
ing prolonged sitting time, particularly among individuals that don’t engage very 
high levels of physical activity. Breaking up sitting time with short (1–5 min) bouts 
of light-intensity EX or PA are shown to improve cardiovascular health [29] and 
glucose homeostasis [30], and replacement of sitting time effectively reduces all- 
cause mortality [31].

41.4.2  Health Benefits of Standing

The least active, but still effective, behaviour is standing:

• A large Australian study, including 221,240 individuals aged ≥45 years, found that 
standing >2 h/day is associated with a 10% reduction of all-cause mortality (hazard 
ratio [HR]: 0.90; 95% CI: 0.85–0.95) compared with standing <2 h/day [32].
 – Increased standing time was associated with larger risk reductions, with the 

lowest mortality in individuals standing ≥8 h/day (HR: 0.76; 95% CI: 0.69–
0.95), independent of health status and not altered by sex, age, body mass 
index, other physical activity, and sitting time [32].

• A prospective Canadian study (n = 16,586) found similar reductions in all-cause 
mortality with standing. Standing for 25% and 75% of the time were associated 
with a 18% (HR: 0.82; 95% CI: 0.68–0.99) and 32% (HR: 0.68; 95% CI: 0.50–
0.92) reduction in CVD mortality, respectively [33].

The association between standing and CVD mortality informs on the lower end 
of the CVD benefit relationship and supports the concept that even small amounts 
of physical activity provide CVD benefit.

41.4.3  Physical Activity

PA and EX volumes below the WHO recommendations can also yield substantial 
health benefits given the curvilinear dose-response association between PA/EX and 
health outcomes (Fig. 41.1):

• Low volumes of vigorous-intensity EX, such as running for 51 min/week (i.e. 
68% of WHO recommendations), lowered CVD mortality with 55% (HR: 0.45; 
95% CI: 0.31–0.66) and all-cause mortality with 30% (HR: 0.70; 95% CI: 0.58–
0.85) compared with no running [34].
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• Low volumes of moderate-intensity EX, such as walking for 92 min/week (61% 
of WHO recommendations), lowered CVD mortality with 19% (HR: 0.81; 95% 
CI:0.71–0.93) and all-cause mortality with 14% (HR: 0.86; 95% CI: 0.81–0.91) 
compared with inactive individuals [35].

• A meta-analysis including data from 661,137 American and European men and 
women explored the dose-response association between moderate- to vigorous- 
intensity PA and health outcomes. Individuals performing volumes of leisure 
time PA below the WHO recommendations had a 20% reduction in CVD mortal-
ity (HR: 0.80; 95% CI: 0.77–0.84) and all-cause mortality (HR: 0.80; 95% CI: 
0.78–0.82) compared with physically inactive controls [36].

Thus, low volumes of EX and PA can substantially reduce the risk for all-cause 
and CVD mortality, with the greatest health benefits at high-intensity EX and PA. As 
lack of time is a critical barrier for many individuals to engage in physical activity, 
these results also show that even the busiest individuals can benefit from regular 
“exercise snacks”. In clinical practice, this translates into the important concept that 
it is the least active individuals who stand to benefit the most from even the smallest 
increments in EX and PA.

41.5  Optimal Exercise Dose

The “optimal” dose of EX or PA depends upon the desired outcome. The amount of 
EX needed to maximize longevity (i.e. to extend the life span) lies far below the 
amount needed to perform successfully at the elite and sub-elite levels of competi-
tive sport.

• The optimal dose of EX or PA to maximize longevity remains incompletely 
understood.

• However, compelling aggregate data from many studies indicate that 2–2.5 h of 
moderate intensity EX or PA appears to be the minimal amount required for 
significant effect on longevity [17].

• Comparatively limited data examining the impact of habitual EX or PA doses 
that exceed this level do not suggest further incremental longevity benefit at 
higher levels.

• However, and of paramount importance, there are no data to suggest that high 
doses of habitual EX or PA lead to any attenuation or reduction of the longevity 
benefit conferred by 2–2.5  h per week of moderate intensity activity among 
healthy people without underlying cardiovascular disease as suggested by most 
guidelines.

Cardiac risk factor profile attenuation (i.e. reductions in blood pressure, improve-
ments in plasma lipoprotein profiles, etc.) can be achieved with habitual EX or PA 
with dose response relationships that vary by specific risk factors:
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• EX or PA aimed at targeting plasma lipoproteins appear to be most effective 
when they reach or exceed levels suggested by PA guidelines (see Chap. 38).
 – Across the plasma lipoprotein sub-types, EX has the most profound effect on 

high density lipoprotein with increases in the order of 2.5 mg/dL attributable 
to EX interventions with doses approximating PA guidelines [37], and more 
robust responses observed during higher levels of EX such as marathon train-
ing [38].

• EX training studies routinely document reductions in both systolic blood pres-
sure (Δ~3–5 mmHg), and diastolic blood pressure (Δ~2–4 mmHg) [39–42].
 – The magnitude of reduction appears to be determined in part by pre-EX blood 

pressure with overtly hypertensive patient deriving greater benefit (see Chap. 
37).

 – However, available data do not permit determination of an optimal dose 
response relationship between EX and blood pressure reduction and the 
impact of high versus moderate intensity EX is unknown.

• EX at any dose, particular when introduced among previously sedentary people 
and when coupled with control of caloric intake, stimulates weight loss (see 
Chap. 40) [43, 44].
 – However, long-term maintenance of this weight loss and/or maintenance of 

ideal body weight typically requires doses of EX that exceed PA guidelines by 
twofold–threefold [45].

Recent data suggest incremental benefit when high intensity EX replaces or is 
added to moderate intensity EX [46]. However, there are currently inadequate 
aggregate data to facilitate a definitive comparison of moderate intensity versus high 
intensity EX as related to longevity and cardiac risk factor attenuation. At present, 
both EX intensities appear to be safe and comparably effective across both primary 
and secondary cardiovascular disease prevention populations.

41.6  Can One Exercise Too Much?

Concern about “too much exercise” dates back to the initial descriptions of 
EX-induced cardiac remodelling in the late 1800s and remains an area of active 
controversy and investigation [7] and Darling [8]. Longevity studies of young elite 
endurance and team-sport athletes suggest a legacy effect that translates into later 
life reductions in healthcare system utilization [47], and improved mortality [48]. 
Age-related changes of cardiac structure and function including impaired diastolic 
function and reductions in left ventricular chamber volume may be prevented or 
reversed by high levels of EX during later life [38, 49].

However, vigorous EX increases the short term risk of myocardial infarction and 
sudden death irrespective of fitness level [50, 51], and recent data suggest that high 
levels of EX may increase the risk of certain forms of cardiovascular pathology (see 
also Chap. 32) [52]:
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• Atrial tachyarrhythmia, most commonly atrial fibrillation, may be considered a 
form of “overuse pathology” among high-level exercisers and competitive ath-
letes [53, 54].
 – Numerous observational studies suggest an increased prevalence of atrial 

fibrillation among master athletes compared to sedentary age and gender 
matched controls.

 – Atrial fibrillation appears to be more common among aging male than female 
athletes and risk of incident atrial fibrillation appears to adhere to a direct EX 
intensity and EX volume dose relationship [55].

• Several reports document non-ischemic myocardial fibrosis among trained mas-
ter athletes [56–58].
 – Hemodynamic mechanism related to interventricular dependence and sys-

temic blood pressure responses to EX have been proposed.
 – To date, no data link this phenotype to any clinically relevant phenotype such 

as malignant arrhythmia or sudden death.
• EX confers favourable changes across atherosclerotic risk factors and reduces 

mortality from coronary heart disease. However, several recent observation cross 
sectional studies report higher levels of atherosclerosis, as defined by cardiac CT 
imaging, among trained athletes than other similar less active people [59, 60].
 – Sub-clinical atherosclerosis among trained athletes appears to be largely cal-

cific disease with minimal luminal impingement.
 – While it has been proposed that this may paradoxically have a stabilizing and 

thus protective effect [61], outcomes data defining the prognostic and mecha-
nistic relevance of coronary calcium in high-level exercisers is lacking.

41.7  Physical Activity Prescription in Clinical Practice

PA and EX habits should be assessed by clinicians during all medical encounters 
and may represent a useful “vital sign” [62]. We advocate careful documentation of 
PA and EX habits for all patients.

Assessment of PA permits clinicians to categorize patients into one of three 
groups based on their assessment of PA and EX habits (Fig. 41.3):

 1. Patients who routinely fail to meet PA guidelines
 2. Patients who routinely meet PA guidelines
 3. Patients who routinely exceed PA guidelines

 1. Patients who routinely fail to meet PA guidelines present the greatest clinical 
opportunity for positive impact. These patients deserve education about the 
benefits of increased PA, an assessment of perceived and/or objective barriers 
to PA, and the development of an EX prescription tailored to address these 
barriers.

 2. Patients who routinely meet PA guidelines deserve praise and reinforcement. 
Changes in habits over time that result in failure to meet PA guidelines 
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provides a valuable opportunity to detect incident disease or address poten-
tially unhealthy lifestyle changes.

 3. Patients who routinely exceed PA guidelines should not be discouraged from 
lifestyle due to concerns of overuse-pathology based on the available contem-
porary literature. Such patients benefit most from a discussion about “safe 
EX” practices and a clear acknowledgement about some element of scientific 
uncertainty about the impact of long-term high levels of EX.

Clinical Pearls
• Exercise exposure or exercise “dose” is calculated as the product of the exercise 

duration, frequency, and intensity. This approach can be used rigorously in both 
research and clinical settings.

• The relationship between habitual physical activity and/or structured exercise 
and health outcomes is curvilinear. Thus, the greatest opportunity for improving 
health outcomes by the implementation of an exercise prescription lies with 
patients that begin with a truly sedentary baseline.

• While several forms of cardiac pathology including atrial fibrillation, sub- clinical 
myocardial fibrosis, and sub-clinical coronary artery calcification appear to be 
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enriched among aging competitive athletes, there is no established optimal exer-
cise dose. Clinical recommendations to reduce exercise dose among aging ath-
letes may at time be appropriate, must be individualized, and are best approached 
using a shared decision-making process.

 Review

 Questions

 1. A 62-year old man with multiple risk factors for atherosclerotic disease inquires 
about the efficacy of a moderate intensity exercise program for risk attenuation. 
Of the following independent determinants of cardiac risk: (1) hypertension, (2) 
dyslipidemia, (3) obesity, and (4) coronary artery calcium, which has NOT been 
shown to respond favorably to the initiation of routine moderate intensity aerobic 
exercise?

 2. The greatest absolute improvement in health outcomes, specifically longevity, 
conferred by an increase in exercise dose or habitual physical activity will occur 
among which of the following patients:
 (a) A sedentary office worker who begins a 30 min daily walking program,
 (b) A routine exerciser who meets physical activity recommendations and 

decides to increase from 150 to 300 min weekly of aerobic activity, or
 (c) An accomplished triathlete who decides to train for an Ironman-distance 

triathlon and thereby increases their training load from 10 to 20  h 
weekly?

 Answers

 1. Routine moderate to high intensity aerobic exercise leads to modest but clini-
cally relevant reductions in systolic blood pressure, improvements in plasma 
lipoprotein profiles, and weight loss. Coronary artery calcium, an independent 
determinant of prognosis, has not been shown to diminish in response to exer-
cise. Several small cross-sectional studies among masters athletes and high 
active people actually suggest that extended exposure to high levels of exer-
cise may increase coronary calcium burden. The prognostic significance of 
coronary artery calcium among masters athletes and high active people 
remains unknown.

 2. The correct answer is the sedentary office worker who begins a 30-min daily 
walking program. The association between exercise dose and/or habitual physi-
cal activity and health outcomes adheres to a curvilinear relationship. The nature 
of this relationship indicates that a change from being completely sedentary to 
adopting an even minimally active lifestyle affords the greatest improvements in 
health outcomes.
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42Modalities of Exercise Training in Cardiac 
Rehabilitation
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Learning Objectives
 1. To understand the FITT principles in exercise programming for patients with 

cardiovascular disease.
 2. To understand in depth the role and effect of strength training, and how different 

modalities may affect acute exercise responses.
 3. To understand in depth the role and effect of endurance training, and how differ-

ent modalities may affect acute exercise responses.
 4. To understand how to maximise the medical safety of exercise training and what 

strategies are available to optimise the patients’ adherence to exercise 
prescriptions.

42.1  General Concepts of Exercise Prescription  
(FITT Principles)

Recommendations for prescription of exercise and sports require a basic knowl-
edge of physiological responses to exercise, along with an understanding of con-
cepts and characteristics of physical activity, exercise interventions and sports. In 
this section we will briefly discuss the components of exercise, and the so-called 
“FITT” concept:
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• Frequency
• Intensity
• Type
• Time (duration of sessions and duration of programme).

In terms of the type of exercise, this involves the exercise mode:

• Type of muscular work
• Type of exercise intervention and is included as an important characteristic of 

exercise.

Although exercise and physical activity (PA) are often used interchangeably, it is 
important to recognize that guidelines tend to separate the two.

• PA has been defined as any bodily movement produced by the skeletal muscle 
that results in energy expenditure.

• Exercise or exercise training, on the other hand, is considered a subcategory of 
PA and is, by definition, PA that is planned, structured, repetitive, and purposeful 
in the sense that improvement or maintenance of one or more components of 
physical fitness (PF) is the objective [1].

The health-related fitness of a person can be expressed by five major 
components:

 1. A morphological component (body mass relative to height, body composition, 
subcutaneous fat distribution, abdominal visceral fat, bone density and 
flexibility);

 2. A muscular component (power or explosive strength, isometric strength, muscu-
lar endurance);

 3. A motor component (agility, balance, coordination, speed of movement);
 4. A cardiorespiratory component (endurance or submaximal exercise capacity, 

maximal aerobic power, heart function, lung function, blood pressure); and
 5. A metabolic component (glucose tolerance, insulin sensitivity, lipid and lipopro-

tein metabolism, substrate oxidation characteristics).

Traditionally, different types of exercise are classified in binary terms as endur-
ance or resistance (strength) sports or exercise. However, this is a little oversimpli-
fied. Further classifications of exercise are metabolically related (aerobic versus 
anaerobic exercise) or those related to muscle: isotonic, isometric or isokinetic 
muscular work. Another classification is dynamic versus static exercise.

• Aerobic exercise refers to activity performed at an intensity that allows metabo-
lism of stored energy to occur mainly through the use of oxygen. It involves large 
muscle groups in dynamic activities, resulting in substantial increases in heart 
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rate and energy expenditure. Examples of aerobic exercise include cycling, run-
ning, and swimming performed at low to moderate intensity [2].

• In contrast, anaerobic exercise refers to movement performed at an increasingly 
high intensity unsustainable by O2 alone or requiring metabolism of stored 
energy to be processed largely without oxygen (i.e. energy is predominantly pro-
vided by anaerobic glycolysis and stored phosphocreatine). A sustained isomet-
ric muscle action which is not working maximally but nevertheless does not 
depend upon oxygen during the muscle contraction is also an example of anaero-
bic exercise. Another example of this type of activity is intermittent high- intensity 
exercise [3, 4].

Because no muscular exercise occurs entirely in the absence of oxygen, the term 
“anaerobic” has been controversial and terms such as “oxygen independent glycoly-
sis” are preferred by some researchers.

42.2  Exercise Modes in Strength Training

As explained in the first part of this chapter, specific exercise modalities are recom-
mended during strength training in cardiovascular rehabilitation. However, within 
strength training many different combinations of exercise modalities can be made. 
In this part of the chapter, the impact of these different exercise modalities is dis-
cussed in greater detail.

42.2.1  Volume of Recruited Muscles: Small vs. Large Muscle 
Groups

According to clinical guidelines [3, 5], it is recommended to mainly target large 
muscle groups during strength training in order to elicit greater improvements in 
muscle mass, bone mineral density and exercise tolerance, and to induce a greater 
metabolic effect (e.g. glycaemic control) [6, 7]. In principle, the following muscle 
groups should thus be targeted during strength training:

 (a) M. quadriceps femoris,
 (b) Hamstrings,
 (c) Calf muscles,
 (d) Abdominal muscles,
 (e) Back muscles,
 (f) Shoulder muscles, and
 (g) M. biceps brachii.

It is generally known that the larger the activated muscle bulk is during 
strength training, the greater the impact will be on blood pressure, heart rate and 
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blood lactate concentrations (increments should be anticipated) [8]. However, 
also intermuscular coordination, balance and the prevention of falls is of key 
importance, especially in older patients (>70 years) with cardiovascular disease 
[9–11]. In general, strength training of the large weight-baring muscles (legs and 
trunk) will already lead to significant reductions in this fall risk [12]. However, 
in order to further maximize the impact of exercise intervention on fall risk in 
these individuals, it is important to also exercise the smaller muscles that are 
relevant to balance. In this regard, for example, also M. tibialis anterior should 
undergo strength training, and balance exercises should be incorporated which 
are, in fact, functional strengthening exercises for (very) small muscle groups 
(including at the hips and spine) [12].

In final, due to a median sternotomy (e.g. during CABG) and/or fear avoidance 
to use the upper extremities, significant muscle wasting in the arms can occur [13]. 
In such event, the arms muscles, which are smaller muscle groups, should receive 
strength training, but in a medically safe manner.

As a result,

• Clinicians should assess muscle strength at entry of cardiovascular rehabilita-
tion, to detect muscle weakness and modify the exercise program accordingly.

• In this regard, large muscle groups must be trained.
• However, also balance should be assessed in older patients (>70 years) to include 

specific exercises to prevent falls.

42.2.2  Volume of Strength Training

In order to maximize the clinical benefits of strength training, it is important to 
expose the patient to a sufficient volume of strength training. This can be done by

 1. Increasing the number of sets/muscle groups and/or.
 2. Increasing the number of exercises or muscle groups.

It has been shown that a larger number of sets per muscle group (e.g. one vs. 
three sets) elicits significantly greater improvements in muscle strength and 
mass in cardiac rehabilitation [14]. As a result, it is generally recommended that 
at least three sets per muscle group should be applied. Even if at least three sets 
per muscle group are applied during strength training, the impact of this type of 
exercise intervention can be maximized by increasing the number of exercises 
or muscle groups. Obviously, by targeting more muscle groups by strength 
training, greater increments in muscle mass and bone mineral density may be 
anticipated. However, also glycaemic control is affected far better by increasing 
the number of muscle groups, and it seems that 21 sets (three sets multiplied by 
seven muscle groups) is mandatory if improvements in glycaemic control are 
ambitioned [15].
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42.2.3  Type of Contraction: Isometric/Isotonic/Isokinetic/
Eccentric

It is important to understand the distinction between dynamic concentric and eccen-
tric or isometric muscle strength training (Fig. 42.1).

• During concentric strength training the externally applied load can be overcome, 
leading to muscular shortening, while during

• Eccentric strength training the externally applied load is too high to sustain so 
that during muscular contraction this muscle prolongs.

• When the joint velocity is controlled/standardized during muscular contraction, 
isokinetic muscle training is applied.

• When no movements are allowed in the joint during muscular contraction, iso-
metric muscle training is applied.

In general, isokinetic muscle strength training is not applied regularly in car-
diovascular rehabilitation, as this would require strength training on a dynamom-
eter, which is time-consuming and very costly. Isometric strength is also applied 
rarely in cardiovascular rehabilitation because this type of strength training is not 
functional and/or may induce the Valsalva manoeuvre (see below). As a result, 
what is or can most commonly used in cardiovascular rehabilitation is concentric 
or eccentric strength training. At the moment it is assumed that, when matched for 
either maximum load or work, similar increases in muscle size is found between 
concentric and eccentric strength training [16]. On the other hand, eccentric 
strength training allows the muscle to be exposed to greater loads. In this particu-
lar situation, greater increments in muscle strength are then noticed (vs. concen-
tric strength training), at least in healthy subjects [17, 18]. This remains to be 
studied in greater detail in patients with cardiovascular disease. Interestingly, the 
application of eccentric strength training seems to lead to smaller increments in 
blood pressure and heart rate, when compared with concentric strength training, 
at least in healthy individuals [19]. The latter also remains to be studied in patients 
with cardiovascular disease.

Isometric Eccentric

321

Concentric

Fig. 42.1 Different types of strength training (see text for more details)
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42.2.4  Intensity of Contraction

Dependent on the stage of cardiovascular rehabilitation, the intensity during strength 
training can vary from 30 up to 70% of one-repetition maximum, in which lower 
intensities are often proposed [5]. However, when increments in muscle mass and 
muscle strength are ambitioned, which is actually the impetus for adding strength 
training to endurance training, it has been shown in many studies that higher intensi-
ties of strength training (>65% of one-repetition maximum) should be selected [20].

One of the most important reasons to avoid strength training at higher intensities 
could be the Valsalva manoeuvre (see also Chap. 37):

• The Valsalva manoeuvre is a forced expiration against a closed glottis, which 
leads to an increase in intrathoracic pressure, and a potential reduction in cardiac 
output due to a decreased venous return (from which syncope may result).

• After the termination of this compressed breathing a large increase in venous 
return may be provoked and thus an increased cardiac output (through a con-
stricted arterial vascular system).

• This may lead to sharp increments in blood pressure and myocardial oxygen 
demand.

Therefore, patients should pay attention to their breathing while executing 
strength exercises. However, when such Valsalva manoeuvre is avoided (by exhal-
ing during muscular contraction), high-intense resistance training (high load, low 
number of repetitions) in fact induces smaller increments in blood pressure, heart 
rate and cardiac output as opposed to low-intense resistance training (low load, high 
number of repetitions) [21–24], which is in contrast to common belief.

42.2.5  Endurance vs. Strength Training

The elicited physiological and clinical adaptations as a result of endurance vs. 
strength exercise training are very different:

• As a result of endurance exercise training, skeletal muscle mitochondrial bio-
genesis is activated after phosphorylation of 5′ adenosine monophosphate- 
activated protein kinase (AMPK), which in effect will lead to enhanced muscle 
respiration capacity to resynthesize ATP.
 – In addition, muscle fibre type shifts may be induced (in favour of type 1 mus-

cle fibre) next to enhanced capillarisation.
 – From these molecular changes, improvements in endurance capacity and 

skeletal muscle fat oxidation capacity are the key adaptations.
 – Moreover, in the heart hypertrophy of the left ventricle, together with incre-

ments in left-ventricular cavity, can be induced by long-term exposure to 
endurance training.
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• Strength training, on the other hand, induces completely different molecular and 
clinical adaptations.
 – As result of strength training, skeletal muscle ribosomal biogenesis is induced 

after activation of mammalian target of rapamycin (mTOR), which in effect 
will lead to muscle hypertrophy to be able to generate greater muscle tension/
strength.

 – In addition, muscle fibre type shifts may be induced (in favour of type 2b 
muscle fibre).

 – From these molecular changes, improvements in muscle strength and mass 
are the key adaptations.

 – Moreover, in the heart more pronounced hypertrophy of the left ventricle, but 
without increments in left-ventricular cavity, can be induced by long-term 
exposure to strength training.

In final, recent studies have shown that these different molecular cascades, as 
activated by different types of exercise, can interfere with each other [25–26]. 
Whether this would also lead to suboptimal clinical benefits of exercise interven-
tion in patients with cardiovascular disease, remains to be studied in greater 
detail [25, 26].

42.3  Exercise Modes in Aerobic (Endurance) Training

The most common modes of aerobic exercise are walking, jogging, cycling, and 
swimming, which, when carried out at moderate intensity, represent good examples 
of aerobic activity. To achieve an effective and safe exercise training response, the 
appropriate intensity, duration, and frequency should be chosen.

42.3.1  Exercise Intensity

Submaximal prolonged walking, jogging, cycling, and swimming are representative 
types of exercise that are usually termed aerobic or endurance. Of all the basic ele-
ments of exercise prescription, exercise intensity is generally considered to be the 
most critical for the development of aerobic fitness and to have the most favorable 
impact on risk factors [27, 28].

• Absolute intensity refers to the rate of energy expenditure during exercise and is 
usually expressed in kcal/min or metabolic equivalent tasks (METs) [2, 29].

• Relative exercise intensity refers to a fraction of an individual’s maximal power 
(load) that is maintained during exercise and is usually prescribed as a percent-
age of maximal aerobic capacity (VO2max) on the basis of a cardiopulmonary 
exercise test [29].
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 – Training intensity can also be expressed as a percentage of maximal heart rate 
(HRmax) recorded during an exercise test [30] or predicted on the basis of the 
equation [HRmax  =  220 −  age] [31]. The use of prediction equations for 
HRmax are not recommended, because there is a large standard deviation 
around the regression line between age and HRmax [32].

 – Alternatively, exercise intensity can be expressed relative to a percentage 
of a person’s HR reserve (HRR) which uses a percentage of the difference 
between HRmax and resting HR and adds it to the resting HR (Karvonen’s 
formula) [33].

There are caveats to the use of HR for prescribing and evaluating exercise inten-
sity in persons using beta-blocking medications [34]. Ideally, the HR derived for 
training should only be used if functional capacity was determined (the exercise test 
was performed) while taking the medication.

Intensity is also commonly monitored using the rate of perceived exertion scale 
(Fig. 42.2) or “talk test” (see Chap. 1) or “breathing rule” (‘to be able to talk while 
exercising’; [32]), or arterialized blood lactate concentrations [1, 17–19] 
(Table 42.1).

No.

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

No exertion at all

Extremely light

Very light

Light

Somewhat hard

Hard (heavy)

Very hard

Extremely hard

Maximal exertion

Subjective intensity / effort
Fig. 42.2 Borg scale for 
ratings of perceived 
exertion
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42.3.2  Exercise Training Zones

According to the Greek physician Galen (180 AD), not all movement constitutes 
exercise; vigorous movement is required, which is indicated by a marked alteration 
in respiration [35]. Nowadays it is accepted that in order to enhance cardiorespiratory 
fitness, exercise should be sufficiently intense to “overload” the aerobic system.

• Aerobic fitness is improved when exercise intensity is above the aerobic thresh-
old [36] and within an aerobic training zone, the boundaries of which are indi-
cated in the Table 42.1.

• The first aerobic threshold, measured by gas exchange or by blood lactate levels, 
is indicative of everyday activities and presumably corresponds to 2 mmol/l lac-
tate, while

• the second anaerobic threshold emerges from more intense aerobic activities 
which usually leads to a blood lactate accumulation of 4 mmol/l [36, 37].

For both primary and secondary cardiovascular disease prevention, the target 
intensity is usually recommended to be close to the second anaerobic threshold [30, 
38]. Subsequent to the aerobic threshold is the anaerobic training zone (Table 42.1) 
[28, 36, 37]. Cardiorespiratory endurance is also effectively improved when a train-
ing stimulus is applied within this zone (6–10 mmol/l lactate or between 14 and 20 
on the rate of perceived exertion scale), but this intensity of exercise is more appro-
priate for athletic purposes [36, 37].

42.3.3  Training Volume

Exercise intensity is inversely related to exercise time. Their product (in kcal or kJ) 
defines the volume of each training unit which in turn multiplied by frequency 

Table 42.1 Relationship among indices of exercise intensity and training zones

Intensity
Lactate 
(mmol/l) METs

VO2max 
(%)

HRR 
(%)

HRmax 
(%)

RPE 
scale Training zone

Low intensity, 
light effort

2–3 2–4 28–39 30–39 45–54 10–11 Aerobic

Moderate 
intensity, 
moderate effort

4–5 4–6 40–59 40–59 55–69 12–13 Aerobic

High intensity, 
vigorous effort

6–8 6–8 60–79 60–84 70–89 14–16 Lactate, 
aerobic, 
anaerobic

Very hard effort 8–10 8–10 >80 >84 >89 17–19 Lactate, 
aerobic, 
anaerobic

METs Metabolic equivalent of tasks, HRR Heart rate reserve, HRmax maximum heart rate, RPE 
Borg rating of perceived exertion (6–20 scale (Fig. 42.2))
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provides an estimate of the energy expenditure of the training bout or session. The 
frequency of training sessions and the duration of the training period provide total 
energy expenditure of a training programme. Training volume should increase 
weekly either by 2.5% in intensity [4] or 2 min duration [39], although rate of pro-
gression should be individualized according to the biological adaptation of the indi-
vidual. Training adaptation is also influenced by genetics [40] and environmental 
factors, such as hydration, heat, cold, and altitude [41–43].

42.3.4  Mode of Training

Aerobic exercise training can either be continuous or interval. In order to improve 
endurance capacity, clinicians can opt for continuous low-to-moderate intense exer-
cise training (LMIT) or high-intensity interval training (HIIT). These types of exer-
cise are very different from each other in terms of programming.

• HIIT is characterised by peaks of high-intense exercise (often at 80–100% of 
peak heart rate, between 30 s and 4 min) interspersed by exercises at a low inten-
sity (40–60% of peak heart rate, between 1 and 4 min) (see Fig. 42.3 for exam-
ples) [44].

• During LMIT these exercise peaks and periods of cooling down are absent, and 
often the sessions are longer as opposed to HIIT sessions.

The rationale to use HIIT is to prevent a full cardiorespiratory adaptation to high- 
intense exercise, despite the fact that the skeletal muscle is stimulated maximally. 

4 min 4 min 4 min 4 min

333310 min

AIT

HIIT

up to 30 sec
100

75

50

25In
te

ns
ity

, %
 H

R
m

ax

LMIT

Fig. 42.3 Schematic depiction of different exercise protocols applying either low-to-moderate 
intensity continuous training (LMIT) or high-intensity interval exercise. The latter can be per-
formed in different ways according to the length and intensities of both the high-intensity intervals 
and the moderate recovery phases in-between. The term “HIIT” does not refer to a specific proto-
col but rather to the application of high-intensity intervals at all, whereas AIT (Aerobic Interval 
Training) refers to the 4 × 4 min protocol that has been used in many studies in recent years
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As a result, this type of exercise training is very interesting for patients with signifi-
cant cardiac (e.g. heart failure) or pulmonary (e.g. COPD) limitations. Indeed, it is 
now widely established that this type of exercise training is feasible [45], although 
the exercise peak may not last too long in order to prevent these cardiorespiratory 
compensations.

The latter is currently the most difficult aspect in HIIT application: there is at the 
moment no formal consensus

 1. How long and high the exercise peak should be,
 2. How long and low the cooling down exercise should be,
 3. How many peaks should be executed each training session.

It is very likely that the patient phenotype will dictate what is possible and desir-
able (physical fitness, age, medical history, heart function, lung function, muscle 
strength, etc.), next to the goals of the exercise intervention [44]. The clinical effec-
tiveness of HIIT in patients with cardiovascular disease has received great interest 
in the last decade.

• From a recent meta-analysis, it was concluded that HIIT resulted in a higher 
increase in peak oxygen uptake compared with LMIT in patients with coronary 
artery disease or chronic heart failure with reduced ejection fraction.

• Moreover, a larger increase of the first ventilatory threshold and peak heart rate 
was observed after HIIT in all these patients, while other cardiorespiratory param-
eters, cardiovascular risk factors, and quality of life were equally affected [45].

It thus follows that HIIT can be considered more often in cardiovascular rehabili-
tation, but it remains to be studied which HIIT protocols are best applicable.

42.4  Attractiveness of PA and Training Programmes

To maximise the adherence of home-based physical activity and exercise training in 
patients with cardiovascular disease, it is also important to maximise the attractive-
ness of these exercises. In many centres the long-term adherence rates to exercise 
recommendations, even after completion of ambulatory cardiac rehabilitation, can 
be low [46, 47]. To increase the attractiveness of cardiovascular rehabilitation, vari-
ous strategies are optional, such as:

 (a) Allowing the patient to self-select the type of exercise,
 (b) Organise group exercise sessions and/or
 (c) Offer digital technologies.

To start with, the rehabilitation unit should be inviting and appealing to patients: 
this should be a facility with music and/or screens on the background, with lots of 
light from outdoor (or preferentially with big windows), in which communicative 
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and helpful personnel/clinicians assist the patients, and with comfortable/appealing 
training systems. Clinicians should realize that exercise training on stationary 
devices can be very boring, particularly when large volumes of exercise must be 
achieved, so maximal efforts should be made to adhere to this suggestion. In this 
regard, mixing or varying with exercise modes can also be helpful to break-up pro-
longed or high effort/difficult exercises. Moreover, the application of virtual reality 
during exercise and exergaming is being studied in cardiovascular rehabilitation at 
the moment, with some promising effects on patient satisfaction and exercise adher-
ence [48, 49].

During this ambulatory rehabilitation, it is important to address which types 
of exercise are favoured by the patient, or what types of exercises are ambitioned 
to execute after the phase 2 rehabilitation program, and to try to accustom the 
program accordingly. However, allowing the patients to fully self-select the type, 
volume and intensity of exercises should not be considered as the standard, as 
smaller clinical benefits of exercise intervention can be observed, probably due 
to insufficient exercise intensities and volumes, but also improperly selected 
exercise modes [50]. Therefore, specific exercise advices from qualified clini-
cians remain mandatory.

• Offering exercise training in groups (with peers) is highly warranted: this will 
lead to a significantly greater exercise adherence, both during phase two rehabili-
tation programs as well as in maintenance programs.

Finally, in order to optimise exercise adherence as well as the clinical effective-
ness of cardiovascular rehabilitation both in the short and long term, the application 
of telemonitoring and telerehabilitation seems highly effective [50, 51]. Such inter-
vention allows the patient the get daily feedback on their physical activity intensity 
and/or volume, and how to exercise or progress the exercises. In addition, such 
intervention also provides monitoring of physiological parameters to optimise med-
ical safety of exercise training.

Clinical Pearls
• To maximise the clinical effectiveness, but maintain medical safety of exercise 

intervention, clinicians should carefully select the FITT components in exercise 
prescription: Frequency, Intensity, Type and Time.

• Dynamic strength training at moderate intensity should be prescribed to many 
patients with cardiovascular disease (risk) (based on indication and phenotype), 
but the effects of isometric strength remains to be studied in greater detail.

• Next to the classical moderate-intense endurance training, clinicians can opt for 
high-intensity interval training (HIIT) as this training type leads to favourable 
changes in physical fitness and cardiovascular risk factors.

• Next to selecting exercise modalities to optimise health in individuals, it is also 
of key importance to maximise the attractiveness of exercise intervention to sup-
port long-term therapy adherence.
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 Review

 Questions

 1. What are the 5 major components of health-related fitness?
 2. How should we classify the different characteristics of exercise?
 3. How can the intensity of aerobic exercise be individually determined?
 4. In what effects are endurance and strength training different from each other?

 Answers

 1. Major components of health related fitness are (1) a morphological component 
(body mass relative to height, body composition, subcutaneous fat distribution, 
abdominal visceral fat, bone density and flexibility); (2) a muscular component 
(power or explosive strength, isometric strength, muscular endurance); (3) a 
motor component (agility, balance, coordination, speed of movement); (4) a car-
diorespiratory component (endurance or submaximal exercise capacity, maximal 
aerobic power, heart function, lung function, blood pressure); and (5) a meta-
bolic component (glucose tolerance, insulin sensitivity, lipid and lipoprotein 
metabolism, substrate oxidation characteristics).

 2. The FITT++ principles are Frequency, Intensity, Type, Time (or duration) and 
Mode(+) and Attractiveness(+) of exercise.

 3. After performing a maximal exercise test (until exhaustion or until symptoms), 
maximal heart rate, maximal load or capacity and ventilatory or lactic thresholds 
can be used to determine the individual intensity of aerobic exercise.

 4. As a result of endurance exercise training, skeletal muscle mitochondrial biogen-
esis is activated after phosphorylation of 5′ adenosine monophosphate-activated 
protein kinase (AMPK), which in effect will lead to enhanced muscle respiration 
capacity to resynthesize ATP. In addition, muscle fibre type shifts may be induced 
(in favour of type 1 muscle fibre) next to enhanced capillarisation. From these 
molecular changes, improvements in endurance capacity and skeletal muscle fat 
oxidation capacity are the key adaptations. Finally, in the heart hypertrophy of 
the left ventricle, together with increments in left-ventricular cavity, can be 
induced by long-term exposure to endurance training.

Strength training, on the other hand, induces completely different molecular 
and clinical adaptations. As result of strength training, skeletal muscle ribosomal 
biogenesis is induced after activation of mammalian target of rapamycin (mTOR), 
which in effect will lead to muscle hypertrophy to be able to generate greater 
muscle tension/strength. In addition, muscle fibre type shifts may be induced (in 
favour of type 2b muscle fibre). From these molecular changes, improvements in 
muscle strength and mass are the key adaptations. Moreover, in the heart more 
pronounced hypertrophy of the left ventricle, but without increments in left- 
ventricular cavity, can be induced by long-term exposure to strength training.
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43Cardiopulmonary Exercise Testing 
and Prescription of Exercise

Jeffrey Wilcox Christle and Ross Arena

Learning Objectives
 1. Recognize individuals who would benefit from exercise prescription using 

CPET.
 2. Understand the benefits of precise exercise prescription for cardiovascular exercise.
 3. Recognize the components of CPET which may be used for exercise prescription 

and how to identify them.
 4. Understand how to apply multiple CPET-metrics to guidelines-based exercise 

prescription.

43.1  Introduction

Prior to beginning an exercise program, all patients with cardiovascular disease 
(CVD) require a comprehensive clinical evaluation, including treatment of underly-
ing pathophysiologic processes that have not been addressed, optimal pharmaco-
logic therapy, and risk stratification. Cardiorespiratory fitness (CRF) is now 
established as a vital sign and should be assessed at every clinical encounter for risk 
stratification and exercise prescription [1–3]. Exercise prescription itself is a com-
plex endeavor which combines several factors that have been traditionally encapsu-
lated into the FITT principle [4, 5]. FITT stands for Frequency, Intensity, Time and 
Type. Frequency, Time and Type are illustrated by the questions
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 (a) “How often?”,
 (b) “What mode of exercise?”, and
 (c) “How long?”

which can be answered based on individual goals and established guidelines, largely 
without the need for exercise testing [6]. Intensity, which is related to the question, 
“How hard should I exercise?”, has clear dependencies on the other FITT metrics 
but is much harder to define without knowledge of an individual’s exercise capacity. 
There are several methods available to prescribe exercise intensity, including talk 
tests, rating of perceived exertion (RPE), prediction formulas, submaximal exercise 
testing, standard maximal exercise testing and the subject of this chapter, 
Cardiopulmonary Exercise Testing (CPET) [5, 7–15].

Although not a widely used modality for exercise prescription, CPET is clearly 
the most precise and effective tool for this purpose. Table 43.1 lists a selection of 
reviewed articles which have applied CPET to exercise prescription.

• In fact, CPET is indicated by the American College of Sports Medicine (ACSM), 
American Heart Association (AHA), American Thoracic Society (ATS), 
American College of Chest Physicians (ACCP), European Society of Cardiology 
(ESC) and European Association of Preventive Cardiology (EAPC) for exercise 
prescription for cardiac/pulmonary rehabilitation, CVD, pulmonary disease and 
as a gold standard for general exercise prescription [16–22].

Through the precise detection of individuals’ effort through the monitoring of 
ventilation and respiratory gases, CPET makes it possible to report peak measures 
of heart rate (HR), oxygen consumption (VO2) and RPE, the major tools of exercise 
prescription. Furthermore, HR and VO2 reserve, as well as ventilatory equivalents 
(minute ventilation (VE)/VO2 and VE/carbon dioxide production (VCO2)) and 
thresholds can be detected, increasing the precision of a personalized exercise pre-
scription [20]. Cost and a higher level of technical specialization have limited CPET 
to use within research, clinical and elite athletic environments, but technological 
advances have begun to reduce the costs of equipment and a larger number of clini-
cians and sport scientists are becoming trained in the performance and interpreta-
tion of these tests [5, 21–24]. With these known limitations, the advantages of using 
CPET for individualized exercise prescription are paramount, and although most of 
the data available is from clinical populations, the recent FRIEND (Fitness Registry 
and Importance of Exercise National Database) project has added a great deal of 
normative exercise data to the literature [25–29]. This project has also reinforced 
the importance of precise assessment of CRF as a vital sign for all individuals [30, 
31]. As advances in the field allow for more widespread use of CPET, there is a great 
need to establish standards and guidelines for exercise prescription using CPET that 
are feasible for clinical and non-clinical exercise professionals.

Furthermore, the utility of CPET goes beyond initial prescription but is also a 
valuable tool for the assessment of the physical response to exercise, one of the 
greatest challenges in preventive health [32]. Without measuring cardiopulmonary 
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responses to exercise, there are few non-clinical methods to measure the effect that 
an exercise program is having on health, fitness and ultimately prognosis (i.e., no 
change or an improvement in CRF). Other indirect markers of health and fitness 
(e.g., body weight, body fat, resting HR) have been used as indirect health related 
effects of endurance exercise but have significant limitations.

Table 43.1 Summary of selected studies of applying CPET to exercise prescription

Author Year # Subjects Comparator Intervention Main findings
Mann et al. 
[16]

2013 Review Relative 
peak VO2

Relative 
peak HR

Relative VO2R
Relative HRR
Thresholds

Exercise prescribed 
relative to VT1 and VT2 
produce less variation in 
metabolic responses and 
time to exhaustion at a 
constant exercise 
intensity. Thresholds 
determined from single 
incremental tests cannot 
be assumed to be 
accurate in all 
individuals without 
verification trials.

Weatherwax 
et al. [17]

2018 9 men 30 
women

3 d/wk for 
12 wk 
exercise 
based on 
HRR

3 d/wk for 12 wk 
exercise based 
on Thresholds

Relative VO2max 
increased (p < .05) from 
24.3 ± 4.6 to 26.0 ± 4.2 
mlO2•kg−1•min−1 and 
29.2 ± 7.5 to 32.8 ± 8.6 
mlO2•kg−1•min−1 for the 
HRR and VT groups. 
100% VT and 60% 
HRR categorized as 
responders, respectively.

Da Cunha 
et al. [18]

2011 Review. All 
studies 
between 1966 
and 2010 (15 
studies)

Experimental 
studies published 
between 1966 
and 2010, which 
investigated the 
relationships 
between the 
%HRR, % 
VO2max and % 
VO2R.

%HRR-%VO2max 
relationship using a 
ramp protocol leads to 
strong relationship with 
measured VO2 and 
avoids problems with 
high variance in resting 
VO2. VO2 should be 
directly determined 
using recommended 
guidelines.

Díaz-
Buschmann 
et al. [19]

2014 102 patients 
on a beta- 
blocker and 39 
not treated 
with negative 
chronotropic 
effect drugs

None None Prescribed exercise 
intensity should be 
within VT1 and VT2, so 
that the efficacy and 
safety is guaranteed. 
HR methods result in a 
large proportion of 
individuals exercising at 
intensities above VT2
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• The combination of exercise prescription using initial CPET testing and regular 
(e.g., annual) assessment of the training response with CPET is a superior way to 
offer individuals a precise evidence-based prescription of intensity and an accu-
rate assessment of the effect of that prescription.

• Regular assessment of an aerobic exercise prescription offers the clinician/instruc-
tor specific data to adjust the exercise prescription and substantial feedback for the 
individual that may motivate and increase the chances of success [33, 34].

43.2  Populations Who May Benefit from CPET for Exercise 
Prescription

Although several statements have been published on the usefulness of CPET, cur-
rent standards have primarily limited the use of CPET to clinical populations [35–
39]. Those with pulmonary and/or CVD comprise most patients who perform CPET 
as part of clinical care. When CPET is performed, the data is primarily used for 
diagnostic and prognostic assessments as opposed to exercise prescription.

All individuals would benefit from CPET for the purposes of risk stratification 
and exercise prescription, however administrative constraints and local availability 
limit CPET as a realistic option for many [36].

43.3  Pre-prescription Evaluation

• All individuals should be screened for signs and symptoms of cardiovascular and 
pulmonary diseases before performing CPET.

• Individuals who report symptoms, especially chest pain, shortness of breath and/
or lightheadedness, with or without exercise induction, should be thoroughly 
prescreened. These symptoms may be used to set safe upper limits for exercise 
intensity (Table 43.2).

Table 43.2 Signs and symptoms below which an upper limit for exercise intensity should be seta 
(adapted from [4])

• Onset of angina or other symptoms of cardiovascular insufficiency
•  Plateau or decrease in systolic blood pressure, systolic blood pressure of >250 mmHg or 

diastolic blood pressure of >115 mmHg
• ‡1.0 mm ST-segment depression, horizontal or downsloping
•  Radionuclide evidence of left ventricular dysfunction or onset of moderate to severe wall 

motion abnormalities during exertion
• Increased frequency of ventricular dysrhythmias
•  Other significant ECG disturbances (e.g., 2- or 3-degree atrioventricular block, atrial 

fibrillation, supraventricular tachycardia, complex ventricular ectopy, etc.)
• Other signs/symptoms of intolerance to exercise

aThe exercise heart rate generally should be at least 10 bpm below the heart rate associated with any 
of the referenced criteria. Other variables (e.g., the corresponding systolic blood pressure response 
and perceived exertion), however, also should be considered when establishing exercise intensity
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• Medical history should include any/all medical diagnoses, previous physical 
examination findings, history of symptoms, recent hospitalizations and illnesses, 
orthopedic problems, medication and drug use, exercise history, work history 
and family history [5].

• Physical examination should include body weight, HR and rhythm, blood pres-
sure, auscultation of the heart and lungs, palpitation of cardiac pulse, carotid, 
abdominal and femoral arteries, evaluation of the abdomen and lower extremi-
ties, evaluation of tendon xanthoma and skin xanthelasma, neurological exami-
nation, and inspection of the lower extremities, especially in patients with 
Diabetes Mellitus [5].

43.4  General Principles of Exercise Prescription Using CPET

• All individuals could potentially benefit from exercise therapy and secondary 
prevention.

• The FITT tenets (Frequency, Intensity, Time and Type) are effective in creating 
and monitoring an exercise prescription (Table 43.3)
 – Frequency: How often (e.g., days per week).
 – Intensity: How difficult (e.g., with RPE scale and/or target HR range).
 – Type: Which mode of exercise is appropriate?
 – Time: How long of a duration (e.g., 150 min per week, 30 min per session)

• When creating an exercise prescription, always consider that individuals tend to 
adhere when they have control over these variables (e.g., can choose the type of 
exercise).

• When creating an endurance exercise prescription, studies have shown that the 
addition of resistance exercises can improve overall health and fitness, improve 
health-related quality of life and increase success with long term weight 
control.

Table 43.3 Example of 
components of the clinical 
exercise prescription

• Type
  ○ Endurance, dynamic exercise
  ○  Light resistance training (high repetition, low 

resistance)
  ○ Avoid isometric, body-building type activities
• Intensity
  ○ Below second ventilatory threshold
  ○  Target work rate corresponding to 50–70% of 

peak VO2

  ○  Rating of perceived exertion (Borg 6–20 scale) 
approximately 12–14

  ○ Heart rate reserve 60–80% of maximum
• Duration
  ○ May need to start at only 10–20 min/sessions
  ○  Work up to 30–40 min/sessions
• Frequency
  ○ 3–5 times/week
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• When using exercise testing to create physiologically comprehensive exercise 
prescriptions, individualized ramp testing should be used. This type of testing will 
add precision by accurately identifying ventilatory thresholds when present.

• To assess effort, CPET should be done to maximum effort reflected by a peak 
respiratory exchange ratio (RER) of at least 1.00 and ideally >1.10. Other mea-
sures that complement the assessment of exercise effort include peak HR (>85%) 
and RPE (>16).

43.5  Choosing Appropriate Intensities Using CPET

• CPET is a very specific and effective mode for selecting intensities for an exer-
cise prescription. It is mode-specific (i.e., the HR ranges, workloads and VO2 at 
ventilatory threshold (VT) are only applicable for the mode of testing).

• Most patients will profit substantially from exercise at moderate to high intensi-
ties, which can be established through different measures (12–14 on a classic 
RPE scale or 40–60% VO2R/HRR; see also Chap. 44).

• To establish HR targets for exercise prescription, the range of corresponding HR 
between the first and second ventilatory thresholds have been observed to reflect 
steady state [17, 40, 41].

• Applying a threshold prescription such as the American Council on Exercise 3-zone 
method may lead to higher overall intensities compared to other methods, which may 
explain observations of improved CRF outcomes using these thresholds [40, 41].

• Detection of VO2 at VT1 and especially VT2 can be challenging; If possible hav-
ing two clinicians independently assess VT is recommended [21].

• In monitoring a threshold-based exercise prescription, initial exercise sessions 
should be performed at intensities closer to VT1, but should progress towards 
VT2, with a target of performing 30–40 min at close to but under VT2. Once this 
goal is reached, a new exercise assessment with CPET would ideally be per-
formed for adjustment of the prescription.

• When using formulas to establish HR targets for exercise prescription, most patients 
will benefit from “reserve” formulas, in which the range (i.e. peak- resting) of VO2 
or HR are combined with published intensity recommendations (Table 43.4).

• In lieu of ventilatory data, exercise testing can still provide accurate rest and 
maximal HR for exercise prescription based on heart rate reserve (HRR).

Table 43.4 Standards for prescribing exercise intensity (adapted from [4])

Intensity
%HRR or 
%VO2R %peak HR %peak VO2

RPE [6–15, 35, 36, 
42–44]

Very light <30 <57 <37 <9
Light 30 < 40 57 < 64 37 < 45 9 < 11
Moderate 40 < 60 64 < 76 45 < 64 11 < 14
Vigorous 60 < 90 76 < 96 64 < 91 14 < 17
Near max to maximal >90 >96 >91 >17

HRR Heart rate reserve, VO2R Oxygen uptake reserve, RPE Rating of perceived exertion (based on 
a scale of 6–20)
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43.6  Specific Metrics for the Establishment of Exercise 
Intensity

43.6.1  Ratings of Perceived Exertion

 1. RPE used as the traditional 6–20 scale or 0–10 scale (Table 43.5) is a simple and 
accurate method for individuals to assess personal exercise intensity during 
graded exercise (Chap. 44) [46].

 2. RPE has been shown to correlate very well to other more established measures 
of exercise intensity [15].

43.6.2  Heart Rate

 1. HR is the most common measure for establishing and monitoring endurance 
exercise.

 2. Several methods of exercise prescription using HR exist, with HRR being the 
most established and universal.

 3. Example of the HRR method for moderate endurance exercise prescription from 
exercise test data: rest HR = 70 bpm, peak HR = 150 bpm, target intensity 60% 
HRR:
 (a) 150 (peak HR) − 70 (rest HR) = 80 (HRR)
 (b) 80 (HRR) × 0.6 (60%) = 48 bpm
 (c) 48 bpm + 70 bpm (rest HR) = 118 bpm (Target HR)

 4. Note: HRR method has been used without testing by using a prediction formula 
(e.g. 220-age) instead of actual peak HR. Importantly, prediction formulas pro-
duce very crude estimates of peak HR in healthy and CVD populations and 
should only be used in cases where the measurement of peak HR is not possible 

Table 43.5 Borg’s scales of pain and perceived exertion [45]

Borg CR-10 Scale Borg RPE Scale
0 Nothing at all 6
0.5 Just noticeable 7 Extremely light
1 Very weak 8
2 Weak 9 Very light
3 Moderate 10
4 Somewhat strong 11 Fairly light
5 Strong 12
6 13 Somewhat hard
7 Very Strong 14
8 15 Hard (heavy)
9 16
10 Extremely Strong 17 Very hard
⦁ Maximal 18

19 Extremely hard
20
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[47–49]. For example, in using estimates of peak HR, arrhythmias, arterial 
hypertension, myocardial ischemia etc. go undetected. Therefore, the use of HR 
prediction formulas is not recommended for patients with established or sus-
pected CVD.

43.6.3  Ventilatory Gas Exchange

 1. Peak VO2 is the gold standard for accurate measurement of exercise capacity and 
is a key CRF metric.

 2. VO2 is not practical for regular monitoring of endurance exercise.
 3. Peak VO2 is the gold standard for assessing the effect of regular exercise on CRF 

through CPET.

43.6.4  First Ventilatory Threshold (VT1)

 1. The first VT is a well-established marker of fitness and health and change in VT1 
is a strong indicator of response to training and detraining.

 2. Detection and agreement between experienced reviewers for VT1 is good but is 
highly protocol dependent. Differences in protocol (Bruce vs Balke vs Ramp; 
see Chap. 11), method of determination (V-slope vs ventilatory equivalents 
method) and reviewer are all important considerations in assessing VO2 at VT1 
[50–53].

 3. The VT1 can be detected by the V-slope method, which identifies the point at 
which the relationship between VCO2 and VO2 significantly increases due to a 
sudden increase of CO2 due to lactic acid buffering (Panel 5). The lowest nadir 
of the relationship between VE and VO2 (Panel 6) also identifies the VT1 with 
good reliability (Figs. 43.1 and 43.2) [54].

43.6.5  Second Ventilatory Threshold (VT2)

 1. Whereas the VT1 has a large amount of data supporting its significance, the VT2 
is much more difficult to detect and its value is uncertain. Is has been suggested 
that graphical methods, interobserver variability and type of protocol may all 
influence the ability to detect VT2 [55].

 2. Beyond protocol type, method of determination and reviewer, the presence of 
VT2 can also be affected by effort and non-cardiovascular limitations to exer-
cise, and many patients with low exercise tolerance (e.g. in severe CHF) do not 
reach VT2 [56].

 3. The VT2, although not always detectable, may be identified through inspection 
of the relationship between VE and VCO2 over time (Panel 6).
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 (a) Visually it is located at the lowest nadir of the VE/VCO2 relationship; it is 
the point at which VE begins to increase significantly relative to VCO2 
(which can also be visualized in the same panel as the VE/VCO2 slope 
(Panel 4) [54].

 (b) This relationship has been identified as the “respiratory compensation point 
(RCP)” which represents a point of exercise intensity at which metabolic aci-
dosis overwhelms bicarbonate buffering capacity leading to marked hyper-
ventilation (i.e., overbreathing due to hypercapnia) (Figs. 43.1 and 43.2).

Fig. 43.1 A real-life example of a cardiopulmonary exercise test for a patient referred for exercise 
testing. The red circles indicate the location of the VT1 in panel 5 (change in slope of VCO2/VO2), 
panel 6 (lowest point of VE/VO2 slope) and panel 9 (nadir of VE/VO2 slope and a leveling off of 
VE/VCO2). The blue circles indicate the location of VT2  in panel 4 (break in linearity in VE/
VCO2), panel 5 (second change in slope of VCO2/VO2). Target HR for moderate (steady state) 
ambulatory endurance exercise were determined to be between 97 and 117 bpm, corresponding to 
68–87% of peak VO2 (Graphics from Omnia, Cosmed, Rome, Italy)
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43.7  Exercise Prescription After Cardiac Transplantation

• Patients post heart transplantation (HTx) tend to improve exercise capacity to a 
greater extent than with patients in end-stage heart failure (see also Chap. 49) 
[57–59].

• Prescription for post HTx are largely the same as with CVD (see above) with the 
exception that patients post HTx are denervated, which results in the HR response 
to exercise being driven by catecholamines from the adrenal glands, resulting in 
higher resting HR and slower chronotropic response, especially at the beginning 

Fig. 43.2 A real-life example of a cardiopulmonary exercise test for a patient referred for exercise 
testing. The red circles indicate the location of the VT1 in panel 5 (change in slope of VCO2/VO2), 
panel 6 (lowest point of VE/VO2 slope) and panel 9 (nadir of VE/VO2 slope and a leveling off of 
VE/VCO2). The blue circles indicate the location of VT2  in panel 4 (break in linearity in VE/
VCO2), panel 5 (second change in slope of VCO2/VO2). Based on VT1 and VT2, target HR for 
moderate (steady state) ambulatory endurance exercise were determined to be 117–164 bpm
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of an exercise bout, reduced peak HR and slower HR recovery upon cessation of 
exercise. This necessitates a longer warm-up and cool-down period than in other 
CVD populations.

• Patients post HTx have been shown to improve HR response for some time after 
HTx, suggesting that at least partially reinnervation is possible. This phenome-
non and its relevance are poorly understood but may have importance in the 
future for exercise prescription in this group.

• Although it has been suggested that patients after HTx may benefit more from 
higher intensity exercise, this has not been thoroughly studied and guidelines for 
exercise post HTx have not been recently updated [60–62].

• Current guidelines, a lack of large RCTs and the need for long periods of warm-
 up and cool down due to denervation combined lead to the recommendation for 
moderate exercise intensity and somewhat longer duration than other cardiac 
conditions.

• Specific guidelines for patients with LVAD do not exist, but the use of CPET to 
establish exercise capacity and appropriate intensities is recommended (see 
Chap. 49). In lieu of CPET, a 6-min walking test would be appropriate for this 
population [16, 20, 45].

• For patients with LVAD, it is recommended to begin exercise programming at or 
below the VT2. If patients are able to reach a peak VO2 > 14 mlO2 kg−1 min−1 or 
6-min walking distance >300 m, a higher relative exercise intensity may be per-
formed [20, 45].

• While the AHA Guidelines on Exercise Testing reviewed the applications of the 
test in a wide variety of cardiovascular and related conditions HTx is not men-
tioned [39]. Likewise, exercise testing is not mentioned in the AHA/American 
College of Cardiology (ACC) Practice Guidelines on Vascular Disease [18].

43.8  Summary

The role of CPET in prescribing exercise has been limited by cost and technical and 
interpretive ability to clinical populations and elite athletes. However, technological 
advances in CPET equipment and an increasing number of health professionals 
with the prerequisite skills are changing the paradigm. Evidence supporting the 
clinical value of CRF as a valuable vital sign has increased interest in broadening 
the use of CPET to a larger more diverse population. Using ventilatory expired gas 
measures, in conjunction with HR and subjective symptoms to prescribe endurance 
exercise and follow individuals has significant advantages. These include account-
ing for the individual respiratory and metabolic exercise response using a combina-
tion of HRR, VO2R and VT for exercise prescription. In cases where VT1 and VT2 
are present and measurable, HR at these thresholds may be used to guide the exer-
cise prescription. In cases where one or both VT are not measurable, HR at % VO2R 
may be used as an alternate using established guidelines. In general, using % peak 
HR or % predicted peak HR is not recommended, but serves as an alternative when 
resources are limited. Any methods for exercise prescription should be 
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supplemented with perceived exertion as a subjective measure that individuals may 
use when objective data is not available.

Clinical Pearls
• Alongside the assessment of cardiorespiratory fitness, guideline-based exercise 

prescription should be applied to all clinical visits.
• When applicable, applying mixed methods including the individual’s preference 

for mode should be applied to clinical exercise prescription. This includes per-
cent of heart rate reserve, consideration of ventilatory thresholds and ratings of 
perceived exertion.

• The F.I.T.T. principles of Frequency, Intensity, Timing and Type should always 
be applied to clinical exercise prescription regardless of mode of assessment. To 
be effective, these principles should be adjusted to match the individual’s symp-
toms, lifestyle and preferences.

• All clinical exercise prescriptions should be followed up with cardiorespiratory 
fitness assessment—ideally with cardiopulmonary exercise testing—after at 
least 12 weeks of regular endurance exercise.

43.9  Review

 Questions

 1. Of the following options, how should the limits for steady state endurance exercise 
be determined from CPET for a patient who has symptoms of angina (chest pain)?
 (a) 40–60% of VO2R
 (b) VT1-VT2
 (c) VT1-Onset of Angina
 (d) VT1- RPE 16
 (e) Patients with angina should not perform endurance exercise until resolution 

of symptoms
 2. The first ventilatory threshold is identified as:

 (a) V-slope method
 (b) The lowest nadir of the relationship between VE and VO2

 (c) The point at which the relationship between VCO2 and VO2 significantly 
increases due to a sudden increase of VCO2 due to lactic acid buffering

 (d) a and b only
 (e) All of the above

 3. Based on current exercise prescription guidelines, vigorous exercise is defined 
as:
 (a) 60 < 90% HRR/VO2R, 76 < 96% peak HR, 64 < 91% peak VO2, RPE 14 < 17
 (b) 40–60% HRR/VO2R, 57 < 64% peak HR, 37 < 45% peak VO2, RPE 11 < 14
 (c) >90% HRR/VO2R, >96% peak HR, >91% peak VO2, RPE >17
 (d) VT1 < VT2
 (e) >VT2
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 Answers

 1. c)—VT1-Onset of Angina. Of the options, only “VT1 - onset of angina” is rea-
sonable for a patient who has exercise induced angina. Although the upper limit 
of steady state is defined by the guidelines as 60% of VO2R, VT2 and RPE 16, the 
presence of angina defines the upper limit for those who are symptomatic. 
Furthermore, patients who have exercise induced angina can increase their angina 
threshold by performing endurance exercise and should be encouraged to do so.

 2. e)—all of the above. The first ventilatory threshold may be defined by all these 
listed methods, but clinicians are encouraged to apply all of them when visually 
inspecting CPET reports. The V-Slope method identifies a point at which carbon 
dioxide production increases over-proportional to oxygen uptake; The lowest 
nadir of the relationship between VE and VO2 reflects a point at which ventila-
tion increases over-proportional to oxygen uptake, reflecting the increased ven-
tilatory demand due to increased carbon dioxide production; The relationship 
between VCO2 and VO2 is illustrated by the other two methods, representing an 
increased ventilatory drive driven by the increase in CO2 production and buffer-
ing of lactic acid.

 3. a)—60  <  90% HRR/VO2R, 76  <  96% peak HR, 64  <  91% peak VO2, RPE 
14 < 17. Vigorous exercise is exercise at a high intensity and is commonly used 
in exercise prescription for those individuals who show moderate to high cardio-
respiratory fitness. Option “b” is a mixture of light and moderate intensities, 
option “c” is defined as near max to maximal, which is seldom used for clinical 
exercise prescription, and options “d” and “e” represent moderate and near maxi-
mal, respectively, but using ventilatory thresholds for reference.
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Learning Objectives
 1. Recognize the importance of cardiovascular risk factors for the varying compre-

hensiveness of pre-participation examination.
 2. Appreciate that given the wealth of evidence supporting the benefits of physical 

activity and exercise for primary and secondary prevention of CAD, individuals 
should be permitted to participate in competitive sport whenever medically 
justifiable.

 3. Recognize that recommendations on participation in competitive sports largely 
depend on the patient’s individual risk.

 4. Understand the safety but also the caveats of exercise testing and training in 
patients with CAD.
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44.1  Introduction

Coronary artery disease (CAD) is a progressive disease, typically starting early in 
life in asymptomatic individuals as accumulation of lipids and inflammatory cells in 
the arterial vessel wall [1]. Early signs of vascular aortic disease can be found in 
sudden death victims of traffic incidents even in their 20s [2]. The disease usually 
progresses over many years and individuals may remain asymptomatic (i.e. sub-
clinical CAD). CAD is a major cause of premature death and is strongly associated 
with cardiovascular morbidity and mortality, i.e. myocardial infarction, stroke, and 
sudden death [3].

The CAD prevalence is currently decreasing in incidence in the Western 
World but still remains the leading cause of deaths overall. In other parts of the 
world the incidence continues to increase [4]. These differences are to a small 
extent attributable to differences in health care provision, but varying levels of 
lifestyle related risk factors, such as hypertension, obesity, dyslipidemia and dia-
betes mellitus type 2, smoking and physical inactivity are playing a major role 
[5] with many of the mentioned risk factors strongly related to reduced levels of 
physical activity.

Regular physical activity (PA) has positive effects on multiple risk factors for 
CAD [6], including:

 (a) Arterial hypertension
 (b) Obesity
 (c) Dyslipidemia
 (d) Insulin resistance/diabetes mellitus type 2
 (e) Endothelial dysfunction
 (f) Thrombogenicity
 (g) Arrhythmias

• Aerobic PA 30 min/day, 5 days/week at least at medium intensity is therefore 
universally recommended for health, by cardiac and other major organiza-
tions [7].

Unfortunately, PA levels and associated aerobic fitness have decreased in the last 
20–30 years in modern societies [8, 9], making efforts to increase PA an utmost 
priority for future health care.

In contrast, it is also known that high-intensity PA, such as sporting activity, 
may at least temporarily increase the risk of sudden cardiac events [10], while 
regular PA has been shown to attenuate this risk-increment [11]. There has been a 
worldwide increase in sports endurance events, targeting athletes of all ages. 
Around 800 city marathons are arranged globally every year with several thousand 
participants in most. As a result, more older individuals including individuals at 
risk are taking part in high-intensity sporting activities. In general terms, this may 
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be very positive but must also be acknowledged, since high-intensity PA may act 
as a trigger for SCD, especially in susceptible individuals with an underlying car-
diovascular abnormality [12].

For young athletes (<35 years) with no underlying cardiovascular disease, the 
risk of SCD is extremely low, while in athletes over 35 years, in particular athletes 
with a high-risk profile for CAD, or even established CAD, the risk associated with 
high-intensive activity may be substantial. The major cause of SCD in master ath-
letes (>35 years) is, indeed, CAD [13]. Already from the age of 25, CAD may be the 
most common cause of SCD [14], while in even younger athletes the cause is most 
often congenital/inherited disease [14].

The risk of SCD in master athletes has been estimated from studies on endurance 
races, such as marathons, where the mean age of participants varies between 35 and 
45  in most races. Overall, the risk of SCA during marathon running is around 
1/50,000 [15]. Importantly, cardiac arrest during exercise has a better outcome than 
usual, since subjects tend to be younger, events are usually witnessed, CPR is most 
often started immediately, AEDs are readily available and arrhythmias are more 
frequently shockable [16].

Possibly, the mechanisms for SCA may be different in exercise-related arrest, 
although this has not yet been shown [13]. Proposed mechanisms of arrest in ath-
letes with underlying CAD include plaque rupture, demand ischemia during activity 
in stable CAD and endothelial erosion [17, 18].

As the risk of SCA is higher, recommendations for cardiovascular evaluation of 
older individuals aiming to participate in leisure-time or competitive sports [19], as 
well as for those with risk factors for or with established CAD [20], has been 
established.

44.2  Evaluation of Individuals with Risk Factors for CAD

44.2.1  Risk Stratification

• As CAD is a progressive disease, with the atherosclerotic process starting from 
young age, the main risk factors of CAD are age and sex. These risk factors are 
non-midifiable.

• These are complemented by modifiable risk factors, such as arterial hyperten-
sion, dyslipidemia, insulin resistance/diabetes mellitus type 2, smoking and 
physical inactivity [7]. See respective chapters in this book for the specific details 
of each risk factor.

Age is a major determinant of CAD. The majority of individuals with subclinical 
CAD are symptom-free and unaware of their disease. Importantly, more and older 
runners are participating in endurance events [21].

By using the traditional risk factors, individuals may be risk stratified for the 
risk of cerebrovascular (CVD) death in the coming 10 years (or if extrapolated 
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to 60 years of age), according to the ESC SCORE [7]. The SCORE can thereby 
act as an indirect assessment (proxy) of the level of CAD.  The risk factors 
included are

 (a) Age,
 (b) Sex,
 (c) Blood pressure,
 (d) Smoking status, and
 (e) Cholesterol-level.

In addition, diabetes mellitus, physical inactivity and family history should be 
taken into consideration. Other possible predictors of future CVD include coronary 
artery calcium (CAC), which will add to the predictive power in medium risk indi-
viduals, according to SCORE or Framingham [22]. However, using CAC, a selec-
tion of patients suitable for additional risk stratification by CAC should be performed, 
ideally using traditional risk factors [23].

Interestingly, older master endurance athletes show higher mean levels of CAC, 
compared to non-athletes, with the same risk factor profile [24]. They also have a 
higher degree of stable plaques [25], with the long-term clinical implications being 
unknown at present (see Chap. 32). Individuals may be aware that they have risk 
factors for CAD and are currently seeing a physician for treatment. However, some 
individuals may be detected during pre-competition evaluations, screening or dur-
ing physical exercise testing.

Pre-race evaluation of master athletes (>35 years of age) has been advocated by 
the ESC since 2011 [19], using initial self-assessment prior to enrollment to the 
race, with a few simple questions, such as the 7 questions of the revised Physical 
activity readiness questionnaire (PAR-Q; see Chap. 7) [26]. If anyone tick yes on 
any of these questions, they are recommended to seek a physician for formal risk 
stratification, as described here.

For athletes or patients with risk factors for CAD wanting to engage in leisure- 
time sports or equivalent exercise, recommendations for risk stratification have been 
published by the ESC [20].

In summary,

• Pre-participation assessment is recommended for leisure time and master ath-
letes, aiming for participation in sports. The level of examination is dependent on 
the risk profile and evidence of CAD.

• The traditional risk factor profile of the European-SCORE (or American 
Framingham) is recommended for initial risk stratification of individuals with 
risk factors for CAD [19, 20].

• In medium-risk individuals, additional risk stratification with CAC-score may be 
advocated.
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44.2.2  Evaluation

The current evaluation of individuals with risk factors for CAD, should take into 
account [20]:

 1. The individual risk profile (see above)
 2. The intended level of physical activity
 3. The habitual exercise level.

For sedentary individuals or active individuals having a positive self-assessment 
and wanting to engage in at least medium-intensity activity, maximal exercise test-
ing should be performed if individuals have [20]:

• A high-risk profile (SCORE > 5% risk of CVD-death in the coming 10 years),
• Symptoms, indicating CAD (chest pain, syncope etc),
• Abnormal findings on physical examination, or
• Abnormalities on resting-ECG (arrhythmias, ischemia).

The first step of further evaluation in individuals with a higher risk profile, is the 
maximal exercise test, using a cycle ergometer or a treadmill (see Chap. 11). Then 
according to the result of the exercise-test, or a similar stress-image test, further 
evaluations are performed.

 1. If the maximal exercise test is normal, no additional tests are mandatory and no 
restriction for sports is advised. Risk factors should be treated and followed-up 
according to standards (see respective chapters).

 2. If the exercise test is abnormal (Box 44.1), showing signs of myocardial isch-
emia, a CT or coronary angiogram should be performed to rule out/confirm the 
presence of clinically relevant CAD (see confirmed CAD below).

 3. If the exercise test shows borderline results or is interpretable, additional stress 
testing must be performed. For example, stress-echo, CMR/PET/SPECT could 
all be used, depending on local availability and expertise (see Chap. 33).

Box 44.1 Abnormalities of a Maximal Exercise Test
• Signs of ischemia on ECG: ST-depression >1 mm, descending or horizon-

tal and/or
• Ventricular arrhythmias
• Abnormal BP response (BP decreasing during activity)
• Low exercise capacity
• Symptoms of possible ischemia (angina, dyspnea, syncope, pallor, 

cyanosis)
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• In summary, if an athlete has a high-risk profile but a normal, truly maxi-
mal exercise test, no restrictions apply for any competitive sport.

44.3  Individuals with Confirmed CAD [20]

Assessment of athletes with established CAD for eligibility to participate in com-
petitive sports is done with the assumption that they have to be able to compete 
without limitations. Because, in sports very-high intensity levels are generally 
achieved, regardless of what the original intention of the athlete may be. When giv-
ing advice for participation in leisure time and amateur sports, a measure of control 
of the intensity and duration of the exercise load can be expected.

• Besides the level of competition, the specific type of sport should be considered 
(Fig. 44.1 and Chap. 1). Some sports may be more prone to induce myocardial 
ischemia than others, due to the differing intensity and duration of the event/
game.

In advising patient-athletes with CAD to engage in competitive sports, as well as 
in high-intensity leisure time and amateur sports, we need to carefully calculate and 
balance the documented benefits of exercise programs with the potential risk for 
adverse events. But, given the wealth of evidence supporting the benefits of physical 
activity and exercise for primary and secondary prevention of CAD, individuals 
should rarely be restricted from competitive sport. This is only reasonable when a 
substantial risk of adverse events or disease progression is present.

Sport disciplines

PowerSkill

Isometric

Isotonic

Cardiac remodeling

• Golf
• Archery
• Sailing
• Table Tennis
• Equestrian
• Karate
• Shooting/Rifle
• Curling
• Sled disciplines
• Ski Jumping

• Weight lifting
• Wrestling / Judo
• Boxing
• Short distance running
• Shot-putting
• Discus / Javelin
• Artistic gymnastics
• Bobsleigh
• Short-track kating
• Alpine skiing
• Snowboarding

• Soccer
• Basketball
• Volleyball
• Water polo
• Badminton
• Tennis
• Fencing
• Handball
• Rugby
• Hockey / Ice-hockey

• Cycling
• Rowing
• Mid/long distance swimming
• Mid/long distance running
• Canoeing
• Triathlon
• Pentathlon
• X-country skiing
• Biathlon
• Long distance skating

Isometric

Isotonic

Cardiac remodeling

Isometric

Isotonic

Cardiac remodeling

Isometric

Isotonic

Cardiac remodeling

+/-

+/-

+/-

+++/++++ ++/+++ ++/+++

+++/++++

++++

++/+++

++/+++

+/++

+/++

Mixed Endurance

Fig. 44.1 Simplified classification of the most common Olympic sport disciplines, according to 
the relative isometric and isotonic components of exercise and resulting cardiovascular adaptation 
(see also Chap. 1, depicted here again to facilitate reading of the chapter; adapted from [27])
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Indeed, leisure time physical activity is only contraindicated in extreme circum-
stances. Conversely, individual exercise prescription to all individuals with risk fac-
tors for CAD and patient-athletes with manifest CAD should be part of clinical 
routine.

CAD in a previously healthy individuals is typically suspected based on a history 
of anginal symptoms and on traditional risk factors being present. Importantly, most 
athletes with risk factors for and/or underlying CAD may be asymptomatic and may 
only be detected during pre-race or pre-competition medical evaluation, cardiac 
screening and/or functional physical exercise testing.

44.3.1  Evaluation of Athletes with CAD [20]

In patient-athletes with an earlier clinical CAD event or a CT-scan or coronary- 
angiography demonstrating CAD, advice relative to sport participation may be 
given only after individual assessment. Recommendations on eligibility for com-
petitive sports should be based on:

 1. Presence or absence of exercise-induced myocardial ischemia or exercise 
induced arrhythmia

 2. Presence or absence of evidence of myocardial dysfunction
 3. Type and level of sport competition
 4. Individual fitness
 5. Cardiovascular risk factor profile

After diagnostic testing, patient-athletes with proven CAD may be stratified as 
follows:

• Low probability for adverse cardiac events during exercise (all the following 
must apply) [20]:
 – Absence of critical coronary stenoses (i.e., <70%) of major coronary arteries 

or <50% of left main stem on coronary angiography
 – Ejection fraction ≥50% on echocardiography, CMR or angiography (and no 

wall motion abnormalities)
 – Normal, age-adjusted exercise capacity and absence of inducible ischemia on 

maximal exercise testing
 – Absence of major ventricular tachyarrhythmias at rest and during maximal 

stress testing
• High probability for adverse cardiac events during exercise (at least one of the 

following must apply) [20]:
 – Presence of critical (>70%) coronary stenosis of a major coronary artery or 

(>50%) left main stem on coronary angiography
 – Ejection fraction <50% on echocardiography (or other tests)
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 – Exercise-induced ischemia (>0.1  mV ST depression (horizontal or down- 
sloping in 2 chest leads) or ST elevation >0.1 mV (in a non–Q-wave lead and 
excluding aortic valve replacement)) or new left bundle branch block at low 
exercise intensity or immediately post-exercise.

 – Dyspnea at low exercise intensity (angina equivalent)
 – Relevant ventricular tachyarrhythmias (i.e., non-sustained ventricular tachy-

cardia (NSVT), polymorphic or very frequent ventricular extra beats (VEBs), 
at any time

 – Dizziness or syncope on exertion
 – High degree of myocardial scarring on CMR imaging

Revascularization may be primarily considered if ischemia is present during func-
tional testing despite adequate treatment. If the patient-athlete wants to participate in 
competitive sports, revascularization should also be preferred. During maximal exer-
cise the risks of myocardial ischemia and cardiac events are increased due to the high 
myocardial oxygen consumption attained and to neuro-hormonal activation. Anti-
anginal medications such as beta-blockers may also be less well tolerated in athletes.

If despite revascularization and/or adequate medical treatment ischemia cannot 
be completely resolved, the patient-athlete is restricted from competitive sport and 
advised to enter leisure-time sports activities only. Such activities are associated 
with less physical demands and lower intensity, so that ischemia may more likely be 
avoided.

44.3.2  Recommendations [20]

• Patient-athletes with clinically proven CAD and considered to be at low-risk 
for cardiac events may be selectively advised to participate in competitive 
sports but restrictions may apply on an individual basis for certain sports 
with the highest CV demand (such as extreme power and endurance disci-
plines, see Fig. 44.1). Older patient-athletes with CAD may also be restricted 
since they have a high risk of SCD during endurance events.

• Patient-athletes with clinically proven CAD, defined as high risk, should 
receive appropriate management and be restricted from competitive sport. 
In patient-athletes with CAD and significant ischemia during exercise, as in 
all patients, anti-ischemic therapy needs to be optimized. In case of induc-
ible ischemia, revascularization is strongly suggested.

44.4  Exercise-Prescription and Follow-up

44.4.1  Exercise Prescription for All

Even after a cardiac event, regular PA conveys positive effects on health. Cardiac 
rehabilitation post-MI has been shown to decrease cardiovascular mortality [28] as 
well as increasing aerobic fitness substantially [29].
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Also, little PA may be beneficial. Recent data from the Swedish national registry 
SWEDEHEART showed that not being physically inactive was associated with 
reduced risk of mortality and readmission [30], and increased PA during the first 
year post-MI, was associated with halved mortality in the following 4.5 years [31].

Similarly, in different studies, for example by Williams et al., the risk of deaths 
in patients with an earlier cardiac event, was substantially decreasing with increas-
ing activity, up to a daily activity of 7  km jogging, above which level the risk 
increased [12].The relationship between exercise intensity/duration and risk is often 
described as a u- or j-shaped curve, with the lowest and highest levels of PA being 
associated with the highest risk [32].

In any individual, including athletes who have been revascularized due to CAD, 
exercise is encouraged, initially as part of a cardiac rehabilitation program as rec-
ommended by the ESC [7], followed by lifelong PA.

Methods to increase PA in the long-term, i.e. also after cardiac rehabilitation, are 
much needed. Lifestyle behavioral change including increased PA is an essential 
part of secondary prevention of CAD [7], however difficult to achieve. In recent 
years, various methods and attempts to introduce and implement “exercise on 
prescription”-models have been tried, showing varying efficacy. In a systematic 
review of the Swedish model for physical activity on prescription (PAP), this method 
was shown to increase the level of PA in patients being insufficiently active [33].

For everyone with CAD, including post-MI, individual exercise prescription is 
advocated. Exercise should be prescribed, starting from low intensity activity, gradu-
ally progressing to higher intensities and/or duration of activity (see Chap. 44) [20].

44.4.2  Exercise for Competitive Patient-Athletes

Previously, patients with established CAD, including post-MI and/or post-PCI, 
were restricted from competitive sports [34]. However, the latest recommendations 
from both the US [35] and Europe [20] have become more liberal and now allow 
participation even in competitive sports to a larger extent. Also, for healthy competi-
tive athletes the same principles of progressively increasing physical activity in 
terms of intensity and duration on their return to sports apply:

• The period between exercise rehabilitation and return to normal sporting activity 
is dependent upon the extent of myocardial injury and remodeling.

• Progress of rehabilitation efforts should be serially assessed e.g. for symptoms.
• Adherence to individual exercise recommendations must be ensured.
• Contact sport must be avoided in case of increased risk of bleeding, e.g. while on 

dual antiplatelet therapy.
• Correct warm-up/cool-down procedures should be followed.

In summary, athletes considered as “low-risk” (see above) for cardiac events 
post-MI and/or post-PCI are recommended a minimum of 3 months structured and 
progressive rehabilitation before (resumed) participation in competitive sports [20].
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44.4.3  Follow-up

Periodical, at least annual, follow-ups of athletes with CAD are recommended. 
These follow-ups should include:

• Risk factor management by lifestyle and medications according to guidelines [7].
• Any (emerging) symptom should be evaluated.
• Repeated exercise-testing could be used for risk stratification and/or modi-

fied exercise prescription, particularly if changes in symptoms or risk factor 
profile occur.

Clinical Pearls
• Physical inactivity is one of the strongest prognosticators for all-cause as well as 

cardiovascular morbidity and mortality.
• Physical activity or even better exercise training is a class I level A intervention 

for primary and secondary prevention, not only for cardiovascular but many 
other diseases.

• Aerobic physical activity of at least 30–60 min/day on 3–7 days/week at moder-
ate (to high) intensity is universally recommended. Health benefits can certainly 
be expected if training is performed for up to 300 min/week.

• Pre-participation assessment is recommended not only for competitive athletes 
but also for leisure time and master athletes. The level of examination is depen-
dent on the risk profile and evidence of CAD.

• In case of a high-risk cardiovascular profile in an otherwise healthy subject with a 
normal, truly maximal exercise test, no restrictions apply for any competitive sport.

• Patient-athletes at “low-risk” for cardiac events post-MI and/or post-PCI are rec-
ommended a minimum of 3  months structured and progressive rehabilitation 
before participation in competitive sports.

• Patient-athletes with clinically proven CAD at a low-risk for cardiac events may 
be selectively advised to participate in competitive sports.

• Patient-athletes with clinically proven CAD at a high risk for cardiac events, are 
restricted from competitive sport.

• Patients-athletes with ischemia are no different than non-athlete patients and there-
fore need to be treated according to guidelines, i.e. anti-ischemic therapy has to be 
started or optimized and where appropriate revascularization has to be performed.

Case Presentations

 Case 1

Glenn is a 63-year old man, formerly manual worker but these days mostly office 
work. He seeks medical advice since he has entered into a betting contest with his 
son: Glenn has pledged to enter, and finish, a local 21 km half marathon race next 
spring. He refers to himself as interested in sports, with an active interest in sports, 
in particular soccer. He also played in a national low-level league in his youth. 
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Before starting practice for the race, his wife has insisted on a medical check-up and 
you agree to see him.

Glenn is modestly overweight with a BMI of 29.5, waist circumference is 
105 cm, sitting blood pressure is 160/90, LDL-cholesterol of 3.2 mmol/l (123 mg/
dl), total cholesterol is 6.1 mmol/l (235 mg/dl), fasting glucose is at the upper limit 
of normal, ECG at rest shows normal sinus rhythm without ST-changes. Glenn 
smoked for about 10 years but stopped at 30 years of age. His wife complains that 
he snores a lot and for this reason they do not share the same bedroom anymore. He 
has no symptoms on exercise, his two older brothers are healthy, his father suffered 
from stroke at 72 years of age and his mother is healthy at 91. Upon questioning, it 
becomes evident that he has done little exercise during at least the last 10–15 years.

So what do we need to consider?

• What is he intending to do? 21 km half marathon, which is a substantial effort
• What is his level of fitness? We don’t really know but probably quite low.
• What are his risk factors and his 10-year risk? According to the SCORE diagram 

his risk is about 10% for fatal CVD within the next 10 years, thus he is not in a 
low-risk category.

 Questions

 1. Do we need additional workup?
 2. Do we need to do more?
 3. What would our advice be to Glenn?

 Answers

 1. Yes, a truly maximal exercise test should be performed. This was done and was 
completely normal; he reached a maximum load of 155 W (slightly below aver-
age for age/sex/weight), maximum heart rate of 158, no chest pain, no arrhyth-
mias, adequate evolution of blood pressure, no ST-changes.

 2. We need to address his risk factors i.e. re-check his blood pressure, give dietary 
advice for cholesterol, advice on weight loss. Given the normal exercise test, no 
further evaluation is required.

 3. He needs to start regular exercise, should start on a modest level since his fitness 
is also modest. If he can successfully train regularly there is no reason to prohibit 
him from entering the 21 km race, in the coming spring.

 Case 2

Björn is a 46-year-old man, never smoked, regular physical activity, in particular 
greatly into cycling. He frequently participates in competitive bicycle races. When 
doing a 120 km 1-day race in the French alps, he developed chest pain during a long 
climb. He managed to finish the race but then sought medical attention. An ECG 
showed inferior ST-depression and troponin was elevated. A coronary angiogram 
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revealed a subtotal occlusion of the proximal right coronary artery, due to a throm-
bus at the site of a ruptured plaque. Residual stenosis was less than 50% and no 
angioplasty was therefore done. He was given a statin, ACE inhibitor, dual anti-
platelet treatment and discharged from hospital. He comes to see you after 4 weeks, 
is about to return to work full time and is anxious to go back to training.

At this visit he is in good general condition, reports no chest pain, his blood pres-
sure is 120/70 mmHg, LDL cholesterol is 1.9 mmol/l (73 mg/dl), glucose normal, 
BMI 24, ECG shows sinus rhythm, 48/min, inferiorly negative T-waves.

So what do we need to consider?

• He is a patient with stable coronary artery disease, survived an MI, and his risk 
factors are under control.

• What does he intend to do? He wants to go back to competitive cycling on a high 
to extreme level of effort.

• What is his level of fitness? Probably quite good although he hasn’t been training 
for the last month.

• What are his risk factors? He has a 50% residual stenosis, is free from angina, 
has no palpitations, and his risk factors are rather well controlled.

 Questions

 1. Do we need additional workup?
 2. What would your advice be to Björn?

 Answers

 1. We need to know how his left ventricular function is and how he performs on a 
maximum exercise test. One may also consider adding an isotope to the exercise 
test or re-do the angiogram. An echocardiogram was done at the visit, which showed 
slight inferior hypokinesia, overall good left ventricular function with an EF of 
55%, normal valvular function. A maximum exercise test was done the following 
day, showing good exercise capacity with a maximum load of 250 W, maximum 
heart rate of 172/min, no signs of ischemia, no arrhythmias and no symptoms.

 2. He is now free to go back to training and may go back to competitive cycling but 
has to understand that as a MI survivor his risk of further cardiac events includ-
ing cardiac death will be increased both at rest and during exercise.
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45Exercise in Specific Diseases: Heart 
Failure with Preserved Ejection Fraction

Bharathi Upadhya, Frank Edelmann, 
and Dalane W. Kitzman

Learning Objectives
 1. Clinical importance of exercise intolerance in HFpEF.
 2. Pathophysiology of exercise intolerance in HFpEF patients.
 3. Role of Aging, Frailty and Comorbidities.
 4. Mechanisms of the Improvement of Exercise intolerance with Exercise Training 

in HFpEF.
 5. Exercise prescription for prevention and management of HFpEF.
 6. Exercise Training Modalities in HFpEF.

45.1  Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) is the most common 
form of HF in patients older than 65 years [1]; among older women, > 80% of new 
cases of HF are HFpEF [2]. In contrast to HF with reduced ejection fraction 
(HFrEF), the prevalence of HFpEF is increasing and its prognosis is not improving, 
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which may be due to the combination of aging of the population and increasing 
rates of obesity [3]. The health and economic impact of HFpEF is at least as great 
as that of HFrEF, with almost similar severity of acute hospitalization rates, and 
substantial mortality [3, 4]. Despite the importance of HFpEF, and in stark contrast 
to HFrEF where there is a broad range of proven, effective therapies, our under-
standing of HFpEF pathophysiology is incomplete and optimal treatment remains 
uncertain. Pharmacologic management of HFpEF is a challenge due to the hetero-
geneity of the disease, and clinical studies continue to add to a growing body of 
knowledge surrounding its treatment modalities. Several recent studies have evalu-
ated exercise training (ET) as a therapeutic management strategy in patients with 
HFpEF.  Although these studies were not designed to address clinical endpoints, 
such as HF hospitalizations and mortality, they showed that ET is a safe and effec-
tive intervention to improve exercise capacity as measured by peak exercise oxygen 
uptake (peak VO2) and health related quality of life (HRQOL) in clinically stable 
HF patients.

In this chapter, we will discuss the current understanding of the pathophysiology 
of exercise intolerance, pathophysiology of exercise intolerance including the sys-
temic nature of HFpEF and its role in development and worsening of exercise intol-
erance, results from completed ET trials in HFpEF, mechanisms of benefit, and 
future directions.

45.2  Pathophysiology of Exercise Intolerance  
in HFpEF Patients

A cardinal feature of HFpEF is exercise intolerance even when well compensated, 
measured objectively as peak VO2 that results in decreased HRQOL [5–8]. In addi-
tion, exercise intolerance is often used as an end point or outcome measure for 
therapeutic trials. According to the Fick equation, VO2 is equal to the product of 
cardiac output (CO) and arterial–venous oxygen content difference (A-VO2 Diff). 
This results in the following Fick equation:

 
VO CO A VO Diff heart rate HR stroke volume SV A VO

2 2
= ´ - = ( )´ ( )éë ùû ´ -

22
Diff .  

In assessing the capacity to augment VO2 in HFpEF, it is important to consider 
relative increases in each of the 3 components of VO2 (HR, SV, and A-VO2 Diff.)

45.3  Central Contributions to Exercise Intolerance

45.3.1  Diastolic and Systolic Limitations

One of the most commonly cited mechanisms of HFpEF has been left ventricle (LV) 
diastolic dysfunction consisting of abnormal LV active relaxation and increased LV 
passive stiffness contributing to the cardiac limitations in exercise capacity [9]. 
Increased diastolic stiffness can prevent the increase in LV end-diastolic volume 
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that normally accompanies exercise, resulting in a limited ability to use the Frank- 
Starling mechanism to increased SV, despite greater filling pressures which have 
been reported in several studies [10–15]. Studies have shown that HFpEF patients 
have multiple functional abnormalities in diastole:

 (a) Prolonged rate of LV pressure decay during isovolumic relaxation,
 (b) Impaired mitral annular longitudinal motion,
 (c) Impaired LV ‘untwisting’ that occurs during early diastole, and
 (d) Increased passive diastolic stiffness [9, 11, 16–21].

These abnormalities have been observed to be more pronounced during the 
stress of exercise, such that the LV fills at the expense of left atrial (LA) hyperten-
sion [11, 18–21].

• Nonetheless, recently in a pilot study, combining early transmitral inflow 
velocity to early diastolic mitral annulus velocity ratio (E/e’) [LV filling pres-
sure index] with tricuspid regurgitation velocity > 2.8 m/s during exercise pro-
vided a significant increase in the sensitivity to detect patients with HFpEF 
during exercise and an increase of E/e’ was significantly linked to worse peak 
VO2 [22].

• In addition, Borlaug et  al. showed an upward and leftward shift of the end- 
diastolic pressure-volume relationship in HFpEF, attributing increased filling 
pressures to intrinsic ventricular stiffness and reduced diastolic filling time at 
higher HRs [18].

Data from multiple sources indicate that even in well-characterized, symptom-
atic HFpEF, many patients do not have echo-Doppler indexes of severe diastolic 
dysfunction, at least at rest, or that differ greatly from that expected based on age 
and comorbidities [23, 24]. Moreover, many patients have significant measurable 
diastolic dysfunction, yet remain asymptomatic and without HF [25]. In addition, 
noninvasive measures interpreted as diastolic dysfunction are prevalent in asymp-
tomatic persons, particularly the elderly [26, 27]. Most HFpEF trials have measured 
diastolic function or other cardiovascular (CV) measures at rest and not during exer-
cise where symptoms become manifest.

• A recent trial of well characterized HFpEF patients showed that only 8% of 
patients had LV hypertrophy at baseline and 50% had significant or severe dia-
stolic function at rest [28].

• Similarly, Maurer and colleagues found no significantly increased LV mass 
in older HFpEF patients compared to controls with hypertension but not HF 
[29, 30].

• In addition, the degree of fibrosis in HFpEF patients appears modest [31].
• Similarly a cross-sectional analysis from the prospective cohort programme 

Prevalence and Clinical Course of Diastolic Dysfunction and HF (DIAST-CHF) 
study revealed that classical risk factors for HF and neuroendocrine activation 
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are independently associated with sub-maximal exercise capacity, while dia-
stolic function parameters obtained at rest were not [32].

These data have led to reconsideration of the initial hypothesis of HTN-induced 
LV hypertrophy, diastolic function, and cardiac fibrosis as the primary underlying 
pathophysiological mechanisms of HFpEF and led to broadening to include consid-
eration of other potential contributing factors. As a result of this progress in our 
pathophysiological understanding, this disorder underwent a name change from the 
plausible term “diastolic HF” to the broader term “HFpEF” and henceforth HFpEF 
has become acknowledged as a distinct clinical syndrome [33, 34].

More recently, impaired systolic reserve function and abnormal LV-central vas-
cular coupling have also been implicated in causing impaired exercise capacity in 
HFpEF [16]. Combined ventricular-vascular stiffening means that small changes in 
LV filling volumes can induce wide swings in arterial blood pressure and thus 
increase cardiac work with little increase in SV [16, 35]. The inability to vasodilate, 
to accommodate increased boluses of blood without increases in pressure, together 
with previously described limitations in systolic reserve, leads to dynamic limitations 
in ventricular-vascular coupling with exercise in patients with HFpEF [20, 36].

• This was demonstrated by Tartiere-Kesri et al., who showed a steep increase in 
proximal afterload after moderate exercise that is underestimated at rest and is 
associated with unfavorable ventricular- arterial coupling and exercise intoler-
ance [37].

• Some reports indicated that HFpEF patients can have blunted increases in EF, 
contractility and longitudinal systolic shortening velocities during exercise 
[7, 20, 38, 39].

• HFpEF patients were found to have reduced longitudinal and circumferential 
strain by speckle tracking compared to age and gender matched hypertensive 
patients with diastolic dysfunction but without clinical HF [40].

45.3.2  Heart Rate

Decreased HR response also significantly contributes to the reduced CO at peak 
exercise and thus to reduced peak exercise VO2.

• Chronotropic incompetence, the inability of HR to increase adequately during 
physical exertion, has been observed in greater than 25% of patients with HFpEF 
and found to be associated with their exercise intolerance [7, 38, 41–43].

Despite the overall consensus that peak HR is depressed in HFpEF, this effect may 
not be causal. Studies have reported that significant reductions in the rate of HR 
increase during exercise were primary contributors to reduced peak cardiac index and 
maximal exercise VO2 [7] Indeed, chronotropic reserve is depressed in HFpEF even 
when compared with older, age-matched controls, independently from rate-lowering 
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medication use. Additionally, autonomic dysfunction may be a contributing factor, as 
HR recovery is abnormal and baroreflex sensitivity impaired in HFpEF [41].

45.3.3  Left Atrial Structure and Function

Patients with HFpEF have impaired LA reservoir, conduit and pump function. 
Recently, it appeared that the LA is not simply being a passive marker of disease 
severity—it is an active component of the HFpEF syndrome.

• Indeed, it has been noted that in HFpEF patients, reduced LA strain (indicative 
of intrinsic LA mechanical dysfunction) is a major driver of both elevated pul-
monary vascular resistance and decreased peak VO2 on cardiopulmonary exer-
cise testing [44].

• Recently, von Roeder et al. found that cardiac magnetic resonance myocardial 
feature tracking-derived LA conduit strain is significantly impaired in HFpEF 
and associated with exercise intolerance [45]. They showed that the abnormal 
LA conduit function is a distinct feature of HFpEF, independent of LV stiffness 
and relaxation—thus arguing that LA conduit function reflects intrinsic LA 
pathology, not completely explained by ventricular pathology [45].

In addition, many of the clinical risk factors associated with HFpEF—obesity, 
hypertension, diabetes—may directly contribute to LA fibrosis through inflamma-
tion and oxidative stress [46]. Furthermore, atrial dyssynchrony is common in 
HFpEF [47]. These factors likely contribute to the development of new onset or 
progression of atrial arrhythmias, a frequent complication of HFpEF.

45.3.4  Right Ventricular (RV) Dysfunction, Pulmonary  
Vascular Disease

Pulmonary vascular disease is common in patients with HFpEF, particularly during 
exercise and predicts increased mortality in HFpEF [48, 49]. In addition, pulmonary 
pressure increases with aging and is correlated with ventricular-vascular stiffening, 
both common risk factors for HFpEF [50]. Furthermore, the pulmonary pressure 
decreases more precipitously with acute vasodilator therapy in HFpEF than in 
HFrEF, suggesting increased RV end-systolic elastance [51]. A large percentage of 
patients have co-existing pulmonary disease that can worsen pulmonary 
hypertension [52].

Recent studies have also shown that a significant number of patients display RV 
dysfunction and patients with this phenotype suffer from high morbidity and mor-
tality [53–55]. It has been noted that HFpEF patients showed a substantial decline 
in RV function and even greater degree of RV dilation over a time and these changes 
in the right heart structure and systolic function greatly exceeding corresponding 
changes in the left side of the heart [56].
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45.4  Peripheral Mechanisms of Exercise Intolerance in HFpEF

45.4.1  Impaired Arterial Function

In healthy older adults, the 11-fold increase in blood flow to the active muscles dur-
ing peak cycle exercise is caused by sympathetic-mediated redistribution of blood 
from non-exercising regions to the working muscles coupled with metabolic- 
mediated vasodilation in the exercising muscles [57, 58]. Impaired O2 extraction 
during exercise can be the result of abnormal diffusive O2 transport, diminished O2 
utilization, or both. Decreased diffusive O2 transport can result from abnormalities 
in either the macrovascular or microvascular beds. Changes in arterial function may 
result in inefficient distribution of CO to the active muscles and contribute to exer-
cise intolerance in patients with HFpEF [59].

• Both aortic distensibility and carotid artery distensibility are severely reduced in 
elderly HFpEF patients and correlate with their degree of exercise intolerance 
and objectively measured peak exercise VO2 [60, 61].

• In addition, reductions in both exercise and post-exercise leg blood flow and leg 
venous conductance have been reported in these patients [62].

Similarly, impaired peripheral arterial endothelial function may result in impaired 
exercise blood flow reserve in patients with HFpEF.

• Using phase-contrast magnetic resonance imaging (superficial femoral artery), 
Hundley, et al. showed that resting and flow-mediated increases in leg blood flow 
in elderly HFpEF patients are not significantly impaired and were similar to 
those of age-matched healthy subjects [63].

• Haykowsky et al. using high resolution brachial artery ultrasound to assess flow- 
mediated dilation found no reduction in endothelial function in HFpEF patients 
who were free of clinically significant vascular disease [64].

However, flow-mediated vasodilation in large conduit arteries (e.g., femoral) 
may differ from that observed in the microvasculature.

• Microvascular endothelial dysfunction (measured by digital artery tonometry) 
was impaired in HFpEF, correlated with reduced exercise capacity 38 and was an 
independent predictor of poorer prognosis, mainly readmission, in patients with 
HfpEF [65].

• Recently in an autopsy-based study, Mohammed et  al, showed reduced micro-
vascular density in HFpEF patients which was independent of coronary artery dis-
ease and hypertension and appeared to account for the increased fibrosis [24].

This supports an over-arching hypothesis for HFpEF pathogenesis as originally 
proposed by Paulus: a systemic pro-inflammatory state that results in systemic arte-
rial and microvascular dysfunction [66].

A consequence of the blunted microvascular reserve is that it may be associated 
with decreased diffusive oxygen transport to the active muscle, which would 
reduce exercise tolerance. Indeed, peripheral endothelial dysfunction might impair 
matching of perfusion to regional demand in skeletal muscle microcirculation. 
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Perhaps a greater factor in the impaired O2 extraction during exercise is abnormal 
O2 utilization by exercising skeletal muscle.

45.4.2  Role of Skeletal Muscle in Exercise Intolerance

Emerging evidence demonstrates that peripheral “non-cardiac” factors are impor-
tant determinants of reduced peak VO2 in HFpEF [67, 68].

• Haykowsky et al. found that the change in A-VO2 Diff. from rest to peak exercise 
was an independent predictor of the reduced peak VO2 in elderly HFpEF patients 
(Fig. 45.1) [67].
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Fig. 45.1 Comparison between HFpEF Patients and healthy controls at rest, 12 W, 25 W, and 
peak Exercise. (a) Oxygen consumption, (b) arteriovenous oxygen content difference, (c) heart 
rate, (d) cardiac output, (e) systemic vascular resistance (SVR), and (f) systolic blood pressure. All 
variables adjusted for sex (∗p < 0.05). The p value at the upper left of each panel represents the 
group-by-intensity interaction. Red dashed lines represent healthy controls (HC) and blue solid 
lines represent patients with heart failure with preserved ejection fraction (HFpEF) (reproduced 
with permission from JACC [67])
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• Similarly, Dhakal et  al. showed that directly measured A-VO2 Diff. was the 
major determinant of exercise capacity in HFpEF, and impaired peripheral O2 
extraction was the predominant limiting factor to exercise capacity in 40% of 
patients with HFpEF [68].

• Haykowsky and colleagues further extended their results by using dual energy 
x-ray absorptiometry and found that percent body fat and percent leg fat were sig-
nificantly increased, whereas percent body lean and leg lean mass were signifi-
cantly reduced and the slope of the relation of peak VO2 with percent leg lean mass 
was markedly reduced in the older HFpEF versus healthy control group [69].

These data suggest that poor “quality” of skeletal muscle may contribute to the 
reduced peak VO2 found in older HFpEF patients. These investigators stretched 
these results by directly characterizing thigh muscle composition using phase- 
contrast MRI, which showed abnormal fat infiltration into the thigh skeletal mus-
cle and that this was associated with reduced peak exercise VO2 in HFpEF [70]. 
Both intermuscular adipose area and intermuscular adipose to skeletal muscle 
area were independent predictors of peak VO2 in HFpEF, suggesting it is not only 
the loss of lean body mass, but the quality of muscle that determines peak VO2 
[70]. Importantly, skeletal muscle atrophy and increased intermuscular adipose 
tissue detected in HFpEF can be seen also in a variety of other conditions includ-
ing aging [71].

• Kitzman and Haykowsky also showed that older HFpEF patients had a shift in 
skeletal muscle fiber type distribution with a reduced percentage of slow twitch 
type I fibers and reduced type I-to-type-II fiber ratio and reduced capillary-to- 
fiber ratio [72].
 – Furthermore, both the capillary-to-fiber ratio and percentage of type I fibers 

were significant, independent predictors of peak VO2.
 – Indeed, this finding of nearly 50% lower capillary density in thigh muscles 

nicely parallels with a recent report showing microvascular rarefaction in car-
diac muscle [24].

 – They further found that older patients with HFpEF also had abnormal skeletal 
muscle oxidative capacity, mitochondrial content, and mitochondrial fusion 
and that contributed to their severe exercise intolerance [73].

• Indeed, Bhella et al. [74], using phosphate-31 magnetic resonance spectroscopy 
during and after performing static leg lifts, showed impaired skeletal muscle 
oxidative metabolism in patients with HFpEF.

These evidences support that patients with HFpEF have multiple skeletal muscle 
abnormalities which impair oxygen uptake and utilization and contribute greatly to 
exercise intolerance. In addition to this, it is known that aging results in alterations 
in skeletal muscle, including a reduction in the relative number of type II fibers [75] 
and in capillary density [76], and that these are associated with a decline in physical 
performance. The loss of skeletal muscle and age-related alterations in skeletal 
muscle are major factors in the age-associated decline in peak VO2 [77–79].
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45.5  Impact of Aging, Frailty and Comorbidities on Exercise 
Intolerance in HFpEF

Aging is associated with a progressive decline in exercise capacity and decreased 
physiological reserve in CV function as well as in most other organ systems. There 
are a number of normal age-related changes in CV structure and function such as

 (a) Increased arterial stiffening,
 (b) Increased myocardial stiffness,
 (c) Decreased diastolic myocardial relaxation,
 (d) Increased LV mass,
 (e) Decreased peak contractility,
 (f) Reduced myocardial and vascular responsiveness to β-adrenergic stimulation,
 (g) Decreased coronary flow reserve, and
 (h) Decreased mitochondrial response to increased demand for adenosine triphos-

phate production)

that are likely relevant to the development of HfpEF [80]. Aging is also associated 
with a decline in a variety of neural, hormonal and environmental trophic signals; 
this can lead to loss of muscle mass and mass-specific strength, characteristic 
changes in body composition, including decreases in lean body mass and muscle 
strength, and increases in adiposity –vulnerable for sarcopenic obesity [81]. In 
addition, aging is linked with a systemic pro inflammatory state, and accompanied 
by increased levels of cytokines, that may lead to a functional decline in multiple 
organs even in the absence of a specific disease [82]. These normal age-related 
changes result in decreased CV reserve which contributes, along with reduced 
skeletal muscle mass and function, to an approximately 1%/year decline in maxi-
mal peak VO2.

Older adults hospitalized with a primary diagnosis of HF often have multiple 
non-cardiac comorbidities (5.5 on average) and high proportions are frail [83, 84]. 
The adverse impacts of aging, frailty and comorbidities on functional capacity and 
clinical outcomes are cumulative and synergistic [84]. Muscle atrophy leads to a 
reduction in metabolic rate both at rest and during physical activity, thus further 
aggravating the sedentary state, all of which can cause obesity.

• Indeed, approximately 85% of elderly HFpEF patients are overweight or obese, 
and the HFpEF epidemic has largely paralleled the obesity epidemic [46, 85].

Adiposity-induced inflammation has wide-ranging adverse effects, including 
endothelial dysfunction, capillary rarefaction, and mitochondrial dysfunction in 
both the cardiac and systemic vascular beds [46]. A recent study demonstrated that 
body mass index was a key contributor to symptoms of breathlessness in patients 
with HFpEF [86]. Furthermore, aging and obesity are well established, risk factors 
for both HFpEF and several common respiratory diseases [like chronic obstructive 
lung disease (COPD)].
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• In fact, nearly two-thirds of HFpEF patients have COPD [1, 52, 83].
• In addition, even in the absence of formal COPD diagnosis, patients with HFpEF 

have multiple pulmonary abnormalities and may contribute to their poor out-
comes [87–89].

• Likewise, obstructive sleep apnea is common in individuals with HFpEF, with a 
prevalence of 69–81%, and is independently associated with a worse prognosis, 
even when HF therapy is optimal [90].

These multiple non-cardiac comorbidities not only contribute to the pathophysi-
ology of HFpEF, but are also strong contributors to exercise intolerance in individu-
als with chronic HFpEF and to the high rate of clinical events, including 
hospitalizations and death [83].

Aging and the aforementioned comorbidities may initiate and/or aggravate 
chronic systemic inflammation that may affect myocardial remodeling and dysfunc-
tion in HFpEF through a signaling cascade, which begins with coronary microvas-
cular endothelial dysfunction as shown in Fig. 45.2 [66, 91]. This reduces myocardial 
nitric oxide (NO) bioavailability and leads to low protein kinase G activity in 

Systemic
inflammation

CRP
IL1RL1
GDF15

Renal insufficiency

PH
ONOO− ROS

sGC

cGMP

HypertrophyPKGFpassive

VCAM E-selectin

Leukocytes

Fibroblasts Myofibroblasts Collagen

Cardio-
myocytes

TGF-β

EndotheliumNO

Na+ retention

∆(A-VO2)EX

Comorbidities

Metabolic syndrome
• Obesity
• Type 2 DM
• Hypertension

Multiorgan
involvement Endothelium-cardiomyocyte signaling

Fig. 45.2 Systemic and myocardial signaling in heart failure with preserved ejection fraction 
(HFpEF). Comorbidities induce systemic inflammation, evident from elevated plasma levels of 
inflammatory biomarkers such as soluble interleukin 1 receptor-like 1 (IL1RL1), C-reactive protein 
(CRP), and growth differentiation factor 15 (GDF15). Chronic inflammation affects the lungs, 
myocardium, skeletal muscle, and kidneys, leading to diverse HFpEF phenotypes with variable 
involvement of pulmonary hypertension (PH), myocardial remodeling, deficient skeletal muscle 
oxygen extraction during exercise (Δ(A-VO2)EX), and renal sodium (Na+) retention. Myocardial 
remodeling and dysfunction begin with coronary endothelial microvascular inflammation manifest 
from endothelial expression of adhesion molecules such as vascular cell adhesion molecule 
(VCAM) and E-selectin. Expression of adhesion molecules attracts infiltrating leukocytes secreting 
transforming growth factor beta (TGF-β), which converts fibroblasts to myofibroblasts with 
enhanced interstitial collagen deposition. Endothelial inflammation also results in the presence of 
reactive oxygen species (ROS), lack of nitric oxide (NO) bioavailability, and production of 
peroxynitrite (ONOO–). This reduces soluble guanylate cyclase (sGC) activity, cyclic guanosine 
monophosphate (cGMP) content, and the favorable effects of protein kinase G (PKG) on 
cardiomyocyte stiffness and hypertrophy (reproduced with permission from Circulation [142])
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cardiomyocytes, which become stiff and hypertrophied, and these abnormalities 
also promote microvascular rarefaction and dysfunction in cardiac and skeletal 
muscle [24, 66, 70, 92].

Given such a multi-factorial, complex milieu, it’s not surprising that drugs and 
interventions aimed primarily at a central hemodynamics repeatedly failed to strongly 
impact overall outcomes in HFpEF [93–99]. Given these considerations, what kinds 
of novel interventions are promising? So far nonpharmacological therapies, includ-
ing disease management, ET, and caloric restriction weight loss in obese individuals, 
have been shown to be effective in improving exercise function in HFpEF function 
[14, 100–108].

• Interestingly, Edelmann and his group showed that higher amount of physical 
activity (PA) [as assessed by a self-report questionnaire] are related to higher 
submaximal exercise capacity and HRQOL.
 – Regarding maximal exercise capacity, only high-intensity PA showed signifi-

cant association in HFpEF patients [109].

45.6  Exercise Training in HFpEF

Aerobic ET has been shown to increase peak VO2 by 2.1–3.0  ml/kg/min and 
HRQOL in patients with HFpEF [14, 100–108], and has become an accepted 
adjunct therapy for these patients [110]. To date, several randomized controlled tri-
als have examined the efficacy of ET to improve peak VO2, 6 min walk distance 
(6MWD), and HRQOL in patients with HFpEF (Table 45.1) [103–108, 111–113].

• In a preliminary study, Gary et  al. [113] showed that a 12-week walking and 
education program improved aerobic endurance and HRQOL in women HFpEF 
patients compared to controls. However, the major limitation in this study was 
the investigator who administered all tests familiar of group assignment that can 
pose a possibility of bias.

• The first medically supervised randomized controlled, single blinded trial of ET 
in HFpEF reported by Kitzman and colleagues found increased peak VO2, venti-
latory anaerobic threshold, 6 WMD, and HRQOL scores [107].

• These results were confirmed in a subsequent multicenter, randomized trial of 
3  months of combined ET and strength training in HFpEF patients led by 
Edelmann et al. [106].

• Similarly, Kitzman et al. showed that among older obese patients with chronic, 
stable HFpEF, intentional weight loss via calorie restriction diet significantly 
improved the exercise capacity to a degree similar to ET. The combination of 
calorie restriction and ET produced a robust increase in exercise capacity 
(+2.5 mL/kg/min VO2, substantially greater than the accepted clinically mean-
ingful increase of 1.0 mL/kg/min, Fig. 45.3) [103].

• In a pilot study, 4 week of high-intensity interval training (HIIT) significantly 
improved peak V̇O2 in HFpEF patients [105].
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Table 45.1 Overview of clinical Trials on exercise therapy in HFpEF

First author/
trial (Ref.#) Intervention

HFpEF patient 
type LVEF

Primary 
endpoint Trial result

Gary et al. 
[113]

Exercise 
training 
(n = 32)

Aged 67 ± 11, all 
females, NYHA 
class II/III diastolic 
HF, h/o ECHO –DD 
or diastolic HF, 
LVEF ≥45%

54 ± 73% 
(Mean ± SD)

6 MWD aImproved 6MWD
aQuality-of-life 
and depression 
scores

PARIS / 
Kitzman 
et al. [107]

Exercise 
training 
(n = 53)

Aged 70 ± 6 years, 
87% female, 
ambulatory HF 
patients with 
NYHA class II-III 
symptoms, LVEF 
≥50%

61 ± 5% 
(Mean ± SD)

Peak VO2
aImproved peak 
and submaximal 
exercise capacity
This benefit was 
not associated with 
any measurable 
change in resting 
LV structure or 
function

PARIS II / 
Haykowsky 
et al. [112]

Exercise 
training 
(n = 40)

Aged 
69 ± 6 years,82% 
female, ambulatory 
HF patients with 
NYHA class II-III 
symptoms, LVEF 
≥50%

61 ± 5% 
(Mean ± SD)

Peak VO2
aImproved peak 
VO2. Arterial- 
venous oxygen 
difference was 
primary 
contributor to 
improved peak 
VO2

Kitzman 
et al. [111]

Exercise 
training 
(n = 63)

Aged 70 ± 7 years, 
76% female, 
ambulatory HF 
patients with 
NYHA class II-III 
symptoms, LVEF 
≥50%

58 ± 6 
(Mean ± SD)

Peak VO2, 
6MWD

aImproved peak 
VO2 without 
altering 
endothelial 
function

SECRET-1 / 
Kitzman 
et al. [103]

Caloric 
restriction 
and exercise 
training 
(n = 100)

Aged 67 ± 5 years, 
41% female, 
ambulatory HF 
patients with 
NYHA class II-III 
symptoms LVEF 
≥50%

61 ± 6% 
(Mean ± SD)

Peak VO2 
and 
Quality of 
Life

aIncreased peak 
V̇O2 and the 
effects may be 
additive
aQuality of life by 
KCCQ was 
improved, and 
benefit was 
greatest for caloric 
restriction

Ex-DHF 
trial 
Edelmann 
et al. [106]

Exercise 
training 
(n = 64)

Aged 
65 ± 7 years,56% 
female 
symptomatic, 
ambulatory NYHA 
II/III symptoms, 
echo-DD, LVEF 
≥50%

68 ± 7% 
(Mean ± SD)

Peak VO2
aImproved exercise 
capacity and 
quality of life 
scores life by 
KCCQ
This benefit was 
associated with 
atrial reverse 
remodeling and 
improved LV 
diastolic function
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A critical question in these studies is the mechanisms underlying the training- 
related improvement in exercise capacity. In addition, none of these trials sup-
ported a long-term exercise intervention to properly evaluate the impact of ET on 
clinical outcome measures in HFpEF.  The Ex-DHF trial will be the first multi-
center trial to assess the long-term effects of a supervised ET program on different 
outcome measures in patients with HFpEF [114]. Sub-studies of the Ex-DHF trial 
will also assess the effects of ET on inflammatory markers, metabolic parameters, 
collagen turnover, as well as on vascular function and ventriculo–arterial coupling, 
and novel non-standard echocardiographic parameters of systolic and diastolic 
function [114, 115].

Table 45.1 (continued)

First author/
trial (Ref.#) Intervention

HFpEF patient 
type LVEF

Primary 
endpoint Trial result

Smart et al. 
[108]

Exercise 
training 
(n = 25)

Aged 64 ± 8 years, 
48% female, well 
compensated HF, 
LVEF >45%

57 ± 10% 
(Mean ± SD)

Peak VO2 Improved Peak 
VO2

No significant 
changes in 
diastolic, systolic 
function, 
Quality-of-life life 
by KCCQ and 
depression scores

Fu et al. 
[104]

Exercise 
training 
(n = 30)

Aged 61 ± 3 years, 
33% female, 
NYHA class II/III 
HF, LVEF ≥50% 
with episodes of 
acute pulmonary 
edema.

58 ± 2% 
(Mean ± SD)

Peak VO2 Improved Peak 
VO2

Improved diastolic 
function with 
reduction of the 
E/e’ ratio
Improved quality 
of life scores

Angadi 
et al. [105]

Exercise 
training 
(n = 9)

Aged 69 ± 6 years, 
11% female, 
NYHA class II/III 
HF, ECHO-DD, 
LVEF ≥50%

65 ± 5% 
(Mean ± SD)

Peak VO2 Improved Peak 
VO2

Improved diastolic 
dysfunction

Alves et al. 
[122]

Exercise 
training 
(n = 31)

Aged 
63 ± 11 years, 29% 
female, admission 
with clinical signs 
of HF

56 ± 3% 
(Mean ± SD)

Exercise 
tolerance 
(METS), 
LVEF and 
E/e”

aImproved exercise 
tolerance, cardiac 
systolic and 
diastolic function

HFpEF heart failure with preserved ejection fraction, LVEF left ventricular ejection fraction, n 
number of participants, NYHA New York heart association, HF heart failure, ECHO echocardio-
graphically assessed, DD diastolic dysfunction, SD standard deviation, MWD minute walk dis-
tance, VO2 oxygen consumption, KCCQ Kansas City Cardiomyopathy Questionnaire, E Mitral 
early diastolic velocity, e’ mitral annular velocity
aSignificant improvement
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45.6.1  Mechanisms of the Improvement of Exercise Intolerance 
with Exercise Training in HFpEF

Understanding the mechanisms of training-related improvements in exercise intol-
erance allows the opportunity to enhance the effectiveness of a new therapy. This 
needs careful measurements, not only of peak exercise VO2, but also of its determi-
nants, CO and A-VO2 Diff. before and after an intervention [116]. These factors 
should be measured simultaneously during exercise along with peak VO2, and it is 
feasible with a number of techniques that have been developed [38, 67, 116, 117]. 
The several reported mechanistic studies of ET in HFrEF indicated that training- 
related improvements in peak VO2 result from favorable changes in cardiac, periph-
eral vascular, and skeletal muscle function that increase oxygen delivery to and 
utilization by the active muscles [117–119]. However, the underlying mechanisms 
responsible for improvements in peak VO2 appear to differ between HFrEF and 
HfpEF [14].
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45.6.2  Exercise Training and Peripheral, Non-cardiac Factors

• Haykowsky et al. showed that 84% of the improvement in VO2 after 16 weeks of 
ET was attributed to increases in peak A-VO2diff [112].

• This result was confirmed by Fu et al. who found that the ET mediated increase 
in peak VO2 was secondary to the increased AVO2 Diff. as peak HR, stroke vol-
ume index and cardiac index were unchanged after training [104].

• In fact, Bhella et al. recently reported that elderly HFpEF patients have baseline 
impaired skeletal muscle oxidative metabolism, which can be favorably shifted 
by ET to more efficient muscle O2 utilization [111].

Thus, these data suggest that peripheral mechanisms, such as improved skeletal 
muscle perfusion and metabolism, likely play a major role in the adaptation to ET 
in HFpEF.

45.6.3  Exercise Training and Vascular Function

A small number of studies have investigated the effect of ET on vascular function in 
HfpEF:

• The studies done by Kitzman et al. showed improvements in peak VO2, despite 
no change in indices of arterial stiffness, or conduit artery flow-mediated vasodi-
lation [103, 111].

• Similarly, 4 weeks of HIIT showed no change in brachial artery flow mediated 
arterial dilation in HFpEF.

This indicates that improvements in large arterial function were not responsible 
for the ET-related improvement in peak VO2 [105]. Similarly, ET had no influence 
on NO parameters in HFpEF patients [120].

45.6.4  Exercise Training and Cardiac Function

Central effects of ET in HFpEF have been minimal in the few studies to date.

• Edelmann et al. showed that a combination of moderate-intensity aerobic ET and 
resistance training (RT) resulted in an improvement in resting diastolic function 
in patients with HFpEF, as evidenced by a significant reduction in resting LA 
volume and E/e′ ratio and procollagen type 1 levels and the improvement in peak 
VO2 was related to the decrease in E/e’ ratio [106].

• In another study they showed that combined endurance/RT over 6 months 
resulted in improvement in peak VO2 and diastolic function in both patients with 
diastolic dysfunction without HF and with clinical HfpEF [121].
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• Similarly, Alves et al. reported that 6 months of moderate-intensity aerobic inter-
val training improved resting LV ejection fraction and diastolic function in 
HFpEF [122].

• Likewise, a pilot study showed HIIT improved diastolic dysfunction grade.
• Although these non-invasive measures suggested that ET may improve LV filling 

pressure, Fujimoto et al. showed no evidence of a beneficial effect of ET on the 
diastolic properties (LV compliance -assessed by invasive measurements) of LV 
in the HFpEF elderly patients [123].

• In addition, a meta–analysis showed ET in patients with HFpEF is associated 
with an improvement in VO2 and HRQOL without significant changes in LV 
systolic (assessed by ejection fraction) or diastolic function (assessed by E/A 
ratio and early deceleration time) [14, 100].

• Furthermore, a study showed that despite of higher PA resulted in improved peak 
VO2 in HFpEF patients, no association was seen with PA and echocardiographic 
parameters of diastolic function [109].

Taken together, these data suggest that the majority of ET-related improvements in 
exercise capacity may be related to microvascular and/or skeletal muscle adaptations 
that increase diffusive oxygen transport and/or utilization by the active muscles [124, 
125]. Given the strong contribution of peripheral factors towards improvement in peak 
VO2 in patients with HFpEF, future studies are warranted to examine the role of ET to 
improve skeletal muscle morphology and oxidative capacity [126].

In addition, pleiotropic stimulus of ET leaves room for mechanistic consider-
ations regarding the beneficial effect of ET in HFpEF including anti-inflammation.

• In a post hoc analysis of the Ex-DHF-P trial, ET associated with increased levels 
of endogenous ghrelin which is a growth hormone-releasing peptide and which 
has been mainly attributed to the metabolic system and changes in body 
composition [115]. Ghrelin was found to inhibit apoptosis of cardiomyocytes 
and endothelial cells in  vitro and has favorable effect on neuro hormonal 
activation, sarcopenic obesity [127, 128].

• Recently, in an exploratory post-hoc analysis, ET improved the energy metabo-
lism in HFpEF, and exercise-induced improvements of exercise and ventilatory 
capacity as well as ventricular dysfunction were associated with several of these 
metabolic changes [129].
 – In addition, they identified heterogeneous metabolic responses to the same ET 

in HFpEF patients independent of improvements in cardiorespiratory, ventila-
tory and echocardiographic parameters [129].

45.7  Exercise Training Modalities in HFpEF

Exercise intervention trials for clinically stable patients with HFpEF and HFrEF 
have primarily focused on continuous moderate-intensity aerobic training (MICT) 
[130]. In five of HFpEF studies, MICT was performed 3–5  days per week for 
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1–5 months. This exercise prescription is in line with the American Heart Association 
exercise guidelines for overall CV health [131]. RT was included as an adjunctive 
modality to standard aerobic ET in 1 trial of HFpEF (Edelmann et  al.) [106]. 
Although they described it as a pilot, they successfully tested the key outcome of 
exercise capacity, showing a 2.6 ml/kg/min (16%) increase in peak VO2. Edelmann 
and his group are currently conducting the largest randomized multicenter trial to 
determine the benefit of supervised ET (combination of both endurance and RT, 
based on the Ex-DHF pilot study) on a clinical composite outcome score in HFpEF 
patients [114].

There has been recent interest in the role of HIIT, on improving peak VO2 in 
individuals with clinically stable HF. Only two randomized controlled trials have 
assessed the efficacy of HIIT on VO2 in patients with HFpEF [104, 105]. These 
studies incorporated HIIT, consisting of 4–5 intervals performed at 80–95% peak 
HR for 2–4 min interspersed with 2–3 min of active recovery, for 1–3 months 
[104, 105].

• Angadi et  al. was the first study to show that short duration (4  weeks) HIIT 
yielded a significant increase in peak VO2 (+1.8 ml/kg/min, p = 0.04), with no 
significant changes reported following MICT.

• Fu and colleagues measured peak VO2 and its determinants before and after 
12 weeks of HIIT in patients with HFpEF. Peak VO2 was significantly elevated 
after HIIT and the increase in peak VO2 observed in patients with HFpEF was 
secondary to enhanced peak exercise A-VO2diff.

In summary, HIIT is a potent short–term training, characterized by brief, inter-
mittent bursts of vigorous aerobic exercise interspersed with periods of low- intensity 
active recovery (see Chap. 44). However, the magnitude of improvement (mean 
change: +2.2  ml/kg/min peak VO2) is similar to the improvements observed 
following MICT (mean change: +1.9  ml/kg/min peak VO2).101 Furthermore, to 
date the safety and efficacy of HIIT in patients with HFpEF has not been studied. A 
large, multicenter randomized controlled ET trial (OptimEx-CLIN study) is 
currently ongoing to establish whether 12 months of HIIT is superior to MICT for 
improving peak VO2 in patients with HFpEF [132]. Another trial is looking at the 
effect of 12-weeks HIIT on a bicycle ergometer in HFpEF patients on peak VO2, 
cardiac and arterial function and HRQOL (NCT03184311).

45.8  Early Rehabilitation After Hospitalization for Acute 
Decompensated HF

Studies of ET in HF have focused almost exclusively on chronic, stable HF patients. 
The current literature regarding the safety and efficacy of ET that specifically target 
patients hospitalized HF is limited to observational data or small randomized trial, 
both of which showed benefit [133, 134].
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• Recently, the REHAB-HF prospective, multicenter pilot clinical trial evaluated 
novel rehabilitation intervention in hospitalized, older HF patients.
 – The study successfully randomized 27 patients ≥60 years of age hospitalized 

with acute decompensated HF (both HFrEF and HFpEF) to either a novel 
multidomain physical rehabilitation intervention or attention control.

 – The study showed that a novel, tailored, progressive, multidomain physical 
rehabilitation is feasible in older patients with acute decompensated HF who 
have high rates of frailty and comorbidities and has the potential to improve 
physical function and reduce rehospitalization rates [135].

Based on these preliminary findings, the multicenter prospective random-
ized controlled trial REHAB –HF will determine if a tailored, structured, pro-
gressive multi-domain physical rehabilitation intervention addressing deficits 
in physical function and reduces rehospitalizations compared to attention con-
trol in older patients hospitalized with ADHF [136, 137]. Similarly, another 
trial is designed to provide evidence for the clinical efficacy and safety of a 
multidisciplinary disease management program in recently hospitalized HFpEF 
patients [138].

45.9  Exercise Prescription Recommendations for HFpEF

• A supervised maximal exercise test with monitoring for ischemia should be per-
formed before HFpEF patients beginning an ET program.

• Exercise protocols used in clinical trials primarily included aerobic-type activi-
ties such as walking, stationary cycling, or rowing [139].

• The ET program for stable HFpEF patients should consist of continuous large 
muscle mass endurance exercise performed at an intensity between 40% and 
80% peak VO2 (40–70% heart rate reserve or Borg rate of perceived exertion 
between 10 and 14 out of 20; see Chap. 44) for 20–60 min per session, 3–5 days 
per week [139].

• The duration and frequency of effort should be uptitrated before intensity is 
increased.

• Once patients demonstrate a tolerance of aerobic training levels, RT activities 
should be considered, ranging from 40 to 60% of maximal strength for 1 set, 
2–3 days per week [139].

After supervised setting with direct supervision and monitoring, depending on 
individual progress, patients usually should be able to be transitioned to a home 
exercise maintenance training program. Recently, digital training and decision sup-
port system exercise prescription was developed by the European Association of 
Preventive Cardiology (the Exercise Prescription in Everyday Practice and 
Rehabilitative Training (EXPERT) tool), and this may contribute to overcoming 
barriers in exercise implementation in common CV diseases [140].
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45.10  Safety and Adherence Issues in Exercise  
Training in HFpEF

HFpEF patients are often older, deconditioned, and have many comorbidities; so 
widespread implementation of formal cardiac rehabilitation and home-based ET in 
this population presents special challenges. The safety of ET was reported in the 
four randomized exercise intervention trials. No adverse events occurred with any 
of these trials [106, 107, 113, 122]. Of note, 20% of the combined aerobic and 
strength-trained patients reported mild musculoskeletal discomfort during exercise. 
This indicates well-screened HFpEF patients can safely perform physical training in 
a partially supervised or supervised setting.

The major clinical hindrance for the use of ET as a therapeutic option in the HF 
population is how to get individuals to initiate and maintain an ET program. Despite 
a well-organized and resourced effort to optimize adherence in HF-ACTION, only 
~40% of patients in the intervention arm achieved the target of 90 min of exercise/
week at 3 months [130]. In order to maximize the constructive effects of regular 
exercise in individuals with HF, more information about the psychosocial, behav-
ioral factors and social barriers for adherence to ET must be acquired, thus, identify-
ing vulnerable individuals who are at risk for non-adherence. In addition, novel 
interventions to improve adherence are critically needed.

In February 2014, the Centers for Medicare and Medicaid Services (CMS) 
approved coverage for cardiac rehabilitation for selected patients with chronic 
HF. The criteria match the HF-ACTION inclusion criteria, with stable medications 
for at least 6 weeks and LVEF ≤35%. This generally excludes patients with recent 
hospitalization as well as all of those with HFpEF [141]. This lack of coverage can 
be a major barrier to formal cardiac rehab in older HFpEF patients.

45.11  Conclusion

HFpEF is the most common form of HF, nearly unique to older adults, and is a true 
geriatric syndrome. An evolving paradigm suggests that HFpEF is complex and 
multifactorial, probably systemic, and clinically heterogeneous and has a multifac-
torial pathophysiology, underlying age-related changes, frequent multiple chronic 
comorbidities, and multiorgan involvement. Individuals with HFpEF have severe 
exercise intolerance that is due, in part, to impaired cardiac, vascular, and skeletal 
muscle function that results in decreased oxygen delivery or utilization by the active 
muscles. The few randomized controlled exercise intervention trials performed to 
date show that physical training (aerobic training alone or combined with strength 
training) is a safe and effective intervention to increase aerobic capacity and endur-
ance and HRQOL in HFpEF patients. In addition, these studies have shown that 
exercise intolerance can improve significantly in the absence of improvements in 
exercise CO, indicating a role of peripheral, non-cardiac adaptations. However, the 
optimal modality (or combinations of modalities) of ET remains unknown in HFpEF 
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[142]. In addition, the lack of CMS coverage can be a major barrier to formal car-
diac rehab in older HFpEF patients. Unfortunately, insistence upon demonstration 
of mortality improvement before approving reimbursement overlooks the valuable 
and clearly demonstrated benefits on function and HRQOL.

Clinical Pearls
• HFpEF is uncommon in younger persons but highly prevalent in older adults, 

particularly women aged 80 and older, in whom it comprises nearly 100% of new 
HF cases.

• HFpEF is a chronic systemic debilitating syndrome associated with increased 
risk for hospitalization, death and poor HRQOL with garden-variety of HFpEF 
phenotypes.

• Many patients go undiagnosed for years, thus always think of HFpEF in a dys-
pneic elderly patient.

• HFpEF is more than just diastolic dysfunction.
• Prevent HFpEF before it even occurs.
• HFpEF needs multidisciplinary care.
• Exercise training is a safe and effective intervention to improve exercise intoler-

ance and HRQOL in clinically stable HFpEF patients.
• Endurance training alone or combined with RT is an effective therapy to improve 

exercise intolerance in HFpEF patients.
• Given the persistent failure to demonstrate mortality benefits with pharmaco-

logic interventions in patients with HFpEF, ET represent an important practical 
intervention for such patients with otherwise limited options.

 Review

 Questions

 1. Select the correct answer(s): Exercise training in HFpEF patients is associated 
with improvements in
 (a) Peak oxygen consumption
 (b) Mortality
 (c) Reduced hospitalization
 (d) Reduced number of heart failure episodes

 2. Select the correct answer(s): The mechanisms of improvement of exercise intol-
erance in HFpEF are uncertain. Evidence is strongest for
 (a) Improvement in oxygen extraction by skeletal muscle
 (b) Improvement in diastolic function
 (c) Improvement in vascular function
 (d) Improvement in pulmonary hypertension

 3. A 68-year old lady presents with shortness of breath on exertion that began 
6 months earlier and has since then gradually worsened. When walking on level 
ground, she does well, but any hill causes dyspnea. She has a history of 
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hypertension but no history of hyperlipidemia, diabetes, tobacco abuse, or family 
history of early coronary artery disease. No prior sign of coronary artery disease, 
no medication. Her BP is 160/80 mmHg, HR 78/min, BMI 36 kg/m2. Clinically, 
she has peripheral edema; increased JVD elevated 10 cm above the right atrium. 
Cardiac examination is normal. ECG: sinus rhythm with no significant ST/T 
changes. Echocardiography: LVEF 55% with normal valves and normal left 
and right ventricular size and function; no regional wall motion abnormalities; 
normal wall thickness. Stress Test: ability to walk for 5 min on Bruce protocol 
(80% of predicted functional aerobic capacity), blood pressure increased to 
190/98 mmHg; stopped test because of dyspnea; negative electrocardiographic 
findings for ischemia. Which one of the following actions would be least appro-
priate for this patient?
 (a) Initiate treatment with an ACEI for blood pressure.
 (b) Initiate treatment with a diuretic agent to resolve her congestion and periph-

eral edema.
 (c) Recommend a regular exercise program, telling her to start low and increase 

gradually.
 (d) Encourage her to lose weight.
 (e) Refer her to coronary angiography.

 Answers

 1. A: Exercise training has been shown to increase peak oxygen consumption and 
health related quality of life scores in patients with HFpEF in many randomized 
trials and has become an accepted adjunct therapy for these patients. So far, no 
exercise training studies have looked at clinical endpoints.

 2. A: Randomized trials and meta-analyses showed that the majority of the improve-
ment in oxygen consumption after exercise training was attributed to increases in 
peak arterio-venous oxygen difference, suggesting peripheral mechanisms, such 
as improved skeletal muscle perfusion and metabolism, thus likely playing a 
major role in the adaptation to exercise training in HFpEF. Central effects of 
exercise training in HFpEF have been minimal in the few studies to date.

 3. E: This clinical vignette describes an obese HFpEF patient with volume overload 
on clinical examination and poorly controlled hypertension. So, she will need 
diuretics for symptomatic relief and ACE-I for blood pressure control. Exercise 
is indicated in all patients with HFpEF. Her symptoms are not related to isch-
emia; hence referring to coronary angiography is not an optimal option.
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Learning Objectives
 1. Become familiar with the definition, classification, terminology and diagnosis of 

heart failure.
 2. Understand the association between physical activity and HF with reduced ejec-

tion fraction.
 3. Become familiar with the most relevant interventional studies, which show the dif-

ferent beneficial effects of exercising in HF patients with reduced ejection fraction.
 4. Be able to give practical recommendations for HF patients for endurance and 

resistance training.

46.1  Definition of Heart Failure (HF)

HF is a clinical syndrome, which is defined by clinical symptoms and functional 
or structural cardiac abnormalities [1, 2] that result in reduced cardiac output 
and/or increased intracardiac filling pressures [2]. Typical symptoms and clinical 
signs [1, 2] are
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• Shortness of breath (at rest and/or on exertion)
• Orthopnoea
• Paroxysmal nocturnal dyspnoe
• Reduced exercise tolerance
• Fatigue
• Ankle swelling, Peripheral oedema
• Pulmonary congestion
• Increased jugular venous pressure
• Hepatojugular reflux, gastroenterological symptoms
• Third Heart Sound, galopp rhythm, tachycardia
• Laterally displaced apical impulse

46.2  Terminology

HF is categorised based on left ventricular ejection fraction (LVEF) as [2]:

 1. HF with reduced Ejection Fraction (HFrEF):
 (a) Symptoms and/or clinical signs
 (b) LVEF: <40%

 2. HF with mid-range Ejection Fraction (HFmrEF):
 (a) Symptoms and/or clinical signs
 (b) LVEF: 40–49%
 (c) Increased levels of natriuretic peptides (BNP > 35 pg/ml and/or NT-proBNP 

>125 pg/ml)
 (d) + ≥ 1 criterion:

• relevant structural heart disease (left ventricular hypertrophy (LVH) and/
or left atrial enlargement (LAE)

• diastolic dysfunction
 3. HF with preserved Ejection Fraction (HFpEF):

 (a) Symptoms and/or clinical signs
 (b) LVEF ≥50%
 (c) Increased levels of natriuretic peptides (BNP > 35 pg/ml and/or NT-proBNP 

>125 pg/ml)
 (d) + ≥ 1 criterion

• relevant structural heart disease (LVH and/or LAE).
• diastolic dysfunction

Of note, signs may not be present in an early stage or in patients under diuretical 
medication. Even individuals with mid-range or reduced LVEF may have very few 
symptoms dependent on peripheral training adaptations.

46.3  Time Course

• New-onset HF: new symptoms ± signs and functional and/or structural cardiac 
abnormalities

V. Heinicke et al.
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 – Acute (e.g. patients with acute myocardial infarction, myocarditis or 
Takotsubo cardiomyopathy)

 – Sub-acute (e.g. patients with DCM, valvular heart disease)
• Chronic HF: having HF for a longer period of time
• Stable HF: patients under medical therapy, who have unchanged symptoms and 

signs ≥1 month
• Decompensated HF: worsening of symptoms and signs often leading to 

hospitalization
 – Acute
 – Sub-acute

• Congestive HF: volume overload

46.4  Classification

According to the American College of Cardiology Foundation (ACCF) and the 
American Heart Association (AHA), HF is classified into stages A-D [3]. This clas-
sification comprises the development and progression of heart disease:

• Stage A: HF risk factors
• Stage B: HF risk factors, LV remodeling, yet no signs or symptoms of HF
• Stages C and D: patients fulfilling criteria of HF

The traditional New York Heart Association (NYHA) functional classification 
defines four clinical stages I–IV) based upon exercise capacity and clinical symp-
toms [4].

Both classifications can be used together.

46.5  Epidemiology

• Prevalence of heart failure: ~ 1–2% of the population in developed countries [5]
• Incidence of heart failure: 5–10 per 1000 persons per year [5]
• Risk factor age:

 – US epidemiological study, prevalence [6]: age 45–54 years: 0.7%; 55–64 years 
1.3%, 65–74 years 1.5%, >75 years: 8.4%

 – European study (Rotterdam study), prevalence: age 55–64  years 0.9%; 
≥85 years 17.4%

 – At age 55 years, lifetime risk for HF is 33% for men and 29% for women [5].

46.6  Aetiology

HF is not equivalent to either cardiomyopathy or LV dysfunction. There are many 
possible causes and diseases leading to the syndrome of HF, including both cardiac 
and non-cardiac aetiologies.
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• Coronary artery disease is the most common cause for HF in the Western world [7].
 – Metabolic and pressure overload are leading to arteriosclerosis, myocardial 

infarction and cardiac remodelling (Fig. 46.1).
• Pressure overload, especially hypertensive disease often predisposes to HFpEF 

by cardiac remodelling (Fig. 46.1).

46.7  Diagnosis

The diagnosis of HF in patients with typical signs and symptoms should be based 
on physical examination, medical history, ECG, laboratory testing and echocardiog-
raphy [2].

46.8  Physical Activity and the Risk of Heart Failure

There is a dose–response relationship between physical activity and the risk of devel-
oping HF [9]. A recent large meta-analysis of prospective cohort studies analysed the 
effect of the amount of physical activity (PA) on incidence of heart failure:

• N  =  12 prospective cohort studies with 370,460 participants were included 
(53.5% women, studies from U.S.A. and Europe)

• During median follow-up of 13 years, there were 20,203 HF events.

Fig. 46.1 Pathophysiology of HFrEF and HFpEF by metabolic overload and pressure overload 
[8]. LA left atrium, LV left ventricle
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• PA was categorised into
 – Inactive
 – Light PA
 – Moderate PA
 – High PA

• Reduced risks of HF compared to inactive category were observed for
 – Light PA: risk reduction of 15% (pooled Hazard ratio (HR) 0.85; 95% 

Confidence Interval (CI) 0.79–0.92; I2 = 3.4%)
 – Moderate PA: risk reduction of 22% (pooled HR 0.78; 95% CI 0.75–0.82; 

I2 = 20.3%)
 – High PA: risk reduction of 30% (pooled HR 0.70; 95% CI 0.67–0.73; 

I2 = 36.4%)
• A dose-response effect was observed:

 – Minimum guideline-recommended PA level is ≈500 MET∗min/wk.
 – Meeting the guideline PA was associated with a modest risk reduction of 10% 

compared to no activity.
 – Meeting the recommended amount of PA twice (≈1000 MET∗min/wk) or 

even 4 times per week (≈2000 MET∗min/wk) reduced risk by 19% and 35%, 
respectively.

• Findings were consistent in the subgroups of men and women, ages below or 
above 55 years, and between European and US American studies.

46.9  Therapy

The goals of an adequate HF therapy include

 (a) Improving prognosis and reducing mortality
 (b) Preventing hospitalization
 (c) Symptom relief
 (d) Improving exercise capacity
 (e) Improving Quality of Life

46.9.1  Pharmacological Therapy

Every patient must be on optimal medical therapy. All other treatment options—
including exercise—should be seen as additive to best pharmacological therapy in 
HFrEF patients. Angiotensin-converting enzyme inhibitors (ACE-I), Antiotensin 
Receptor antagonists or blockers (ARBs) and beta-blockers are the basis for every 
HFrEF patient, except when there are contraindications or not tolerated.

• ACE-I, ARBs [10–14] and beta-blockers [15–19] reduce mortality and 
morbidity.

• These substances should be increased to the highest tolerated (symptoms such as 
dizziness, but not blood pressure values) dosage.
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If LVEF is ≤35% and symptoms still exist, a mineralocorticoid receptor antago-
nist (MRA) is recommended for all patients without contraindications. MRA also 
reduce mortality and hospitalization [20, 21]. If patients are still symptomatic with 
either ACE-I or ARB, a beta-blocker, and a MRA there are other pharmacological 
treatment approaches:

• Angiotensin receptor—neprilysin inhibitor (ARNI, Valsartan plus sacubitril) 
showed superiority to enalapril [22], so that replacement of ACE-I or ARB ARNI 
is recommended if tolerated.

• Ivabradine, an If-channel inhibitor, reduces mortality and hospitalization for HF 
[23] and should be considered in patients with sinus rhythm and HF ≥ 70/min.

• If in sinus rhythm QRS duration is ≥130 ms with LBBB morphology and LVEF 
remains ≤35% despite optimal medical therapy, cardiac resynchronization ther-
apy (CRT) is recommended [2].

• Diuretics should also be used to relieve symptoms and reduce congestive symp-
toms [2].

46.9.2  Exercise as Therapy

Exercise in HF patients has a class IA recommendation [2]

 (a) to improve exercise capacity
 (b) to improve symptoms
 (c) to decrease rehospitalization rates

Several RCTs and meta-analyses have evaluated the effect of exercise interven-
tions on mortality, hospitalization, and Quality of Life, of which the following are 
the most relevant:

46.9.2.1  The HF-ACTION Trial
The HF-ACTION trial [24] is a large, multicentre (82 centers in the US, Canada, 
and France), prospective, randomized controlled study, which was initiated with the 
aim to clarify, whether exercise improves survival in HF patients with reduced ejec-
tion fraction.

• 2331 patients with LVEF <35% and with NYHA classification II-IV were 
included (median age 59 years, 72% males).

• Exercise intervention: During the first 3 months patients exercised 3×/week for a 
total of 36 supervised training sessions. Thereafter, patients were asked to exer-
cise for 40 min/day, 5×/week at an exercise intensity of 60–70% of heart rate 
reserve (HRR). The usual care/control group received educational materials 
which included guidelines from ACC/AHA for PA: being active 30 min/day on 
most days of the week with moderate intensity.

• The median follow-up was 30.1 months.
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This study showed only a non-significant reduction in the primary end point (all- 
cause mortality and all-cause hospitalization) in the exercise group compared to the 
usual care group (HR 0.93 [95% CI, 0.84–1.02]; p = 0.13).

• However, after adjusting for HF etiology and for four strongly predictive factors 
(LVEF, history of atrial fibrillation, baseline exercise capacity, and depression 
score) exercising was associated with a significant 11% reduction for all-cause 
mortality and hospitalization and a significant 15% reduction for cardiovascular 
mortality and HF hospitalization.

• Exercise training in stable HF patients was safe with little to no adverse events 
associated with this treatment modality.

• VO2peak increased significantly at 3 and 12 months following exercise training. 
However, the median increase in VO2peak was lower than observed in previous 
smaller studies.

Study limitations included high patient dissatisfaction within the usual care 
group and poor adherence to exercise training (particularly with regard to the pre-
scribed exercise training intensity). Specifically, over 50% of the patients in the 
usual care control group were unsatisfied with not being randomized to exercise 
training. In addition, over 33% of patients randomized to the exercise training group 
did not meet their required exercise intervention targets.

The conclusions of this trial were as follows:

• A structured aerobic exercise training program to improve morbidity and mortal-
ity in patients with HFrEF is feasible.

• When adjusted for highly predictive risk factors, exercise training resulted in a 
significantly reduced mortality.

• As a typical limitation pertaining to exercise training interventions, the adher-
ence rate was low.

46.9.2.2  Cochrane Review
This review [25] summarizes the results of 33 randomized, controlled interventional 
trials with cardiac rehabilitation programmes in HF patients. Primarily patients with 
HFrEF were included. HFpEF patients were evaluated in only four studies. In total, 
4740 HF patients were analyzed, of which 87% were men.

Three main findings of the meta-analysis were important:

 – There were no short-term effects (duration of studies up to 1 year) on mortality 
between training groups and usual care groups, but a trend towards improvement 
of survival with long-term exercise training (n = 6 studies with >1 year of follow-
 up) compared to controls (relative risk (RR) = 0.88; 95% CI 0.75–1.02, fixed- 
effect analysis).

 – A clinically important 25% and 39% reduction in all-cause and HF hospitalizations 
with exercise training was observed compared to usual care controls, respectively.

 – Quality of life was improved significantly through exercise programmes.
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Findings were independent of age and HF stage, and similar efficacy was 
observed across genders.

In summary, these findings highlight the beneficial impact of exercise training on 
clinical outcomes such long-term mortality, hospitalizations, and quality of life in 
patients with HFrEF and support its recommendation as an adjuvant therapy in this 
patient population.

46.9.3  Effect on Exercise Capacity

Several randomized, controlled exercise intervention trials (RCTs) have shown that 
different kinds of training protocols can improve exercise capacity in HFrEF patients 
[24, 26, 27]:

• The largest trial is still the HF-ACTION trial—using a training protocol with 
moderate to vigorous intensity with 60–70% of heart rate reserve (HRR; see 
Chap. 44). In this study, a significant but modest increase of 0.7 ml/kg/min in 
VO2peak was seen after 1 year of training, compared to 0.1 ml/kg/min improve-
ment in the control group.

• A meta-analysis by Ismail et al. [26] showed larger improvements in VO2peak in 
exercise interventional trials applying higher intensities (improvements always 
compared to control groups):
 – High intensity training programmes: +3.33 ml/kg/min
 – Vigorous intensity training programmes: +2.27 ml/kg/min
 – Moderate intensity training programmes: +2.17 ml/kg/min
 – Light intensity training programmes: + 1.04 ml/kg/min (not significant)

The greatest limitation of the study was that only a few studies with high and low 
intensity training programmes have been performed so far.

• The first randomized controlled exercise intervention trial using a high intensity 
interval training protocol was published in 2007 [28]:
 – 27 patients with HFrEF (median LVEF 29%) were included.
 – Training protocols (3×/week over 12 weeks) were:

AIT: Aerobic interval training group with high intensities: brisk walking, 
jogging or cycling for 4 min at an intensity of 90–95% of peak heart rate, 
with 3 min of active recovery between each phase at moderate intensity, 
including warm-up and cool-down sessions, lasting a total of 38 min.
MCT: Moderate intensity continuous training: walking or cycling at 
70–75% of peak heart rate for a total of 47 min each session.
Control group receiving a recommendation for regular exercise

 – AIT was associated with a superior 46% improvement in VO2peak (from 
13.0 ± 1.6 to 19.0 ± 2.1 ml/kg/min) compared to an increase of 14% with 
MCT. There was no change in exercise capacity in the control group.
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• The SMARTEX-HF [29] trial applied an identical study protocol, but included a 
much larger sample size with 261 HFrEF patients (LVEF ≤ 35% and NYHA 
class II-III):
 – This study showed a clinically important increase in exercise capacity (sec-

ondary endpoint) following the structured exercise training programme after 
12 weeks, but did not confirm a significant difference between the AIT and 
MCT groups.

 – Nonetheless, both the AIT and MCT groups were superior to the control 
group with respect to a small but significant increase in VO2peak.

 – However, at 1-year follow-up these improvements were not maintained in 
either exercise group.

 – Clinically important: both training regimes were safe.
 – Limitation of the study: 51% of the AIT patients trained at a lower intensity 

than intended, whereas 80% of the MCT patients trained at higher than 
intended intensities, resulting in a less than anticipated between-group differ-
ence in training intensities.

• A recent meta-analysis [27] comparing AIT to MCT included a sub-analysis on 
isocaloric exercise protocols, as the same duration with different intensities leads 
to a greater energy expenditure with higher intensities. AIT is slightly more time- 
efficient as less time is needed to achieve the same energy expenditure as elicited 
by MCT protocols.
 – This meta-analysis included 13 studies and 411 HFrEF patients and showed a 

superior improvement of 1.35  ml/kg/min for VO2peak with high-intensity 
training protocols compared to moderate intensity training.

 – However, after performing a sub-analysis that included only isocaloric exer-
cise protocols, these differences were no longer present.

46.9.4  Effect on Cardiac Function

The ability of exercise training to attenuate pathological cardiac remodeling is still 
unclear. A recently published meta-analysis by Tucker et al. [30] showed that struc-
tured exercise training improved left ventricular function in patients with HFrEF:

• 18 randomized, controlled exercise intervention trials with HFrEF patients were 
included in this meta-analysis.

• MCT showed a median improvement of 3.79% in LVEF, with even better results 
occurring after training programmes of longer duration (≥6  months; 6.3% 
increase in LVEF). In comparison, shorter training programmes (<6  months) 
resulted in a 2.3% increase in LVEF (all results compared to non-exercising 
controls).

• High intensity interval training also led to significant improvements in LVEF 
compared to controls. However, high intensity interval training was not superior 
to MCT.
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46.9.5  Safety

HFrEF is a severe chronic disease, and therapy should not increase the risk for dis-
ease deterioration, non-cardiac side effects or even mortality.

• The largest HF exercise intervention trial to date, the above-mentioned HF- 
ACTION study, showed that exercise is a safe supportive therapy; adverse events 
did not differ between groups.

• These findings are supported by many other similar studies [26, 27] independent 
of the intensities performed in the training groups.

• Moderate and high intensity training are associated with very low risks of 
exercise- related adverse events.

46.10  Practical Recommendations for Exercise Training

A structured exercise training program should be considered as an efficacious 
adjunct to optimal pharmacological therapy and a healthy lifestyle which also 
includes daily PA. A supervised setting is generally recommended for HF patients, 
at least in the initial phases of therapy and particularly in patients with severe decon-
ditioning. Patients should get a structured exercise training programme with indi-
vidual training intensity recommendations that are tailored and adapted to their 
current health status and their exercise preferences.

46.10.1  Medical Examinations

Before starting exercise the following examinations should be done to rule out 
contraindications:

• Medical history
• Clinical examination
• ECG
• Echocardiography
• Exercise ECG
• Cardiopulmonary exercise testing (CPET) if available (see Chap. 45), in order to

 – Rule out other cardiac or pulmonal causes of dyspnoe
 – Determine exercise capacity (VO2peak) and ventilatory efficiency (VE/VCO2)
 – Determine ventilatory thresholds (VT1 and VT2)

CPET is considered the gold standard for exercise prescription.
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46.10.2  Contraindications

Beside the general contraindications for exercising (e.g. first days after myocardial 
infarction, myocarditis, uncontrolled hypertension, severe aortic stenosis etc.) be 
aware of heart failure specific contraindications [31]:

• Haemodynamic instable patients should not exercise and are not allowed for 
exercise testing.

• Patients must be aware of typical heart failure symptoms which show decompen-
sation of HF:
 – gaining weight
 – worsening of dyspnoe
 – reduced exercise capacity

Medical consultation is needed before exercising!

46.10.3  Clinical Conditions of the Patient

The following recommendations of a structured exercise training below are for 
patients with clinically stable heart failure. Decompensated patients should first 
be recompensated by intensified medical therapy and kept stable for at least 
4–6 weeks before (re-)starting an exercise training programme. Nonetheless, it is 
important to note that decompensated HF patients also benefit from an adapted 
training programme constantly adapted to the clinical status of the patient [31], 
such as:

 (a) Respiratory training
 (b) Increasing mobilization e.g. walking
 (c) Muscle mass strength training (e.g. short bouts of low weights, isometric)

46.10.4  Individualized Recommendations for Intensity

Intensity recommendations should be given by targeted heart rate (beats per min) or 
power (watts). The gold standard used for this purpose is CPET (Fig. 46.2), where 
the training intensity is usually prescribed relative to VO2peak or at/between VT1 
and VT2. As CPET is not always available in clinical practice there are alternative 
ways to provide intensity recommendations (see Chap. 44):

• percentage of heart rate reserve (%HRR = difference between the resting and 
peak HR)
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• rate of perceived exertion (RPE)
• percentage of maximal heart rate (%HRmax); this is however not applicable in 

patients treated with beta blockers or with chronotropic incompetence

RPE is of particular relevance to patients with atrial fibrillation, where HR-based 
calculations of intensity are usually not applicable.

46.10.5  Training Recommendations for Aerobic Training

46.10.5.1  Training Intensity
Moderate exercise training programme is the most widely investigated training 
schedule which is safe and leads to improvements in exercise capacity. Therefore, it 
should be considered as the primary intensity for exercise prescription in HF 
patients. High intensity exercise may also be considered in addition the moderate 
exercise intensity sessions.

• During the initial phase of an exercise programme, patients should start with low 
to moderate intensities—adpated to individual health status—and should increase 
intensity over time.
 – The programme should start at 40–50% VO2peak and gradually increase to 

higher intensities during the following weeks and months.
 – In HF patients with very low VO2peak, i.e. <14 ml/kg/min, or chronotropic 

incompetence, percentage VO2peak or %HRmax will result in recommended 
intensities equalling resting values. In these cases, other measures such as 
HRR should be applied.

VT 1 VT 2

P 
(w

at
ts

)

V
`O

2(L
/m

in
) /

 V
`C

O
2(L

/m
in

)  

2.0

1.0

3.0

Time (min)

57 watts 105 watts

0           4           8          12         16

300

200

100

Fig. 46.2 Cardiopulmonary 
exercise testing of a 52-year 
old HFrEF patient with 
reduced exercise capacity 
(medication with a 
beta-blocker): VO2peak 
19.5 ml/kg/min at 132 watts 
with maximal heart rate 
(HR) of 108 bpm. Training 
intensities: 50% VO2peak: 
HR 72 bpm, 60% VO2peak: 
HR 79 bpm, 70% VO2peak: 
HR 88 bpm, 80% VO2peak: 
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• In the long-term, besides the stability of the health status of the patient, the exer-
cise preference and motivation of the patient is a major determinant for including 
a high intensity training programme into a basic moderate intensity 
programme.

• If patients are not satisfied with the training programme, adherence will decrease 
over time.

46.10.5.2  Training Duration
Duration should be adapted to the current health status of the patient; as little as 
5 min per session can be enough in the beginning for HF patients with severely 
reduced exercise capacity.

• If so, patients may even benefit from several short sessions of exercise per day, 
e.g. 5 min exercise bouts, 3×/day

• Duration of sessions should be increased over time.
• Always increase duration before intensity.
• Very short bouts of higher intensity exercise e.g. 30 s or short bouts of resistance 

training providing sufficient recovery time post exercise will induce beneficial 
peripheral effects while sparing central myocardial strain. During very short 
bouts of resistance exercise Valsalva manoeuvre should be performed briefly to 
reduce net-intrathoracic pressure.

• After several weeks of exercise training, training sessions should last at least 
20 min, with longer durations being more beneficial.

46.10.5.3  Training Frequency
HF patients benefit from regular physical activity. A minimum of three training 
sessions per week should thus be performed. Optimally daily training sessions 
are advised. Especially when starting exercise training, the highest benefit can 
be derived from daily activities with short durations, but performed several 
times a day.

46.10.5.4  Continuous vs. Interval Training
• Continuous aerobic exercise training is characterised by the same intensity 

throughout the training session, usually at a moderate intensity (Fig. 46.3).
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Fig. 46.3 Schematic depiction of a 
moderate continous training programme
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• High interval exercise training (Fig.  46.4) is characterised by bouts of higher 
(even submaximal) intensity exercise interspersed with periods of lower inten-
sity exercise (mostly active recovery).
 – Generally, intervals can be performed at moderate or higher, intensities in 

stable patients with mild HF symptoms.
 – For HFrEF submaximal intensity (typically 85–95% of peak HR) seems to be 

optimal, as previous studies have demonstrated that maximal intensity during 
intervals may not be feasible. Higher intensity interval training should best be 
performed between 75% and 85% peak HR or VO2peak, as this is feasible in 
most patients.

 – To date, no optimal duration of intervals has clearly been defined, but 4 min 
at very high intensity seem to be too long for HFrEF patients; thus, adapted to 
the individual patient, intervals of shorter duration at least at the beginning 
(30 s to 1 min) extending intervals to 2–3 min are more realistic.

 – When starting very short high intensity intervals, symptoms of patients should 
be closely monitored.

 – Exercise intensity has to be monitored by heart rate monitors.
 – Patients should be instructed on self-assessing deterioration of heart failure 

symptoms including daily weighing.

46.10.5.5  Type of Endurance Training
In the beginning, the best choices for endurance training are treadmill or cycle 
ergometers in a supervised setting. Training programmes can easily be controlled by 
HR and power displayed on these devices or by heart rate monitors. Long-term 
exercise training programme prescription should be in line with the preferences of 
the patient to increase adherence. Aerobic sports such as

 (a) Walking,
 (b) Nordic Walking,
 (c) Cycling,
 (d) Cross-Country Skiing at a walking speed primarily with classical style (skating 

limited to very trained and stable HF patients)
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Fig. 46.4 Schematic depiction of an interval training programme
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are also viable options for HF patients. Swimming is not primarily recommended as 
the first choice for endurance sports as it increases venous return to the failing heart 
and poses a problem in patients with ICD (malfunction or therapeutic shock). Most 
importantly, continuous monitoring of HR during exercise training is definitely rec-
ommended for HF patients to ensure that they are meeting the required exercise 
intensity goals of the programme.

46.10.5.6  Recommendations for Resistance Training
There are many reasons for implementing resistance training in HF exercise 
therapy:

• Sarcopenia is often diagnosed in this patient group.
• Ageing is associated with a physiological decline in muscle mass.
• Reductions in muscle mass and muscle quality contribute to reductions in exer-

cise capacity in HF patients.

Due to the superiority of endurance training programmes to increase exercise 
capacity and improve left ventricular function, aerobic endurance training repre-
sents the main recommended exercise modality for patients with HFrEF [31]. 
Nonetheless,

• Resistance training should be performed in addition to, but not instead of endur-
ance training [31].

• Resistance training should optimally be started in a supervised setting.

To determine the optimal intensity for resistance training, the commonly used 
1-repetition maximum test is not recommended in HF patients. Intensity should be 
controlled using the Borg rating scale with a maximum rating of perceived exertion 
(RPE) of 15 used for HF patients with moderate risk [32]. For maximal safety, 
workload must always be adapted to clinical conditions of the patient:

• Patients with severe HF should start the training with small muscle groups with 
very low workload and enough time to recover.
 – Training with elastic bands might also be an option.

• Usually resistance training includes three steps [31]:
 – Starting period: Learning the exercises in the correct way, so that patients are 

confident with the particular movements. Muscular coordination is the pri-
mary target. Training with very low workload is initiated.

 – Intoducing dynamic resistance training: High amount of repetitions at low 
workloads (8–10 per min).

 – Increasing work-load: Aiming at increasing muscle mass by training at mod-
erate to higher intensities.

Each step must always be introduced on an individual basis.
Frequency of resistance training is usually 2–3×/week for longer duration e.g. 

30 min, but can be included in the daily routine with short sessions.
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46.10.5.7  Respiratory Training
Inspiratory muscle training can also be seen as an additional training mode to 
increase exercise capacity and quality of life [33]. In particular, HF patients with 
inspiratory muscle weakness may benefit from this type of training, but overall rec-
ommendations are lower than for exercise training.

• Training recommendation: 20–30 min per day, 3–5 days a week for a minimum 
of 8 weeks [31].

46.10.5.8  Patients with Implantable Cardioverter-Defibrillator 
(ICD)

HFrEF patients with an ICD benefit from a structured training programme for 
improving exercise capacity and quality of life [34, 35]. Thus, ICD patients should 
be encouraged to start training.

• Training must begin in a supervised setting.
• Target heart rate is typically 20 bpm lower than VT detection rate.

See Chap. 52 for more details.

Clinical Pearls
• Pharmacological treatment reduces mortality and morbidity. Thus, every HFrEF 

patient must be on optimal pharmacological therapy.
• A structured exercise training programme should be started as soon as possible 

in newly diagnosed but stable HF patients.
• Exercise training

 – Improves exercise capacity
 – Improves Quality of Life
 – Reduces (re-)hospitalization rates
 – Is safe

• Aerobic endurance training is the most commonly recommended form of exer-
cise training in heart failure.

• This type of training should always be started with short duration and moderate 
intensity—adapted to the clinical status of the patient. First, duration should be 
increased, then intensity.

• Both moderate intensity continuous and high intensity interval training are suit-
able and efficacious training modes; however, high intensity interval training can 
be introduced in addition to moderate intensity training when moderate intensi-
ties have been well tolerated.

• Recommendation for long-term exercise training: exercise at least 20 min with 
moderate to high intensity on most days of the week.

• Resistance training should be implemented in addition to endurance training.
• Contraindications must be considered and patients should be regularly re- 

evaluated (first half year every 3 months, thereafter every 6–12 months depend-
ing on the individual patient).
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 Review

 Questions

 1. A 65-year old patient with newly diagnosed HF with reduced ejection fraction 
asks you for training recommendations. He was told by his doctor in hospital that 
regular exercise can improve fitness and HF symptoms. So instead of taking the 
pills, which were also recommended by the doctor he wants to start exercising. 
What’s your advice for the patient?

 2. The patient wants to know if he can start directly with the training program or if 
he has to do any additional testing. He was discharged from hospital 3 weeks ago 
and feels much better after being recompensated.

 3. After the examinations you discuss the results with the patient. There are no 
contraindications starting physical exercise. The VO2peak of 17  ml/kg/min 
shows a deconditioned physical status of the patient. The patient tells you that he 
has never done any sports in his life, but now he wants to start exercising to get 
fitter. A friend of him—also a HF patient—exercises every day a so called “high 
intensity training”. As a HIT takes less time than a moderate endurance training 
he would like to start tomorrow with that type of training. What’s your advice?

 Answers

 1. A structured exercise program improves fitness, reduce HF symptoms and 
improves left ventricular function in patients with HFrEF. Even mortality may be 
reduced in the longer term. Therefore you confirm the beneficial effects of regu-
lar physical exercise in HFrEF patients. But physical activity is always a sup-
portive therapy and should be performed in addition to the medical therapy only. 
The patient should definitely continue taking the recommended HF medication 
and should thereafter start a structured training program.

 2. As it is the first appointment of the patient in your clinic you will need medical 
information and perform medical examinations to rule out any contraindication 
for physical activity and to be able to give individual training recommendations. 
Beside medical history you will perform a clinical examination, an ECG and an 
echocardiography. In addition cardiopulmonary exercise testing will have to be 
performed by the patient in order to determine abnormalities under exercise as 
well as values of maximal exercise capacity for individual training 
recommendations.

 3. In general a moderate aerobic training as well as a high intensity training is pos-
sible for HFrEF patients when contraindication are excluded. But for the begin-
ning of an exercise program HFrEF patients should always start with low or 
moderate intensity adapted to the individual fitness level. For very deconditioned 
patients—like your HFrEF patient—who has never done any kind of sports 
before, a daily activity of 5–10 min of low intensity is enough for the beginning. 
This amount of activity may also be done twice or even more frequently per day. 
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In the next weeks first the duration of exercise should be increased, later the inten-
sity. Overall a HIT is not recommended for the next weeks, but may be possible 
when physical performance increases over time without a deterioration of HF 
symptoms. For deconditioned patients a supervised setting is recommended.
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Transplantation and Left Ventricular 
Assist Device
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Learning Objectives
 1. Understand the importance of HTX and LVAD implantation within the therapy 

of terminal HF.
 2. Be able to perform an adequate evaluation of functional or cardiopulmonary 

exercise capacity in HTX and LVAD patients.
 3. Acquire knowledge about the clinical condition, special hemodynamic princi-

ples and exercise physiology of HTX and LVAD patients.
 4. Gain an overview on the effectiveness of exercise-based interventions in HTX 

and LVAD patients and become familiar with the current recommendations for 
exercise training.

 5. Acquire knowledge about special safety aspects for functional and exercise 
training in LVAD patients.

47.1  Surgical Therapy Options in Patients with Advanced 
and Terminal Heart Failure

In the western world, heart failure (HF) affects approx. 1–2% of the adult popu-
lation. The prevalence rises continually after the age of 50 years, and in 75-year 
olds is over 8% [1, 2]. Within HF, advanced and terminal stages account for 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35374-2_47&domain=pdf
mailto:bjarnason@dshs-koeln.de
mailto:tschmidt@schuechtermann-klinik.de
mailto:nreiss@schuechtermann-klinik.de


978

6–25% of patients, with a significantly increasing tendency [3]. This increase is 
due to different factors:

• On the one hand, the population is becoming older, and the prevalence of chronic 
HF increases continually with age.

• On the other hand, mortality during the early stages of chronic HF is drastically 
decreasing, due to considerably improved treatment options (e.g. drug therapy, 
electrotherapy, interventional procedures) [1, 4].

For the treatment of advanced and terminal HF, orthotopic heart transplantation 
(HTX) was long considered the gold standard [5]. HTX leads to a significant improve-
ment in the physical capacity of patients, and thus also to a considerable increase in 
their quality of life. The survival rates are currently around 85%, 70% and 50% after 
1, 5 and 10 years, respectively [6]. The lack of donor organs today, however, means 
that HTX is now unfortunately only an option for a minority of HF patients, with the 
gap between organ availability and patients requiring treatment increasing. For a long 
time there were hardly any other options for the treatment of advanced and terminal 
HF which had a beneficial prognosis except HTX, but over the past two decades enor-
mous progress has been made in the development of so- called mechanical circulatory 
support systems (MCS), to the extent that they are now considered an alternative to 
HTX [7]. In most cases the used MCS systems are left ventricular assist devices 
(LVAD) [8], and the number of LVAD systems implanted now even exceeds the num-
ber of HTX performed by quite a margin [9–12] (Fig. 47.1).
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Fig. 47.1 Surgical treatment of advanced and terminal HF; development in Germany since 2006 
[9–12]. HF heart failure, HTX heart transplantation, LVAD, left ventricular assist device
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So-called paracorporeal systems were already being used for circulation support 
more than 40 years ago [13, 14]. Back then, the pump chambers were on the abdom-
inal wall, and the drive system was the size of a fridge. These systems could be used 
for right-heart, left-heart or biventricular support. Two mechanical valves deter-
mined the direction of blood flow. A sensor detected when the pump was filled with 
blood and signalled to the drive system to eject the blood out of the pump and into 
the circulation of the patient. Clinical experience showed that an effective stroke 
volume (SV) of up to 65 ml could be achieved, as well as a cardiac output (CO) of 
4–7 l/min, with a heart rate (HR) of approximately 70–100/min. This technology 
was used successfully for years [14]. During this time, it was also discovered, how-
ever, that biventricular cardiac support is not always necessary: usually isolated 
left-ventricular support is sufficient. And this was the starting point for the further 
development of LVAD.

The second-generation systems were intracorporeal rotation pumps with axial flow 
[14, 15]. The size of these rotation pumps was small compared to that of the previous 
pulsatile systems. The pumps also no longer worked with pulsatile, but with continu-
ous blood flow, were driven by a rotating impeller and employed very high rotational 
speeds (e.g. 15,000 rotations per minute for the HeartMate 2 (Abbott Laboratories, IL, 
USA)). This made blood flow of up to 8–10 l/min theoretically possible. A further 
essential difference to the first generation of pulsatile systems was the absence of 
flow-regulating valves and compliance chambers (Windkessel effect) [14]. Moreover, 
these devices were much quieter than the pulsatile systems. For the first time, patients 
could be rapidly mobilised. And they made it possible for patients to be discharged to 
their home environment, increasing their quality of life significantly [16].

The latest, third-generation LVADs are miniaturised centrifugal pumps which 
are implanted. Like the pumps of the second generation, they are not pulsatile, but 
ensure continuous blood flow. This time, however, flow is not axial, but centrifugal 
[15, 17–19], with in- and outflow cannulas arranged at 90°. Also, they run at a lower 
speed (1800–9000 rotations per minute, depending on the model). The main repre-
sentatives of this new group are HVAD [20, 21] (Medtronic Inc., MN, USA) (Fig. 
47.2) and HeartMate3 [19] (Abbott Laboratories, IL, USA).

In these systems, the small size of the pump facilitates implantation within the 
pericardium without the necessary creation of an additional cavity for the device 
itself. The outflow graft is usually connected to the ascending aorta. The pump is 

• The prevalence of advanced and terminal HF has increased considerably 
over the past few years.

• Treatment options with beneficial prognoses are HTX and LVAD 
implantation.

• Due to the lack of donor organs, the number of LVAD implanted now con-
siderably exceeds the number of HTX.
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connected via a relatively thin driveline, tunnelled through the abdominal muscles, 
to an external controller which takes care of device management and power supply 
[18, 19, 22] (Fig. 47.3).

Fig. 47.2 State-of-the-art 
LVAD continuous flow 
pumps exemplified by the 
HVAD system from 
Medtronic Inc. [21]. HVAD 
HeartWare ventricular 
assist device, LVAD left 
ventricular assist device

• In the past, paracorporeal systems generated a pulsatile flow via a pneu-
matically driven pump and supported both ventricles.

• Nowadays, implantation of an LVAD is sufficient in most cases.
• State-of-the-art LVADs are intracorporeal, continuous-flow pumps which 

operate at a pre-set and fixed rotational speed.
• Device management and power supply are taken care of by an external 

controller which is connected to the LVAD via a so-called driveline through 
the abdominal wall.
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Due to technical developments over the past few years, the survival rates follow-
ing LVAD implantation are now very good and, at least in the first years, compara-
ble with results following HTX.  The probability of survival following LVAD 
implantation in patient collectives comparable with HTX patients is currently 85% 
in the first year, 77% in the second and 59% in the fifth year [8, 23]. Good results 
are also being achieved in the long term, significantly superior to those of drug 
therapy [24, 25], although long-term survival following HTX is still better (38% 
after 15 years, sometimes even 20–30 years) [6, 26, 27]. Nevertheless, encouraged 
by the good results after LVAD implantation and justified by the increasing number 
of patients requiring treatment, as well as the evident shortage of donors, the status 
of LVAD therapy is rising all the time. Whereas in the past these systems were only 
implanted temporarily, either until a possible recovery of the myocardium (bridge to 
recovery) or until HTX (bridge to transplant), today they are increasingly being 
used as a long-term solution (destination therapy) [28, 29].

Fig. 47.3 Internal and 
external system 
components of the LVAD 
systems used today, 
exemplified by the HVAD 
system from Medtronic 
Inc. [22]. HVAD 
HeartWare ventricular 
assist device, LVAD left 
ventricular assist device

• In the initial period following LVAD implantation, survival is good, com-
parable to HTX.

• Over the long-term course, HTX is superior to LVAD implantation.
• LVADs are now largely implanted as destination therapy, that is as a per-

manent solution until the end of life.
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Two different surgical procedures are thus currently available for the long-term 
therapy of advanced and terminal HF, differing considerably in their impact on 
patients. Over the long-term course, the attainment and maintenance of an accept-
able physical capacity is particularly important for both patient groups in order to 
improve their quality of life, as well as their participation in everyday activities.

In the following, an assessment of functional and cardiopulmonary exercise 
capacity, as well as essential aspects regarding clinical condition, haemodynamic 
principles and exercise physiology will be discussed for both target groups. Finally, 
recommendations will be given regarding target-group-specific exercise training 
and peculiarities noted.

47.2  Assessment of Functional and Cardiopulmonary 
Exercise Capacity in HTX and LVAD Patients

With the help of a thorough assessment of functional and cardiopulmonary exercise 
capacity (Fig. 47.4) [30], the cardiopulmonary, metabolic and muscular exercise 
tolerance of HF patients can be objectively determined [31, 32]. In both HTX 
patients and LVAD patients, the results serve to evaluate the patient’s condition, to 
stratify the individual risks, and to provide information aiding a long-term progno-
sis [33–39]. A thorough assessment is a prerequisite for the contentual planning of 
effective training, for individual control of exercise levels and for follow-up. The 

Fig. 47.4 LVAD patient during cardiopulmonary exercise testing on bicycle ergometer [30]. 
LVAD left ventricular assist device
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diagnostic measures make equal sense within the framework of rehabilitation mea-
sures, ambulatory follow-up programmes or for patients who would like to pursue 
sports activities.

Table 47.1 lists possible assessment procedures for the testing of functional and 
cardiopulmonary exercise capacity in HTX and LVAD patients [31, 32, 40–43], 
whereby the individual situation of a patient is always crucial to the exercise type 
and protocol. In addition, performance-limiting comorbidities, particularly those of 
an internal, neurological or orthopaedic nature, should be ascertained and 
documented.

In addition to objective parameters, the subjective exercise tolerance of patients 
should also and in particular be ascertained in order to train adequate perception and 
to prepare patients for the challenges of everyday life [34, 39]. In addition to the 

Table 47.1 Possible assessments for testing of functional and cardiopulmonary exercise capacity 
in HTX and LVAD patients [31, 32, 39–42]

Test Test protocol Measurement parameters
Functional 
assessment

6-min 
walking test

ATS standard with/without aids Distance, RPE, usage of aids, 
number/duration of recovery 
periods, reason for stopping

Timed up 
and go testa

Standard with/without aids Time, usage of aids, certainty of 
movement, mobility classification

Ergometry CPET on 
bicycle

 1.  Ramp (5–10 watt/min)
 2.  WHO step (25 watt/2 min)
 3.  In patients with good exercise 

tolerance, higher increases/
steps are also thinkable

ECG, HR, Watt, RPE, exercise 
duration, reason for stopping, 
VO2, VE/VCO2 slope, RER, 
lactate, oxygen saturation, values 
at VAT

CPET on 
treadmillb

Select protocol with constant 
low speed and increase load by 
increasing elevation

ECG, HR, elevation, RPE, 
exercise duration, reason for 
stopping, VO2, VE/VCO2 slope, 
RER, lactate, oxygen saturation, 
values at VAT

IGR on 
bicycle

4-minute step protocol at 
different exercise levels

ECG, HR, Watt, RPE, VO2, CO, 
avDO2, RER, lactate, oxygen 
saturation, systolic blood 
pressure, cardiac index, LVAD 
flow

Strength 
assessment

Handgrip 
strength test

Standard one-arm for both, right 
and left hand

Newton

Knee 
extension

Standard one-leg for both, right 
and left leg

Newton

ATS American Thoracic Society, avDO2 arteriovenous oxygen difference, CO cardiac output, 
CPET cardiopulmonary exercise test, CR cardiac rehabilitation, ECG electrocardiogram, HR heart 
rate, HTX heart transplantation, IGR inert gas rebreathing, RER respiratory exchange ratio, RPE 
rated perceived exertion, LVAD left ventricular assist device, VAT ventilator anaerobic threshold, 
VE/VCO2 slope, relation between ventilation and carbon dioxide production, VO2 oxygen uptake, 
WHO World Health Organization
aOnly in patients with 6-min walking distance below 200 m and using aids
bOnly for patients without balance disorders
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assessments proposed in the Table 47.1, specific sports related diagnostics are also 
conceivable for patients with sporty ambitions.

When conducting assessments, the peculiarities and limitations specific to HTX 
or LVAD implantation must be taken into account. The published counterindica-
tions for HF patients must be observed during all tests [44].

LVAD patients have some additional system-relevant abort criteria, such as 
device alarms, LVAD flow less than 3  l/min, haemorrhaging (e.g. nosebleeds) or 
oxygen saturation below 90% [45]. Relevant safety standards must be observed at 
all times (see below).

47.3  Heart Transplantation

47.3.1  Clinical Condition, Haemodynamic Principles and Exercise 
Physiology

47.3.1.1  Clinical Condition
Compared to life with advanced or terminal HF, HTX brings a significant improve-
ment in functional status, quality of life and ultimately survival in patients who are 
usually still quite young (average age on transplantation approximately 50 years) 
[26, 46]. Clinical condition following HTX is influenced by the individual anamne-
sis of the patient, the altered haemodynamics of the transplanted heart, sequelae 
from the life-prolonging immunosuppression and potentially severe complications. 
The most frequent complications in heart transplant recipients include

 (a) infections (esp. respiratory system),
 (b) cardiac allograft vasculopathy (CAV),
 (c) renal failure,
 (d) rejection and, in the long term,
 (e) cancer [46].

An early diagnosis of CAV is extremely important with regard to exercise train-
ing since a denervated heart gives no warning symptoms such as perceptible pect-
anginous pain (silent ischaemia) [47]. The patient is thus unwittingly in danger of 
overexertion, with the potential consequence of arrhythmia, heart attack or even 
sudden cardiac death.

• Assessment of functional and cardiopulmonary exercise capacity is 
recommended.

• In addition to objective parameters, subjective exercise tolerance should 
also and in particular be ascertained and trained.

• When assessing LVAD patients, specific safety standards and system- 
relevant abort criteria must be observed at all times.

B. Bjarnason-Wehrens et al.
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In addition to the potential complications listed here, transplanted patients are 
also restricted by damage suffered prior to transplantation:

• For example, persistent damage of the pulmonary capillary bed can be observed 
in many patients with a long history of HF.

• Furthermore, inactivity, sometimes for years, will often have led to a decon-
ditioning of the peripheral muscles [48–50].
 – The result is a shift in muscle fibre composition from type I to types IIa and IIb.
 – Following HTX, the muscle fibre cross-section usually does increase again, 

but the proportion of type I muscle fibres remains reduced [51–53].
• This is also encouraged by the immunosuppressive medication (calcineurin 

inhibitors, corticosteroids), which causes a reduction in the oxidative function of 
the skeletal muscle fibres.

• The administration of corticosteroids and potential physical inactivity addition-
ally lead also to a decrease in bone density [54].

Despite the changes to heart, lungs and motor apparatus described here, as well 
as the potential occurrence of complications, physical exercise capacity rises sig-
nificantly following HTX, albeit being still below the values of a control group of 
the same age without heart disease [55]. The results from CPET usually reveals 
peak oxygen consumptions (peak VO2) of approximately 16–20 ml/kg/min, corre-
sponding to around 50–70% of predicted values [56]. In individual patients signifi-
cantly better values can be achieved: in the normal range or even in the range for 
high-performance athletes [57]. These patients are the exception, however, and were 
usually active sportsmen and women prior to HTX.

With regard to symptoms, most patients are in NYHA class I following HTX, so 
that approximately 90% of patients are unrestricted in their activity [58]. The aver-
age six-minute walking distance (6MWD) achieved is usually 500 m or more (>85% 
of predicted), meaning that patients are well suited to everyday life [59–61].

In the following, we shall discuss haemodynamic principles and exercise 
physiology.

47.3.1.2  Haemodynamic Principles and Exercise Physiology
HTX leads to key haemodynamic changes (Fig. 47.5) [47]. The most frequently 
used surgical techniques for HTX are standard excision of the heart with biatrial 

• Complications can occur following HTX, such as infections, CAV, renal 
failure, rejection and cancer.

• Peak exercise values are usually approximately 50–70% of predicted. 
Individual values may be better.

• Patient symptoms improve significantly to NYHA class 1, concomitant 
with good functional capacity at >85% of predicted.
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anastomosis, and the bicaval technique with resection in the region of both venae 
cavae [62, 63]. Both techniques lead to a denervation of sympathetic and parasym-
pathetic nerve fibres. This denervation is responsible for numerous physiological 
phenomena in heart transplant patients [47, 64, 65], both at rest and under exercise 
conditions, e.g.:

• high resting HR (approximately 95 bpm),
• delayed increase in HR under exercise conditions (chronotropic incompetence),
• delayed achievement of resting HR in the recovery phase following physical 

exercise,
• significantly restricted HR variability.

Denervation leads to an emptying of the catecholamine storage of the myocar-
dium, in turn leading to a dependence of the donor organ on circulating catechol-
amines (epinephrine, norepinephrine) [47, 64]. Due to an increased sensitivity to 
circulating catecholamines, the consequence can be an increased occurrence of 
arrhythmia. The administration of betablockers to HTX patients is, however, coun-
terindicated since their exercise tolerance level is significantly reduced.

In order to compensate chronotropic incompetence in conjunction with physical 
exertion, the donor heart must increase its SV via the Frank Starling mechanism, so 
that CO can be adapted at least partially to the level of exertion. In many patients, 
however (particularly initially), a decreased compliance of the left ventricle can be 
observed (diastolic dysfunction) [66, 67]. The consequence is increased 
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Fig. 47.5 Physiological changes at rest and during exercise in patients after heart transplantation. 
Blue arrows indicate blockage of the nerve fibres, red arrow indicates residual effect of circulatory 
catecholamines (reprinted with kind permission from The Korean Circulation Journal [47]). HR 
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enddiastolic pressure in the left chamber, despite reduced enddiastolic volume. This 
in turn hinders the Frank Starling mechanism, accompanied by a non-optimal adap-
tation of SV under exercise conditions [68]. Overall, the CO remains reduced, both 
at rest and under exercise conditions, and only a slight increase in systolic blood 
pressure can be generated [69–71].

Partial reinnervation following HTX is fundamentally possible and also has a 
clinical impact on exercise capacity. Overall, 40–70% of patients display cardiac 
reinnervation over the long-term course. Corresponding changes in the sympathetic 
nerve fibres can be observed very early on (after approx. 6 months), and later in the 
parasympathetic nerve fibres (after more than 1 to 3 years) [65]. However, despite 
long-term compensation mechanisms the overall result is still inferior to nerve 
fibres in subjects without heart disease [65].

47.4  Exercise Training

47.4.1  Efficacy of Exercise-Based Interventions

Results from a smaller retrospective study provide first hints of a protective effect of 
exercise-based rehabilitation immediately after transplantation [72]. They showed a 
significant association between the number of completed rehabilitation units in the 
first 90 days after HTX and survival rates (hazard ratio, 0.90, 95% CI, 0.82–0.97, 
p = 0.007) [72]. In the meantime, the efficacy of exercise-based rehabilitation on 
physical performance (peak VO2, MD 2.49 ml/kg/min, 95% CI, 1.63–3.36) has been 
confirmed by a meta-analysis of 9 studies including 284 patients [73]. Only one of 
the studies evaluated documented adverse events.

The ability of moderate aerobic endurance training (60–80% peak VO2) to 
improve exercise capacity in HTX patients has been confirmed by meta-analyses 
and systematic reviews including a few smaller studies [56, 74, 75]. Other docu-
mented positive effects of moderate aerobic endurance training (60–80% peak 
VO2) are:

• increase in peak HR,
• improvement in the oxidative capacity of skeletal muscle [76],
• improvement in blood pressure [77],
• improvement in endothelial function [78–80],
• improvement in quality of life [81–84].

• HTX leads to denervation of parasympathetic and sympathetic nerve fibres 
in the myocardium.

• This denervation in turn leads to a changed HR pattern at rest and under 
exercise conditions, whereby peak exercise values remain restricted.

• Over the long-term course, partial reinnervation is possible and has a posi-
tive clinical impact.
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Randomized controlled trials have confirmed the feasibility of high-intensity 
interval training (30/60 seconds at 90–100% peak VO2; 4x4 min 90% peak HR or 
80–90% peak VO2) in HTX patients >1 year after transplantation. These studies 
show that interval training can be considered in the long-term care (> 1 year after 
HTX) with positive improvements in:

• peak VO2 [85–88],
• muscular endurance [85],
• endothelial function [89],
• quality of life [90],
• reduced anxiety and depression [90],

The results of a randomized crossover study show a low superiority of the inter-
val training method (60% -70% peak VO2 vs. > 80% peak VO2) in terms of improve-
ment in exercise capacity and quality of life [91, 92]. However, the impact of 
exercise on the progression of CAV needs further investigation [56, 93].

Moderate resistance training (50% of 1 repetition maximum (RM)) improves 
muscle strength [74] and counteracts the negative effects of immunosuppressive 
therapy on muscle and bone metabolism [50, 94–96].

There are currently no studies showing a favourable long-term effect of any type of 
exercise intervention on the prognosis and clinical course of HTX patients [97, 98].

47.4.2  Recommendations for Exercise Training

After HTX, haemodynamically stable patients should participate in medically 
supervised exercise-based measures, and all training measures should be continued 
in the long term [97, 99, 100].

Before the onset of exercise training, as well as at regular intervals, an ischaemia 
diagnosis is recommended to rule out the possibility of CAV (silent ischaemia). The 
CPET results cannot be used for this purpose due to low sensitivity [101].

The planning and execution of exercise training must always be adapted to the 
individual clinical condition. Attention should be paid to signs of possible rejection 
episodes (e.g. low exercise tolerance, shortness of breath, oedemas). During such 
episodes, the exercise intensity must be clearly reduced. Any cortisone bolus ther-
apy should lead to interruption of exercise training [100]. Likewise, restrictions 
linked to treatment of concomitant cancer must be taken into account.

• Participation in exercise-based cardiac rehabilitation can provide protec-
tive effects.

• Both moderate aerobic endurance training and high-intensity interval 
training reveal positive effects on exercise capacity, quality of life and 
peripheral adaptions.

• Moderate resistance training can counteract the negative effects of immu-
nosuppressive therapy on muscle and bone metabolism.

• To date no studies are available on the long-term effects of exercise-based 
interventions.
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For all patients: a sophisticated fluid balance must be sought to ensure optimal 
hemodynamic performance.

47.4.3  Aerobic Endurance Training

• After heart transplantation, patients should be introduced as early as possible 
(second to third week postoperatively) to individually adapted, supervised and 
monitored aerobic endurance training [97, 99, 100].

• From the third postoperative week, a stepwise stress test with small increments 
of 5–15 watts should be performed to assess exercise tolerance and possible 
exercise intensity [48, 65].

• Aerobic exercise training should be started at low intensity (<50% of the peak 
VO2 or 10% below the ventilatory threshold) [99].

• Exercise intensity should be determined using the Borg scale (RPE 11–14) and/
or the respiratory rate (“Speech Rule”), which means that the respiratory rate 
should permit conversation [99, 100]. Due to chronotropic incompetence, the use 
of HR to determine exercise intensity is inadequate.

• Exercise intensity can also be defined as up to 50% of the maximum load (watt) 
achieved during CPET [99, 100].

• Clinically stable patients with good exercise tolerance should gradually be 
brought up to a more intensive aerobic endurance training (60–80% of peak VO2) 
in the long term, possibly also in the form of high-intensity interval training (> 
80% of peak VO2) [56].

47.5  Resistance Training

• Moderate and individually dosed resistance training (50–60% of 1 RM) 
should be integrated into the exercise regime postoperatively as soon as pos-
sible [97, 99, 100].

• In particular, individually dosed resistance training is suitable for counteracting 
catabolic side-effects of immunosuppressive therapy and the loss of muscle 
mass, muscle strength and bone density caused preoperatively by HF and 
inactivity.

• All measures performed shortly after HTX should be gentle on the sternum.

• Aerobic endurance training and resistance training are recommended.
• Before the onset of exercise training, an ischaemia diagnosis should be 

performed.
• During exercise training, attention should be paid to possible signs of 

rejection episodes.
• Due to chronotropic incompetence, training should be controlled using the 

Borg scale or via percentage of peak VO2, of the VO2 reserve or peak load.
• Resistance training soon after HTX should be gentle on the sternum due to 

sternotomy.
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47.6  LVAD Implantation

47.6.1  Clinical Condition, Haemodynamic Principles and Exercise 
Physiology

47.6.1.1  Clinical Condition
LVAD patients are usually older (approx. 60  years on implantation) than HTX 
patients [102, 103] and/or display corresponding counterindications for transplanta-
tion. Depending on their individual disease course and possible concomitant dis-
eases, their clinical condition can differ considerably [34, 104]. Possible 
comorbidities in LVAD patients are e.g.

 (a) renal failure,
 (b) atrial fibrillation,
 (c) diabetes mellitus,
 (d) respiratory diseases,
 (e) neurological problems,
 (f) orthopaedic problems,
 (g) sarcopaenia,
 (h) obesity or
 (i) psychiatric problems [29, 104–108].

In addition, in connection with the LVAD therapy, severe complications such as 
bleeding, thromboembolic events, driveline infections or right HF can occur [8, 28], 
having a considerable influence on clinical condition.

Overall, however, after LVAD implantation patients experience a considerable 
increase both in quality of life and in NYHA symptoms (80% of patients after 
implantation are in NYHA class 1–2) [16, 109]. The patients are capable of increas-
ing their daily life activities significantly, even though in the long term their perfor-
mance remains below that of healthy subjects [110].

Maximum exercise capacity remains considerably restricted after implantation, 
with a peak VO2 of 10–13 ml/kg/min (approximately 40–45% of predicted), and 
over time hardly improves (up to approximately 50% of predicted) [111–116]. In 
contrast to peak exercise values, the achieved functional performance can be evalu-
ated as better than could be expected from the peak VO2 [117]. In the six-minute 
walking test (6MWT), for example, patients frequently achieve values between 350 
and 400  m (70% of predicted) [33, 109, 115], which can sometimes even be 
increased further over the long-term course (~450  m, 80% of predicted) [116]. 
Likewise, after implantation improvements in muscle strength and in the musculo-
skeletal prerequisites (fibre composition, fibre thickness, oxidative function, hor-
monal signal chain) can be observed [118]. It is conspicuous that (without dietary 
intervention) a significant weight increase can be observed in the patients over the 
long-term course, with a tendency towards obesity. This is most likely to be attribut-
able to lifestyle causes [116, 119].
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The reasons why the peak exercise values remain so significantly restricted and 
the submaximum values are, in contrast, considerably better, must be seen as lying 
in the special haemodynamic situation following LVAD implantation.

47.6.1.2  Haemodynamic Principles and Exercise Physiology
In LVAD patients, the native left ventricle and the assist device usually both contribute 
to the total CO. At rest, the predominant proportion of the blood volume flows over the 
pump, which in this situation strongly relieves the left ventricle [40, 120, 121]. With 
increasing physical exercise, the venous return increases and the result is an increased 
supply of blood in the left ventricle [122]. Dependently on the achieved intraventricular 
pressure and the contractile residual function of the myocardium, in most patients an 
additional blood volume can be ejected via the aortic valve. The result is a special hae-
modynamic situation with two parallel circulations [40, 120, 121] (Fig. 47.6) [123].

Fig. 47.6 Special haemodynamic situation in LVAD patients. Left: at rest, the largest proportion 
of the total CO flows from the left ventricle via the LVAD into the aorta. Right: under exercise 
conditions most patients eject additional blood volume via the aortic valve. Two parallel circula-
tions result [123]. CO cardiac output, LVAD left ventricular assist device

• LVAD patients are a heterogeneous patient collective which can differ con-
siderably in clinical condition.

• The most frequent complications are bleeding, thromboembolic events, 
driveline infections or right HF.

• The peak exercise values remain restricted, at 50% of predicted.
• The functional performance is much better, at 80% of predicted.
• Without dietary intervention, a long-term significant weight gain can be 

observed in many patients, with a tendency towards obesity.
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The regular function of the aortic valve is also significant for the haemody-
namic prerequisites. Following LVAD implantation, many patients develop at 
least mild to moderate aortic valve insufficiency over the long-term course [124, 
125]. The reasons for this are not yet fully researched and probably complex. 
However, in the presence of aortic valve insufficiency a retrograde circulation 
(blind circulation) can sometimes occur, resulting in a further reduction in effec-
tive total CO [125].

In LVAD patients, due to the underlying disease or the corresponding medica-
tion, a chronotropic incompetence can often be observed [121, 126, 127]. 
Likewise, the pump speed in LVAD patients is fixed and does not alter under 
exercise conditions. Nevertheless, pump flow can increase to a certain level 
under exercise conditions through a change in pressure gradient (changes in pre-
load and afterload) [40, 120, 121]. Crucial for the patient is the composite amount 
of blood which can be transported through the two parallel outputs. The total CO 
at rest is approximately 4 to 6 l/min and increases up to twofold under maximum 
exertion [128–134]. The large part of this increase takes place under submaximal 
exertion and considerably decreases with increasing exertion [134]. In most 
cases, a convincing increase in total CO beyond the twofold is impossible due to 
the limited LVAD pump flow, the reduced left-ventricular residual function and 
the likewise often restricted right- ventricular function. The resulting hypoperfu-
sion is initially compensated by patients through an increased arteriovenous oxy-
gen difference (avDO2) [134]. However, the maximum achieved avDO2 has an 
upper limit and is dependent, amongst other things, on the haemoglobin value, 
the diffusion rate into the muscle cell and the mitochondrial capacity [122, 135]. 
Due to the underlying disease, the physiological prerequisites in LVAD patients 
(at least at the beginning of therapy) are considerably restricted (e.g. anaemia, 
skeletal myopathy, endothelial dysfunction) [120, 121], meaning that exercise 
often has to be curtailed.

• In LVAD patients, both pump flow and native ejection via the aortic valve 
contribute to total CO under exercise conditions.

• Aortic valve insufficiency is common in LVAD therapy over the long-term 
course and can cause retrograde circulation.

• The LVAD pump speed is fixed and does not adapt to exercise conditions.
• The maximum total CO remains considerably reduced (twofold at most).
• The deficit in total CO can be compensated up to a certain level through an 

increase in avDO2.
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47.7  Exercise Training

47.7.1  Safety Aspects During Exercise

All therapists involved in functional and exercise training (physicians, exercise ther-
apists, physiotherapists) should have profound knowledge of the special needs of 
LVAD patients and the relevant safety aspects. Based on current guidelines [34], 
regular refresher courses on device management and emergency measures should 
be offered to all staff involved. In case of adverse events, a centre-specific emer-
gency chain must be in place in order to care for patients as quickly and efficiently 
as possible. Concerning equipment, all system-relevant replacement parts (e.g. 
charged batteries, controllers, charging stations) should be in stock [34, 39].

Before initiating functional and/or exercise therapy, patients must be in a clinically 
and haemodynamically stable condition. Exclusion criteria are [34, 39, 45, 136]:

• low volume status with orthostatic reaction,
• bleeding,
• signs of systemic infection,
• ventricular arrhythmias and/or technical LVAD problems.

Before carrying out any functional or exercise-based measures, the following 
safety aspects must be strictly observed:

• checking of the batteries,
• monitoring of the driveline length and location,
• choice and control of mounting of the controller and batteries (the use of safari 

jackets has been positively tried and tested).

While performing functional and/or exercise-based measures, the following ter-
mination criteria must be observed:

• pump flow reduction <3 l/min,
• inadequate increase in the energy requirement of the pump in watts (note for 

thrombus formation!),
• oxygen saturation < 90% (pulse oxymeter),
• bleeding (e.g. nosebleeds)

Special care is required in the exercise selection and choice of training equip-
ment. While performing functional and exercise-based activities, rapid shifts in 
body position should always be avoided (e.g. from sitting to standing with rapid 
blood volume displacement) due to blood volume shifts and the risk of suction 
events. All activities that could lead to an uncontrolled, inadequate load on the 
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system or activities which involve an increased risk of bleeding must be strictly 
avoided (water sports, contact sports, competitive game forms, etc.) [34, 39]. In 
patients with a fresh sternotomy, special caution is required when exercising the 
upper extremities in the first 3 months, due to possible instability of the sternum. In 
addition to the LVAD-specific aspects, the general recommendations for HF patients 
also apply [137].

47.7.2  Efficacy of Exercise-Based Interventions

Results from previous studies do not permit a reliable estimation of the safety [45, 
138–142] and effectiveness of exercise-based measures after LVAD implantation. 
Only a few retrospective analyses [81, 104, 113, 143], controlled or comparative 
studies [119] and very small randomized, controlled trials [144–146] report on 
experiences and results, and this on the basis of a very heterogeneous patient popu-
lation. However, these studies provide evidence that LVAD patients benefit from 
individualised and adapted endurance exercise training [81, 104, 113, 119, 144–
146], at least in the short term. The results show that

 (a) improvement in physical capacity [144, 146],
 (b) functional performance [144, 146],
 (c) quality of life [144, 145] and
 (d) pulmonary capacity [144]

can be achieved. Long-term effects of exercise-based measures are not yet available 
[34, 120, 121, 139].

• Results from a recent meta-analysis [141] and a systematic review [140] confirm 
the positive effect of exercise-based rehabilitation on
 – peak VO2 (WMD: 3.0 ml/kg/min; 95% CI 0.64–5.35, p < 0.001, SMD = 0.736, 

95% CI 0.32–1.15, p = 0.001),
 – 6MWD (WMD: 60.06 m, 95% CI: 22.61–97.50 p = 0.002),
 – quality of life (SMD = 1.58, 95% CI 0.97–2.20, p < 0.001).

• In four studies, individualised low-dose resistance training was implemented 
[104, 113, 145, 146]. The authors confirm the effectiveness and the feasibility of 
highly individualised low-dose resistance training. This training mode is well 
tolerated and accepted by the patients.

• All involved therapists should be trained device-specifically and receive 
regular refresher courses.

• In case of adverse events, a centre-specific emergency chain must be in 
place.

• All activities which lead to an uncontrolled inadequate loading of the sys-
tem or an increased risk of bleeding must be strictly avoided.
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• Beyond special training contents, a recently published study [147] reports the 
positive effect of structured rehabilitation programmes on 1-year hospitalisation 
(23% lower risk) and 1-year mortality (47% lower risk) in LVAD patients.

In summary, taking into account the overall experience gained in chronic HF 
patients, [99, 137] the results permit cautious recommendations for exercise train-
ing after LVAD implantation [34, 45, 148, 149].

47.7.3  Recommendations for Exercise Training

After LVAD implantation, haemodynamically stable patients should participate in 
medically supervised exercise-based measures [34, 136]. In patients with a newly 
implanted LVAD system, the onset of functional or exercise-based measures should 
be primarily guided by the individual clinical conditions and the disease progres-
sion. Usually LVAD patients require a high degree of individualised and controlled 
measures, which are often only available in a single care setting [34].

The supervision should be carried out by experienced, well-trained therapists 
who are familiar with management of the LVAD systems used, the general safety 
aspects and the special emergency management [34]. The safety aspects listed 
below must be strictly observed.

47.8  Aerobic Endurance Training

The basis of exercise therapy in LVAD patients should be an individually adapted, 
mild to moderate continuous aerobic endurance training.

• Alternatively, aerobic interval training with short moderate load phases (20–30 s) 
alternating with recovery phases twice the length (40–60 s) can be performed.

• Initial aerobic endurance training should be performed on a cycle ergometer with 
monitoring.

• In addition to training on a cycle ergometer, other endurance exercise forms, esp. 
individualised walking programmes with or without walking aids should be 
integrated.
 – If tolerated, a walking programme can be repeated several times per day.
 – Treadmill training should initially be avoided due to safety aspects.

• To date, few studies on exercise-based interventions have been published.
• Through aerobic endurance training and low-dose resistance training, 

short-term follow-up effects on physical capacity, functional performance, 
quality of life and pulmonary capacity could be achieved.

• Results regarding long-term effects are not yet available.
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• Due to the lack of a pulse, a control of exercise intensity based on heart rate can-
not be carried out in the usual manner. Therefore, the use of subjective parame-
ters like Borg-Scale (RPE, rated, perceived exertion) is recommended:
 – A value ≤13 RPE (somewhat hard) can be used as orientation.
 – With good exercise tolerance, the intensity of the exercise load can be 

increased up to a value of ≤15 RPE (hard/heavy) [34, 45].
• The respiratory rate can also be used to assess exercise intensity via the so-called 

“Speech Rule”, which means that the respiratory rate should permit 
conversation.

• If CPET was performed, the intensity of ergometer training with permanent exer-
tion can be ascertained as a percentage of the peak VO2 (40–60%), of the VO2 
reserve (30–50%) or of the peak load (40–50%) [99, 145, 150]. For interval train-
ing, it is possible to start with low intensities (40–50% of the peak load), as 
exercise tolerance increases, intensive exertion of 75–85% of the peak load can 
become the target [150].

47.9  Resistance Training

An individually adapted resistance training of low to moderate intensity with a low 
isometric component can be considered as a supplement to (but not as a substitute 
for) endurance training.

• Special care is required in the exercise selection and choice of training 
equipment.

• Using a strength training machine can be an advantage because it limits the range 
of motion and the amplitude of movement, thereby reducing the risk of inade-
quate exercise performance, with the associated risk of unintentional loading of 
the driveline.

• The focus of resistance training should be on training the lower limb muscles 
since they are crucial for carrying the burden of everyday life and are particularly 
affected by deconditioning.

• A careful individualised introduction of every patient is mandatory.
• Resistance training should be started with a very low intensity (equivalent to <30% 

of 1RM) and then gradually be adjusted as patient exercise capacity improves.
 – The load should be effortless to perform without evasive movements and/or 

compressed breathing.
 – As an orientation, the Borg scale can be used (<13 RPE with good load toler-

ance gradual increase also <15 RPE) [34, 99, 137].
• In the initial state, exercises for the abdominal and back muscles must be avoided. 

Caution is also required in all exercises for the muscles of the upper extremities 
and the shoulder girdle, especially in sternotomised patients. In the long term, 
these exercise forms should also be carefully considered.

• If necessary, respiratory training should be carried out (see Chap. 48).
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47.10  Outlook

All recommendations listed here are based on the status quo of current operating 
techniques, medications and technical systems. When reading and implementing 
them, the impact of possible future technical developments, changes in drugs and/
or new study results must be taken into account.

Within the framework of HTX therapy, future developments are conceivable in 
immunosuppressive medication, concomitant with impacts on the clinical condition 
of the patient. Likewise, the increased use of rate-responsive pacemakers is conceiv-
able in order to minimise the consequences of chronotropic incompetence [69]. In 
the long term, xenotransplantations are also conceivable [47].

The current focus in LVAD therapy research is on the development of a trans-
cutaneous energy transfer and the development of so-called smart pumps. A safe 
and reliable transcutaneous energy transfer would mean elimination of the 
driveline, accompanied by enormous advantages regarding general freedom of 
movement and the possibility of being able to pursue underwater activities. 
Likewise, severe problems involving infections of the driveline exit site could 
be prevented [151].

Smart pumps are LVAD systems equipped with sensors which no longer have 
fixed speed, but which can adapt pump speed to suit the degree of exertion and the 
cardiac filling status [152]. Current studies show that here, at least in the submaxi-
mum region, increases in exercise tolerance can be achieved [153].

In the future, further randomised and controlled studies should be performed in 
both HTX and LVAD patients in order to be able to evaluate the long-term effects of 
different exercise interventions with regard to their effectivity and safety.

Clinical Pearls
• For patients with terminal HF, the treatments options with beneficial prognoses 

are HTX and LVAD implantation, with the number of implanted LVADs now 
considerably exceeding the number of HTX.

• Aerobic endurance training and low-dose resistance training are 
recommended.

• Aerobic endurance training should initially be performed on a cycle 
ergometer with monitoring.

• Individual training control should be performed using the Borg scale or via 
percentage of peak VO2, of the VO2 reserve or peak load.

• Resistance training should focus on the lower extremities.
• During resistance training, caution is required in all exercises for the mus-

cles of the upper extremities and the shoulder girdle, especially in sternot-
omised patients.
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• State-of-the-art LVADs are intracorporeal, continuous-flow pumps which oper-
ate at a pre-set and fixed rotational speed. The device management and power 
supply are taken care of by an external controller which is connected to the 
LVAD via a so-called driveline through the abdominal wall.

• Following HTX and LVAD implantation, specific complications are common 
and must be attended. Both patient groups are affected by a special hemody-
namic situation (HTX: cardiac denervation causing a changed HR pattern; 
LVAD: fixed pump speed and parallel circulation through LVAD and aortic 
valve), with HTX patients usually achieving better cardiopulmonary exercise 
capacity and fewer symptoms than LVAD patients.

• Assessment of functional and cardiopulmonary exercise capacity is recom-
mended in both patient groups, taking into account specific safety aspects.

• Following HTX and LVAD implantation, haemodynamically stable patients 
should participate in medically supervised exercise-based measures, and all 
training measures should be continued in the long term. In particular, endurance 
and strength training should be performed with special regards to the individual 
status of the patients and specific safety aspects.

• Due to altered HR patterns (HTX patients) or the lack of a pulse wave (LVAD 
patients) the training control should be carried out primary via Borg-Scale, breath-
ing intensity or percentage of the peak VO2, VO2 reserve or peak workload.

Review

 Questions

 1. Which of the following statements is true regarding the hemodynamic situation 
and regulation after LVAD implantation?
 (a) Under exercise conditions the LVAD pump speed will automatically adapt to 

the increased HR to ensure enhanced pump flow.
 (b) Aortic valve insufficiency after LVAD implantation is always asymptomatic 

and can be ignored because of the supporting function of LVAD.
 (c) Because of the underlying disease LVAD patients have usually good physi-

ological prerequisites for achieving optimal avDO2.
 (d) In LVAD patients, both pump flow and native ejection via the aortic valve 

can contribute to total CO under exercise conditions.
 (e) In LVAD patients with chronotropic incompetency, there is the possibility to 

adapt the pump speed manually to improve peripheral perfusion under exer-
cise conditions.

 2. Which of the following statements is true regarding the hemodynamic situation 
and regulation after HTX?
 (a) Only the bicaval technique with resection in the region of both venae cavae 

lead to a denervation of sympathetic and parasympathetic nerve fibres. 
Standard excision of the heart with biatrial anastomosis preserves nervation 
of the sinus node leading to a physiologic HR pattern of the myocardium.
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 (b) After an HTX the resting HR is usually lowered due to the lack of sympa-
thetic stimulation of the sinus node.

 (c) Over the long-term course, 15–30% of patients display cardiac reinnervation 
resulting in a normal HR pattern compared to patients without heart 
diseases.

 (d) After an HTX circulating epinephrine and norepinephrine play an important 
role for the HR adaption under exercise conditions.

 (e) Over the long-term course, partial reinnervation is possible in 40–70% of 
patients. First compensation mechanisms are related to parasympathetic 
nerve fibres (approximately 6 month after HTX) followed by sympathetic 
reinnervation (after more than 1–3 years)

 3. Which of the following statements is true regarding exercise training in patients 
after HTX and/or LVAD implantation?
 (a) Moderate resistance training can counteract the negative effects of immuno-

suppressive therapy on muscle and bone metabolism in patients after LVAD 
implantation.

 (b) Silent ischaemia displays a significant risk for exercise training in patients 
after HTX. Therefore, an ischaemia diagnosis is recommended before the 
onset of exercise training.

 (c) Training control for patients after HTX or LVAD implantation can be carried 
out most appropriately by HR. Values below 130 bpm are considered safe 
and correspond to a value ≤13 at the Borg scale (“somewhat hard”).

 (d) For patients after HTX or LVAD implantation especially various floor 
exercises (gymnastics, resistance training, mobilization) are suitable to 
improve body awareness and strength in the first 3  month after 
operation.

 (e) For LVAD patients the replacement parts (e.g. charged batteries, controllers, 
charging stations) should be in stock and they can be used across the differ-
ent LVAD models through standardization of the appropriate interfaces.

 Answers

 1. Question 1
 (a) is not correct as pump speed is currently still fixed and will not adapt to other 

parameters for safety reasons.
 (b) is not correct as aortic valve insufficiency can cause retrograde circulation 

from the LVAD to the left ventricle resulting in a further reduction in effec-
tive total CO.

 (c) is not correct as peripheral factors such as capillarization, diffusion rate into 
the muscle cell or mitochondrial capacity are usually reduced in patients 
with HF.

 (d) is the correct answer. In LVAD patients, at rest the predominant propor-
tion of total CO flows over the pump. With increasing physical exercise, 
in most of the patients an additional blood volume can be ejected via the 
aortic valve.
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 (e) is not correct as pump speed is currently still fixed. An LVAD monitor is 
required to adjust the pump speed manually. LVAD monitors are not given to 
patients, but only to authorized medical stuff.

 2. Question 2
 (a) is not correct as both techniques are leading to denervation of parasympa-

thetic and sympathetic nerve fibres in the myocardium accompanied by an 
altered HR pattern.

 (b) is not correct as resting HR is usually elevated (approximately 95 bpm) due 
to the lack of parasympathetic control.

 (c) is not correct as 40–70% of patients display cardiac reinnervation over the 
long-term course. However, the overall results are still inferior compared to 
subjects without heart disease.

 (d) is the correct answer. Denervation leads to an emptying of the catechol-
amine storage of the myocardium, in turn leading to a dependence of 
the donor organ on circulating catecholamines.

 (e) is not correct as first nerval compensation mechanisms will usually affect the 
sympathetic fibres (approximately 6 month after HTX) followed by para-
sympathetic reinnervation (after more than 1–3 years).

 3. Question 3
 (a) is not correct. LVAD patients usually do not take immunosuppressive medi-

cations, but oral anticoagulants. For HTX patients, however, this statement 
would be true.

 (b) is the correct answer. CAV represents a common complication after 
HTX and should be negated before the onset of exercise training since a 
denervated heart gives no warning symptoms (silent ischaemia)

 (c) is not correct for both groups. Due to changed HR patterns (HTX patients) 
or the lack of pulse wave (LVAD patients) the training control should be car-
ried out primary via the Borg scale, breathing intensity or percentage of the 
peak VO2, VO2 reserve or peak load.

 (d) is not correct. For patients after median sternotomy all exercise measures 
should be gentle to the sternum, at least in the first months. In addition, 
for LVAD patients rapid changes of the body position should always be 
avoided due to blood volume shifts and the risk for suction events. Also, 
for the LVAD system and the driveline it is important that all activities 
that could lead to an uncontrolled, inadequate load on the system must be 
strictly avoided. Therefore, the use of a strength training machine can be 
an advantage because it limits the range of motion and the amplitude of 
movement with reducing the risk of unintentional loading of the 
driveline.

 (e) is not correct as for the different LVAD systems also different replacement 
parts are required.
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Learning Objectives
 1. Potential impact of exercise training on molecular pathways involving e.g. reac-

tive oxygen in the development of valvular heart disease.
 2. Useful or even required pre-exercise clinical evaluations such as exercise testing 

or the assessment of predictive markers during stress echocardiography.
 3. Clinical and hemodynamic effects of exercise interventions in different types of 

valvular heart disease, both prior to and after surgical valve replacement.
 4. Effects of cardiac rehabilitation and exercise training in patients after transcath-

eter aortic valve implantation.

48.1  Introduction

The prevalence of any type of valvular heart disease (VHD) increases with age, 
reaching an overall proportion of 11.7% in individuals >75 years of age [1]. In the 
Western countries, this is mainly caused by degenerative processes of the leaflets or 
the apparatus while a small proportion of young and middle-aged individuals suffer 
from congenital valve diseases such as bicuspid aortic valve. The relationship 
between exercise and VHD is more complex compared with coronary artery disease 
or heart failure, as moderate to severe VHD represents a relative or even absolute 
contraindication to physical exhaustion. On the other hand, exercise is also urgently 
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required to maintain a healthy lifestyle and to counteract sedentary behavior and 
sitting time. From a clinical perspective, patients with VHD, at least following sur-
gery, have routinely been included in cardiac rehabilitation programs since many 
years. In contrast, scientific evidence referring to this particular population is sur-
prisingly scarce but nevertheless promising according to recent research, particu-
larly after minimally invasive valvular surgery and percutaneous approaches, as 
outlined below.

48.2  Evidence from Preclinical Studies

The biological systems respond to physiological stressors such as physical exer-
cise, showing a bell-shaped or an inverted-U curve. At both lateral end-points of 
this curve are the extremes, as both inactivity and over-training may result in an 
unfavorably altered pathophysiological function; in contrast, in the middle (or the 
median) of the relationship the benefit is highest. Reactive oxygen species (ROS) 
such as

 (a) superoxide (O2
−),

 (b) hydroxyl radical (•OH),
 (c) hydrogen peroxide (H2O2), and
 (d) peroxynitrite (ONOO−)

also represent important stressors. ROS can also exert both positive or negative 
effects on the body, and an imbalance between ROS and antioxidant defense is 
involved in the aging process and in various cardiovascular pathologies [2].

The relationship between oxidative stress and exercise is regulated by the same 
U-shaped curve, because exercise can also have a negative or positive impact on 
oxidative stress, based on intensity, duration, frequency and type of exercise as well 
as on the basic training level [3]. The correlation between exercise and ROS has 
mostly been studied in atherosclerosis, hypertension and vascular disease, where 
moderate physical activity has been shown to reduce oxidative stress and to increase 
superoxide dismutase (SOD) activity to counteract a reduction in endothelial func-
tion, independently from blood pressure [4].

• Degenerative aortic valve (AV) disease shares common features with atheroscle-
rosis, including
 – clinical risk factors (i.e., inactivity, high-fat high-carbohydrate diet)
 – molecular-cellular mechanisms (i.e., valvular/vascular endothelial disruption, 

enhanced oxidative stress, calcification), and both can be classified as fibro-
calcific diseases [5].

• Regular exercise training (ET) prevents the progression of atherosclerotic 
lesions, improves endothelial function, reduces neointimal growth and oxidative 
stress [6] (Chap. 41), and Matsumoto et al. [7] demonstrated that ET prevents the 
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development of AV sclerosis in a low-density lipoprotein receptor-deficient 
mouse model, due to
 – a reduction in oxidative stress and inflammation,
 – an inhibition of the osteogenic pathway, and
 – a preservation of endothelial integrity.

• A few years later, the same group failed to demonstrate that a change in diet or 
regular ET attenuated AV calcification once the process is initiated, in the same 
animal model [8].

• Oxidative modifications have been linked also to bioprosthetic valve degenera-
tion [9, 10]; in particular, the amount of oxidized amino acid formation seems to 
be a more significant determinant of implant duration, compared to the amount 
of calcium. These promising results indicating a protective role of exercise need, 
however, to be further confirmed in this setting.

• Moderate ET is also beneficial
 – in a mouse model of Marfan syndrome, in terms of reduced aortic root dila-

tion, while histological damages, in particular elastic lamina ruptures, were 
not increased in the ET group [11], and

 – in a rat model of chronic aortic regurgitation, where moderate aerobic ET can 
help to reduce LV dilation and hypertrophy, thus improving LV diastolic func-
tion [12].

The changes induced by ET include “remodeling” of the myocardial energy 
metabolism, comparable to beta-blocker effects [13].

48.3  Exercise in Patients with Valvular Heart Disease

There are no prospective studies evaluating the outcome of VHD patients 
participating in ET programs of longer duration compared to sedentary coun-
terparts. Long- term follow-up studies of subjects with VHD and recommen-
dations based on expert consensus can help guiding the management of these 
patients [14, 15].

• In case of asymptomatic subjects with VHD engaging in competitive sports par-
ticipation, there are only few restrictions (see also Chap. 17) [16].

• On the contrary, subjects with moderate to severe VHD are generally discour-
aged from more vigorous exercise regimens, due to the detrimental effects of 
increased hemodynamic load combined with adrenergic surges on the heart that 
can cause clinical consequences such as
 – reduced functional capacity,
 – syncope,
 – myocardial ischemia,
 – onset or worsening of supraventricular and/or ventricular arrhythmias, and
 – sudden death

48 Exercise in Specific Diseases: Valvular Heart Disease
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• The presence of one or more of the following markers represents a clear contra-
indication for ET, and the indication for surgery must be carefully considered in 
these patients:
 – exercise-induced symptoms
 – history of syncope
 – family history of sudden death
 – sustained and non-sustained arrhythmias

• Exercise testing is recommended
 – to objectively evaluate symptom status,
 – to evaluate exercise capacity (in terms of exercise duration, peak oxygen 

consumption (VO2 peak) or age- and gender-predicted metabolic equiva-
lents (METs))

 – to identify exercise-induced arrhythmias
• The use of exercise echocardiography can be useful to add prognostic risk mark-

ers (see below), which are specific for aortic or mitral valve disease, and to assess 
left ventricular (LV) contractile reserve.

48.3.1  Exercise in Mitral Valve Disease

48.3.1.1  Mitral Stenosis (MS)
The acute effects of exercise in the presence of MS are related to the increase in 
heart rate, which can be particularly significant in the presence of atrial fibrillation 
and elevation of transmitral gradients with elevated left atrial pressure. Systolic 
pulmonary artery pressure (sPAP) also markedly increases, thus patients are lim-
ited by dyspnea and fatigue [17]. Studies that evaluated the effects of chronic exer-
cise training in patients with MS and that aimed to identify the optimal intensity of 
ET are lacking.

• A case report on a 38-year old male, affected by severe MS complicated by pul-
monary hypertension, practicing isometric and isotonic exercise for 20 years has 
been described [18].

Thus, whether ET can be regarded as a non-pharmacological intervention to 
increase exercise tolerance in these patients needs to be confirmed. Similarities 
in the pathophysiology of MS and heart failure do exist (increase in left atrial 
pressure leading to pulmonary hypertension and neurohormonal activation) 
and may suggest a potential benefit of ET in terms of improved exercise toler-
ance [18].

If a mismatch between clinical symptoms and severity of MS as assessed by 
resting echocardiography is observed, stress echocardiography is indicated to 
evaluate hemodynamic changes during exercise and to provoke symptoms. 
Stress echocardiography is also useful to evaluate the impact of ET or preg-
nancy on the hemodynamic severity of MS [19]. Table  48.1 summarizes the 
principal parameters considered important in the evaluation of MS before initia-
tion of ET.
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48.3.1.2  Mitral Valve Prolapse (MVP) with Mitral  
Regurgitation (MR)

In women affected by MVP, a 12-week aerobic training program (3 times a week, 
heart rate between 60% and 85% of maximum, with intensity levels increasing over 
time) improved symptoms, functional capacity and well-being, and reduced anxiety, 
atypical chest pain and fatigue related to MVP syndrome [23]. Unfortunately, these 
promising results have not been tested in a larger cohort or in a randomized trial.

Patients, predominantly women, may develop MVP syndrome with symptoms 
unrelated to MR severity that have been explained by a hypersensitivity to adrener-
gic stimulation and a β1-adrenergic receptor polymorphism [24], and they might 
benefit of a dedicated ET programme.

• Absolute contraindications for exercise training are:
 – severe MR,
 – arrhythmias (sustained or non-sustained ventricular tachycardia) independent 

of MR severity,
 – history of syncope, and
 – family history of sudden cardiac death that has been associated with MVP

• Arrhythmic patients are more frequently [25]
 – female
 – with MVP bi-leaflet involvement,
 – with ventricular arrhythmias of LV origin
 – with repolarization abnormalities on inferior leads at resting ECG
 – with mitral annulus disjunction and presence of LV fibrosis at cardiac mag-

netic resonance imaging
• Exercise echocardiography in asymptomatic MVP patients prior to ET is very 

useful to identify predictors of adverse long-term outcomes, specifically [26]
 – impaired exercise capacity (<85% of age- and sex-predicted METs),
 – impaired heart rate recovery,
 – exercise-induced atrial fibrillation or complex ventricular arrhythmias,
 – impaired LV contractile reserve, and
 – increase in sPAP >60 mmHg.

• In contrast, dobutamine stress echocardiography has no role in the evaluation of 
MR dynamics because its effects are not physiologic [19].

Table 48.1 Predictive parameters evaluated during stress echocardiography

Parameter Variation during stress echo Reference
Transmitral mean 
pressure gradient

MS is severe if mean gradient increases
>15 mmHg at peak physical exercise
>18 mmHg during dobutamine infusion

[20]

Mitral valve 
resistance

A drop in MV resistance <21.5 dynes •s/cm5 at peak 
dobutamine infusion identifies hemodynamically significant 
mild-to- moderate MS

[21]

Systolic 
pulmonary artery 
pressure

A sPAP elevation >60 mmHg or a rapid increase in sPAP 
(>90% increase at second step of exercise) are highly 
predictive of exercise-induced dyspnea

[22]

MS mitral stenosis, MV mitral valve, sPAP systolic pulmonary artery pressure

48 Exercise in Specific Diseases: Valvular Heart Disease



1016

48.3.1.3  Secondary Mitral Regurgitation
In the presence of secondary or functional MR, the indication for ET should be 
geared to the concomitant myocardial pathology (ischemic heart disease or cardio-
myopathy). During exercise echocardiography, a decrease in MR severity, often 
related to the recruitment of LV basal contractile reserve, is a marker of a better 
outcome under appropriate medical therapy; it may thus benefit from a dedicated 
rehabilitative ET for heart failure [19].

48.3.2  Exercise in Aortic Valve Disease

48.3.2.1  Aortic Stenosis (AS)
In asymptomatic patients with AS, it is still unclear if ET may be helpful or even 
harmful in increasing LV hypertrophy and provoke exercise-induced symptoms 
that may eventually lead to sudden death. Therefore, careful evaluation with exer-
cise testing and echocardiography is required before entering a supervised, lim-
ited ET program to counteract deconditioning. Exercise testing is particularly 
useful to assess “truly” asymptomatic patients and to rule-out concomitant coro-
nary artery disease (CAD), due to the fact that AS and CAD basically share the 
same risk factors.

Parameters associated with an adverse outcome are [27, 28].

 (a) exercise-induced symptoms (angina, dyspnea, dizziness or syncope),
 (b) increase >18  mmHg of the mean transvalvular gradient during exercise 

echocardiography,
 (c) exercise-induced hypotension.

In patients affected by AS with severe LV hypertrophy, isometric exercise 
increases LV end-diastolic pressure and decreases the isovolumic relaxation rate. 
During recovery, only the patients with associated CAD maintain a significant alter-
ation of both parameters and should be further evaluated [29].

48.3.2.2  Aortic Regurgitation (AR)
Despite the LV pressure and volume overload in the presence of chronic AR leading 
to a progressive LV dilation, many patients remain asymptomatic until LV systolic 
function declines significantly because the marked LV dilation can maintain a nor-
mal LV stroke volume.

• In AR patients, exercise capacity may be markedly reduced due to a reduced 
preload reserve and can predict post-operative outcome after aortic valve replace-
ment [30].

• At peak effort in the presence of severe AR in asymptomatic patients with nor-
mal LV systolic function, there is a reduction of the regurgitation fraction, thus 
of the severity of AR [31, 32].
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 – This can be related both to the exercise-induced tachycardia that reduces the 
diastolic period and to the reduction of peripheral resistance reducing the ret-
rograde flow and improving diastolic function.

 – This can explain why patients with severe AR can still enjoy physical activity 
and may show a better exercise tolerance.

• Despite the LV enlargement induced by ET, the LV end-diastolic diameter usu-
ally remains <60 mm in the physiological athletes’ heart [33].
 – Further LV enlargement should be carefully evaluated to rule-out a pathologi-

cal LV dilation.
 – Indexing to body surface area can be useful to correctly evaluate the degree of 

dilation.
• Long-term effects of ET in AR have not been studied in human, but only in rats.
• Exercise stress testing or echocardiography is particularly useful to assess the 

presence of symptoms and to establish the baseline level of exercise capacity, 
but not to re-grade the severity of AR, due to the reduction of AR during exer-
cise [34].

 – In particular, at peak effort, the presence of resting LV and RV systolic 
dysfunction (evaluated by global longitudinal strain), associated with 
exercise RV dysfunction evaluated by tricuspid annular plane systolic 
excursion (TAPSE) are independent predictors of future aortic valve sur-
gery [35].

48.3.2.3  Frailty, Exercise and Aortic Valve Disease
Frailty is a geriatric syndrome, defined as a reduced capability to recover from 
pathological or iatrogenic stressors due to multi-dimensional aging-related 
impairments [36, 37]. The extent of frailty is not purely related to the quantifica-
tion of comorbidities or disabilities, because patients with the same comorbidi-
ties may have different degrees of frailty or no frailty at all. At present, 
multidomain frailty scales have been proposed (e.g., 5-meter gait speed ≥6  s, 
Fried’s phenotype frailty index, frailty index based on the deficit accumulation 
mode, FRAIL scale, Edmonton frailty scale etc.), but there is a lack of consensus 
in frailty assessment, thus hampering a systematic evaluation of frailty in clinical 
practice [38].

• Frailty is particularly important in the stratification of operative risk and recovery 
time in older patients referred for aortic valve surgery.

• Among different frailty scales, a 4-item essential frailty toolset (EFT) has been 
specifically tested in patients undergoing transcatheter aortic valve implantation 
(TAVI) [36].
 – EFT is a 0–5 scale composed by 4 items (Table 48.2) [36].
 – This simple and quick to perform frailty assessment was found to be the 

most robust predictor of outcomes in a large cohort of patients undergo-
ing aortic valve replacement, in comparison with other frailty scales 
tested [36].
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Regular ET is the only effective strategy to prevent frailty, improve sarcopenia 
and physical function, and contrast cognitive deterioration. In older adults, ET 
increases aerobic endurance capacity and muscular strength, thus reproducing the 
beneficial effects observed in younger individuals [38].

• In an exploratory study, a home-based preoperative rehabilitation (“prehab”) has 
been proposed in frail patients undergoing valve surgery with the aim to improve 
physical function and reduce hospital length [39].
 – Exercise prescription should be individually tailored to each patient, modulat-

ing balance and strength exercise with progressive levels, and the patients 
should exercise for 3 weeks before scheduled surgery [39].

 – A larger randomized study is required to confirm potential benefits or 
prehab.

• Pre-operative frailty assessment using a clinical frailty scale is of particularly 
relevance since it can identify patients who are less likely to attend and complete 
CR after valve surgery [40].

48.4  Exercise After Valve Replacement

48.4.1  Exercise After Open-Heart Valve Surgery

The benefits of cardiac rehabilitation (CR) after surgical or percutaneous coronary 
revascularization have been extensively demonstrated (Chap. 46). The observed 
improvements

 (a) in cardiovascular fitness,
 (b) in the overall response to exercise with reduced heart rates and blood pressure,
 (c) in counteracting depression and anxiety, and
 (d) in improved health-related quality of life

Table 48.2 4-Item essential frailty toolset (EFT)

Parameter Discriminator Points
Five chair rises <15 s 0 point

≥15 s 1 point
Not able to perform 2 points

Cognitive impairment No 0 point
Yes 1 point

Hemoglobin >13 g/dl in males
>12 g/dl in females

0 point

<13 g/dl in males
<12 g/dl in females

1 point

Serum albumin >3.5 g/dl 0 point
<3.5 g/dl 1 point

This score ranges from 0 (least frail) to 5 (most frail), it is very helpful to identify vulnerable older 
adults who are at high risk of mortality for any cause 1-year after transcatheter or surgical aortic 
valve replacement (adapted from [36])
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represent attractive therapeutic goals also after valve surgery. ET is particularly 
interesting in post-surgical VHD patients after years of restriction from regular 
physical activity (Fig. 48.1).

• Moreover, immediately after open-heart surgery the fitness is particularly 
impaired due to:
 – the surgical procedure itself, as i.e. the sternotomy,
 – the effects of cardio-pulmonary by-pass,
 – the post-operative anemia and inflammation
 – the inactivity during the intensive care and in-hospital stay

• Post-operative ET is also particularly appealing
 – in young individuals who aim to return to work and exercise early after 

surgery;
 – in frail older people to counteract deconditioning and maintain their physical 

integrity and independency

Surprisingly, only very few studies are available demonstrating the effects of ET 
in VHD patients following cardiac surgery (Fig. 48.2), although their results are 
promising in showing a consistent increase in exercise capacity ranging from 25% 
to 38% [41–46].

• The largest CR trial performed in VHD patients after cardiac surgery showed the 
improvement in cardiovascular fitness by demonstrating an increase in VO2peak, 

Sire S et al. 1987 [46]
Physical training and
occupational rehabilitation after
aortic valve replacement

Habel-Verge C et al. 1987 [41]
Physical fitness improves after
mitral valve replacement

Lin CY et al. 2004 [42]
Efficacy analysis of rehabilitation
therapy on patients with heart valve
replacement

Siblitz KL et al. 2017 [45]
Is cardiac rehabilitation after
heart valve surgery
redundant? Long-term results
from the randomized
CopenHeartVR trial

Meurin P et al. 2005 [43]
Early exercise training after mitral valve repair: a multicentric
prospective French study

Siblitz KL et al. 2016 [44]
Cardiac rehabilitation increases physical
capacity but not mental health after heart
valve surgery: a randomised clinical trial

1987 2004 2005 2016 2017

Timeline of selected publications on cardiac rehabilitation after valve surgery

Fig. 48.1 Timeline of published articles on cardiac rehabilitation after heart valve surgery
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but not in the mental health score as evaluated by the SF-36 questionnaire. 
Exercise- based CR should be offered to patients after valve surgery, but it must 
be planned individually to meet the patients’ individual needs [44].

• A recent meta-analysis on this topic concluded that the actual body of evidence 
does not allow any reliable conclusions about the effectiveness, and future large 
trials are urgently warranted [47].

• While CR for heart failure and after coronary revascularization is considered to 
be cost-effective [48], cost-effectiveness for exercise-based CR after valve sur-
gery has not been fully demonstrated [49].

48.4.2  Exercise-Based Cardiac Rehabilitation

In low-risk patients, CR with aerobic exercise can be started early (2–3 weeks) after 
surgery, without safety concerns and difference in adverse events rate [50]. 
Especially after minimally invasive cardiac surgery, as mini-thoracotomy or robotic 
approach, CR is encouraged early after surgery, because of the reduced surgical 
trauma and the absence of sternotomy.

• Before enrolling in a CR program, patients should undergo
 – clinical assessment of post-operative functional status
 – echocardiography with a complete assessment of hemodynamic status

Weaknesses

Strengths

Heart valve surgery/TAVIExercise in valve disease Post-operative rehab

• Subjects with moderate to severe valve disease
 are generally discouraged from physical activity,
 due to the detrimental effects of increased
 hemodynamic load combined with the
 adrenergic surges on the heart

• Particularly advisable after years of physical
 activity restriction
• Useful after the surgical trauma and the
 inactivity in the intensive care unit

• Useful to counteract deconditioning and
 frailty
• Improves functional capacity and well-being,
 thus reducing anxiety and fatigue

• Maximizes cardiovascular fitness with
 improvements in circulatory response to exercise
• counteracts depression and anxiety, improves
 quality of life

• Very limited evidence in literature; no
 prospective studies evaluating the outcome of
 patients with valve disease undergoing
 chronic exercise training compared to
 sedentary patients

• No standardized protocols
• No large RCTs
• Limited evidence compared to cardiac
 rehabilitation in heart failure or after
 revascularization procedures

Fig. 48.2 Central illustration: Strengths and weaknesses of exercise training in heart valve dis-
ease according to the current evidence. RCTs randomized controlled trials
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 – exercise testing or even better cardio-pulmonary exercise testing to assess 
exercise capacity and cardiovascular fitness

 – ECG Holter monitoring to identify potential arrhythmias
• Exercise prescription should be individualized and must take into account 

[51–53]
 – Age of the patient
 – Weight
 – Previous level of physical activity
 – Frailty status
 – Hemodynamic status
 – Exercise capacity
 – Wound healing
 – Eventual physical impairments

• Exercise prescription should specify:
 – type of exercise (endurance/strength)
 – intensity (e.g., 50–80% of exercise capacity)
 – duration (20–60 min)
 – frequency (3 to 5 times per week)
 – modality (walking, cycling, treadmill etc.) (Chap. 44)

48.4.3  Exercise After Percutaneous Valve Replacement

Among the percutaneous approaches that have emerged in recent years as alterna-
tives to open valve surgery, particularly TAVI has gained enormous attraction. Since 
its first application in a human only in the year 2002 [54], it has rapidly evolved as 
the alternative of choice for aortic valve replacement in elderly, multimorbid patients 
who would otherwise have an inappropriately high perioperative mortality risk [55]. 
During only one decade, supported by a steady progress in valve types and tech-
nologies, TAVI has now been expanded also to patients with moderate or even low 
risk, and large studies have shown that the long-term outcomes of this procedure can 
be regarded as being at least equal to open valve surgery [56, 57].

Thus, a completely “new” target population of VHD patients requiring tailored 
CR and ET programs has evolved in only very few years who, due to their often 
high degrees of deconditioning and their multimorbid nature, are expected to par-
ticularly benefit from the common advantages of such interventions [58]. This has 
been reflected in research by a growing number of observational and randomized 
studies on the effects of CR and ET in patients after TAVI, as compared to counter-
parts undergoing open surgery or as an independent target group:

• Early observational studies have evaluated the effect of short-term inpatient CR 
programs in patients after TAVI [59–61].

 – These studies have almost consistently shown improvements in e.g. 6-min 
walking distances and in parameters of physical and cognitive function, 
albeit less pronounced compared to mostly younger and less frail patients 
after open surgery.
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 – Of note, it should be kept in mind that the TAVI procedure itself already 
results in rather quick improvements in some of these outcomes, but it is 
likely that ET may contribute to enhance and maintain these effects over 
time.

• The results of these mostly small studies were confirmed in a meta-analysis pri-
marily showing overall improvements in the 6-min walking distance and the 
Barthel Index as a measure of frailty [62], but the overall number of included 
patients was still rather low (n = 292), and the interventions included were still 
very heterogeneous, limiting definitive conclusions on the effect of particular 
types of intervention at this point of time.

• In another recent observational study, the effects of participating in either car-
diac, geriatric or in no inpatient rehabilitation on mortality 6 months after the 
procedure were analyzed in a large cohort of 1017 TAVI patients [63]. 
Interestingly, only patients participating in CR showed a lower mid-term 
mortality.

• In the randomized controlled SPORT:TAVI pilot trial, 30 patients early after a 
TAVI procedure were assigned to either an ET group undergoing supervised, 
combined low-to-moderate endurance and strength training over 8 weeks or to a 
non-exercising control group [64].
 – The ET intervention resulted in significant improvements in submaximal and 

maximal exercise capacity, muscular strength and components of quality of 
life, and this study included also nonagenarians, indicating that also very old 
patients may still benefit from structured post-interventional programs.

 – In a long-term follow-up of this study (24 ± 6 months after the procedure), at 
least the initial improvements in submaximal endurance exercise capacity 
were maintained [65], indicating an at least partly sustained effect of initial 
interventional approaches.

 – Due to a lack of adverse effects including prosthesis function, this study also 
showed that ET can be regarded as a safe treatment modality even in very old, 
frail and multimorbid patients, providing they are still physically able to use 
bicylces or strength training machines, at least at low intensities.

From a practical perspective, the intensity of exercise training in the latter study 
has been adapted from recommendations valid for heart failure patients of patients 
after heart transplantation (see Chaps. 44, 48 and 51 for details on this). Precisely, 
regarding aerobic exercise, patients started with 2 sessions per week at an intensity 
level of 30–50% VO2peak and a duration of 10–20  min, followed by a gradual 
increase over time of duration and intensity up to 30–40 min 3 times per week at 
50–70% VO2peak. Regarding strength training performed twice weekly, intensity 
was calculated from the initial assessments of the 1-repetition maximum (1-RM; 
Chap. 44) and started with one set of 8–10 repetitions at 30–50% 1-RM. Intensity 
increased over time, depending on the individual improvements, to 3 sets with 
10–15 repetitions each at 40–60% 1-RM.

Regarding other percutaneous valve replacement procedures such as MitraClip, 
transcatheter mitral or tricuspid valve replacement, currently no data on the effects 
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of CR and/or ET is yet available, although a technical and clinical development 
similar to TAVI regarding the application of these procedures can be expected in the 
very near future. Currently these procedures are still only evaluated as a procedural 
alternative to open surgery in small populations, apart from the MitraClip procedure 
which can be regarded as clinically established. Since these interventions are almost 
exclusively performed in very high risk, multimorbid patients (similar to the first 
TAVI experiences), a comparable effect of individually tailored ET interventions is 
likely to be expected, thus studies are required and recommended.

48.5  Conclusion

Evidence on the effects of ET interventions in VHD patients is surprisingly scarce, 
and well-designed studies focusing on this particular population are still urgently 
warranted. Although degenerative VHD shares many common pathophysiological 
features with atherosclerotic vascular disease it is still not known whether regular 
physical activity or ET may delay (or even prevent) the natural course of the disease. 
Nonetheless, the available data indicates promising preliminary effects through the 
application of ET interventions either alone or as part of multi-modal CR programs. 
These programs resulted in improvements in exercise capacity, cardiorespiratory 
fitness, muscular strength, flexibility and overall quality of life. Recent studies have 
shown that also elderly, frail and multimorbid patients may benefit from ET inter-
ventions, which is of particular relevance with regard to the rapid increase of patients 
undergoing percutaneous interventions such as TAVI. Prior to surgery or percutane-
ous intervention, individually prescribed exercise training holds promise to counter-
act muscular deconditioning, to reduce anxiety and fatigue and to reduce frailty. 
However, larger trials are also warranted pertaining to this particular issue to con-
firm these preliminary data.

Clinical Pearls
• Compared to other cardiac diseases such as heart failure or coronary artery dis-

ease the evidence on exercise training interventions in valvular heart disease is 
surprisingly scarce, but available data indicate similar beneficial effects on clini-
cal outcomes

• Exercise training may also have a protective function on a molecular level in 
favorably modifying pathophysiological features of valve degeneration

• A decrease of the severity of aortic or mitral regurgitation may occur during 
exercise and indicates improved outcomes

• The potential impact of exercise training on the natural history of valvular 
heart disease prior to surgical or percutaneous interventions remains to be 
elucidated

• The available data indicates beneficial effects of increased physical activity, 
exercise training and cardiac rehabilitation programs on cardiorespiratory fit-
ness, muscular strength and quality of life in valvular heart disease, particularly 
also after transcatheter aortic valve implantation

48 Exercise in Specific Diseases: Valvular Heart Disease
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 Review

 Questions

 1. A 66-year-old male patient is referred to your outpatient clinic for the evaluation 
of continued eligibility to perform regular and partly intensive exercise after a 
moderate aortic stenosis had been incidentally diagnosed during a preventive 
examination. His non-indexed valve orifice area was 1.1 cm2 due to valve calci-
fication, but even during more intense activities such as mountain-biking (which 
he loves to perform) no symptoms had occurred so far. What would be your next 
steps and your final advice?

 2. When performing exercise stress echocardiography in valvular heart disease, 
which of the following markers indicate an increased risk of symptoms or 
adverse outcomes during intensive exercise (more than one answer is correct)?
 (a) Increase of pressure gradient over mitral valve of 10  mmHg at peak 

exercise
 (b) Increase of pressure gradient over mitral valve of 20  mmHg at peak 

exercise
 (c) Increase of systolic pulmonary artery pressure of 30  mmHg at peak 

exercise
 (d) Increase of systolic pulmonary artery pressure of 70  mmHg at peak 

exercise
 (e) Increase of systolic pulmonary artery pressure of >90% of the baseline value 

early during exercise
 3. A 91-year-old female patient has undergone transcatheter aortic valve implanta-

tion 1 week earlier and is now referred to a 3-week inpatient cardiac rehabilita-
tion program. What would be your assessments and how would you start an 
exercise program?

 Answers

 1. Prior to any exercise recommendation, an extensive work-up of medical history, 
risk factors and concomitant diseases such as coronary artery disease (CAD) is 
required, involving cardiopulmonary exercise testing to evaluate ECG and blood 
pressure responses during exercise and stress echocardiography to assess the 
pressure gradient. Coronary angiography may also be indicated in case of signs 
of ischemia to rule out additional CAD and to invasively assess the severity of 
aortic stenosis in case of equivocal findings during echocardiography. If the aor-
tic stenosis remains the sole finding, the decision on participating in intensive 
sport such as mountain-biking depends on the presence of symptoms and signs 
of ischemia due to relatively reduced coronary blood supply. If an ischemia 
threshold is detectable by ECG, the patient should be advised to remain at least 
10 bpm below this threshold which might preclude more intense efforts. In case 
of completely unremarkable findings the patient may be cleared for exercise at 
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higher intensities but should be advised to carefully observe symptoms during 
exercise and to undergo echocardiography and exercise testing follow-ups every 
6 months.

 2. The correct answers are (b), (c) and (e). These values indicate severe mitral valve 
stenosis and that exercise-induced dyspnea may readily be explained by hemo-
dynamic compromises induced by valvular heart disease.

 3. In this patient, assessments depend on the presence of any physical disabilities. 
Usually an evaluation of functional capacity should be performed at the begin-
ning of a CR intervention. If possible, this patient should thus at least undergo 
a 6-min walking test; moreover, assessment of frailty status using one of the 
established methods (see text for details) and a questionnaire on health-related 
quality of life would be reasonable. If the patient is able to use a bicycle ade-
quately, cardiopulmonary exercise testing should be performed in order to pro-
vide baseline parameters and to calculate exercise intensities from peak oxygen 
uptake. The program should then start with sessions of 10–20 min daily or even 
less, at an intensity of 30–50% VO2peak or according to subjective exhaustion 
if not available, which often means very low, but still effective workloads of 
only about 20–30 Watts. A gradual increase in duration and intensity during CR 
should be aimed at. Strength training should also be conducted twice a week at 
very low intensities, e.g. 30–50% of the 1-repetition maximum, and consist of 
1–2 sets with 10–15 repetitions. Although CR starts very early after the inter-
vention there is no evidence that this might cause any harm to the newly 
implanted prosthesis.
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49Exercise in Specific Diseases: Atrial 
Fibrillation

Roman Laszlo and Matthias Wilhelm

Learning Objectives
This chapter conveys the knowledge

 1. On exercise as a protective or risk factor for atrial fibrillation.
 2. On the pathophysiology of atrial fibrillation in non-athletes and the impact on 

exercise performance.
 3. On special features of exercise testing and training recommendations in patients 

with atrial fibrillation.
 4. On sports eligibility for non-athletes and special considerations regarding oral 

anticoagulation.
 5. On the effects of cardiac rehabilitation in patients with atrial fibrillation.
 6. On current gaps in evidence.

49.1  Introduction

Atrial fibrillation (AF) is the most common arrhythmia in adult age with a clear age- 
dependent prevalence [1]. As cardiovascular diseases—which often represent clini-
cal AF risk factors—in general increase in our ageing population [2], an also 
increasing number of AF cases with a significant impact on health economics can be 
expected in the future [3].
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AF is characterized by an uncoordinated intra-atrial conduction propagation 
resulting in an atrial heart rate of 400–600 beats/min and irregular atrioventricular 
conduction. In surface ECG, an absolute arrhythmia with fibrillation waves, which 
often do not contrast with isoelectric baseline, can be found. Clinically, several 
types of AF (e.g. paroxysmal, short/long-standing persistent, permanent) can be 
distinguished [1].

Exercise can be either protective or a risk factor for AF. Thus, exercise recom-
mendations have to be personalized, reflecting individual risk factors, comorbidi-
ties, abilities and attitude towards sports and exercise [4].

49.2  Pathophysiology

49.2.1  Clinical Risk Factors

Besides “classic” [5] risk factors (age, smoking, diabetes, left ventricular hypertro-
phy, hypertension, previous myocardial infarction, congestive heart failure, valvular 
heart disease), several “new” [6] risk factors including obesity, sleep apnoea, alco-
hol abuse and other intoxications, sedentary lifestyle but also excessive sports prac-
tice, latent hypertension, genetic factors and inflammation, have gained scientific 
attention during the last years. Specifically, recent research has highlighted the 
potential beneficial effects of lifestyle and risk factor management for AF as an 
„upstream“non-invasive therapy [7].

49.2.2  Molecular Mechanisms

AF pathophysiology is complex [8] and also depends on the above-mentioned 
respective type of AF.  In brief, Moe’s multiple wavelet theory [9] describes so- 
called “micro-reentry” as electrophysiological correlate of AF.  This means that 
multiple fibrillation waves circulate simultaneously within the atrium whereby AF 
is more “stable” the larger the available “excitable mass” is (i.e. left atrial size) [9]. 
According to the seminal studies of Haissaguerre et  al. [10], paroxysmal AF is 
induced by ectopic electrical activity within the pulmonary veins, which can be 
modulated by autonomic tone [11] and intraatrial pressure [12]. Increased vagal 
tone and intraatrial pressure, as well as LA size accompany the development of the 
athlete’s heart [13] and therefore may also play a role in AF pathophysiology in 
athletes (see below and Chap. 34) [14, 15]. For the first time, Wijffels et al. described 
(atrial) tachycardia-induced changes of the atrium, so-called “atrial remodeling” 
(AR) in 1995 [16]. Tachycardia-dependent AR represents an adaptive mechanism 
starting after AF onset which includes electrophysiological, mechanical and 
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structural alterations of the atrium [8]. Structural alterations favour AF (re-) initia-
tion and propagation so that finally, AF can sustain itself (“AF begets AF”) resulting 
in persistent AF. Interestingly, many clinical AF risk factors induce AR similar to 
tachycardia-induced AR for their part in turn explaining their respective role as AF 
risk factor [8].

Figure 49.1 summarizes clinical parameters and molecular mechanisms/changes 
in the atrial tissue which finally favour AF occurrence and maintenance [17].
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Inherited arrhythmogenic
diseases

Silent pre-existing AF

Age

Diabetes mellitus

Obesity

Smoking

Sleep apnoea

Exercise/sports

Height

Pressure load

Volume load

Chronic kidney disease RAAS activation

Autonomic
imbalance

Oxidative stress

Fatty tissue
activation

Inflammation

Atrial myocyte loss

Altered Ca2+

balance

Altered ion-channel
function

APD and ERP
shortening

Spontaneous
depolarizations

AF

Conduction
slowing

Clinical parameters

Molecular mechanisms
Changes in the

atrial tissue
Electrical

consequences

• Hypertension
• Heart failure
• Prior infarction

Fig. 49.1 Hypothetical network of the clinical conditions and mechanisms associated with AF 
(reproduced with permission from [17], Nature Reviews Cardiology, http://creativecommons.org/
licenses/by/4.0/)
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49.3  Fitness, Exercise and Risk of Atrial Fibrillation 
in Non-athletes

At the epidemiological level, in a large cohort study with >64,000 older subjects 
(55 ± 13 years) who underwent exercise testing, an inverse relationship between 
cardiorespiratory fitness and incident AF was observed [18]:

• Each additional MET achieved during treadmill testing was associated with a 7% 
lower incidence of AF during a mean follow-up of 5.4 years, after adjustment for 
confounders.

• The magnitude of the inverse association between CRF and incident AF was 
greater among obese compared with non-obese individuals.

Several large population-based cohort studies have consistently reported that 
moderate physical activity is associated with a reduced risk of AF in individuals 
with specific cardiovascular conditions [19, 20]. In summary, together with data of 
AF in athletes (see Chap. 34), most probably there is an U-shaped relation of PA and 
AF risk with a reduction of AF risk caused by light/moderate PA and a progressive 
risk increase as a consequence of increased PA intensity/duration [21].

However, location of the nadir of this U-shaped association cannot be deter-
mined from currently available data. In addition, the location of the nadir is most 
probably dependent on individual factors (e.g. CV risk factors) [15].

• A large meta-analysis including more than 656.000 subjects supported the 
assumption of the U-shaped association for men but not for woman, suggesting 
a gender-specific AF risk [22]. Compared to a sedentary lifestyle
 – moderate physical activity was associated with a reduced risk of AF, both in 

men (19%) and women (9%).
 – vigorous physical activity was associated with a reduced AF risk in women 

(28%) but with a 3.3-fold increased AF risk in men.

Finally, there is clinical evidence that moderate exercise seems to be useful in 
patients who have been already diagnosed with AF whereby the benefits may be, at 
least in part, attributable to better control of “classic” AF risk factors [23] (see below).

49.4  Impact of Atrial Fibrillation on Exercise Performance

In large AF cohorts, more than half of all patients experience a reduction of exercise 
capacity, and suffer from dyspnea or early fatigue [24]. However, there is substantial 
inter-individual and intra-individual heterogeneity in type and severity of AF symp-
toms. The mechanistic link between AF and exercise intolerance is complicated by 
the fact that AF often occurs in the presence of heart disease like heart failure or 
valvular dysfunction, that exhibit similar symptoms.
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Exercise performance depends on oxygen uptake, transportation and delivery to 
the working muscles. The cardiac output plays a crucial role for oxygen transporta-
tion (see Chap. 3). Both, underlying heart disease and AF may compromise cardiac 
output [24].

• AF contributes to decreased LV filling by fast heart rates, and loss of atrial con-
traction and atrioventricular synchrony.

• AF contributes to decreased LV systolic function by fast and/or irregular heart 
rate and tachycardia-induced cardiomyopathy.

In the absence of an underlying heart disease, patients with long-standing persis-
tent AF may have a preserved exercise capacity, since loss of atrial function may 
partly be compensated by a higher maximal heart rate [25]. However, restoration 
and maintenance of sinus rhythm (SR) has been shown to improve exercise capacity 
and quality of life, compared to baseline values [26, 27].

• In an AF cardioversion cohort, patients with stable SR or SR with recurrent AF 
episodes had a 12–20% better exercise tolerance, representing an increase of 
1.5–2.0 MET after 1 year of follow-up [27].

• In cohorts of patients with heart failure with preserved, mid-range or reduced 
ejection fraction, the presence of AF was associated with a lower exercise capac-
ity (11–20%, or 0.5–0.9 METs) and a poorer prognosis [28–32].

49.5  Effects of Exercise Training on Burden of Atrial 
Fibrillation

In non-athletes with non-permanent AF, limited evidence suggests that exercise 
training may reduce the burden of AF and symptom severity, partly explained by 
beneficial effects on CV risk factor profile and atrial remodeling:

• A small randomized controlled trial (51 patients) compared a 12-week super-
vised aerobic interval training (AIT, four 4-min intervals at 85–95% of peak 
heart rate, three times a week) with a control group continuing their regular exer-
cise habits [33].
 – AIT reduced the burden of AF (8.1–4.8%), AF symptom frequency and 

severity.
 – AIT improved cardiorespiratory fitness (+ 0.9 MET), left atrial and ventricu-

lar function, lipid levels, and quality of life.
• Another 12-week randomized controlled trial (76 patients) allocated patients to 

either low intensity or high intensity exercise training (50% and 80% of maximal 
perceived exertion, respectively, two weekly 60 min sessions).
 – After a 14-month follow-up, there were no group difference for burden of AF 

and fitness gain [34].

49 Exercise in Specific Diseases: Atrial Fibrillation



1034

• A long-term observational study recruited 308 overweight patients (BMI ≥ 27 kg/
m2) from an arrhythmia clinic to participate in a structured risk factor manage-
ment program. Face-to-face counseling was used for initiating and reinforcing 
graded exercise therapy along with weight reduction. Tailored exercise training 
recommendations were given (3 to 5 sessions per week, low to moderate inten-
sity, <85% of peak heart rate, 60–200 min per week, aerobic and strength train-
ing) [35]. Patients who gained ≥2 METs participated in more scheduled visits 
(83% vs. 39%) and exhibited a larger weight loss (−12.0 ± 8.8 vs. −3.0 ± 7.6 kg). 
A fitness gain of ≥2 METs was associated with
 – a higher 5-year freedom of AF (37% vs. 13% in patients who lost <10% of 

weight, and 76% vs. 44% in patients who lost ≥10% of weight);
 – a better blood pressure control, lower proportion of diabetes mellitus, 

improved lipid profiles, and lower markers of inflammation;
 – a lower number of prescribed blood pressure and anti-arrhythmic drugs;
 – a lower atrial volume, favorable left ventricular geometry, and better diastolic 

function;
 – an improved quality of life.

• In chronic heart failure with reduced ejection fraction, the presence of AF is 
generally associated with older age, reduced exercise capacity and higher over-
all rate of clinical events. The largest training study in this population 
(HF-ACTION, 2331 patients; see Chap. 48) included 382 patients (17%) with 
documented AF at baseline [32]. Over a median follow-up of 2.6 years, heart 
failure patients with AF
 – exhibited similar benefits of exercise training for clinical outcomes, func-

tional status and quality of life;
 – had no increased burden of AF events.

49.6  Sports Eligibility of Non-athletes with Atrial Fibrillation

49.6.1  Exercise Testing

Before engaging in exercise or sports, patients with AF require a clinical evaluation, 
optimal therapy for rate or rhythm control, risk stratification, and treatment of 
underlying causes like hypertension or heart failure. A maximum exercise testing 
should be performed [36, 37].

 (a) to study the adequacy of rate control across a full spectrum of activity in patients 
with persistent or permanent AF

 (b) to rule out exercise-induced myocardial ischemia or ventricular arrhythmias
 (c) to study QRS duration if class Ic antiarrhythmic drug therapy is initiated (QRS 

width should not exceed 50%)
 (d) to study the blood pressure profile during exercise
 (e) to determine maximal exercise capacity
 (f) to determine training zones.
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A routine exercise protocol on a bicycle or treadmill can be used, based on avail-
ability and patient’s preference (see also Chaps. 11 and 45) [36].

• Optimal test duration is 8–12  min, and protocols should be adapted 
accordingly.

• For determination of training zones ramp protocols are preferred over stage 
protocols.

• Incremental cardiopulmonary exercise testing (CPET; see Chap. 45) may be con-
sidered for determination of ventilatory thresholds, differentiation of exertional 
dyspnea in AF, and in special populations (e.g. heart failure)

No standard method for assessment of heart rate control has been established to 
guide management of AF patients. Criteria for rate control vary with patient age but 
usually involve achieving ventricular rates between 90 and 115 bpm during moder-
ate exercise [37]. CPET allows the display of heart rate in relation to oxygen-uptake 
and helps in the judgement, whether a heart rate is appropriate for a given workload. 
See Fig. 49.1 for an example.

49.7  Oral Anticoagulation

At least in 80% of all AF patients, oral anticoagulation (OAC) is indicated accord-
ing to current guidelines [1, 38]. Nevertheless, especially older patients are often 
highly undersupplied concerning OAC [39]. Despite the clear positive evidence of 
physical activity (PA) in cardiac rehabilitation of AF patients as depicted in this 
chapter, patients receiving OAC seem to avoid PA due to the fear of bleeding [40]. 
In addition, the risk of falling often represents a doctor’s argument against OAC 
especially in geriatric patients [41].

• Indeed, in the elderly, falls often occurred during sports participation in a large 
cohort study of Mertz et al. [42].
 – However, the relative risk of falling was—at least in male subjects— 

negatively correlated with baseline fitness and PA level [42].

There are only few data concerning bleeding complications during cardiac 
rehabilitation indicating that cardiac rehabilitation of patients receiving OAC is 
most probably safe, especially when physical training is performed on stationary 
cycle ergometers [43]. Concerning the association of bleeding complications and 
everyday activities, there is evidence that a higher PA level goes along with a 
reduced risk of severe bleeding in patients receiving OAC [40, 44]. Notably, all 
depicted findings were mostly gained in subjects receiving warfarin derivatives 
but not NOACs [43].

Summarized, recreational sports participation of subjects receiving OAC should 
be an individual decision including overall clinical situation but also sport disci-
plines (Fig. 49.2).
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49.7.1  Training Recommendations

General exercise training recommendations apply also for patients with AF (see 
also Chap. 44). Non-athletes may also participate in leisure-time sports and non- 
elite competitions (see Chap. 34).

• For cardiovascular health and disease prevention, at least 150 min per week of 
moderate intensity or 75 min per week of vigorous intensity aerobic PA or equiv-
alent combination thereof are recommended [45, 46].

• Moderate-to-vigorous aerobic exercise is recommended for supervised training 
programs and is feasible for most patients with AF [47].

• Aerobic interval training has been shown to improve AF burden, exercise capac-
ity and quality of life, compared to unstructured exercise in selected patients with 
non-permanent AF, but long-term studies are lacking [33].

• Participation in leisure-time sports and non-elite competitions is possible, if 
heart rate during exercise is well controlled, there are no contraindications due to 
an underlying heart disease and bleeding risk of antithrombotic therapy is con-
sidered in the context of the specific sport discipline (see above) [48].

Fig. 49.2 Risks and benefits of physical activity (PA) in patients receiving oral anticoagulation (OAC)
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Functional evaluation through exercise testing prior to starting an aerobic train-
ing program is recommended, and ramp incremental CPET, when available, is the 
gold standard for a physiologically comprehensive exercise intensity assessment 
and prescription. This may allow a shift from a ‘range-based’ to a ‘threshold-based’ 
aerobic exercise intensity prescription, which could maximize the benefits of train-
ing [47]. The highly variable chronotropic response at submaximal levels of exer-
cise render heart rate of little utility for aerobic training prescription in AF patients. 
Training zones can be determined by using

 (a) watt or treadmill speed/inclination at the ventilatory thresholds;
 (b) percentage of peak watt or treadmill speed/inclination;
 (c) values of the rating of perceived exertion (RPE) Borg scale;
 (d) a combination of watt or treadmill speed/elevation with RPE.

Figure 49.3 illustrates the definition of training zones based on ventilatory 
thresholds.

49.8  Integrating Atrial Fibrillation Patients in Cardiac 
Rehabilitation Programs

Cardiac rehabilitation (CR) is recommended as a secondary prevention strategy for 
patients with chronic cardiovascular diseases like coronary artery disease, heart fail-
ure and peripheral artery occlusive disease [49]. Specific recommendations for PA 
counselling and exercise training during CR have been published (see also Chaps. 
43 and 44) [50].

Fig. 49.3 Exercise test of a 59-year-old patient with long-standing persistent AF, valvular and 
coronary heart disease, 1 month after aortic valve replacement, before starting a CR program. Left 
panel: Incremental ramp protocol showing a moderately reduced exercise capacity (55% of pre-
dicted). The scattered heart rate profile during exercise reflects the irregularity of AF. Middle 
panel: Display of heart rate in relation to oxygen uptake. At all time points, heart rate is higher than 
the reference range, and peak heart rate exceeded the predicted maximum, illustrating suboptimal 
rate control of AF. Right panel: Equivalents (Eq) for oxygen and carbon dioxide over time. 
Determination of the aerobic (first ventilatory) threshold (AT) and the respiratory compensation 
point (RCP, second ventilatory threshold). Workload at AT and RCP were 51 W and 111 W, respec-
tively. The low workload at the first threshold reflects muscular deconditioning after valve 
surgery
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• In large randomized controlled trials comparing rate and rhythm control strategies 
for AF, approximately 30% of patients would qualify for a CR program, based on 
their underlying cardiac disease, mainly coronary artery disease [51, 52].

• However, in large observational studies the prevalence of AF in current CR pro-
grams is as low as 7–13% [53].

• The EURObservational Research Program on Atrial Fibrillation (EORP-AF) has 
demonstrated that only 21.7% of enrolled AF patients were regularly active, and 
38.9% reported no PA. Regular exercise was associated with a lower risk of car-
diovascular and all-cause mortality [54].

CR programs may have the potential to increase the level of PA among patients 
with AF to improve prognosis in addition to exercise capacity and quality of life. 
However, at present, clinical guidelines for the management of AF do not include 
referral to CR.  However, they already recommend an integrated management of 
patients with AF, including patient education and empowerment, CV risk factor 
management and lifestyle changes [45]. Comprehensive CR programs would help 
to implement guideline recommendations. A recent position paper highlights the 
potential of CR for the prevention of AF in patients with risk factors [55].

Figure 49.4 illustrates the heat rate during an exercise training session of a patient 
with valvular heart disease and long-standing persistent AF during his CR program. 

Fig. 49.4 Two training sessions with a constant workload on a bicycle, 1 month after entering a 
CR program (same patient as in Fig. 49.1). The optimal training zone was determined from the 
ventilatory thresholds of the CPET (between 51 and 111 W). The betablocker dose was unchanged 
in this period (metoprolol 75 mg bid). Upper panel: Heart rate during warm-up exceeded 110 bpm 
and increased slightly during the training at 65 W, with peaks above 150 bpm, accompanied by 
patient’s discomfort. Workload had to be reduced toward the end of the training to 60 W. Lower 
panel: Heart-rate remained below 100 bpm during warm-up. The workload of 65 W was tolerated 
over the whole training session at a lower average heart rate
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Figure 49.5 shows heart rate and oxygen pulse of the patient’s cardiopulmonary 
exercise test at the beginning and end of the CR program.

Currently, only two systematic reviews have assessed the benefits and harms of 
exercise-based CR in adults with AF [56, 57].

• A small meta-analysis included only data from randomized controlled trials (6 
studies, 421 participants) and found that CR increased exercise capacity, but had 
no clinically relevant impact on quality of life [57].

• A large meta-analysis included both observational and randomized controlled 
trials (12 studies, 4822 participants) and found limited evidence supporting the 
use of CR in AF patients to improve cardiometabolic health indicators and aero-
bic and functional capacity but conflicting data on quality of live and mental 
health [56].

49.9  Gaps in Evidence

The current evidence of the benefits of exercise training in the heterogeneous popu-
lation of AF patients is restricted to observational studies and small randomized 
trials with low to moderate quality. Most trials focused on moderate intensity endur-
ance exercise.

• The impact on mortality or serious adverse events remains to be established.
• The positive effect on exercise capacity did not translate into a relevant effect on 

health-related quality of life and needs to be re-examined in adequately powered 
trials.

Fig. 49.5 Heart rate profiles during a cardiopulmonary exercise test pre and post a 12-week CR 
program (same patient as in Figs. 49.1 and 49.2). Besides the exercise intervention, the betablocker 
dose was increased (from metoprolol 50 mg bid to 100 mg bid). Left panel: Resting heart rate 
exceeded 100 bpm and increased to values over the reference range for peak heart rate. The oxygen 
pulse (O2/HR), a surrogate marker for left ventricular stroke volume, did not reach the reference 
range. Right panel: Improved heart rate profile with a resting heart rate below 100 bpm and a peak 
heart rate within the reference range. Improvement of the oxygen pulse
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• Large, multicenter trials of comprehensive CR, including risk-factor manage-
ment, patient education and empowerment, in addition to exercise training are 
lacking.

• Data on strength training and long-term effects of aerobic interval training are 
lacking.

• The value of individualized training recommendation and specific training 
modalities needs to be assessed.

Clinical Pearls
• Most probably there is a U-shaped relation of PA and AF risk with a reduction of 

AF risk caused by light to moderate PA and a progressive risk increase as a con-
sequence of increased PA intensity/duration.

• Exercise tolerance is often decreased in patients with AF but can be improved 
with exercise training.

• General exercise training recommendations apply also for patients with AF.
• Bleeding risk of AF patients under oral anticoagulation has to be considered for 

sports and exercise recommendations.

Chapter Review Questions

 Questions

 1. A 62-year-old obese patient (BMI 31.2 kg/m2) with persistent AF is referred for 
exercise training recommendations prior to an AF ablation procedure. The 
patient is taking metoprolol 50 mg bid. A cardiopulmonary exercise test is being 
performed. What to look out for?

 2. A 29-year-old female patient with newly diagnosed “lone” paroxysmal AF and a 
hitherto life-long history of recreational sports is somewhat uncertain about the 
cause of her disease and fears that sports has made its own contribution for dis-
ease development. As the absence of cardiac risk factors led to the diagnosis 
“lone” AF: which factors should particularly be considered during sports- 
cardiological work-up of the patient?

 Answers

 1. Heart rate and blood pressure should be controlled throughout the whole activity 
spectrum. The ECG should show no signs of exercise-induced myocardial isch-
emia or ventricular arrhythmias. Maximum exercise capacity and ventilatory 
thresholds should be used for tailored training recommendations.

 2. During work-up of the master athlete, special attention should be paid on 
“new” risk factors like obesity, sleep apnoea, family history of AF, inflamma-
tory diseases. Intake of doping-relevant substances should be taken into 
account and also alcohol abuse (there is evidence that sports participation may 
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contribute to increased alcohol consumption in all age groups [58–61] or other 
addictive drugs. Finally, endocrinological disorders (especially thyroid) should 
be ruled out.
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Learning Objectives
Understand the pathophysiology, clinical issues and risks-benefits involved with 
regard to exercise and sports participation in individuals with pacemakers and ICDs.

 1. Summarize the current evidence available on this topic.
 2. Discuss the recommendations from current guidelines on physical activity and 

exercise in this special population.
 3. Develop a practical approach, based on current knowledge, for clinical decision- 

making for the individual patient.

50.1  Scope of the Problem

Cardiac Implantable Electronic Devices (CIEDs), including

 (a) pacemakers,
 (b) Implantable Cardioverter Defibrillators (ICDs) and
 (c) Cardiac Resynchronization Therapy (CRT)

are now an integral part of heart disease management, with large trials [1–3] dem-
onstrating their utility, and international guidelines [4, 5] giving specific 
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recommendations for their use. CIEDs may be implanted for structural heart dis-
ease (various cardiomyopathies) or non-structural, purely arrhythmic disorders 
such as conduction system diseases and channelopathies. The range of conditions 
therefore encompass a wide spectrum of patient types, both young and old, many 
of whom may be having active lifestyles. This is more so, as improved diagnostic 
techniques, family screening, genetic testing [6] and pre-sports screening [7, 8] 
have led to an expanding pool of potentially younger patients implanted with 
devices. Both the diagnosis of a cardiac condition and the implantation of a CIED 
invariably represent a significant upheaval in the patient’s life, forcing a reassess-
ment of their overall situation, work and activities. One of the important, but 
incompletely understood aspects is the appropriateness and extent of physical 
activity in these subjects [9]. While regular exercise and cardiac rehabilitation 
have been found to be beneficial overall and therefore recommended [10, 11], 
relatively lesser attention has been paid to the subgroup with CIEDs. Questions 
about whether it is safe to exercise, the intensity of activity, playing recreational 
sports etc. all deserve careful attention and it is incumbent upon the treating car-
diologist to try and give as clear a guidance as possible to patients in this often-
confusing scenario.

50.2  Potential Concerns Related to Physical Activity in CIED 
Patients

50.2.1  Implantable Cardioverter Defibrillators (ICDs)

ICDs are implanted in a variety of cardiac conditions in order to diagnose and treat 
(by anti-tachycardia pacing or shock) potentially lethal cardiac arrhythmias. Hence 
an obvious concern in these patients is the risk of arrhythmia and attendant ICD 
shock during exercise.

• Studies suggest a transiently elevated risk for arrhythmias and cardiac arrest dur-
ing exercise [12, 13], likely related to increased sympathetic drive, and other 
possible mechanisms such as dehydration and electrolyte imbalance.

• Additionally, the possibility of inappropriate shocks may also be higher in view 
of sinus tachycardia and a greater likelihood of other supraventricular arrhyth-
mias during exercise [14].

• A greater chance of arrhythmia occurrence in turn, raises the possibility of syn-
cope and resultant bodily injury.

• There is also the fear that ICD shocks may be less effective in terminating 
arrhythmias secondary to increased catecholamine levels during exertion  
[15, 16].
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• Malfunction of the pulse generator as well as the lead, such as insulation defect, 
lead fracture etc., may occur as a result of mechanical trauma to the device due 
to bodily impact or stretching of the leads due to vigorous arm movements [6].

Occurrence of either appropriate or inappropriate shocks during exercise can 
also result in a negative psychological impact, with some subjects becoming perma-
nently discouraged from carrying out further exercise or sports [17]. Lastly there is 
the concern that physical activity may lead to progression of the underlying sub-
strate, especially in certain situations such as arrhythmogenic right ventricular car-
diomyopathy (ARVC) [18].

50.2.2  Pacemakers and CRT

Patients exercising with routine or CRT pacemakers may be susceptible to other 
types of problems:

• Lack of adequate rate responsiveness may result in inadequate heart rate rise to 
cope with the demands of exercise.

• Excessive increases in sinus rate may result in undesirable upper rate behavior 
such as occurrence of 2:1 AV block causing sudden symptoms.

• Despite rate adaptive AV delays, AV synchrony may be adversely affected at 
higher rates, compromising exercise tolerance.

• In CRT recipients, frequent ectopics during exercise or spontaneous conduction 
with short AV interval can lead to loss of biventricular pacing [19, 20].

• Similarly, AV and VV optimizations done at rest may not be ideal during exer-
cise, resulting in suboptimal CRT function and symptoms [21].

• Additionally, susceptibility to pacemaker malfunction, related to issues such as T 
wave oversensing, exaggerated myopotentials etc. can all increase with exercise.

• Pacemaker dependent subjects, such as those with complete AV block may suffer 
syncope or falls if there is device or lead malfunction during exercise.

50.3  Disadvantages of Restricting Exercise in CIED 
Recipients

Although logical concerns exist with regard to exercise in a patient with pacemaker 
or ICD, on the other hand one needs to consider the potential harm in restricting 
physical activity. The cardiovascular benefits of regular exercise are well estab-
lished [22, 23]. Improvements in exercise capacity and health related quality of life 
have been well documented across all heart failure subgroups [24] and this applies 
to patients with CIEDs as well.
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• For example, post CRT implantation, both cardiac function and exercise toler-
ance improve, but these gains may be lost in the absence of a proper cardiac 
rehabilitation program.

Guided exercise training can further improve exercise capacity (peak oxygen 
uptake, VO2peak) and skeletal muscle function [25]. In both CRT and ICD recipi-
ents, exercise-based rehabilitation leads to

 (a) better quality of life,
 (b) improved endothelial function, and
 (c) reductions in anxiety and depression [26, 27].

Improved physical activity levels have also been directly linked to survival [28]. 
Conversely, exercise and sports restriction may have adverse physical and psycho-
logical consequences especially in younger subjects [29]. Therefore there is a clear 
need for proper assessment and guidance in such patients, with studies suggesting 
that this population, especially ICD recipients, are often inadequately referred for 
rehabilitation programs [30].

50.4  Safety and Efficacy of Exercise  
in Pacemaker-/ICD-Recipients

Several studies have now demonstrated the safety and benefits of especially moder-
ate intensity exercise among device recipients:

• The COPE-ICD trial, which randomized 196 patients with ICD to 12 weeks of 
exercise training versus usual care, demonstrated significant improvements in 
fitness and general health, without an increase in ICD shocks  [31].

• The larger HF-ACTION trial randomized more than 1000 patients with an ICD 
to receive exercise training or regular care and found that randomization to exer-
cise was not a predictor of increased ICD shocks  [32]. Training resulted in an 
improvement in exercise capacity, although reduction in hospitalization or all- 
cause mortality was not demonstrated [33].

• Dougherty et al. prospectively studied the impact of moderately strenuous aero-
bic exercise after ICD implantation and reported improvements in peak oxygen 
consumption with no impact on ICD shocks or hospitalization compared to usual 
care [34].

• A prospective assessment of symptom limited treadmill exercise testing in a 
large ICD cohort showed no adverse events in the form of death, sustained ven-
tricular arrhythmias or inappropriate shocks  [35].

• A 2012 systematic review by Isaksen et al., confined to ICD patients, demon-
strated that shocks during actual exercise were rare and exercise training 
improved aerobic fitness significantly; in fact, the overall frequency of shocks 
was greater in sedentary compared to active individuals [36].
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• A more recent and larger review, encompassing all device types (pacemakers, 
ICDs and ventricular assist devices) confirmed both the very low adverse event 
rates associated with moderate to high intensity exercise training and the benefit 
of improved aerobic fitness [37].

Similar information is available from observational and registry data:

• In a 2006 Heart Rhythm Society survey, most member physicians reported their 
ICD patients participating in fairly vigorous activity such as basketball, running 
and skiing. Although ICD shocks occurred by report in up to 40% of such 
patients, serious adverse events including physical injury, damage to device and 
failed shocks were uncommon [38].

• A prospective, multinational sports registry, though involving only athletes with 
implanted ICDs, nevertheless conveyed reassuring data on the safety of partici-
pation in vigorous sports, both competitive as well as recreational, with no 
instances of physical injury or failure to terminate arrhythmias [17, 39].
 – The overall incidence of shocks in this registry also did not appear to signifi-

cantly differ from unselected young ICD populations [40], although, as 
expected, shocks were more frequent during activity compared to rest.

Thus it seems that fairly vigorous exercise and rehabilitative activity is feasible 
in device patients, with anecdotal reports raising the possibility of meaningful return 
to work in even high intensity occupations such as firefighters [41].

50.5  Specific Considerations

While assessing the overall issue of exercise for patients with pacemakers or ICDs, 
some specific issues warrant consideration:

• The individual underlying pathology is important, with diseases such as cate-
cholaminergic polymorphic VT (CPVT) and arrhythmogenic right ventricular 
cardiomyopathy (ARVC) more frequently associated with exercise-related 
shocks  [39, 42].

• Also, in patients with structural cardiomyopathy, the possibility of vigorous 
exercise worsening the underlying substrate is another potential concern:
 – In ARVC-patients with genetically defective desmosomes, increased ventricu-

lar wall stress during physical exercise can further disrupt cell-cell junctions 
and accelerate fibrofatty myocardial replacement, thereby contributing to dis-
ease progression [43] and a potentially worse long term arrhythmia risk as well.

 – In fact, even in asymptomatic mutation carriers of ARVC, exercise has been 
linked to development and progression of disease [18].

 – Similarly, in hypertrophic cardiomyopathy (HCM), intense activity may pre-
dispose to repeated bouts of small vessel myocardial ischemia and damage, 
promoting more fibrosis [44].
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• The type of exercise proposed is also important, with certain activities and sports 
such as bowling, golf and brisk walking being traditionally considered to be at 
low cardiovascular demand, whereas others may entail higher cardiovascular 
stress.

50.6  What Do the Guidelines Say?

Guidelines for physical activity or sports in patients with CIEDs have mainly 
focused on competitive athletes, from which recommendations can in turn be 
inferred for ordinary subjects, as the level of exercise intensity is expected to be 
lower:

• The 2015 ACC/AHA guidelines for athletes with pacemakers  [45] suggest that 
athletic participation can be allowed provided the underlying substrate does not 
pose a high risk.
 – For pacemaker dependent patients, activities with a risk of collision and 

potential device damage should be avoided; protective padding to the device 
should be considered for all patients.

 – As far as ICDs are concerned, generally low intensity sports (Level IA; see 
Chap. 1) are recommended, and higher intensity can also be considered in the 
absence of recent active arrhythmia.

 – An arrhythmia/shock free period of at least 3 months is advised, especially if 
considering high intensity physical activity [45].

• Similarly, current European guidelines do not prohibit either leisure sports or 
even potentially competitive sports in patients with ICDs, but do stress the 
importance of a full discussion of the relevant risks-benefits with the individual, 
as well as the necessity of considering the underlying condition so as to exercise 
caution in high risk subsets, particularly ARVC [46].
 – Earlier European recommendations for individuals with pacemakers reiterate 

the issue of avoiding activities with risk of collision or device damage.
 – In addition, gathering information from a Holter or submaximal exercise test 

is recommended to program appropriate rate responsiveness.
 – Judicious utilization of device stored data such as atrial or ventricular high 

rate episodes is also advisable to ensure ongoing surveillance and appropriate 
management in exercising individuals [47].

Overall, guidelines have evolved over time and become more permissive in terms 
of even allowing vigorous exercise in patients with devices. Given the multitude of 
benefits associated with recreational sports and exercise training, it is evident that 
all CIED patients should not only be allowed but, in fact encouraged to engage in 
moderate intensity exercise, with appropriate precautions depending on device type 
and underlying pathology.
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50.7  Clinical Approach to the Individual Patient

A planned exercise rehabilitation program is essential for all cardiac patients 
including those with CIEDs and should be implemented whenever possible. 
Generally, regular physical activity can be planned starting about 4–6  weeks 
after device implantation to allow for basic healing and lead fixation [48]. 
However, it is important to individualize the exercise prescription for each 
patient for which a number of variables need to be taken into account (Fig. 50.1). 
These can be broadly thought of as patient-/device-related factors and exercise-
related factors.

50.7.1  Patient-/Device-Related Factors

This category includes

 (a) the indication for ICD (primary vs. secondary with accordingly differing 
arrhythmia risk),

 (b) time since last arrhythmia or shock,
 (c) nature of the underlying cardiac disease (risk of arrhythmia or disease 

progression),
 (d) the type of device (CRTD vs. ICD vs. pacemaker),
 (e) number of leads, and
 (f) the extent of pacemaker dependence.

One needs to carefully consider all measures which can be potentially under-
taken to optimize patient-/device-related factors with respect to safely undertaking 
exercise. This planning should ideally begin right from the time of device 
implantation.

• For instance, given the lack of evidence for better discrimination with a dual 
chamber ICD [49, 50], two leads should not be implanted unless a compelling 
need exists. Reducing unnecessary leads will decrease the potential for activity 
related damage.

• Device programming is another important aspect.
 – In line with current thinking, especially for primary prevention, a high rate 

cut off or long detection times would also help minimize inappropriate 
shocks for sinus or supraventricular tachycardia associated with exercise 
[51, 52].

 – Setting a monitor zone in ICDs should always be considered as it can yield a 
wealth of diagnostic information including heart rates achieved during 
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Fig. 50.1 Suggested approach to exercise and leisure sports in a patient implanted with an ICD

K. Narayanan and E. Marijon



1053

exercise as well as the occurrence of exercise related arrhythmias which can 
help adjust medical therapy and titrate exercise levels [48].

 – Similarly for pacemakers and CRTs, the dynamic fluctuations of heart rate 
during exercise should be considered and appropriate programming done for 
ensuring adequate rate responsiveness, AV synchrony and continued biven-
tricular pacing during exercise.

 – Upper tracking rates should be kept sufficiently high to avoid undesirable 
upper rate behavior and inappropriate triggering of PMT response during 
exercise [20].

• As already mentioned, an extended Holter or an exercise test can help assess 
heart rate patterns during exercise and improve programming decisions.

• Careful attention should be paid to stored diagnostic data in modern pacemakers 
such as atrial/ventricular high rate episodes or occurrence of myopotential over-
sensing with certain types of exercise [47].

In addition to ensuring device optimization, the risk of the underlying condi-
tion has to be considered, with for instance, a more cautious, gradual “build up” 
of activity levels in high risk variants such as ARVC with more frequent surveil-
lance. Optimizing medical therapy for the specific pathology is obviously cru-
cial to reduce activity related arrhythmia risk. A specific aspect concerns the use 
of beta blockers which are often part of medical therapy but may be associated 
with fatigue or perceived low energy, potentially interfering in some with exer-
cise capacity. Although a recent registry in athletes did not show an association 
between beta blocker use and shocks  [17], given the theoretical benefits for 
arrhythmia prevention, beta blockers should be continued in most situations. 
Additionally, the profound psychological impact of shocks is important to rec-
ognize, with several studies showing an adverse impact on quality of life [53, 
54] and discontinuation of exercise driven by a fear of shocks. Hence a compre-
hensive exercise rehabilitation in CIED patients should combine supervised 
training with ongoing psychological counselling and education to help patients 
cope [31].

50.7.2  Exercise-Related Factors

The type of exercise proposed to be undertaken should be carefully considered.

• As already mentioned, activities with risk of collision and extreme repetitive 
ipsilateral (to device side) arm movements, should be avoided.

• While most patients can safely participate in low intensity (Class IA) sports such 
as billiards, golf, bowling etc., exercise testing under supervision as well as 
ambulatory heart rate monitoring during exercise, with, for instance a wrist 
device, can help provide additional guidance with regard to the intensity of exer-
cise which may be undertaken [55].

• In ICD patients, it may be prudent to aim for a target heart rate during exercise 
that is at least 20–30 bpm lower than the lowest VT zone to minimize risk of 
inappropriate shocks [48].
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• Lastly it is important to emphasize that risk is a dynamic phenomenon and peri-
odic reassessments of the underlying condition are important to ensure appropri-
ateness of the exercise level on an ongoing basis.

50.8  Future Directions and Conclusion

Although it is clear that the benefits of planned exercise and cardiac rehabilita-
tion outweigh the risks in CIED patients, further studies should focus on 
addressing knowledge gaps in this field. A variety of different exercise testing 
protocols depending on patient condition and lifestyle would probably be more 
useful compared to a single one in fine-tuning recommendations. Further 
research is needed on the best way to respond to shocks encountered during 
exercise. More data are also needed on women and whether differences exist by 
ethnicities. Furthermore, follow up data in the patients’ usual or home setting 
would be useful. The increasing diffusion of home monitoring holds promise in 
this regard and data obtained by remote transmission can help guide home-
based training on an ongoing basis after an initial center-based rehabilitation 
program [56]. This can also improve motivation and long-term adherence to an 
exercise program.

Newer techniques and developments in the device field have the potential to 
improve outcomes. The fully subcutaneous ICD, eliminating intravascular leads, 
could be advantageous in reducing lead-related issues during activity [57], and stud-
ies evaluating this technique are needed. Physiologic pacing methods such as His 
Bundle-pacing, which is even being proposed as an alternative to CRT, also hold 
promise in improving outcomes in the near future [58].

In conclusion, it is imperative that the multiple benefits of physical exercise 
should not be denied to patients with cardiac implanted devices. Hence, it is impor-
tant that treating cardiologists be familiar with all issues related to exercise in this 
setting. An individualized approach, based on the underlying condition, activity 
level, optimal device programing and a thorough discussion, respecting patient 
autonomy should form the basis of care for these patients.

Clinical Pearls
• Expanding indications and improved screening have led to an increasing pool of 

physically active patients receiving cardiac implantable electronic devices 
(CIED).

• An exercise-based cardiac rehabilitation program has several physical and psy-
chological benefits which holds true for CIED patients as well, and every effort 
must be made to implement this in all cases.

• Concerns related to exercise in CIED-patients include increased arrhythmia risk, 
appropriate and inappropriate shocks, undesirable pacemaker responses during 
exercise and damage to the device or leads.

• Data from both randomized and observational studies suggest that moderate to 
vigorous exercise is safe in patients with pacemakers and ICDs without an undue 
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risk of arrhythmias, shocks or major adverse events. Accordingly, both American 
and European guidelines suggest that even medium to intense exercise can be 
undertaken in device patients with ongoing supervision and specific precautions 
related to device type and underlying pathology.

• The exercise prescription for patients with devices needs to be individualized, 
taking into account several factors such as the cardiac condition, device type, 
arrhythmia history etc. Optimal medication, device programming and a thorough 
discussion with the patient are key elements in the decision process.

 Review

 Questions

 1. A 20-year-old college student implanted with an ICD seeks advice on participat-
ing in leisure time sports. Which of the following conditions would be most 
concerning for disease progression due to exercise?
 (a) Long QT Syndrome
 (b) Brugada Syndrome
 (c) Arrhythmogenic Right Ventricular Cardiomyopathy
 (d) Repaired Tetralogy of Fallot

 2. Guidelines on exercise in patients with ICDs recommend which of the 
following:
 (a) Participation in impact sports.
 (b) Waiting for an arrhythmia-free period of at least 3 months before vigorous 

exercise.
 (c) Strictly no exercise for all secondary prevention ICD recipients.
 (d) Psychological evaluation before starting exercise.

 Answers

 1. (c) Studies have shown that patients with ARVC have a particularly high risk of 
disease progression due to exercise, with resultant increase in likelihood of 
malignant arrhythmic events. Even in asymptomatic genetic mutation carriers, 
exercise has been shown to promote conversion to overt disease with an increased 
rate of clinical events. Hence in ARVC, greater caution is warranted with respect 
to vigorous exercise and sports. The other listed conditions do not have a risk of 
underlying disease progression due to exercise as such.

 2. (b) As per guidelines for patients with ICDs, it is recommended to wait for an 
arrhythmia/shock free period of at least 3 months before participating in vigor-
ous exercise. This potentially reduces the likelihood of arrhythmia or shocks 
during renewed exercise and also gives an opportunity to optimize anti- 
arrhythmic drugs and overall management to minimize the risk of future events. 
Participation in sports with risk of impact or collision is not advisable in CIED 
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patients. Although, ongoing psychosocial support can be useful as part of an 
exercise rehabilitation program for CIED patients, formal psychological evalua-
tion is not mandatory before allowing exercise. Lastly, there is no recommenda-
tion disallowing exercise for secondary prevention ICD recipients.
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Learning Objectives
 1. Recognize the definition of abdominal aortic aneurysms (AAA), understand the 

growth in their prevalence and the impact of AAA as a leading cause of sudden 
death.

 2. Recognize risk factors for AAA.
 3. Understand the safety of exercise testing in AAA.
 4. Understand the hemodynamic influences of exercise on the aneurysm area.
 5. Appreciate the potential benefits of rehabilitation in AAA.
 6. Recognize the effects of regular exercise on AAA growth.

51.1  Introduction

An abdominal aortic aneurysm (AAA) is a localized dilation caused by weakening 
of the vessel wall, most often in the infrarenal area. It is usually defined as an outer 
aortic diameter >3.0 cm (normal diameter of the aorta is <2.0 cm) (Fig. 51.1). AAAs 
are usually asymptomatic and are often not discovered until they rupture or cause 
symptoms due to localized pressure on adjacent tissues. The major complication is 
rupture of the aneurysm; this is a life-threatening event, as large amounts of blood 
spill into the abdominal cavity and can lead to death within minutes. In the past, few 
data were available on the effects of physical activity in AAA, and these patients 
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were generally discouraged from participating in exercise programs. However, this 
has begun to change with the recent publication of some notable randomized trials 
of exercise training in patients with AAA. The purpose of this chapter is to review 
the available data on exercise testing and training in AAA and discuss the potential 
for exercise therapy to reduce AAA risk and limit AAA progression.

51.2  Definition of Abdominal Aortic Aneurysm

AAA is defined by a localized dilation caused by weakening of the vessel wall, most 
often in the infrarenal area.

• AAA is usually defined as an outer aortic diameter >3.0 cm (normal diameter of 
the aorta is <2.0 cm).
 – If the outer diameter exceeds 5.5 cm, the aneurysm is considered to be large 

and such patients are considered candidates for surgical repair [1, 2].

AAAs are usually asymptomatic and are often not discovered until they rupture 
or cause symptoms due to localized pressure on adjacent tissues. The major compli-
cation is rupture of the aneurysm, which is a life-threatening event. Many factors 
can contribute to an AAA, including each of the major risk factors for cardiovascu-
lar disease. AAAs occur most commonly among individuals between the ages of 65 
and 75 years and are more common among men (4–5 times higher incidence) and 
among smokers [1–7].

Fig. 51.1 Illustration of a normal abdominal aorta (left) and an abdominal aorta with a moderate 
(center) and large (right) aneurysm
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51.3  Detection of AAA

Detection of AAA has improved considerably in recent years through greater media 
attention, public outreach programs [8], and the addition of AAA ultrasound screen-
ing to guideline recommendation in the US and Europe, including the adoption of 
AAA screening to the US Medicare program:

• In 2005 (updated in 2014), a US Preventive Services Task Force (USPSTF) 
report recommended that men aged 65–75  years who had ever smoked be 
screened for AAA on one occasion by abdominal ultrasound [9, 10].
 – However, the USPSTF found that there is little benefit to repeat screening in 

men who have a negative ultrasound and that men over age 75 are unlikely to 
benefit from screening.

While the USPSTF recommended against screening for women, a 2008 budget 
amendment termed “screening abdominal aortic aneurysms very efficiently” 
(SAAAVE) authorized the Centers for Medicare and Medicaid Services to cover 
screening for men in the 65 to 75 year age range who had smoked more than 100 
cigarettes in their lifetime, in addition to men and women in this age range with a 
family history of AAA disease [11]. While there are slight differences between pro-
fessional organizations, screening criteria are generally similar to the USPSTF rec-
ommendations, including those from the Canadian Society for Vascular Surgery 
[12] and the European Society for Vascular Surgery [13].

• Abdominal ultrasonography has been used as the screening modality in the large 
randomized trials of screening for AAA, because of its high sensitivity and speci-
ficity and low cost.
 – With a sensitivity >95% and a specificity nearly 100%, ultrasonography has 

excellent test characteristics for diagnosing and following patients with AAA 
[1, 9, 10].

51.4  Epidemiology of AAA

Abdominal aortic aneurysms account for an increasing burden on health care costs 
in the Western world:

• AAA is the 13th leading cause of death in the US, and is the third leading cause 
of sudden death in men >60 years of age, accounting for roughly 4–5% of sudden 
deaths [14, 15].

• AAA is directly related to age, with a prevalence of approximately 6% in men 
>60 years, increasing to roughly 11% in men >80 years [3, 16].

• The prevalence of AAA varies considerably depending on the presence of other 
risk factors.

• The most important modifiable risk factor is cigarette smoking; smokers are 2 to 
9 times more likely to develop AAA than non-smokers [6, 16–19].

51 Exercise in Specific Diseases: Abdominal Aortic Aneurysm
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• Other major risk factors for AAA include
 – Hypertension,
 – obesity,
 – inflammation, and
 – white race [5–7, 16–21].

51.5  Physical Inactivity as a Risk Factor

While data are relatively limited, patients with AAA represent a population that 
could potentially benefit from exercise therapy and secondary prevention, since 
associated risk factors such as hypertension, obesity and inflammation are amenable 
to exercise training.

• Physical inactivity is associated with microvascular dysfunction, inflammation, 
and other factors related to AAA, including obesity [22–24].

• Regular exercise has been shown to favorably alter epicardial and peripheral flow 
dynamics, resulting in improved blood flow to ischemic areas in patients with 
vascular diseases [23–30].

• The luminal diameter of epicardial and other vessels change rapidly in response 
to mechanical (flow-related) and endogenous or pharmacological stimuli, and 
endothelial health is enhanced by exercise training [23, 27–30].

• Studies have shown that acute exercise favorably alters adverse hemodynamic 
conditions in the abdominal aorta in patients with AAA, including lessening 
peripheral resistance and oscillatory sheer stress which may attenuate AAA 
growth [31–33].

51.6  Safety of Exercise Testing in AAA

Guidelines on exercise testing have generally not addressed patients with AAA. A 
1997 recommendation suggested that individuals with AAA should not undergo 
maximal exercise testing, that heart rate should not exceed 100 beats/min, and that 
excessive rises in double-product (systolic blood pressure x heart rate) be avoided 
due to concerns about the potential for rupture [34].

Pre-operative risk assessments in patients with AAA have largely employed 
pharmacologic stress with dobutamine, ostensibly to avoid an excessive rise in sys-
tolic blood pressure [35]. However, these limitations have been based on intuition 
rather than known risks associated with exercise in AAA.

The ACC/AHA Practice Guidelines for the Management of Patients with 
Peripheral Vascular Disease [36] suggest that AAA patients should not be fearful of 
moderate activity, and that efforts should be made to improve fitness in the event 
that surgery is required.
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Limited data are available regarding maximal exercise test responses in patients 
with AAA. Undoubtedly this is because of limited awareness of AAA until recent 
years, and the tendency to refer these patients to pharmacologic stress testing 
because of concerns about safety. While the American Heart Association (AHA) 
Guidelines on Exercise Testing reviewed the applications of the test in a wide vari-
ety of cardiovascular and related conditions, AAA is not mentioned [37]. Likewise, 
exercise testing is not mentioned in the AHA/American College of Cardiology 
Guidelines for the Management of Peripheral Arterial Disease [35].

Three recent studies have assessed the safety of maximal exercise testing in 
patients with AAA.

 1. Best and colleagues [38] retrospectively evaluated 262 patients with AAA diam-
eters >4.0  cm who had undergone exercise testing at the Mayo Clinic. One 
patient with a large (6.1  cm diameter) aneurysm was reported to have had a 
rupture 12 h after the exercise test. While this event may or may not have been 
related to the exercise test, this yielded a rupture rate of 0.4%.

 2. In a case report, Puls and Thadani described a patient with a 7.0 cm aneurysm 
who underwent supine exercise nuclear ventriculography [39]. Six minutes into 
the test, at a work rate of 450 kpm (approximately 65 W) and a blood pressure of 
200/100 mmHg, the patient complained of excruciating low back pain. The test 
was stopped, an ultrasound was performed revealing a rupture, and the patient 
underwent surgical repair. Two days following surgery, the patient died of myo-
cardial infarction. It is notable that these two exercise test-related events occurred 
in patients with very large aneurysms (6.1 and 7.0 cm), which represent obvious 
contraindications to exercise.

 3. In the Abdominal Aortic Aneurysm: Simple Treatment and Prevention (AAA 
STOP) trial, more than 500 maximal exercise tests were conducted in patients 
with small AAA, (i.e. 2.5–5.0 cm) [40].
 (a) No exercise test responses occurred that were serious enough to be consid-

ered an “event” by conventional definitions.
 (b) A comparison of exercise test responses between patients with AAA and 

subjects of similar age referred for exercise testing for clinical reasons is 
presented in Table 51.1.

 (c) While the occurrence of hyper- and hypotensive responses were slightly 
higher in AAA subjects than those among age-matched referrals, the inci-
dence of these responses was similar to other studies in subjects referred for 
exercise testing for clinical reasons.

 (d) Notably, there were no instances of sustained or non-sustained ventricular 
tachycardia in the AAA subjects; this contrasts the incidence rate of 1.5% in 
age-matched subjects referred for exercise testing for clinical reasons; an 
incidence rate of 1.0% previously reported in the same exercise lab [43]; and 
rates ranging from 0.08% to 1.1% reported elsewhere [44].
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51.7  Safety of Exercise Training in AAA

Undoubtedly there have been many post-MI, post PCI, or heart failure patients with 
occult small AAA who have participated in rehabilitation programs in the years 
prior to the wider screening programs and awareness of the condition that exists 
today. Numerous studies have reported on event rates associated with cardiac reha-
bilitation programs, and these studies have been summarized in various sources, 
including national guidelines [45].

• There are no specific incidences of AAA rupture reported in these studies, 
although the possibility that an AAA event was attributed to acute MI or another 
cause cannot be discounted.

Table 51.1 Comparison of exercise test responses between patients with abdominal aortic aneu-
rysm (AAA) and subjects referred for exercise testing for clinical reasons (adapted from [40])

Variables
AAA subjects 
(n = 306)

VA referrals 
(n = 2155) p-value

  Rest
   Heart rate (beats/min) 63 ± 11 70 ± 13 <0.001
   Systolic blood pressure (mmHg) 132 ± 15 138 ± 20 <0.001
   Diastolic blood pressure (mmHg) 75 ± 9 79 ± 20 <0.01
  Maximal exercise
   Heart rate (beats/min) 127 ± 23 129 ± 22 0.13
   Systolic blood pressure (mmHg) 184 ± 30 176 ± 27 <0.001
   Diastolic blood pressure (mmHg) 80 ± 13 84 ± 26 <0.01
   Perceived exertion 18.6 ± 1.4 16.7 ± 2.3 <0.001
   Respiratory exchange ratio 1.10 ± 0.11 1.09 ± 0.15 0.38
   Oxygen uptake (ml/kg/min) 20.0 ± 6.3 20.3 ± 7.3 <0.54
   Estimated oxygen uptake (METs) 7.0 ± 2.6 6.4 ± 2.7 <0.001
   Percent age-predicted VO2a 77.4 ± 24 79.5 ± 29 0.47
    Percent age-predicted estimated 

METsb

96 ± 36 90 ± 37 0.002

  Reasons for stopping
   Hypotensive response (%) 2.9 0.19 <0.001
   Hypertensive response (%) 3.6 0.65 <0.001
    Ventricular tachycardia (≥3 beat 

run, %)
0 1.5 –

   Claudication (%) 8.4 3.7 <0.001
  Ischemic changes
   ST depression ≥1.0 mm (%) 11.1 36.6 <0.001
   Angina (%) 1.6 10.7 <0.001
  Prognostic scores
   Duke score (annual mortality) 4.7 ± 5 (3.1%) 1.6 ± 6 (3.5%) <0.001
   VA score (annual mortality) −5.6 ± 3 (2.5%) −4.1 ± 4 (2.5%) <0.001

METs metabolic equivalent of tasks, VA Veterans Affairs
aUsing equation from Ref. [41]
bUsing equation from Ref. [42]
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51.8  Role of Fitness and Physical Activity Patterns 
in Predicting Outcomes

There are limited data in the literature regarding the applications of fitness and 
physical activity patterns in the context of risk for AAA.

• Peak VO2 has been used to estimate pre- and post-operative risk among patients 
undergoing vascular surgery in recent years, and AAA subjects with preserved 
exercise capacity have been demonstrated to have better post-surgical outcomes 
vs. those with lower exercise capacity [46–49].

• In the UK Small Aneurysm Trial (UKSAT) [50], patients with small AAA (4.0–
5.5 cm) who were poorly fit (based on a global pre-operative score) benefited 
particularly from early surgery, with a 44% higher survival when expressed as 
aneurysm-related mortality.

• In a Swedish cohort of >33,000 men and women, physically inactive subjects 
classified crudely as “not walking or cycling to work” had a nearly threefold 
higher risk of developing AAA [51].

• In a 6-year follow-up of Finnish smokers, subjects categorized as “no exercise in 
leisure time” had a 29% higher risk of developing AAA [19].

• In a cross-sectional study of 6386 subjects in Norway, the odds ratios for AAA 
presence among active vs. inactive men and women (defined as < or >3 h low 
intensity activity in the last year) were 0.80 and 0.79, respectively [51].

• A major conclusion from the Endovascular Aneurysm Repair II (EVAR II) 
trial was that improving patient fitness, particularly cardiovascular, pulmo-
nary, and renal function, should be the focus of treatment prior to considering 
repair [52].

• In a follow-up analysis in which EVAR I and EVAR II data were combined, the 
benefit of endovascular repair was demonstrated to be most convincing in the 
fittest patients [53].

These studies suggest that in addition to modifying conventional risk markers for 
vascular disease, efforts to improve fitness by increasing activity should be included 
in the prevention and treatment paradigm for AAA.

51.9  Effects of Rehabilitation in AAA

A summary of studies addressing exercise training in AAA are outlined in 
Table  51.2 [54–59]. All studies have been performed in pre-surgical AAA 
(<5.5 cm). The studies generally show that training responses and safety are simi-
lar to post-MI patients and other groups referred for cardiac rehabilitation. Some 
studies tested patients only to the ventilatory threshold (VT) due to safety con-
cerns; thus, the effects of training on maximal exercise capacity are unknown from 
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these studies. The conservative approach using exercise testing only to the level of 
the VT underscores the fact that little is known about exercise in this population 
and highlights the perception that a high level of exertion in AAA may adversely 
affect the aneurysm or lead to rupture.

The largest randomized trial to date was AAA STOP [57]:

• 140 subjects 50–85 years of age were included with aortic diameters ≥3.0 and 
< 5.5 cm.

• They followed a standard regimen using a combination of in-house and home 
exercise aerobic and resistance training.

• Regardless of where training occurred, subjects were interviewed weekly by 
telephone to obtain estimates of recreational energy expenditure using a 7-day 
activity recall tool.

• The overall goal of training was to achieve a relatively ambitious mean energy 
expenditure of 2000 kcals/week, or the equivalent of roughly 1 h of moderate 
exercise/day.

Table 51.2 Summary of studies of exercise training in abdominal aortic aneurysm (AAA)

Author  
(ref #) Year

# 
Subjects AAA Intervention Main findings

Kothmann 
et al. [54]

2009 30 Small AAA 
under 
surveillance 
(<5.5 cm)

6 weeks supervised 
training (30 min 
moderate intensity 
cycle ergometry, 
twice weekly) at VT

VO2 at VT increased by 
10% in the exercise group 
compared with controls

Myers 
et al. [55]

2010 108 Small AAA 
(3.0–5.5 cm)

1 year exercise 
training (at home/in 
house combination)

Exercise group increased 
exercise capacity (42% 
increase in treadmill time, 
24% increase in estimated 
METs), reduced 
C-reactive protein, 
reduced W/H ratio

Tew et al. 
[56]

2012 28 Small AAA 
(3.0–5.0 cm)

12 weeks of 
supervised training, 
3 days/week

Increase in VO2 at the VT; 
no change in AAA size

Myers 
et al. [57]

2014 140 Small AAA 
(3.0–5.5 cm)

Up to 3 years 
exercise training (at 
home/in house 
combination)

Increases in peak VO2 
and VO2 at VT; reduced 
submaximal heart rate in 
exercise group; no change 
in AAA growth rate

Barakat 
et al. [58]

2013 20 AAA awaiting 
aneurysm 
repair

6 weeks supervised 
exercise program, 3 
sessions/week, 1 h/
session cardio/
strength combination

Increased peak VO2 and 
VO2 at VT, increased 
exercise time

Nakayama 
et al. [59]

2018 212 Small AAA 
(3.0–5.5 cm)

Moderate aerobic 
training, 30 min 
sessions, 1–3 days/
week for 3 months

Slower AAA growth rate 
in the exercise group vs. 
usual care

VT ventilatory anaerobic threshold, METs metabolic equivalent of tasks, W/H waist-to-hip
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• Maximal exercise tests were performed. Exercise capacity results at 3, 12, and 
24 months are presented in Fig. 51.2.
 – Significant training responses were observed, including improvements in 

peak VO2, maximal exercise time, and VO2 at the ventilatory threshold.
 – No participants in the training group experienced AAA-related symptoms, 

exercise- related clinical events or excessive growth rates.
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 – The mean recreational energy expenditure of 1999  kcals/week is roughly 
double the minimum amount widely recommended in guidelines on physical 
activity and health.

 – Training did not influence AAA growth rates.

51.10  Hemodynamic Effects of Exercise in AAA

Hemodynamic factors, including sheer stress, cyclic strain, and various other pres-
sure forces play an important role in the normal adaptive response of the vasculature 
to changes in physiologic demands as well as maladaptive responses that lead to 
cardiovascular disease [29, 30].

The abdominal aorta has been suggested to be particularly prone to unfavorable 
hemodynamic conditions due low mean wall shear stress, high retrograde flow, and 
other factors [24, 31–33, 60, 61]. Exercise training is known to favorably modify the 
systemic inflammatory state, and the vascular shear stress caused by moderate exer-
cise has been demonstrated to improve endothelial function in radial, femoral, and 
coronary arteries [27, 29, 30, 62].

It has therefore been suggested that regular exercise may also provide localized 
benefits to the abdominal aortic vasculature by triggering biologic processes that 
lead to protection from the progression of atherosclerosis. These processes include 
hemodynamic conditions that inhibit atherosclerosis such as unidirectional laminar 
flow, increased wall shear stress, upregulation of endothelial vasodilator mecha-
nisms, and downregulation of vasoconstrictor properties, inflammatory molecules, 
and adhesion proteins [24, 30, 32, 60–65].

• Recent studies using magnetic resonance imaging and computational fluid dynam-
ics have characterized abdominal aortic flow conditions in patients with AAA.

• Acute bouts of submaximal exercise have been demonstrated to counteract these 
abnormal hemodynamic conditions by attenuating retrograde flow and increas-
ing wall shear stress in the abdominal aorta [24, 31–33, 60, 61].

• These studies have consistently observed that unfavorable hemodynamic condi-
tions at rest in AAA are improved with even modest levels of acute exercise.

While the association between regular exercise and AAA progression has yet to 
be fully explored, these studies suggest that regular exercise may modify disease 
progression in AAA by altering local hemodynamic conditions.

51.11  Exercise Recommendations in AAA

Although data are limited on the physiologic effects of exercise training in patients 
with AAA, it seems reasonable to expect that moderate exercise typical of standard 
outpatient rehabilitation programs is safe and beneficial in these patients.
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• The ACC/AHA Practice Guidelines for the Management of Patients with Peripheral 
Vascular Disease [36] recommend modest activity in AAA patients, in part to 
counteract the reductions in fitness that have been shown to be associated with poor 
outcomes among patients who eventually require surgery [46–49, 52, 53].

• The Society for Vascular Surgery Practice Guidelines for AAA recommend that 
during surveillance for patients with small AAA, management should include 
counseling that moderate activity does not precipitate rupture and may limit 
AAA growth rate [66].

• For patients with aneurysms in general, the American College of Sports Medicine 
(ACSM) recommends moderate aerobic exercise, 20–40  min per session, 
3–4 days/week, with an emphasis on exercise duration over intensity [67].

• The recommendations for small AAA also include low resistance strength train-
ing as a complement to the aerobic component.

It would be appropriate to perform a treadmill test, particularly for patients 
wishing to engage in more vigorous activities, both to assess the physiologic 
response to exercise and to ascertain that the patient does not have a hypertensive 
response [67]. The test should be performed while on their standard medication, 
e.g. beta blockers and/or other antihypertensive medications, and recommenda-
tions for activity should be targeted below a systolic blood pressure rise of 
180 mmHg on the treadmill test [67].

51.12  Summary

Rehabilitation programs have been broadening their referral base in recent years to 
include non-traditional patients such as post-cardiac transplant, implantable 
cardioverter- defibrillators (ICDs), heart failure, and post-PCI patients, and stable 
patients with small AAA would appear to be good candidates for rehabilitation pro-
grams as well. Given that cardiac rehabilitation has evolved from traditional 
exercise- based programs to comprehensive secondary prevention and chronic dis-
ease management centers [68], AAA patients would be ideal candidates for inter-
vention since AAA is a disease strongly associated with cardiometabolic risk [5, 17, 
20, 21, 24]. Concerns about risks associated with moderate levels of exercise appear 
to be unfounded [36, 40, 49, 57, 58, 67]. While the effects of training in patients 
with AAA appear to be similar to other groups, available data remain limited, and 
more studies are needed to explore the role of rehabilitation in the prevention and 
treatment of AAA.

Clinical Pearls
• AAA commonly is an asymptomatic weakening of the aortic wall and unfortu-

nately often the first symptoms are caused by rupture, an often lethal event.
• AAA of <5.5 cm are considered small; patients with large AAA, i.e. >5.5 cm, are 

considered candidates for repair.
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• Risk factors for AAA are identical with those of other cardiovascular diseases, 
i.e. smoking, physical inactivity, hypercholesterolemia, hyperglycemia, obesity, 
arterial hypertension.

• AAA is directly related to age and occurs most commonly between 65 and 
75 years of age; it is more common among men (4–5 times higher incidence) and 
among smokers.

• Detection of AAA has improved thanks to greater media attention, public out-
reach programs, and addition of ultrasound screening to guideline recommenda-
tions in the US and Europe.

• Given that cardiac rehabilitation has evolved from traditional exercise-based pro-
grams to comprehensive secondary prevention and chronic disease management 
centers [68], AAA patients are ideal candidates not only for exercise-based reha-
bilitation programs but also for comprehensive secondary prevention since it is a 
disease strongly associated with cardiometabolic risk.

• Concerns about risks associated with moderate levels of exercise in patients with 
stable, small AAAs appear to be unfounded.

 Review

 Questions

 1. The incidence of abdominal aortic aneurysm has increased markedly in recent 
years. Which factors account for this increase?

 2. AAAs occur most commonly in whom?
 3. Do patients with AAA respond to exercise training like other cardiac patients or 

differently?

 Answers

 1. This increase is owed—among others—to the aging of the population, better 
detection methods, public outreach programs, and guideline-directed inclusion 
of AAA ultrasound screening for particular at-risk populations.

 2. It occurs most commonly in men between the ages of 65 and 75 years with a 
history of smoking.

 3. Responses to exercise programs are similar in AAA patients to those observed in 
post-MI patients and other groups referred for cardiac rehabilitation.
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A
Abdominal aortic aneurysm (AAA)

ACC/AHA practice guidelines, 1071
American College of Sports Medicine, 

1071
complication, 1062
definition, 1062
detection, 1063
epidemiology, 1063, 1064
exercise test responses, 1065, 1066
exercise training, 1067, 1068
fitness and physical activity patterns, 1067
hemodynamic effects, 1070
maximal exercise time, 1069
normal abdominal aorta, 1062
physical inactivity, 1064
rehabilitation effects, 1067–1070
safety of exercise testing in, 1064–1066
Society for Vascular Surgery Practice 

Guidelines, 1071
Abdominal Aortic Aneurysm: Simple 

Treatment and Prevention  
(AAA STOP) trial, 1065

Absolute intensity, 864
Accelerometers, 863
Acquired complete heart block (ACHB), 460
Acquired Long QT syndrome (aLQTS), 366
Adipose tissue, 797
Aerobic capacity, 691
Aerobic endurance training, 729–731
Aerobic exercise, 875, 882
Aerobic training, 777, 778
Afro-Caribbean origin, see Black athletes
AHA guidelines on exercise testing, 907
Allometric scaling, 64
American College of Sports Medicine 

(ACSM), 193, 570
American Heart Association (AHA), 100–102, 

570, 794
Anaerobic exercise, 883

Analgesic and anti-inflammatory medications 
(AAIM), 567

Andersen-Tawil syndrome (ATS), 382
Androgenic anabolic steroids (AAS), 518, 519
Aortic valve regurgitation (AVR), 293, 294, 

1016, 1017
Aortic valve stenosis (AVS), 108, 291–293, 

1016
Aquatic exercises, 735
Arrhythmogenic cardiomyopathy (ACM), 85, 

170, 382
clinical management

cardioverter defibrillator and sports, 
267

catheter ablation, 265
drug therapy, 264, 265
follow-up, 263
ICD, 265, 266
life-style changes, 264
sports eligibility, 266, 267

diagnosis, 254–260
disease process, 253
genetic testing, 205, 208–210
genetically-determined impairment, 253
life-threatening ventricular  

arrhythmias, 252
natural history, 253, 254, 268
prevalence of, 253
prevention of, 260–262
repolarization abnormalities, 262, 263
sudden death, 268, 269
T-wave inversion, 268, 269

Arrhythmogenic right ventricular 
cardiomyopathy (ARVC), 144, 145, 
194, 195, 454, 455, 1049

Arterial hypertension, 233, 695
abnormalities, 224
aerobic endurance exercise, 728–731
Baduanjin, 734
cardiovascular risk factors, 224
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Arterial hypertension (cont.)
clinical scenarios, 224
competitive athletics, eligibility, 736, 737
dance therapy, 734
diagnosis of

blood pressure measurement, 226, 227
blood pressure response, 227, 228
cardiac evaluation, 225
clinical history, 225, 226
echocardiography, 228

dynamic exercise
BP changes during ergometry with 

incremental workload, 720
BP changes during prolonged 

steady-state exercise, 720, 721
BP response during sports activities, 

721, 722
dynamic resistance training, 732, 733
exercise characteristics, 731
FITT, 728
intensity, 731, 732
isometric exercise, 733, 734

heavy resistance sports, 723, 724
laboratory testing, 722, 723

left ventricular dimensions and perfor-
mance during exercise

ageing effect, 725
between-sex differences, 725
body position, 724
measurement, 726
M-mode echocardiography, 726
physical training, 725
short vs. prolonged exercise, 725

management strategy, 229, 230
medical drugs, 233
meta-analyses, 728
physical activity, 726, 727
physical fitness, 727, 728
prevalence of, 225
recommendations, 230–232
red flags, 233
reductions, 738
regular exercise training, 735, 736
safety, 737, 738
stroke volume, 720
swimming and aquatic exercises, 735
Tai chi, 734
yoga, 734

Atherosclerosis, 747, 748, 873
Athlete’s heart

aorta, 60, 61
athletic populations, 66
atria, 60
body size, 64, 65

cardiac dimensions, 66
left ventricular, 56–59
Morganroth hypothesis, 54, 55, 66
normalization, 61, 62
right ventricle, 59, 60
scaling process, 62, 64
sporting disciplines, 53, 54

Athletes
affective valence, 5
age, 5, 6
aspects, 6
cardiovascular classification, 8, 9
competitive athletes, 4
definition, 3
elite and professional athletes, 4
energy expenditure, 5
epidemiological characteristics, 5
exercise intensity, 4, 5
individual’s energy expenditure, 5
left ventricular hypertrophy, 9, 10
Mitchell classification of sports, 6, 7, 9, 10
physical activity, 6
population of, 4
recreational athletes, 4
sport participation, 3
training parameters, 4
training volume, 9, 10

Atrial enlargement, 119
Atrial fibrillation (AF), 308, 873

cardiac rehabilitation programs, 1037–1039
cardiopulmonary exercise test, 1039
clinical risk factors, 1030
endurance athletes

antiarrhythmic approach, 672, 673
anticoagulation, 672
atrial enlargement, 662, 663
atrial function, 664, 665
atrial inflammation and fibrosis, 663, 664
autonomic characteristics, 665, 666
CHA2DS2-VASc score, 672
vs. exercise dose, 660–662
genetic susceptibility, 666, 667
novel wearable devices, 669, 670
performance enhancing drugs, 666, 667
prevalence, 660
pulmonary veins, 666
rate control strategy, 674
resting-, stress- and Holter-ECG, 

667–669
rhythm control approach, 673
symptoms and complications, 670, 671

exercise performance impact on, 1032, 1033
exercise training, 1033, 1034
fitness, 1032
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gaps in evidence, 1039, 1040
molecular mechanisms, 1030, 1031
non-athletes risks, 1032
obesity, 804, 805
oral anticoagulation, 1035, 1036
pathophysiology, 660
prevalence, 1030
risk factor, 659
sports eligibility of non-athletes, exercise 

testing, 1034, 1035
training recommendations, 1036, 1037
training sessions, workload on a bicycle, 

1038
Atrial remodeling (AR), 1030
Atrial septal defect (ASD), 432
Atrial tachycardia (AT), 459
Atrioventricular block (AVB), 304–306
Atrio-ventricular nodal re-entrant tachycardia 

(AVNRT), 306
Atrioventricular reentrant tachycardia (AVRT), 

paediatric athletes, 458, 459
Automated external defibrillators (AEDs), 533
Autonomic nervous system, 32, 33
Autonomic neuropathy, 784
Axis deviation, 119

B
Baduanjin, 734
Balance and flexibility training, 778
Balke protocol, 191
Bicuspid aortic valve (BAV), 292, 301, 302
Bicycle ergometry, 185
Black athletes

adolescent athletes
electrical changes, 491
structural changes, 492

adult black athletes
electrical changes, 488–490
structural changes, 492, 493

echocardiography, 496, 497
left ventricular trabeculations, 494
pre-participation screening, 495, 496
regional electrical variations, 491
right ventricle, 494, 495
SCD, 488
T-wave inversion, 494

Blood pressure (BP), 34, 102, 103
See also Arterial hypertension

Body mass index (BMI), 794, 795
Borg´s scales of pain, 888, 903
Breathing rule, 888
Bruce protocol, 191
Brugada syndrome (BrS), 87, 332, 333, 387, 391

clinical manifestation, 372
definition, 371
diagnosis, 376
differential diagnosis, 376
drug challenge test, 373–375
ECG, 372–374
genetic testing, 213, 214, 375
12-lead 24-hour Holter monitoring, 373, 374
molecular basis, 371
paediatric athletes, 457
prevalence, 371
risk stratification, 377
therapy, 377, 378
type I ST-segment elevation, 387, 390, 391

C
Calcification, 833
cAMP response element binding protein 

(CREB), 829
Canadian Society for Vascular Surgery, 1063
Cardiac CT, 452
Cardiac implantable electronic devices (CIEDs)

ACC/AHA guidelines, 1050
ARVC, 1049
CPVT, 1049
disadvantages of restricting exercise in, 

1047, 1048
European guidelines, 1050
exercise-related factors, 1053, 1054
future directions, 1054
ICDs, 1046, 1047
pacemakers and CRT, 1047
patient/device-related factors, 1051, 1053
safety and efficacy of exercise in pace-

maker, 1048, 1049
Cardiac magnetic resonance (CMR) imaging, 

143, 241, 242, 348–350, 452, 
644–646

criteria for, 281, 282
diagnosis, 282, 283
evaluation of, 280
late gadolinium enhancement, 281
T1 mapping and ECV techniques, 282

Cardiac rehabilitation, FITT principles, 881
Cardiac resynchronization therapy (CRT), 962, 

1047, 1048, 1053, 1054
Cardiometabolic risk, 1071
Cardiopulmonary exercise testing (CPET), 

189, 449
exercise prescription, 898, 899
benefits, 900
exercise prescription after cardiac 

transplantation, 906, 907
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Cardiopulmonary exercise testing (CPET) (cont.)
exercise prescription components, 901
first ventilatory threshold, 904
heart rate, 903, 904
intensity selection, 902
pre-prescription evaluation, 900, 901
principles, 901, 902
ratings of perceived exertion, 903
safe upper limits for exercise intensity, 900
second ventilatory threshold, 904, 905
ventilatory gas exchange, 904

Cardiopulmonary resuscitation (CPR), 89, 533
Cardiorespiratory fitness (CRF), 182, 

705–708, 897–899, 902, 904, 907
benefits of, 807
clinical use, 809, 810
definition, 807
fat but fit, 807, 808
heart disease, 809
morbidity and mortality, 808
optimal exercise, 808
physical activity guidelines, 808, 809

Cardiovascular effects
AAS, 518, 519
androgenic anabolic agents, 527
anticoagulants, 524, 525
anticomitials, 523
antidepressants, 521, 522
anti-inflammatory drugs, 524
antiplatelet drugs, 525
antipsychotics, 522
benzodiazepines, 521
beta 2 agonists, 520, 521
beta-alanine, 520
beta-blockers, 513–515, 527
flecainide, 515, 516
hGH, 519
L-carnitine, 519
meldonium (mildronate), 519, 520
narcotics, 523
oxygen

agents, 516
blood doping, 516
rhEPO, 516–518

SARMS, 519
SSRIs, 522, 523
stimulants, 525, 526

Cardiovascular magnetic resonance (CMR), 58
Cardiovascular morbidity, 861
Cardiovascular mortality, 861, 862, 867–872
Cardiovascular rehabilitation (CR)

cardiovascular disease, 810, 811
exercise modes in strength training

contraction intensity, 886

eccentric contraction, 885
endurance training, 886
isometric contraction, 885
isotonic/isokinetic contraction, 885
small vs. large muscle groups, 883, 884
strength training, 884, 887

impact of, 811
modes of aerobic exercise

exercise intensity, 887–889
exercise training zones, 889
HIIT, 890, 891
LMIT, 890, 891
training volume, 889, 890

mortality effects, 812
physical activity attractiveness, 891
training programmes, 892

Catecholaminergic polymorphic ventricular 
tachycardia (CPVT), 87, 195,  
197, 1049

autosomal dominant trait, 379
autosomal recessive trait, 379
basal ECG and echocardiogram, 380, 381
clinical presentation, 379, 380
definition, 378
diagnosis, 382
differential diagnosis, 382
exercise stress testing, 388, 389, 391
genetic testing, 205, 213, 380
mutations, 379
paediatric athletes, 457, 458
prevalence, 378
risk stratification, 382
therapy, 383

Cholesterol, 748
Chronic HF, 959
Coarctatio aortae, 99
Commotio cordis

age, 501
autonomic system, 510
cardiac cycle, 510
collapse and arrhythmias, 501, 502
epidemiology, 500
factors, 510
gender, 500
mechanism of, 505–507
pathophysiology, 502
prevention of, 507, 508
treatment, 509
ventricular fibrillation

impact location, 503
impact object, 503, 504
impact velocities, 502
individual susceptibility, 505
left ventricular pressure, 504
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shape, 504
timing, 502, 503

Computed tomography coronary angiography 
(CTCA)

with chest pain
acute coronary syndromes, 159–162
age, 155
aortic sinus, 156
coronary ostium, 156
coronary vasculature, 159
diagnostic methods, 157
examination, 155
invasive coronary angiography, 161
life-threatening arrhythmias, 155, 156
pre-test probability, 157
proximal coronary course, 156, 158
risk factor, 157–159
stress echocardiography, 159, 160
stress testing, 156
sudden cardiac death, 156
typical/atypical symptoms, 157, 158

exertional breathlessness and intolerance
acute myocarditis, 168
dilated cardiomyopathy, 167, 168
fatal cardiac pathologies, 162–164
fibrosis, 166, 167
HCM, 164, 165, 167
imaging findings, 164, 165
irreversible replacement fibrosis, 168
novel T1 mapping techniques, 168
symptoms, 166
technical improvements, 164
tissue changes, 168
VO2max values, 164

high-intensity exercise, 175
palpitations, 168–172
real-life clinical practice, 155
screening, 171–175
sports federation, 175, 176

Congenital complete heart block (CCHB), 460
Congenital corrected transposition of the great 

arteries (CCTGA), 435
Congenital heart disease (CHD)

aortic valve stenosis, 433
ASD, 432
aspects, 429, 430
cardiac rehabilitation, 424
CCTGA, 435
chronotropic insufficiency, 435, 436
coarctation of the aorta, 433, 434
co-morbidities, 424
competitive sports

exercise capacity and quality of life, 428
longitudinal study, 428, 429

Olympic games, 427
physiological demands, 426, 427

d-TGA, 434, 435
Ebstein anomaly, 434
exercise intolerance, 436
exercise limitations, 425, 426
exercise training studies, 424
Fontan procedure, 435
PDA, 433
physical activity, 424, 425, 430–432
preparticipation screening, 430, 431, 435, 

436
pulmonary valve stenosis, 433
risk factors, 424
sports classification, 425, 426
ToF, 434
unrepaired cyanotic heart disease, 435
VSD, 433

Congestive heart failure (HF), 695, 959
COPE-ICD trial, 1048
Core Cardiovascular Training Statement 

(COCATS), 20
Coronary artery anomalies

cardiac arrest, 409
cause of, 403, 404
chest pain, 417
coronary trunk disease, 409
left circumflex artery, 410, 411
left coronary sinus, 417
myocardial bridging, 412–415
normal anatomy, 404, 405
right aortic sinus, 407–410
right AV sulcus, 411, 412
sudden cardiac death, 406, 409, 415, 416

Coronary artery calcification  
(CAC), 618–620

Coronary artery calcium scoring (CAC), 638
Coronary artery disease (CAD), 86, 695

evaluation, 917
exercise for competitive patient-athletes, 

921
exercise prescription, 920, 921
follow-up, 922
patient-athletes with

eligibility, 919
high probability for adverse cardiac 

events, 919, 920
low probability for adverse cardiac 

events, 919
myocardial ischemia, 920

physical activity effects on, 914
prevalence, 914
risk stratification, 915, 916
SCD risk, 915
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Coronary atherosclerosis
CAC, 618–620
implications, 622, 623
and prognosis, 621, 622

Coronary computed tomography (CCT), 637
Coronary computed tomography angiography 

(CCTA), 639, 640
Cycling, 866, 867

D
Dallas Heart Study, 756
Dance therapy, 734
Decompensated HF, 959
Detection of Ischemia in Asymptomatic 

Diabetes (DIAD) trial, 776
Diabetes mellitus (DM)

aerobic training, 777, 778
balance and flexibility training, 778
cardiovascular risks, 773
exercise prescription, 778–780
exercise testing, 774–776
exercise timing, 783
exercise training

health considerations, 780, 781
precautions, 781, 782

glycemic management, 785, 786
health and fitness benefits

clinical trials, 771, 772
inflammation, 772, 773
insulin, 771
premature mortality, 770, 771
regular exercise participation results, 770
weight loss, 772

high-intensity interval training, 777
indications, 776
metabolic risks, 773
microvascular risks, 774
monitoring blood glucose, 783
musculoskeletal and traumatic risks, 773
non-ST-elevation myocardial  

infarction, 786
obesity, 802, 803
pre-exercise assessment, 774–776
resistance training, 777, 778
safety with diabetes-related health 

complications
autonomic neuropathy, 784
cardiovascular disease, 783
diabetic kidney disease, 784
peripheral neuropathy, 784
proliferative retinopathy, 784

sedentary time and frequent activity 
breaks, 778

Diabetic kidney disease, 774, 784
Diastolic function, 635
Dilated cardiomyopathy (DCM), 143, 144, 

167, 168
genetic testing, 208, 210

Direct observation, 863
Dose-response relationship, 867
Dyslipidemia

guidelines, 761, 762
lipid metabolism and targets of exercise, 

747–749
lipids and cardiovascular risk, 749
obesity, 801, 802
risk stratification, 750
scientific evidence

epidemiological studies, 750–753, 756
exercise alone vs. exercise and diet, 

758, 759
exercise types, 755
multimodal lifestyle interventions, 759
particle size and structure, 755, 756
RCT, 754
systematic reviews and meta-analyses, 

757–758
statin treatment and exercise, 759–761

E
Early repolarization syndrome (ERS), 

paediatric athletes, 456
Echocardiography

aortic root, 141
ARVC, 144, 145
atria, 139–141
clinical scenario, 634
coronary artery origin anomalies, 146, 147
DCM, 143, 144
diastolic function, 635
differential diagnosis, 147
exercise echocardiography, 636, 637
HCM, 142, 143, 635
indications, 635, 636
left ventricle, 136–138
right ventricle, 137–139
speckle-tracking echocardiography, 147, 635
sports-induced hypertrophy, 634
transthoracic echocardiography, 147

Electrocardiogram (ECG), 30, 284
abnormal findings

atrial tachyarrhythmias, 127, 128
Brugada pattern, 125, 126
complete AV block, 126
epsilon wave, 127, 128
LBBB, 122
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Mobitz II, 126
NSVT, 127
pathologic Q waves, 121, 122
profound first-degree AV block, 126
profound sinus bradycardia, 126
PVCs, 126, 127
QRS widening, 122
QT interval, 124, 125
ST-segment depression, 121
T wave inversions, 119–121
temporary restriction, 119
WPW pattern, 123, 124

accuracy of, 128
BrS, 372–374
borderline findings, 115–116, 118, 119
HCM, 238–240
long QT Syndrome, 364, 365
myocarditis, 346, 347
normal findings

chamber hypertrophy, 114–117
early repolarization, 116
first degree AV block, 117
normal T wave inversion  

patterns, 117, 118
sinus bradycardia, 117

paediatric athletes, 447
preparticipation evaluation, 129, 130
T wave inversion, 129, 130
Valsalva maneuver, 129, 130

Emergency action plan (EAP), 89
Emergency medical services (EMS), 89

access to care, 542
communications, 545
coordination and cooperation, 546
documentation, 545, 546
event planning, 534–536
local/national adaptations, 546, 547
MAP, 534
medical director, 536
medical equipment, 541, 542
medical personnel, 537–540
patient transportation, 543–545
sports arenas, 547–549
survival rates, 548, 549
treatment facilities, 540, 541

Endothelial nitric oxide synthase (eNOS), 829
Endurance exercise training, 893, 970, 971
Endurance sports event, 557
Epidemiology

CRF, 705–708
guidelines, 704
physical activity, 705–707

activities, 710
adverse outcomes, 709, 710

assessment, 710, 711
during leisure time, 711
in sports setting, 711
at work, 711–713

primary disease prevention, 703
risk factor, 704
secondary disease prevention, 703
sedentarism, 704

4-item essential frailty toolset  
(EFT), 1017, 1018

European Arena study, 533
European Association of Cardiovascular 

Imaging (EACVI), 635
European Association of Preventive 
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European Federation of Sports Medicine 

Associations (EFSMA), 185
European Society for Vascular Surgery, 1063
European Society of Cardiology  

(ESC), 100, 171
Exercise dose

calculation, 864
dose-response relationship, 867, 868
optimal dose, 871, 872
physical activity, 870, 871, 873, 874

guidelines, 866, 867
historical perspectives, 864–866

sedentary behaviour, 868–870
standing benefits, 870
too much exercise, 872, 873

Exercise intensity, 863, 864, 887–889
Exercise modalities, 883, 892
Exercise prescription, 881–883
Exercise Prescription in Everyday Practice and 

Rehabilitative Training (EXPERT) 
tool, 944

Exercise stress echocardiography, 636, 637
Exercise stress testing (EST), 313
Exercise testing

ARVC, 194, 195
aspects, 189
bradycardias, 196, 197
Brugada syndrome, 196
challenges, 190
chest pain, 199, 200
coronary artery anomalies, 198
CPVT, 195, 197
desaturation, 187
ergometry vs. CPET, 189
exercise prescription, 192, 193
exertional dyspnea, 199, 200
goals, 181–184
HCM, 194, 195
ischemic heart disease, 198
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Exercise testing (cont.)
LQTS, 195, 196
mandatory requirements, 184, 185
methodological approaches, 185, 186
pathologic, 187, 188
physiologic, 187, 188
post-exercise phase, 188, 189
post-exertional syncope, 196
pre-exercise screening, 184, 185
requirements, 187
risk of, 193, 194
sports specific protocol, 186, 190–192
sudden cardiac deaths, 199
ventricular ectopy, 198
WPW-syndrome, 198

Exerkines, 839
Exertional dyspnea, 189
Extracellular volume fraction (ECV) 

measurement, 282, 350
Extreme environment

altitude (hypoxia) exposure
cardiovascular responses and risk, 
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