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Preface

Participation in organized sports across the globe has markedly increased over the 
past decade, and, in parallel, the clinical practice and research activity centered on 
the cardiac care for athletes within the field of sports cardiology has expanded expo-
nentially. Recognizing the unique diagnostic and management challenges in opti-
mizing the heart health of athletes and reflective of the increasing importance 
assigned to protecting the hearts of athletes, the American College of Cardiology 
(ACC) in 2011 launched the ACC Section of Sports and Exercise Cardiology.

A foundation in the growth of sports cardiology has been the development of a 
refined and enhanced understanding of the physiological manifestations of exercise 
on the heart. This improved characterization of exercise-induced cardiac remodel-
ing, recognizing the relative influence of such modifiers as sport type, duration and 
intensity of training, age, gender, race, size, and genetics, has vastly improved our 
ability to screen for subclinical cardiac disease and differentiate normal physiology 
from pathology. It is essential for healthcare providers who screen and treat athletes 
at all skill levels to have a firm grasp of the tenets of sports cardiology and readily 
available reference data encompassing the key elements within this growing field.

The cumulative clinical experience gained from caring for athletes training and 
competing with existing cardiac conditions has resulted in the rapid evolution of 
recommendations guiding sporting participation and the recognition of the impor-
tance of shared decision-making. A contemporaneous challenge has been the devas-
tation wrought by the COVID-19 pandemic. Sport and health organizations now 
confront significant challenges designing and implementing safe athlete return to 
play (RTP) strategies. In this textbook, we will review the critical issues and data 
surrounding concerns of potential cardiac sequelae of COVID-19, and their impact 
on athlete screening and RTP plans, as the newest element in the field of sports 
cardiology.

Finally, the field of sports cardiology has pushed the practicing cardiologist from 
the clinical facilities to the sports training facilities where they must participate in 
the acute evaluation and management of athletes in addition to provide guidance on 
effective emergence action plans.
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Reflecting these challenges, this textbook is divided into three parts:

 1. Pre-participation Cardiac screening of Athletes
 2. Management and Recommendations for Athletes with Existing Cardiac 

Disorders
 3. Sideline Management of Acute Cardiac Conditions in Athletes

The purpose of this textbook is to assist healthcare providers manage the cardiac 
care of athletes across the spectrum of these essential components. We will review 
best practices for using and interpreting diagnostic tests commonly employed in the 
cardiac evaluation of athletes, including the 12-lead electrocardiogram, advanced 
cardiac imaging, and genetic testing. Treatment of cardiac disorders, ranging from 
acute symptoms that develop suddenly during competition to chronic conditions 
that require longitudinal management and assessment, will be reviewed with incor-
poration of latest guideline recommendations. This textbook will provide a frame-
work to aid in the provision of optimal care for athletic patients of all ages both on 
and off the playing field.

New York, NY, USA David J. Engel
Charlotte, NC, USA Dermot M. Phelan 
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Chapter 1
The Cardiovascular History 
and Examination

John DiFiori, Chad Asplund, and James C. Puffer

 Introduction

A comprehensive preparticipation evaluation (PPE) is recommended prior to the 
initiation of training and competition for organized sports at the high school level, 
the NCAA, professional sports organizations, and most national and international 
sport governing bodies [1–6]. While the PPE is felt to be an important first step to 
ensuring athlete health and well-being, there is variation in how the PPE is per-
formed among state scholastic programs and even among higher levels of sport 
competition [1, 7–10].

 The Cardiovascular Component of the PPE

Given that the primary goal of the PPE is to promote the health and safety of the 
athlete [1], the cardiovascular (CV) screening portion of the PPE is perhaps the 
most essential piece of this assessment. The CV component aims to identify and 
evaluate symptoms or exam findings that may lead to the diagnosis of underlying 
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cardiac conditions that could result in cardiac morbidity, sudden cardiac arrest, or 
sudden cardiac death. The American College of Cardiology and the American Heart 
Association state that “the principal objective of screening is to reduce the cardio-
vascular risks associated with organized sports and enhance the safety of athletic 
participation; however, raising the suspicion of a cardiac abnormality on a standard 
screening examination is only the first tier of recognition, after which subspecialty 
referral for further diagnostic testing is generally necessary” [11].

Consensus statements and recommendations for the PPE include specific details 
for the cardiac history and physical examination [1, 11–13]. Despite these published 
standards, there remains a lack of consistency in their implementation [7–10]. 
Further, it is important to understand that there is debate about the ability of the CV 
history and physical exam to detect significant CV conditions during PPEs. 
However, it is well recognized that no screening algorithm is capable of detecting 
all clinically relevant cardiac disorders [2, 12]. These important issues are beyond 
the scope of this chapter and are discussed in detail in other sections of this 
publication.

With these issues in mind, the goal of this chapter is to delineate the key features 
of the CV history and physical examination of the PPE.

 Organization and Planning

A successful CV screening process is dependent upon planning. Organization 
should begin several months in advance. Planning meetings should include team 
physicians, team athletic training staff, coaching staff, and administrative staff (e.g., 
staff from the school, athletic department, and/or sport operations). Setting the date 
for the PPE with the key stakeholders is the first order of business. The date will 
need to consider the timing of the onset of the training and the travel schedules and 
availability of the athletes. For PPEs that are intended to be performed for a group 
of athletes at a set time, the availability of medical facilities should be confirmed. 
Key consultants in cardiology and radiology should be identified and informed of 
the dates of the screening, so that their availability for athletes potentially requiring 
further evaluation can be established, which will then help expedite the process for 
follow-up testing.

The organization process should also include the development of policies regard-
ing issues such as liability coverage (for physicians, athletic trainers, and any other 
clinical staff), medical record documentation, and the use of chaperones. If an 
online medical history questionnaire is being used, information technology staff 
should ensure that the site is secure. Testing of the online process should be per-
formed to identify any technical issues so that they can be resolved in advance.

The personnel needed to perform the CV screening should be identified. In many 
cases, especially at the collegiate and professional levels, the CV history and exam 
are performed by designated team physicians who are board certified in a primary 
specialty and also have completed fellowship training and are certified in sports 
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medicine. In other situations, it may be ideal for an athlete who has an ongoing 
relationship with a personal physician to have that physician perform the screening 
examination [1]. This may be the best approach for children and adolescents who 
are participating in programs that do not have an identified team physician. 
Cardiologists may be used to perform the screening CV history and exam, but they 
are more commonly relied upon to evaluate concerning findings. In some cases, a 
nurse practitioner or a physician assistant may perform the screening [1]. Regardless 
of the certification of the clinician, it is critical that the individual performing the 
CV history and exam has had clinical training in this component of the PPE, an 
intimate knowledge of the nuances of CV screening in athletes, and the necessary 
clinical experience to identify a potential concern in this population.

Once the screening date is set, the athletes (and if minors, their families) should 
be notified well in advance. This will allow sufficient time to complete the CV his-
tory (especially if performed online) and obtain any pertinent documents related to 
prior screening and/or records involving CV diagnoses and treatment. In cases 
where athletes will have the PPE performed by a personal physician or provider, this 
provides ample time to arrange the examination.

Finally, the planning should occur with the understanding that the history and/or 
physical examination may raise suspicion for the presence of a cardiac condition 
that then requires additional evaluation. In such cases, screening events that occur 
immediately prior to the planned start of training could result in removal from par-
ticipation while further investigations are performed. To lessen the likelihood of an 
athlete needing to be withheld from their training program for sports that have des-
ignated start periods (e.g., high school or collegiate sports), it is recommended that 
exams occur several weeks prior to the anticipated start date for that sport. As men-
tioned above, communication with consultants in cardiology and radiology should 
take place in advance so that they will be prepared to examine athletes who have had 
a concern raised based upon the history and exam.

 Setting and Implementation

If the PPE is conducted in a location other than the office of the athlete’s personal 
physician, the organizers should arrange a setting that ensures privacy, is comfort-
able for the athletes, and is conducive to maximizing the ability to perform the 
examination. For CV screening of groups of athletes from a school, program, or 
team, securing the use of patient examination areas in a medical facility is ideal. An 
individual exam room is preferred for reasons of privacy and the ability to have 
quiet space for auscultation. The use of gymnasiums, auditoriums, locker rooms, 
and other non-private areas is not recommended. Attempting to create a level of 
separation within a large room by using a “pipe and drape” setup is likewise not 
recommended.

In order to conduct a thorough exam, an appropriate amount of time should be 
allocated for each athlete being screened. The amount of time needed to conduct an 

1 The Cardiovascular History and Examination
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exam for an individual athlete, the total number of athletes needing to be screened 
in a given time period, and the number of available examination rooms should be 
determined in advance. This will indicate the number of examiners needed and the 
total time required to perform a complete CV history and exam for a group of 
athletes.

Other factors to consider include whether an online questionnaire was completed 
in advance or a hard copy was completed on site. Online questionnaires must be 
completed on a secure website, and then viewed within an electronic medical record, 
or uploaded or printed and scanned to become part of the athlete’s official medical 
record. If an online questionnaire or hard copy is to be completed on site, a private 
space should be provided for the athlete to complete the document. In either case, 
the athlete (or parent/guardian) must sign and date the questionnaire attesting to its 
accuracy.

Although uncommon, an athlete (or his parent/guardian) may withhold or mis-
represent important medical information due to a concern that providing such infor-
mation could jeopardize medical clearance for sport participation. Thus, it is 
important that the physician confirm that the acknowledgment is signed. In some 
cases, an athlete may view the history and exam as an unnecessary burden or “rub-
ber stamp” process prior to the beginning of training. In these circumstances, an 
athlete may choose to select negative responses throughout the questionnaire in 
order to expedite the screening. This leads to substandard screening that could place 
the athlete at risk. In order to recognize if an athlete is not reading and responding 
to each question individually, and simply checking the “no column,” it may be help-
ful to embed a question that requires a positive response. An example of such a 
question is “have you ever played a competitive sport?” Should the clinician feel 
that the athlete is providing inaccurate information, they should proceed to perform 
the history using a primary “interview” format, asking each question and clarifying 
each response verbally.

 Personal and Family History

A detailed history and physical examination have been the cornerstones of the pre-
participation evaluation of athletes in the United States for decades. However, given 
the high degree of variability and lack of standardization of cardiovascular assess-
ment, the American Heart Association (AHA) convened an expert panel in 1996 to 
make recommendations for a standardized process for this component of the prepar-
ticipation evaluation [14] with an updated review of the recommendations in 2007 
and 2014 [2, 11]. The result of this work was the development of a 14-point evalu-
ation, which has now been widely embraced for the cardiovascular preparticipation 
screening of athletes (Table 1.1).

Perhaps the most important component of this 14-point evaluation is the personal 
and family history, since athletes with underlying yet undetected cardiovascular 
disease may present with warning signs (e.g., syncope or chest pain during exercise) 
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that may be revealed with a carefully obtained personal history. Furthermore, since 
most cardiovascular conditions leading to sudden death in athletes may be genetic 
or familial in nature, a revealing family history may be critical in raising suspicion 
for these disorders [15].

The AHA recommends that queries about the following elements be included in 
the personal history [2]:

 1. Chest pain/discomfort/tightness/pressure related to exertion
 2. Unexplained syncope/near-syncope
 3. Excessive and unexplained dyspnea/fatigue or palpitations, associated with 

exercise
 4. Prior recognition of a heart murmur
 5. Elevated systemic blood pressure
 6. Prior restriction from participation in sports

Table 1.1 The 14-element AHA recommendations for preparticipation cardiovascular screening 
of competitive athletes

Medical historya

  Personal history
   1. Chest pain/discomfort/tightness/pressure related to exertion
   2. Unexplained syncope/near-syncopeb

   3. Excessive and unexplained dyspnea/fatigue or palpitations, associated with exercise
   4. Prior recognition of a heart murmur
   5. Elevated systemic blood pressure
   6. Prior restriction from participation in sports
   7.  Prior testing for the heart, ordered by a physician
  Family history
     8.  Premature death (sudden and unexpected, or otherwise) before 50 years of age 

attributable to heart disease in ≥ 1 relative
     9. Disability from heart disease in dose relative < 50 years of age
   10.  Hypertrophic or dilated cardiomyopathy, long QT syndrome, or other ion 

channelopathies, Marfan syndrome, or clinically significant arrhythmias; specific 
knowledge of genetic cardiac conditions in family members

  Physical examination
   11. Heart murmurc

   12. Femoral pulses to exclude aortic coarctation
   13. Physical stigmata of Marfan syndrome
   14. Brachial artery blood pressure (sitting position)d

AHA American Heart Association
aParental verification is recommended for high school and middle school athletes
bJudged not to be of neurocardiogenic (vasovagal) origin; of particular concern when occurring 
during or after physical exertion
cRefers to heart murmurs judged likely to be organic and unlikely to be innocent; auscultation 
should be performed with the patient in both the supine and standing positions (or with Valsalva 
maneuver), specifically to identify murmurs of dynamic left ventricular outflow tract obstruction
dPreferably taken in both arms
Modified with permission form Maron et al. [3] Copyright © 2007, American Heart Association, Inc.

1 The Cardiovascular History and Examination
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 7. Prior testing for the heart, ordered by a physician

Positive or equivocal responses to these queries should be pursued with appropri-
ate follow-up questions to probe and explore each response more deeply. An excel-
lent list of follow-up questions for positive/equivocal responses to each of the above 
personal history elements has been included in the fifth edition of the Preparticipation 
Physical Evaluation monograph developed jointly by the American Academy of 
Family Physicians (AAFP), American Academy of Pediatrics (AAP), American 
College of Sports Medicine (ACSM), American Medical Society for Sports 
Medicine (AMSSM), American Orthopaedic Society for Sports Medicine (AOSSM), 
and American Osteopathic Academy for Sports Medicine (AOASM) and published 
by the AAP [1].

Similarly, the AHA recommends that questions about the following three ele-
ments be included in the family history [2]:

 1. Premature death (sudden and unexpected or otherwise) before 50 years of age 
caused by heart disease in one or more relatives

 2. Disability from heart disease in a close relative younger than 50 years of age
 3. Hypertrophic or dilated cardiomyopathy, long QT syndrome, or other ion chan-

nelopathies, Marfan syndrome or clinically significant arrhythmias; specific 
knowledge of genetic cardiac conditions in family members

As with the personal history, positive or equivocal responses to questions for 
these elements should be probed further for more detailed information; suggested 
follow-up questions can be found in the PPE monograph cited above.

Finally, physicians, other providers, and organizations who conduct preparticipa-
tion screening should be aware of the Genetic Information Nondiscrimination Act 
of 2008 (GINA) [16]. This law prevents employers from using genetic information 
in employment decisions and prevents employers from requesting and requiring 
genetic information in employment decisions such as hiring, firing, promotions, 
pay, and job assignments (note that an important exception to Title II of GINA 
involves the US military). As such, when performing a PPE in a professional ath-
lete, obtaining a personal or family history that includes questions regarding genetic 
disorders may be considered unlawful [17–19]. Because this information is essen-
tial to the cardiovascular history, the legal counsel of the team or organization and 
the relevant athlete union or player’s association should determine if and how this 
key component of the PPE may be applied.

 Physical Examination

The physical examination of the cardiovascular system should be comprehensive 
with particular attention to physical findings for conditions that may cause sudden 
death in athletes, such as physical stigmata suggestive of Marfan syndrome or the 
murmurs of aortic stenosis or obstructive hypertrophic cardiomyopathy. 
Documenting resting blood pressure is also a key component of the physical 
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examination. The AHA recommends that the following elements be included in the 
physical examination [2]:

 1. Auscultation for heart murmurs in both the supine and standing positions
 2. Palpation of the femoral pulses to exclude aortic coarctation
 3. Observation of physical stigmata of Marfan syndrome
 4. Brachial artery blood pressure taken in the sitting position

It has been demonstrated that clinicians who conduct the PPE, regardless of 
experience or level of training, may be unable to distinguish pathological murmurs 
from physiological murmurs by auscultation [1, 20]. Simplifying the cardiac exami-
nation allows for better differentiation between benign and pathological murmurs. 
The following murmurs deserve further evaluation and referral [1]:

 1. Loud (>grade 2/6) or harsh murmurs
 2. Radiation of a murmur laterally rather than upward
 3. A mid- or late systolic murmur accompanied by a click
 4. Any murmur that becomes louder with dynamic maneuvers (standing, squatting) 

or Valsalva
 5. Any holosystolic or diastolic murmur

The examining clinician should carefully look for any physical stigmata of 
Marfan syndrome which can predispose to aortic dissection and sudden death dur-
ing exercise. These features include, but are not limited to, wrist and thumb signs, 
chest wall deformity, hind-foot deformity, diminished upper body to lower body 
segment ratio, increased arm span to height ratio, skin striae, scoliosis, or the mur-
mur of mitral valve prolapse. A high index of suspicion for this syndrome based 
upon the presence of significant physical findings should prompt referral for further 
evaluation and diagnosis.

Blood pressure should be preferably measured in both arms. It should be mea-
sured with the athlete in the seated position with an appropriately sized cuff on the 
bare arm at the heart level after he or she has been sitting at rest in a quiet room for 
several minutes. Each of these conditions is critically important in obtaining an 
accurate measurement [21]. Cuff size is especially important in larger athletes as 
inadequate cuff size may result in a spuriously elevated blood pressure. Large adult 
size cuffs and thigh cuffs should be available to avoid this potential problem. If the 
blood pressure is measured appropriately and is elevated, re-measurement should be 
undertaken only after the athlete has sat or lied quietly for 5–10 minutes. Persistently 
elevated measurements should prompt further workup and evaluation.

 Limitations of the History and Physical Examination

No studies have demonstrated the ability of the cardiovascular preparticipation 
examination to prevent cardiac sudden death. A single Italian study, performed to 
assess nationally mandated cardiovascular screening in athletes, has shown a 
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reduction in sudden death in screened athletes over the 30-year course of the pro-
gram, specifically for arrhythmogenic right ventricular dysplasia and premature 
coronary artery disease [22]. A recent systematic review and meta-analysis [23] 
have documented the effectiveness of the cardiac PPE in detecting potentially lethal 
cardiovascular conditions. Specifically, the history was found to have a sensitivity 
and specificity of 20% and 94%, respectively, while the physical examination was 
found to have a sensitivity of 9% and a specificity of 97%. The positive likelihood 
ratios were 3.22 for the history and 2.93 for the physical exam, while the negative 
likelihood ratios were 0.85 for the history and 0.93 for the physical examination.

 Determination of Clearance and Coordination of Follow-Up

For the active person diagnosed with a cardiac disorder, the determination of future 
athletic eligibility is a critical step in the care spectrum that begins with diagnosis, 
through decision-making and then possibly treatment. This process may be chal-
lenging for the patient, family, physician, and school/sporting organization. Until 
recently, the 2005 Bethesda Conference statement [24] served as the best clinical 
guide for these decisions. The Bethesda guidelines were largely binary yes/no state-
ments about clearance for play based on diagnosis and were criticized for being 
overly paternalistic in nature and based, for the most part, on expert consensus or 
opinion. As our knowledge of specific diseases and their natural progressions has 
expanded in the last 10 years, the need for a new document emerged. In 2015, a 
competitive sport eligibility statement sponsored jointly by the American Heart 
Association, American College of Cardiology, and Heart Rhythm Society updated 
and replaced the Bethesda guidelines [25]. This new statement represented a para-
digm shift in the approach to the athlete with established cardiovascular disease 
(CVD), even sudden cardiac death predisposing CVD, moving away from a doctor- 
driven model toward a patient-centered care model that supports shared decision- 
making for clinicians, patients, and families.

Rather than strict yes or no to participation, the 2015 document provides differ-
ent classes which represent a new approach to the evidence, the risk level, and 
patient desires. For cases deemed Class I, participation is recommended; those 
deemed Class IIA and IIB, participation may be reasonable, and for those in Class 
III, participation is not recommended. The establishment of the Class II category 
creates a space between the strict yes (Class I) and no (Class III) binary model pre-
viously utilized. Within this Class II context, physicians are encouraged to present 
patients with scientific facts and the uncertainties relevant to their condition and to 
engage in a shared decision-making (SDM) process about subsequent management 
and clearance options. Acknowledging the incomplete evidence in some disease 
process allows individual clinicians to state “…participation is reasonable if…” or 
“participation in sports may be considered after…,” which allows the decision, in 
those instances where the evidence and risk level is unclear, to be individualized by 
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the physician and the patient. In these situations, it is very important for appropriate 
decision-making that the primary physician or team physician works with a consult-
ing cardiologist who has experience with competitive athletes in providing recom-
mendations on sport participation.

This new SDM framework often results in a more time-intensive process, 
which requires much discussion and education. In order to successfully imple-
ment this framework, there must be a confirmation of the diagnostic accuracy, as 
many of these disease processes may be difficult to adequately differentiate from 
normal adaptations of the athlete’s heart and pathological manifestations. Next, 
risk stratification should be conducted to better understand the risks and possibly 
put in place measures to mitigate or reduce risk. Patient and family education are 
the most important steps in the SDM process to ensure that those involved in the 
decision have a thorough understanding of the disease, the risks, the possible 
further risks of continuing sport, and the benefits that derive from sport 
participation.

Following the ultimate participation recommendation, longitudinal care is essen-
tial for all athletes with established CVD, regardless of whether they choose to 
continue in sport. It is imperative that their disease progression be assessed, changes 
in the risk level noted, and appropriate timely management decisions provided. This 
may include highlighting important signs and symptoms for the athlete to recognize 
and to report immediately to their healthcare team if features of worsening or pro-
gression of their disease should manifest. During this longitudinal follow-up, 
changes in the disease process may require an upgrade or downgrade of their par-
ticipation status [26].

As the model for clearance decisions has shifted, concern has arisen that physi-
cians now must shoulder an increased legal liability, especially in cases where 
uncertainty still exists. It is imperative that decisions are based on reasonable medi-
cal practice with the athlete’s best interest in mind [27, 28]. Further thorough docu-
mentation of the certainty of diagnosis; the known (and unknown risks) as well as 
the possible benefits of participation is needed. Despite the concern of additional 
risk borne by the physician, no legal precedent exists for holding a physician liable 
for refusing to clear a patient if the risks clearly exceed the benefits [29].

 Conclusion

The cardiovascular history and physical exam remain essential to the preparticipa-
tion evaluation. Standardizing the use of the key elements of history and examina-
tion and the broad and consistent implementation of these components remain a 
challenge across the many levels of sport participation in the United States. 
Communication between the athlete, primary physician or team physician, and the 
consulting cardiologist is integral to sound interpretation and management of con-
cerning findings.

1 The Cardiovascular History and Examination
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Chapter 2
Using an Electrocardiogram 
as a Component of Athlete Screening

David J. Engel

 Should Every Athlete Have an ECG Added to Their 
Pre- participation Screening Exam? Findings 
from Epidemiological Studies

The optimal pre-participation screening strategy to detect cardiac abnormalities that 
place athletes at risk for exercise-triggered sudden cardiac death (SCD) is unre-
solved. It has been customary in the USA and recommended by all major medical 
societies involved in the care of athletes that pre-participation screening of athletes 
should be performed and that this evaluation should include a history and physical 
exam (H&P) [1–4]. To assist with standardization and optimization of the H&P, the 
American Heart Association (AHA) has provided consensus recommendations for 
a 14-Element H&P to serve as a guideline for the performance of these exams [5]. 
While a careful H&P will uncover many previously undiagnosed cardiac disorders 
that can predispose to exercise-triggered SCD, the sensitivity and specificity of this 
exam are imperfect. To enhance screening, it has been advocated to incorporate a 
12-lead electrocardiogram (ECG) universally into the pre-participation evaluation 
of athletes in order to improve the effectiveness of cardiac screening [2, 6, 7]. There 
remains significant discussion and debate, however, on this issue.

Controversies surrounding mass screening of asymptomatic athletes with ECGs 
relate to concerns regarding cost and resource allocation, the accuracy of the ECG 
to identify occult cardiovascular disease, and the consequences of false-positive 
ECGs. At the same time, there is a recognition that ECGs can increase the yield of 
screening to detect cardiac abnormalities that are associated with SCD in ath-
letes [8, 9].
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A significant impetus for the promotion of universal ECG inclusion into athlete 
screening stems from data generated from the long-standing Italian national athlete 
screening program. In 1971 the Italian government instituted legislation requiring 
medical supervision of all competitive athletes, but in 1982, the law was signifi-
cantly enhanced and formalized to require annual pre-participation medical screen-
ing that included an H&P plus ECG [10, 11]. In a study of SCD rates in the Veneto 
region of Italy between 1979 and 2004, the introduction of ECG-inclusive athlete 
screening resulted in an 89% reduction (3.6 deaths per 100,000 person-years to 0.4 
deaths per 100,000 person-years) in the SCD rate of athletes, most of which was 
attributable to the detection of cardiomyopathies uncovered by screening, while no 
such trend during this time period was observed in unscreened age-matched nonath-
letes [12] (Fig. 2.1).

Other large-scale initiatives to universally incorporate ECGs into pre- participation 
evaluations, however, have not replicated the Italian findings. In 1997, Israel enacted 
the Israeli Sport Law which mandated pre-participation medical screening of com-
petitive athletes including an annual H&P and ECG, plus a treadmill ECG stress test 
every 4 years (yearly stress tests for athletes ≥35 years of age) [13, 14]. In a study 
of athlete SCD rates in Israel between 1985 and 2009 (12 years before and 12 years 
after the initiation of this legislation), no measurable differences in athlete SCD 
rates were observed (2.66 events per 100,000 person-years prior to legislation vs 
2.54 events per 100,000 person-years after legislation, P = 0.88) [14]. Additionally, 
in a study comparing athlete SCD rates over an 11-year period (1993–2004) 
in Veneto, where athlete screening included an ECG, and Minnesota, a 
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demographically similar area to Veneto and where athlete pre-participation screen-
ing was limited to H&P only, no differences in SCD rates were observed [15]. These 
studies that formed different conclusions from the Italian study regarding the utility 
of the ECG for SCD prevention have raised questions regarding the appropriateness 
of the universal incorporation of ECGs into screening.

 Strengths and Pitfalls of the ECG in Athlete Screening

The determination of policies and practice regarding the optimal use of the ECG in 
athlete screening cannot be based solely on data generated from large-scale epide-
miological studies. Analyses of the strengths and pitfalls of the ECG itself are also 
essential to assist with the formulation of a strategy. Assessments of the intrinsic 
characteristics of the ECG are integral components of the guideline recommenda-
tions and position statements regarding athlete screening currently put forth by 
leading medical organizations. Important strengths and pitfalls of the ECG as related 
to athlete screening are summarized in Table 2.1.

Table 2.1 Strengths and pitfalls of the ECG for athlete screening

Strengths of the ECG Pitfalls of the ECG

The ECG is abnormal in a high proportion of 
athletes with cardiomyopathies

False-positive ECGs occur despite the use of 
athlete-specific ECG interpretation criteria

The ECG is the best initial screening tool to 
detect intrinsic conduction abnormalities that 
are associated with SCD in athletes including 
ventricular pre-excitation, ion 
channelopathies, and long QT syndrome

Several cardiovascular disorders associated with 
SCD in athletes will not be detected by an ECG 
including atherosclerotic coronary artery disease, 
anomalous coronary arteries, bicuspid aortic 
valves, and Marfan Syndrome

The ECG increases the sensitivity above 
H&P alone to detect cardiovascular disorders 
that can predispose to exercise-triggered 
SCD

Downstream testing required to evaluate a large 
number of athletes with ECGs classified as 
abnormal can adversely affect an athlete’s 
participation status and place a significant strain 
on healthcare systems to provide streamlined and 
affordable testing

The ECG is non-expensive and fast Technical factors including lead placement 
variability, inaccuracies in interval (esp. QT 
interval) measurements, and interobserver 
variability in ECG interpretation adversely affect 
the reliability of the test

There are low false-positive rates with the 
newest sets of athlete-specific ECG 
interpretation criteria

The incidence of SCD in athletes is low, and 
false-positive ECGs vastly outnumber true 
positives. Risk/benefit of an ECG for an 
asymptomatic athlete not entirely clear

2 Using an Electrocardiogram as a Component of Athlete Screening
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 Strengths of the ECG

The ECG is an effective diagnostic tool for the detection of underlying structural 
heart disease as an ECG will be abnormal in a high proportion of individuals with 
cardiomyopathies. Additionally, the cost of an ECG is low and the test requires only 
a few minutes to perform. Numerous studies have shown that ECG abnormalities 
are present in approximately 75–95% of individuals with hypertrophic cardiomy-
opathy (HCM), a prominent cause of exercise-triggered SCD [16–19]. ECG abnor-
malities are similarly seen in a high proportion of patients with arrhythmogenic 
right ventricular cardiomyopathy (ARVC) [20–22]. The value of an ECG for diag-
nosing arrhythmic disorders is even greater than that for detecting underlying struc-
tural heart disease. The ECG is the initial diagnostic modality of choice for 
identifying conduction abnormalities that are associated with SCD in athletes 
including ventricular pre-excitation and ion channelopathies such as long QT 
syndrome.

Owing to these intrinsic capabilities to detect important cardiac disorders associ-
ated with SCD in athletes, the ECG has been shown to increase the power and sen-
sitivity of athlete screening when added to the H&P. The use of the ECG as part of 
the Italian national athlete screening program in the Veneto region over a 17-year 
period (1979–1996) was shown to significantly increase the yield for the detection 
of HCM over the H&P alone [8]. Similarly, within the USA, prospective studies of 
ECG-inclusive screening programs in high school [23, 24] and collegiate [9, 25, 26] 
athletes demonstrated that the ECG increased the detection and had increased sen-
sitivity and specificity for identifying potentially lethal cardiac conditions than the 
H&P alone. A National Collegiate Athletic Association (NCAA) sponsored pro-
spective study across 35 universities that included over 5000 athletes reported that 
the sensitivity for the ECG in detecting serious underlying cardiac disorders was 
100% in comparison with 15.4% for the H&P [27]. These analyses and review of 
the strengths of the ECG to enhance screening are fundamental components of the 
arguments favoring the universal inclusion of an ECG in the pre-participation exam-
ination of athletes.

 Pitfalls of the ECG

Notwithstanding these arguments favoring the standard inclusion of an ECG in ath-
lete screening, several properties of the ECG, plus realities that healthcare providers 
and athletes encounter when ECGs are utilized in this capacity, need also be consid-
ered. False-positive ECGs continue to exist despite the formulation and use of 
expert consensus athlete-specific ECG interpretation criteria [28]. Even with the 
most current and specific athlete ECG criteria published to date (International 
Recommendations [29]), false-positive rates can reach as high as 6.8–15.6% when 
these ECG criteria are applied and studied prospectively in athlete groups [30–32]. 
In addition to false-positives, an ECG may not always demonstrate typical patterns 
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or alert to the presence of underlying structural heart disease. False-negative ECGs 
can be present in up to 10% of cases of HCM and up to 1/3 of cases of ARVC [33, 
34]. With respect to HCM in particular, it is known that the phenotype and ECG 
expression of this disorder can develop during adolescence or early adulthood, a 
time period that coincides with the majority of competitive athlete careers, thus 
requiring repetitive screening to optimally employ ECGs in this setting [35, 36]. In 
addition to issues surrounding false-positives and false-negatives, ECGs will not 
detect several important cardiovascular disorders that are known to be associated 
with SCD in athletes including atherosclerotic coronary artery disease, anomalous 
coronary artery origins, bicuspid aortic valves, and Marfan syndrome.

Technical factors inherent in ECG acquisition also provide a basis to advise cau-
tion with respect to mass screening of athletes with ECGs. The appearance of the 
waveforms on the ECG tracing is highly dependent on limb and precordial lead 
placement, and variability in lead placements that inevitably occur in the wide-
spread performance of ECGs leads to significant inconsistencies in the accuracy and 
interpretation of the test [37–39]. Similarly, variabilities and difficulties in obtaining 
accurate interval measurements, especially as they relate to precise QT interval 
measurement, are another important source of inconsistency that affect the reliabil-
ity and interpretation of the ECG [40, 41]. These technical factors contribute to 
significant interobserver variability in the interpretation of ECG tracings and are 
principal elements impacting quality control that have important implications for 
athlete screening both on an individual and population bases [42, 43].

The classification of an athlete’s screening ECG as abnormal will necessitate 
further evaluation and downstream testing to ensure athlete health and safety. These 
evaluations often have immediate and potentially long-term adverse effects on an 
individual athlete’s participation status as well as significant impacts on health 
resource utilization. Typical next steps to evaluate athletes with abnormal ECGs 
include subspecialist consultations, echocardiograms, stress tests, extended rhythm 
monitoring, cardiac MRI (CMR), or potentially invasive cardiac testing. With many 
millions of athletes worldwide competing at high school, collegiate, adult amateur, 
and professional levels, even an exceptionally small percentage of asymptomatic 
athletes required to undergo further evaluation because of abnormal ECG classifica-
tion would place a tremendous strain on healthcare systems to provide streamlined 
and affordable downstream testing. The debate and discussion remain, given low 
published estimated incidences of SCD in athletes ranging from 0.6 to 1.2 per 100K 
athlete-years [15, 44, 45] without universal ECG screening, on the ultimate risks 
and benefits of ECG use in screening.

 Medical Society Guidelines and Position Statements

At the present time, there is no universal agreement among leading medical organi-
zations on recommendations for the use of ECGs in athlete pre-participation screen-
ing examinations. Table  2.2 summarizes the current position statements of these 
medical organizations regarding the standard inclusion of ECGs into pre- participation 
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screening programs. While recommendations differ, a key concept emphasized by 
all guidelines and position statements is that any institution or organization that 
chooses to include ECGs into the pre-participation screening process must have a 
thorough understanding of both the strengths and pitfalls of the ECG, as well as the 
potential benefits and risk to the athlete. Safeguards and essential elements for this 
process include that ECG interpretation must be performed by healthcare 

Table 2.2 Position statements of leading medical organizations regarding the standard inclusion 
of ECGs into pre-participation screening programs

Medical 
organization/society

Routine use of ECG in athlete 
pre-participation screening Position statement source

American Heart 
Association/
American College 
of Cardiology 
(AHA/ACC)

Not recommended Eligibility and disqualification 
recommendations for competitive athletes 
with cardiovascular abnormalities: task 
force 2: pre-participation screening for 
cardiovascular disease in competitive 
athletes – a scientific statement from the 
American Heart Association and American 
College of Cardiology
Circulation 2015; 132: e267–e272

National Collegiate 
Athletic Association 
(NCAA)

No formal recommendation 
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professionals familiar with the spectrum of ECG findings in athletes and that experts 
in the cardiovascular care of athletes are closely aligned to provide oversight and to 
efficiently and expeditiously manage downstream testing [2–4, 46–48].

 How Do We Interpret Athlete ECGs?

 Development of Athlete-Specific ECG Interpretation Criteria

When the decision has been made to perform an ECG on an athlete, whether it is for 
the purpose of screening or to evaluate a clinical concern, healthcare providers must 
next try and determine whether the observed ECG findings are normal or abnormal 
requiring further evaluation. It is appreciated that long-term and intensive athletic 
training results in physiologic, adaptive cardiac remodeling [49–51]. As such, sur-
face ECGs that reflect underlying cardiac structure can frequently be different in 
well-trained athletes than in age-matched nonathletes [52, 53]. The challenge for 
healthcare providers in this setting is to distinguish physiologic, training-related 
ECG changes from findings that may suggest an underlying cardiac disorder. To 
assist in this process, with the goal to increase specificity and minimize false- 
positive rates in ECG interpretation, expert consensus athlete-specific ECG inter-
pretation criteria have been developed. The first formalized set of athlete-specific 
ECG interpretation criteria was compiled by the European Society of Cardiology 
(ESC) in 2005 [54]. These criteria provided a table of abnormal ECG findings that, 
if present, suggested a need for further evaluation. When these criteria were applied 
prospectively in athlete groups, however, false-positive ECG rates were found to be 
unacceptably high, with a comprehensive study of 1005 elite mixed-sports athletes 
showing a false-positive rate of 40% using these criteria [52]. The ESC subsequently 
developed and published a modernized set of criteria in 2010 that separated ECG 
findings into common and physiologic “training-related ECG findings” and findings 
that were not to be expected as a result of athletic training and classified as “abnor-
mal” [55]. These newer criteria did improve specificity and lower false-positive 
rates in comparison with the 2005 criteria, but abnormal ECG classification rates of 
approximately 10% were still observed in cohorts of athletes engaged in a cross 
section of sports [56]. An important additional limitation of the 2010 ESC criteria 
stemmed from the fact that these criteria were derived from analyses of ECGs in 
primarily white athletes and they did not incorporate emerging data highlighting 
different repolarization and T wave patterns between white and black athletes 
[57–59].

Based on these observed ethnic differences in repolarization, and in the effort to 
further improve ECG specificity, an international summit of sports cardiologists and 
sports medicine physicians convened in Seattle in 2012 to derive an improved set of 
criteria, and these “Seattle Criteria” were published in 2013 [60]. The Seattle crite-
ria classified a pattern of convex ST elevation combined with T wave inversion 
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(TWI) in leads V1–V4 as a normal ECG variant in black athletes based on data 
demonstrating that this T wave pattern was not associated with underlying cardiac 
pathology in black athletes [59, 60]. In addition, the Seattle criteria shortened cut-
offs to define QT prolongation and lengthened cutoffs to define abnormal QRS wid-
ening [60].

Subsequent to the publication of the Seattle criteria, a large-scale analysis that 
included over 2500 mixed-sports athletes and nearly 10,000 controls demonstrated 
that the ECG findings of atrial enlargement and axis deviation in isolation, findings 
classified as abnormal by Seattle criteria, were not associated with cardiac pathol-
ogy when matched ECG and echocardiographic data were compared. Removal of 
these ECG findings from abnormal ECG classification reduced false-positive ECG 
rates from 13% to 7.5% [61]. The incorporation of this data led to the creation of the 
“Revised Criteria” published in 2014 which added a category of borderline ECG 
findings in addition to training-related and abnormal ECG findings [62]. Borderline 
variants, when present in isolation, were no longer classified as abnormal ECG find-
ings, but if two or more borderline variants were present, then the ECG would be 
classified as abnormal.

A summary of the evolution of these athlete-specific ECG interpretation criteria, 
as well as the designation of ECG findings within each set of these criteria, is shown 
in Fig. 2.2. While specificity has improved with each updated set of criteria, it is 
important to recognize inherent limitations of these criteria. The designation of indi-
vidual ECG findings as normal or abnormal was based primarily on expert consen-
sus opinion. In addition, the criteria were not sport-specific, and they did not 

Fig. 2.2 Evolution of athlete-specific ECG interpretation criteria. (Reprinted without modifica-
tion from Basu and Malhotra [70]. Springer Nature (http://creativecommons.org/licenses/by/4.0/)). 
LAE left atrial enlargement, RAE right atrial enlargement, LVH left ventricular hypertrophy, RVH 
right ventricular hypertrophy, LAD left axis deviation, RAD right axis deviation, RBBB right bun-
dle branch block, LBBB left bundle branch block, TWI T wave inversion, QTc corrected QT inter-
val, AF atrial fibrillation, AV atrioventricular
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incorporate how varied hemodynamic demands of different sports, or the level or 
years of intensive training, may alter adaptive cardiac remodeling and ECG mani-
festations of these cardiac structural and electrical changes. Rather, the criteria were 
designed to be used in a “one size fits all” approach. A further limitation was the fact 
that the criteria sets were not studied prospectively to test or assess their accuracy in 
athlete groups prior to publication. Nonetheless, these expert consensus criteria 
have provided a vitally important frame of reference for healthcare providers to 
evaluate athlete ECGs. All practitioners who perform and interpret ECGs in athletes 
should be intimately familiar with the newest and most up-to-date versions of these 
criteria.

 2017 International Recommendations

The most recent set of athlete-specific ECG interpretation criteria was published in 
2017 by an international group of experts in sports cardiology, inherited cardiac 
disease, and sports medicine [29]. The International Recommendations put forth by 
this group represent the most current and specific guideline recommendations for 
the interpretation of ECGs in athletes. The International Recommendations further 
increase specificity from prior ECG criteria sets by re-classifying right bundle 
branch block (RBBB) from an abnormal ECG finding to a borderline variant, based 
on data demonstrating that RBBB was more prevalent in athletes than nonathletes 
but that this ECG pattern was not inherently reflective of underlying structural heart 
disease in athletes [63]. In addition, the definition of an abnormal Q wave was made 
more stringent. Since their publication, while false-positive rates are still shown to 
exist, the International Recommendations have outperformed the previous ESC, 
Seattle, and refined criteria and reduce false-positive ECG rates in studies of pediat-
ric athletes, professional cyclists, and professional basketball players in the National 
Basketball Association (NBA) [30–32].

The flowchart to evaluate an athlete’s ECG using the International 
Recommendations is shown in Fig.  2.3. ECG findings in green are classified as 
physiologic, training-related findings that do not warrant further evaluation without 
other clinical indications. Sample ECG tracings of common training-related ECG 
patterns are shown in Fig. 2.4. ECG findings in yellow are classified as borderline 
ECG changes – included in this category are axis deviation, atrial enlargement, and 
complete RBBB. These findings in isolation do not warrant further evaluation, but 
two or more borderline findings would change the ECG classification to abnormal. 
ECG findings in red are classified as abnormal and are findings not known to be 
connected to athletic remodeling. Further evaluation is recommended for ECG find-
ings in this category. The precise definitions used for each abnormal ECG finding 
are shown in Table 2.3. Sample tracings representing ECG patterns in this category 
are shown in Fig. 2.5.

An additional component of the International Recommendations that helped to 
further distinguish it from prior athlete ECG criteria sets was the placement of 
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greater emphasis on the recognition of abnormal TWI. While there are patterns of 
TWI that have been demonstrated to be relatively common in athletes and not asso-
ciated with underlying cardiac pathology, including TWI confined to V1 and V2 in 
white athletes [64], TWI in leads V1–V3 in pediatric athletes <16 years old (juve-
nile TWI) [65], and TWI in V1–V4 preceded by convex ST elevation in black ath-
letes (Fig. 2.4d) [59, 60], other patterns of TWI are not prevalent findings in athletes. 
TWI that involves the inferolateral leads are highly uncommon in athletes regard-
less of ethnicity [35, 59, 66]. Given also the fact that TWI involving the inferior and 
lateral leads is frequently present in HCM [33, 67, 68], the presence of inferolateral 
TWI in an athlete warrants further investigation. Sample tracings demonstrating 
abnormal inferolateral TWI are shown in Fig. 2.6.

Data generated by large-scale and longitudinal studies of athletes with inferolat-
eral TWI helped to further shape the guideline recommendations that are included 
in the International Recommendations for athletes with this ECG pattern. In a data-
base of over 12,000 Italian mixed-sports asymptomatic athletes, 0.6% had baseline 
abnormal TWI (the majority in the inferolateral leads) but otherwise normal cardio-
vascular screening exams. When these athletes were followed over a mean period of 
9 years, 6% of these athletes were subsequently observed to develop a cardiomy-
opathy, and 7% were observed to develop other cardiac disorders [35]. In a separate 
study of over 6000 mixed-sports athletes in which 2.4% were detected to have 
abnormal TWI (83.9% involving inferior or lateral leads), 44.5% of these athletes 
were ultimately found to have cardiac disease [66]. In these cases of established 

Fig. 2.3 Flowchart for ECG interpretation using the International Recommendations. (Reprinted 
with permission from Sharma et al. [27], Elsevier)
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Fig. 2.4 Representative ECG tracings for common “training-related” ECG patterns. (a) Voltage 
criteria for left ventricular hypertrophy (Sokolow-Lyon criteria). (b) Early repolarization seen by 
diffuse elevation of the QRS-ST junction (J point) (blue arrows). (c) Sinus rhythm with type I 
atrioventricular block (Wenckebach). (d) Convex ST elevation with T wave inversion V1–V4 in a 
black athlete (blue arrows)
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Table 2.3 Abnormal and borderline ECG findings with definitions as per international 
recommendations

Abnormal ECG findings Definition

Abnormal T wave inversion 
(TWI)

≥1 mm in depth in two or more contiguous leads; excludes aVR, 
III, and V1

  Anterior   V2–V4
    Excludes black athletes with J-point elevation and convex ST 

elevation followed by TWI in V2–V4; athletes age <16 with 
TWI in V1–V3; and biphasic T waves in only V3

  Lateral   I and aVL, V5 and/or V6 (only one lead of TWI required in V5 
or V6)

  Inferolateral   II and aVF, V5–V6, I and aVL
  Inferior   II and aVF
ST depression ≥0.5 mm in depth in two or more contiguous leads
Abnormal Q waves Q/R ratio ≥0.25 or ≥40 ms in duration in two or more contiguous 

leads
Complete left bundle 
branch block (LBBB)

QRS ≥120 ms, predominately negative QRS complex in lead V1 
(QS or rS), and upright notched or slurred R wave in leads I and V6

Nonspecific intraventricular 
conduction delay (IVCD)

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 QTc ≥470 ms (female)
QTc ≥480 ms (male)
QTc ≥500 ms (marked QT prolongation)

Brugada type 1 pattern Coved pattern: initial ST elevation ≥2 mm (high take-off) with 
downsloping ST 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 (PVC)

≥2 PVCs per 10 s tracing

Ventricular arrhythmias Couplets, triplets, and non-sustained ventricular tachycardia

Borderline ECG findings These ECG findings in isolation do not represent pathologic 
cardiovascular disease in athletes, but the presence of two or more 
borderline findings may warrant further investigation

Left axis deviation −30° to −90°
Left atrial enlargement 
(LAE)

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 (RBBB)

rSR’ pattern in lead V1 and an S wave wider than R wave in lead 
V6 with QRS duration >120 ms

Adapted from Sharma et al. [27]
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Fig. 2.5 Representative ECG tracings for abnormal ECG patterns in athletes. (a) Abnormal Q 
waves (V1–V2). (b) ST depressions with inferolateral T wave inversions (V5, V6, II, III, aVF) 
(blue arrows). (c) Ventricular pre-excitation (delta waves) (blue arrows). (d) Frequent PVCs

disease, echocardiography detected underlying cardiac pathology in 53.6% of cases. 
CMR, however, led to a diagnosis of cardiomyopathy in an additional 16.5% of 
cases in athletes where the echocardiogram interpretation was normal and an addi-
tional 30% of cases in athletes where the echocardiogram findings were suspicious 
[66]. In a 1-year follow-up of the athletes with abnormal TWI but normal echo and 
CMR, 7.2% were subsequently found to develop signs of a cardiomyopathy [66].
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The International Recommendations incorporated this data and highlight the 
importance of recognizing inferolateral TWI in athletes. The recommendations 
state that if echocardiography is not diagnostic, then CMR with gadolinium should 
be performed to further evaluate athletes with lateral or inferolateral TWI [29]. 
Cited advantages of CMR in this setting are that CMR can provide better delinea-
tion of myocardial hypertrophy of the LV apex if echocardiographic images are 
technically suboptimal and that late gadolinium enhancement, if present, could sug-
gest myocardial fibrosis [29]. In addition, serial follow-up examinations are recom-
mended for athletes with this ECG pattern [29].

 Conclusions

Debate and discussion continue to surround the issue as to whether an ECG should 
universally be included in pre-participation screening examinations of asymptom-
atic athletes. Powerful arguments for and against the standard inclusion of an ECG 
are currently advanced by leading medical organizations throughout the world. At 
the present time, most organizations, including those in the USA, do not recom-
mend adding an ECG to the screening process of asymptomatic athletes. While 
there is not universal agreement regarding policy, a consistent guideline recommen-
dation is that if healthcare systems are to include an ECG as part of the standard 
pre-participation exam, then detailed protocols should be in place to efficiently 

a

b

Fig. 2.6 Blue arrows demonstrate T wave inversions in the inferolateral leads. These T wave 
inversions are not considered training-related ECG findings and warrant additional investigation, 
including use of cardiac MRI with gadolineum, to exclude structural heart disease
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manage the downstream testing that will inevitably occur. Additionally, ECG inter-
pretation should be performed by sports cardiologists or other healthcare providers 
with expertise in the cardiac evaluation and interpretation of ECGs in athletes.

It can be challenging and remains a clinical conundrum for healthcare providers 
to distinguish training-related ECG changes that occur as a consequence of athletic 
cardiac remodeling from ECG changes that could represent underlying cardiac 
pathology. Significant achievements have been made to develop athlete-specific 
ECG interpretation criteria that improve the accuracy of ECG interpretation and 
lower false-positive rates. The newest International Recommendations additionally 
highlight important ECG patterns that have a higher probability of portending car-
diac disease. Further refinements of these ECG criteria, however, are needed. Given 
that varied hemodynamic demands of different sports variably affect training-related 
cardiac structural adaptation and ECG change, more sports-specific ECG standards 
are required. A “one size fits all” approach to ECG interpretation may not be the 
best approach. As highlighted by the American College of Cardiology Sports and 
Exercise Physiology Think Tank [69], the generation of more sport-specific norma-
tive cardiac data is needed to allow for more accurate interpretation of test results in 
athletes and to help further refine best practices to promote athlete health and safety. 
Similarly, the optimal strategy for the use of the ECG in athlete screening may not 
be to apply a uniform approach across all athlete groups, but to integrate athlete-
specific and sport-specific data to serve the best interests of the athlete.
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Chapter 3
Diagnostic Approach after Initial 
Abnormal Screening

Matthew W. Martinez

 Introduction

Presentations of athletes with potential cardiac issues can vary considerably. 
Athletes can be asymptomatic but have concerning findings identified during rou-
tine or required pre-participation screening, or they may present with symptoms 
ranging from mild to severe. Rarely, an athlete may present to the health system 
with exercise-related cardiac arrest. Determining which athlete should undergo a 
targeted diagnostic assessment can be a clinical challenge when an athlete is asymp-
tomatic or if signs or symptoms on an initial screening exam are nonspecific.

The cardiac evaluation of an athlete begins with a history and physical examina-
tion and sometimes includes a 12-lead electrocardiogram (ECG), depending upon 
local or organizational policies and practices. An understanding of symptoms and 
physical exam findings that warrant further evaluation, plus knowledge of expected 
and abnormal ECG findings in athletes, is essential to determine when, and if, fur-
ther and more detailed downstream cardiac testing is required. When imaging 
beyond an ECG is indicated and requested, this downstream testing can encompass 
numerous cardiac tests and visits to subspecialists that have the potential to incur 
significant cost, time, anxiety, and continued uncertainty. Physicians who are 
responsible for ordering and interpreting these cardiac studies in athletes must first 
and foremost be familiar with the cardiac physiology of athletes to help optimize 
plans for downstream testing.

Adaptive changes in cardiac structure and function occur in response to regular 
physical training, and these manifestations of athletic remodeling are commonly 
encountered during the evaluation of athletes. A strong linear relationship exists 
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between the amount of training performed and resultant changes in cardiac dimen-
sions [1]. Exercise-induced cardiac remodeling (EICR) is the term used to charac-
terize the process by which the heart and vasculature change as a physiologic 
response to repetitive exercise [2]. Important determinants of the magnitude and 
geometry of EICR in an individual athlete include gender and ethnicity, genetics, 
duration of exercise exposure, as well as the hemodynamic attributes of the athlete’s 
sport and training [3–5]. Not all athletes will develop EICR in the same way, and 
data as to what degree cardiac adaptations differ across the spectrum of sporting 
disciplines, gender and ethnicity, and individual training regimens is still emerg-
ing [6–10].

EICR commonly leads to imaging findings that overlap with similar appearing 
features of certain heart muscle diseases that are known to be associated with 
adverse cardiovascular risk. This observed overlap between EICR and pathology is 
referred to as the “gray zone.” The most important task for providers who request, 
obtain, and interpret cardiac imaging studies in athletes is to try and differentiate 
EICR from potential underlying pathology [11, 12]. This process requires a com-
prehensive understanding of EICR fundamentals (a detailed discussion of EICR can 
be found in Chap. 8) as well as a recognition of cardiac findings that may be outside 
of the boundaries of EICR and suggestive of pathology.

 Overview of Downstream Testing

Fundamental downstream tests commonly requested and used in the cardiac evalu-
ation of highly active individuals and competitive athletes include transthoracic 
echocardiograms (TTE), cardiac magnetic resonance imaging (CMR), coronary 
computed tomography angiography (CCTA), and stress testing. An evaluation may 
include one or more imaging tests to evaluate valve disease, myocardial structure 
and function, or the aortic origins of coronary artery ostia. There is not a single 
imaging modality or algorithm for athlete assessment that will ever fit all scenarios. 
Most first-line evaluations will include a TTE. TTE can measure and characterize 
myocardial structure, systolic and diastolic function, valve morphology and func-
tion, and proximal coronary anatomy with sufficient accuracy to confirm or exclude 
the presence of clinically relevant disease in the majority of athletes. TTE has been 
the primary imaging method used in the study of EICR and in the establishment of 
normative EICR data in varied athlete groups. This growing reference TTE data 
helps for the distinction between EICR and pathology. Limitations of TTE imaging 
include occasional suboptimal visualization of the cardiac chambers due to thoracic 
rib acoustic shadowing, thereby preventing adequate determination of cardiac mor-
phology and function. In addition, measurement errors due to difficulty in differen-
tiating RV trabecular tissue from the left ventricular portion of the interventricular 
septum can result in inaccurate diagnoses.

In cases where TTE imaging is suboptimal, CMR has emerged as the reference 
standard for defining myocardial structure and myocardial tissue characterization 

M. W. Martinez



33

and is increasingly utilized in the assessment of athletes [13]. CMR allows for defin-
itive assessment of myocardial function, valve morphology and function, coronary 
artery origin, and anatomy of the great vessels. CMR examination can delineate the 
presence, severity, and symmetry of ventricular hypertrophy and/or dilation and 
assess ventricular tissue architecture using qualitative and quantitative assessments 
of myocardial fibrosis, tissue edema, and inflammation. Limitations of CMR include 
the cost, availability, and time required to obtain the test. In addition, CMR remains 
highly technical, and there is variability in the performance and interpretation of 
these studies across centers. At the present time, there is little reference CMR data 
for athletes.

The role of cardiac CT is less well established in the athlete but plays an impor-
tant role in specific clinical situations. CT requires a very short image acquisition 
time to provide three-dimensional images with a high level of spatial resolution 
including cardiac motion if necessary. These features provide superb assessment of 
coronary artery anatomy and vessel course. In addition, CCTA can provide accurate 
assessment of the aortic origins of the coronary ostia, the presence of coronary 
artery atherosclerosis, and degree of stenosis, along with characterization of great 
vessel morphology.

Cardiovascular specialists familiar with EICR data and the strengths and weak-
nesses of the individual tests in the armamentarium of available downstream tests 
are well positioned to provide effective care for athletes as they can integrate and 
interpret multimodality diagnostic imaging as required on an individual case-by- 
case basis. Communication between the referring team and the imaging team to 
develop a plan prior to testing is vital. This collaboration will optimize testing pro-
tocols and reduce the need for unnecessary testing or a delay in determining risk.

This remainder of this chapter will focus on and outline how to best utilize mul-
timodality imaging for the assessment of athletes who may present for an evaluation 
after a pre-participation screening exam, for athletes with new or evolving symp-
toms, for asymptomatic older athletes, and for younger athletes with congenital 
heart disease. A summary of these recommendations can be found in the accompa-
nying Table 3.1.

 Use of Downstream Testing Following an ECG

 When to Avoid Downstream Testing

Athletes without symptoms and that have expected ECG features associated with 
athletic training do not generally require any additional investigations. Examples 
include sinus bradycardia, first-degree atrioventricular (AV) block, Mobitz type I 
second-degree AV block (Wenckebach), ectopic atrial arrhythmia, and sinus arrhyth-
mia [14]. These commonly encountered findings are classified as training-related 
ECG findings and result from physiologic adaptations that typically do not warrant 
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Table 3.1 Important cardiac conditions and presenting signs/symptoms in athletes with 
recommended downstream testing approach

Suspected disease or clinical finding
First-line 
imaging

Additional imaging as 
needed

Hypertrophic cardiomyopathy TTE and CMR Ambulatory ECG, 
stress imaging

Arrhythmogenic ventricular cardiomyopathy TTE and CMR Ambulatory ECG
Familial/idiopathic dilated cardiomyopathy TTE and CMR
Left ventricular non-compaction cardiomyopathy TTE and CMR Stress imaging
Toxic cardiomyopathy (alcohol, illicit anabolic 
steroids, etc.)

TTE and CMR

Myocarditis TTE and CMR Stress imaging, 
Ambulatory ECG

Complex congenital heart disease TTE CMR and CT, Stress 
imaging

Disorders of cardiac conduction

Ventricular pre-excitation/Wolff-Parkinson-White 
syndrome

TTE and stress 
imaging

Ambulatory ECG, 
CMR or CTA

Congenital long-QT syndrome Stress imaging Ambulatory ECG
Catecholaminergic polymorphic ventricular 
tachycardia

Stress imaging Ambulatory ECG

Idiopathic ventricular tachycardia Stress imaging Ambulatory ECG
Disorders of coronary circulation

Congenital anomalies of coronary arterial origin 
and course

CTA or CMR or 
TTE

Exercise stress testing

Acquired atherosclerotic disease TTE Stress imaging or CMR
Disorders of the heart valves

Bicuspid aortic valve (with stenosis 
+/− aortopathy)

TTE CMR or CTA

Pulmonic stenosis (with ≥ moderate stenosis) TTE
Mitral valve prolapse (with corollary 
arrhythmogenicity)

TTE Ambulatory ECG

Disorders of the aorta

Bicuspid aortic valve aortopathy CTA or CMR or 
TTE

Familial aortopathy/TAA/Idiopathic aortopathy CTA or CMR or 
TTE

Marfan syndrome/Loeys-Dietz syndrome/
Ehlers-Danlos vascular type (IV)

CTA or CMR or 
TTE

Symptoms or signs

Murmur TTE CMR
Exertional chest pain/pressure or breathlessness TTE and stress 

imaging
Syncope TTE CMR
Loss of power TTE and stress 

imaging
Bradycardia ECG TTE

CMR cardiac magnetic resonance imaging, CTA computed tomographic angiography, ECG elec-
trocardiogram, TAA thoracic aortic aneurysm, TTE transthoracic echocardiography
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additional testing. In my experience, in the absence of symptoms, a formal exercise 
test is not needed for the above-described findings, but rather physical activity can 
be performed on the spot (i.e., walking stairs or in the hallway), even while in the 
office setting, for reassurance and to ensure an appropriate rate and rhythm response 
to exertion. After the limited exertion, a repeat “resting” ECG can be performed to 
confirm and document the return of normal sinus node activity. In rare instances, 
such as in those athletes with potential symptoms that could be correlated with the 
ECG findings, a standard treadmill ECG stress test can be performed to document 
appropriate sinus and AV node function.

 When Downstream Testing Is Optional

Electrocardiographic changes may fall in the “gray zone” and be considered border-
line abnormal in the context of surrounding clinical circumstances. Currently clas-
sified borderline ECG abnormalities, as described by the international ECG criteria 
for athletes [15], include left or right axis deviation, left or right atrial enlargement, 
and complete RBBB. These findings are considered probable normal variants in 
athletes in most cases. In this regard, an isolated borderline athletic ECG finding, 
with or without other expected training-related ECG patterns, does not typically 
warrant additional testing in an asymptomatic athlete. In contrast, identification of 
two or more borderline ECG findings on an ECG tracing would move the athlete 
into the abnormal category, prompting imaging with a TTE for myocardial structure 
and function assessment. If the TTE is inconclusive for exclusion of underlying 
cardiac pathology, then CMR would be the next best subsequent study to assess for 
underlying structural heart disease.

 Left Ventricular Hypertrophy Voltage Criteria

Athletes often meet criteria for left ventricular hypertrophy (LVH) using accepted 
QRS voltage criteria [16–21]. Isolated increased QRS voltage that fulfils voltage 
criteria for LVH in the absence of other ECG or clinical markers suggestive of 
pathology is expected physiologic ECG changes and usually do not require further 
evaluation. Pathological LVH should be suspected when QRS voltage criteria are 
associated with ECG features such as T wave inversions (TWI) involving the infe-
rior and/or lateral leads, ST segment depression, or abnormal Q waves [22, 23]. 
LVH in conjunction with these findings should raise suspicion for an underlying 
cardiomyopathy and warrants downstream imaging with TTE for myocardial 
structure and function assessment. If the TTE is abnormal or inconclusive for 
exclusion of LV and/or RV pathology, CMR should be performed as a subse-
quent study.
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 When Downstream Testing Is Required

Electrocardiographic changes may fall in the abnormal category as classified by the 
international ECG criteria for athletes [15]. Abnormal ECG findings such as TWI 
(anterior, inferior, or lateral), ST segment depression, pathologic Q waves, and left 
bundle branch block (LBBB) are all recognized ECG findings that can be present in 
hereditary cardiomyopathic disorders and ischemic heart disease. The ECG patterns 
of primary electrical diseases such as ventricular pre-excitation, long QT syndrome 
(LQTS), and Brugada syndrome are also classified as abnormal ECG findings per 
the international criteria [15]. None of these abovementioned abnormal ECG find-
ings are considered to represent physiologic athletic adaptation or features of ath-
letic training and, in general, always require downstream testing to exclude the 
presence of intrinsic cardiac disease.

 T Wave Inversions (TWI)

Negatively deflected T waves are referred to as TWI and are commonly encountered 
in patients with cardiomyopathy and may be found in athletes without overt pathol-
ogy [24]. TWI ≥1 mm in depth in two or more contiguous leads (excluding leads 
aVR, III, and V1) in the anterior, lateral, inferolateral, or inferior leads should alert 
for the possible presence of an underlying cardiac disorder and warrants further 
assessment in most cases.

Anterior TWI is a normal variant in asymptomatic adolescent athletes aged 
<16 years (V1–V3) and in black athletes (V1–V4) when preceded by J-point eleva-
tion and convex ST segment elevation [25]. In a study of 80 athletes of mixed eth-
nicity, TWI up to lead V4 with J-point elevation ≥1  mm excluded LV/RV 
cardiomyopathy with 100% negative predictive value, regardless of ethnicity [25]. 
Anterior TWI extending to lead V3 has also been reported in a proportion (14.3%) 
of healthy white adult endurance athletes [14]. Malhotra et al., however, examined 
14,646 young white individuals, 20% of which were athletes, and found that ante-
rior TWI beyond V2 was present in only 1.2% of women and 0.2% of men [26]. 
Based on available data regarding anterior TWI, it appears justifiable to consider 
investigation of asymptomatic athletes with anterior TWI beyond V2 (without pre-
ceding J-point elevation) with downstream testing [26].

Lateral or inferolateral lead TWI, in any athlete, may be associated with the pres-
ence of quiescent cardiomyopathy [18, 27–29]. TWI in this distribution has been 
associated with both LV and RV forms of structural heart disease including hyper-
trophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy 
(ARVC), dilated cardiomyopathy (DCM), isolated left ventricular non-compaction, 
and acute or resolving myocarditis. For example, in a study comparing 1124 ath-
letes with 255 patients with HCM, TWI in V4–V6 was present in <1% of athletes 
compared with 38% in patients with HCM [30]. For those athletes with lateral or 
inferolateral TWI where there could be suspicion for HCM or ARVC, TTE is the 
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first-line imaging test for evaluation. TTE quality, however, is variable and may not 
provide adequate assessment of the LV apex, inferior septum, anterior lateral wall, 
or the right ventricle [31]. Thus, a multimodality approach is suggested utilizing 
both TTE and CMR [17, 25, 32–38]. Contrast-enhanced CMR provides superior 
assessment of LV regional and global myocardial hypertrophy, as well as RV struc-
ture, while also evaluating for edema and fibrosis/scarring. CMR should be a stan-
dard component of the assessment for abnormal TWI involving the lateral and 
inferior leads [30, 39]. If CMR is not available, echocardiography with contrast 
should be considered as an alternative investigation for apical HCM [33].

Further assessment beyond CMR for lateral and inferolateral TWI is often indi-
cated due to the complex relationship between underlying disease and athletics. An 
exercise treadmill test, ambulatory rhythm monitoring, and signal-averaged ECG 
should be considered. In those cases where a diagnosis is unclear despite imaging, 
such as with mild hypertrophy (LV wall thickness 13–15 mm) without fibrosis or a 
dilated RV in which a pathologic diagnosis remains uncertain, these additional eval-
uations can be especially helpful. In such cases, the presence of ventricular tachy-
cardia during exercise or ambulatory ECG monitoring may support a pathological 
diagnosis and is useful in risk stratification [40].

Isolated inferior lead TWI without ST segment depression (II, III, and aVF) has 
not been studied in detail. To date, TWI confined to the inferior leads without ST 
segment depression has not been found to be a strong predictor of pathologic myo-
cardial disease in the absence of clinical concerns or other abnormal ECG features. 
In my experience, abnormal results in downstream testing are rare in the presence 
of isolated inferior TWI without ST depression. However, isolated inferior TWI 
cannot be definitively attributed to athletic physiological changes at this time and 
thus warrants further investigation until studies prove otherwise. CMR should be 
considered based on the echocardiographic findings or clinical suspicion but is 
often not required.

Continued surveillance is required for those with TWI. Regular follow-up with 
serial cardiac imaging is necessary even when the initial evaluation does not yield 
pathology, in order to monitor for the potential development of a cardiomyopathic 
phenotypic expression.

 ST Segment Depression

ST segment depression is common in cardiomyopathy and is not an ECG feature of 
athletic training. ST segment depression of ≥ 0.5 mm in depth in two or more leads 
has a prevalence of approximately 67% in patients with HCM, has been associated 
with the risk of sudden cardiac arrest, and should be considered an abnormal finding 
on an athlete’s ECG [18, 23, 30, 41–44]. Given the strong association with cardio-
myopathy, TTE is the minimum downstream evaluation required for athletes with 
ST segment depression. CMR should be considered based on the echocardiographic 
findings or if there is a high clinical suspicion for pathology.
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 Pathologic Q Waves

Pathologic Q waves (Q/R ratio ≥ 0.25 or 40 ms in duration in two or more leads 
excluding III and aVR) [15] are not a physiologic adaptation expected in athletes 
and require investigation by TTE.  If pathologic Q waves are present along with 
other ECG abnormalities, such as ST segment depression or TWI, or if concerning 
clinical findings are present, CMR should be considered. In athletes ≥30 years old, 
especially in the presence of risk factors for coronary artery disease (CAD), assess-
ment for CAD with stress testing or CCTA is suggested. If the TTE is normal and 
there are no other concerning clinical findings or additional ECG abnormalities, no 
additional testing may be necessary. Additionally, any ECG with abnormal Q waves 
should be carefully examined for the possibility of a bypass tract, looking for a short 
PR interval or evidence of a delta wave.

 Wolff-Parkinson-White (WPW) ECG Pattern

A short PR interval associated with a delta wave without a history of arrhythmia is 
consistent with the WPW pattern [45]. The finding of the WPW, or pre-excitation, 
and ECG pattern is relatively common, and not all those with a WPW pattern will 
be symptomatic or need intervention. WPW pattern often occurs in structurally nor-
mal hearts but may be associated with Ebstein’s anomaly or other forms of cardio-
myopathy; therefore TTE is indicated. A short PR interval may be identified in 
isolation without a widened QRS or delta wave in an asymptomatic athlete. This 
scenario does not represent WPW pattern or require further assessment. WPW syn-
drome is when the ECG pattern is accompanied by symptoms associated with 
tachyarrhythmias.

With or without symptoms, further assessment of the refractory period of the 
accessory pathway is warranted in athletes. Non-invasive risk stratification for 
WPW begins with an exercise stress test in which abrupt, complete loss of pre- 
excitation at higher heart rates suggests a low-risk accessory pathway [46, 47]. If 
non-invasive testing cannot confirm a low-risk pathway, or is inconclusive, then 
electrophysiology testing should be considered to determine the shortest pre-excited 
RR interval [46]. The finding of a pre-excited RR interval that is ≤250 ms (240 bpm) 
classifies the accessory pathway as high-risk and shared decision-making should 
occur regarding pursuit of pathway ablation [45, 46]. Some have advocated that all 
competitive athletes with a WPW ECG pattern should be evaluated by an electro-
physiological study. Ambulatory monitors may provide more data to determine 
whether an athlete has occult arrhythmias. Clinicians should be mindful of the risks 
of an invasive procedure with or without ablation [48]. In my practice, I do not rou-
tinely perform electrophysiological evaluation or ablation for the incidental findings 
of a WPW ECG pattern.
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 Complete Left Bundle Branch Block (LBBB)

LBBB is common in patients with cardiomyopathy and ischemic heart disease but 
a rare finding in athletes without structural disease [23, 30, 49–51]. LBBB should 
always be considered abnormal until proven otherwise and requires a comprehen-
sive evaluation. A complete investigation should include both TTE and CMR to 
exclude pathology. In patients older than 30  years old, an ischemic workup to 
exclude CAD is appropriate. Specific patient characteristics, clinical suspicion, and 
institutional expertise are factors to determine whether a nuclear perfusion scan, 
stress echocardiogram, or coronary artery assessment (invasive angiography or 
CCTA) should be employed.

 Epsilon Waves

Epsilon waves are associated with ARVC [52]. An epsilon wave is unlikely to be 
present in isolation without other ECG abnormalities and may be found in combina-
tion with right precordial TWI or delayed S wave upstroke. All those with an epsilon 
wave require downstream imaging with TTE and CMR [39]. A diagnosis of ARVC 
can be challenging, and the continuum of disease findings can vary from mild to 
severe. Disease progression is common and may require serial imaging for surveil-
lance of the disease and/or disease exclusion [39, 53, 54]. If initial imaging is nor-
mal, equivocal, or only mildly abnormal, then continued surveillance is suggested, 
and early involvement of an expert in ARVC to facilitate evaluation and manage-
ment is suggested. Additional assessment with an ambulatory ECG, exercise test, 
and signal-averaged ECG should be considered in an individualized basis [55].

 When Continued Surveillance Is Required

ECG abnormalities often precede the development of overt structural heart disease 
identified by imaging in those with a genetic predisposition to cardiomyopathy [23, 
28, 29]. Athletes who demonstrate one or more overtly abnormal ECG findings may 
therefore undergo comprehensive clinical evaluations that reveal no definitive evi-
dence of true pathology. Athletes with markedly abnormal ECG findings, such as 
inferolateral TWI or ST depressions, and structurally normal hearts remain at risk 
for future manifestation of disease. Limited data suggests that progression to overt 
cardiomyopathy occurs in ~5–6% of abnormal ECGs without concurrent initial 
pathologic imaging findings [28, 29]. Continued longitudinal surveillance on an 
annual basis or more frequently based on clinician discretion is advised. Athletes 
with abnormal ECGs suggestive of cardiomyopathy without pathologic findings 
after a complete clinical evaluation, in my opinion, may participate in competitive 
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activities without restriction. Athletes should be educated about the importance of 
regular follow-up and the risks of non-adherence. To that end, subsequent serial 
evaluations should be ongoing both during and after their competitive athletic career 
is completed.

 Symptoms That May Warrant Downstream Testing

Many athletes present for an evaluation after a presumed cardiac “event” or newly 
recognized symptom. Common symptoms that warrant downstream testing include 
unexplained syncope and exertional symptoms such as chest discomfort/tightness 
or progressive, inappropriately labored breathing. Additionally, the presence of a 
family history of sudden cardiac death in a first-degree relative and an abnormality 
on physical examination such as a non-physiologic murmur, hypertension, or physi-
cal features suggestive of a genetic aortopathy necessitates downstream testing to 
exclude pathology [56]. Recommendations for downstream testing for specific 
symptoms are provided below.

 Exertional Chest Discomfort

Chest discomfort is a common presenting complaint among athletes. Cardiac and 
non-cardiac etiologies can result in chest discomfort complaints with true cardiac 
etiologies accounting for only ~5% of diagnoses, but these cases can be associated 
with adverse outcomes [57]. Assessment begins with a detailed medical history, 
complete physical examination, and ECG which is often enough to identify a non- 
cardiac etiology without further diagnostics. In those with a suspected cardiac etiol-
ogy, non-invasive imaging with TTE and stress testing is the first-line assessment 
with additional testing pursued in selected cases. In those athletes where there is a 
high suspicion of, or confirmed, LV or RV myocardial pathology, CMR is indicated 
after TTE due to its superior diagnostic and prognostic accuracy especially for RV 
assessment [39].

High fitness levels in athletes lessen the usefulness of a standardized and graded 
exercise test. An individualized protocol that reflects the scenario responsible for 
the presenting symptoms, with appropriate supplementation of imaging, is the opti-
mal means for conducting a stress test [58]. To that end, assessments should utilize 
symptom-driven protocols rather than typical protocols where the test is terminated 
at a predetermined heart rate (i.e., 85% maximal age-gender predicted). Reproduction 
of symptoms may not manifest without achieving high workloads; therefore termi-
nation should be based on athlete fatigue, reproduction of athlete symptoms, or the 
development of high-risk findings. If utilizing stress echocardiography for ischemia 
assessment, the sonographer and interpreting physician should be cognizant of the 
rapid recovery of ischemic changes in athletes. Resolution can be brisk necessitat-
ing immediate post-exercise imaging to avoid false-negative findings. As such, 
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stress echocardiography should be limited to centers with extensive experience and 
expertise performing stress echocardiography given the potential limitations of the 
modality. If institutional expertise affords the opportunity, CCTA may be the best 
first-line assessment for chest pain suspected to be related to obstructive CAD. CCTA 
provides an assessment of the coronary anatomy with high sensitivity for detecting 
CAD and excluding flow-limiting coronary artery stenosis [13].

If an anomalous coronary artery cannot be excluded using TTE, tomographic 
imaging either by CCTA or CMR is recommended, depending on patient character-
istics and institutional expertise. CCTA is most often the imaging modality of choice 
to delineate coronary artery origin, vessel course (between the great vessels), and 
assessment of high-risk features [13].

 Syncope or Near Syncope

Syncope, or transient loss of consciousness, followed by spontaneous and complete 
recovery is a common presenting complaint among athletes representing both 
pathologic and benign conditions [59, 60]. The etiology is best determined by a 
detailed history describing the event. Most often, syncope in athletes is attributed to 
neural mechanisms. Neurally mediated syncope manifests as classic “vasovagal” 
episodes that are unrelated to exercise or as post-exertional syncope which typically 
occurs within minutes of abrupt exercise termination and carries, in general, a 
benign prognosis [61]. A complete medical history, physical examination, and ECG 
should be performed in all athletes who present with syncope. This assessment is 
often enough to confirm a neurally mediated etiology and obviate the need for addi-
tional evaluation.

In contrast, symptoms of abrupt loss of consciousness during exercise, especially 
when the event is severe enough to cause musculoskeletal injury, should be attrib-
uted to underlying cardiovascular etiology necessitating additional evaluation. In 
these scenarios, cardiac etiologies may include obstructive valve disease, inducible 
myocardial ischemia, or electrical conduction disease related to acquired or con-
genital pathologies. Initial imaging should include TTE to investigate for the pres-
ence of obstructive valvular disease including LV/RV outflow pathology or 
cardiomyopathies with arrhythmic and/or ischemic predisposition and high-risk 
anomalous coronary anatomy. This evaluation may be enough to exclude or identify 
an etiology, with inconclusive findings prompting further evaluation including exer-
cise testing and/or tomographic imaging using CT or MRI.

 Palpitations and Arrhythmias

Benign ectopic arrhythmias are a common presenting symptom in athletes, and 
many will not require downstream testing. The assessment may be prompted by a 
diagnosis of “low heart rate” or after recognition of skipped beats with or without 
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symptoms of palpitations. The evaluation of palpitations and/or arrhythmias begins 
with a comprehensive medical history, physical examination, and ECG. The objec-
tive is to differentiate ventricular arrhythmias from arrhythmias arising from the 
atria and to identify whether exercise precipitates or intensifies the symptoms. 
Documentation of the arrhythmia by ECG, ambulatory rhythm monitoring, or an 
exercise test to provoke the arrhythmia may be required. Occasionally, an implant-
able recorder will be necessary.

Imaging to identify or exclude myocardial abnormalities via TTE is usually 
employed, especially in the presence of ventricular arrhythmias. Abnormal myocar-
dial substrate (hereditary or acquired), such as seen with ischemic disease, clinical 
myocarditis, congenital coronary anomalies, or pressure/volume overload changes 
related to valvular disease, would change the importance of any identified arrhyth-
mia. In the absence of abnormal myocardial structure, arrhythmias may be attribut-
able to conduction abnormalities from ventricular pre-excitation or hereditary 
channelopathies. The presence of ventricular pre-excitation should prompt imaging 
to exclude associated cardiac conditions including Ebstein’s anomaly, PRKAG2 
gene-mediated hypertrophic cardiomyopathy, or other congenital heart diseases 
[62, 63]. Primary channelopathies, such as LQTS, catecholaminergic polymorphic 
ventricular tachycardia (CPVT), Brugada pattern/syndrome, and idiopathic ven-
tricular tachycardia, are typically detected without underlying structural abnormali-
ties [64, 65]. CCTA or CMR should be the second-line assessment with use 
determined by clinical suspicion or to confirm pathology.

Atrial fibrillation is the most common arrhythmia encountered in elite athletes, 
particularly in middle-aged men [66]. The prevalence has been reported to be as 
high as 9% depending on the population studied [67, 68]. The pathophysiology 
remains unclear but is clearly multifactorial in origin and associated with sustained 
endurance training and increased vagal tone. Atrial ectopy and shortened atrial 
effective refractory period from enhanced parasympathetic activity serve as triggers 
[69]. Routine evaluation of atrial fibrillation in athletes should include a compre-
hensive history to identify medical etiologies such as thyroid dysfunction or a sleep 
disturbance and to assess for the use of performance-enhancing or illicit drugs, as 
well as alcohol. Imaging should include TTE to identify or exclude myocardial 
abnormalities [70]. Atrial fibrillation in an adolescent athlete should also raise the 
suspicion for an accessory pathway and consideration of an ambulatory monitor or 
serial ECGs to look for intermittent pre-excitation is appropriate.

 Inappropriate Exertional Dyspnea

Breathlessness during recreational activity, athletic training, and athletic competi-
tion is common but when persistent or even progressive may represent an underly-
ing cardiovascular disorder [71, 72]. A careful history focused on the duration and 
intensity of exercise is often sufficient to determine whether the perceived breath-
lessness is expected or disproportionate. Subjective breathlessness is typically 
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appropriate for those at their upper limits of exercise capacity, when escalating a 
training regimen, with changing an exercise routine, or after prolonged decondition-
ing related to injury or illness. New dyspnea at a previously tolerated intensity, 
dyspnea that requires a reduction in exercise intensity, or dyspnea without a change 
in training regimen should be considered inappropriate. Attention to associated 
symptoms such as stridor, wheezing, chest tightness/pain syndromes, palpitations, 
or near syncope/syncope is helpful to determine specific downstream testing 
plans [73].

After a careful history and physical examination, in many young athletes, a non- 
cardiac etiology related to reactive airway disease, exercise-induced bronchospasm, 
paradoxical vocal fold dysfunction, upper respiratory infection, allergic and non- 
allergic rhinitis, or dysfunctional breathing may be found to be the causative etiol-
ogy [74]. If these diagnoses are suspected, then no cardiac imaging is required. If no 
subsequent diagnosis is identified or there is failure to respond to therapy, a cardiac 
etiology should be pursued.

Initial cardiac testing for all athletes with inappropriate or unexplained exertional 
dyspnea should include an ECG and TTE. Exercise testing, with or without con-
comitant imaging, should be performed with an aim to reproduce symptoms and 
exclude cardiac pathology. Gas exchange assessment, via pulmonary function test-
ing and cardiopulmonary exercise testing, is often valuable in this scenario and is 
the suggested stress modality when institutional expertise allows [75]. CCTA or 
CMR should be reserved as second-line assessment for as dictated by suspected or 
confirmed pathology or if based on a high clinical suspicion.

 Athletic Performance Decrement or Loss of Power

Clinical evaluation for a perceived or objective performance decrement poses a 
difficult diagnostic dilemma. A comprehensive history and physical should 
include a review of dietary intake to ensure adequate energy balance, an assess-
ment for suboptimal sleep patterns or mood disturbance, and assessment for signs 
and symptoms of common organic pathologies such as endocrine disorders (i.e., 
thyroid, adrenal disorders, diabetes), infectious etiologies, inflammatory diseases, 
electrolyte deficiencies, and anemia [76]. Training in unfamiliar conditions (alti-
tude, heat, or cold) or a significant increase in training load or change in training 
pattern should be determined and considered. Overtraining syndrome is common, 
occurring in both elite and non-elite runners, but should be considered as a diag-
nosis of exclusion [77]. The evaluation of this broad differential is best performed 
by experienced sports cardiologists and often requires multiple other specialist 
visits that include a sports medicine physician. A thorough medical history and 
physical examination can help avoid broad testing and subsequent irrelevant diag-
noses. An ECG is appropriate but very low yield. The use of TTE for those with 
historical and physical examination or ECG findings suggestive of myocardial, 
coronary, or valvular pathology is typically first line. Documentation of exercise 
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capacity and effort-utilizing cardiopulmonary exercise testing along with isch-
emia assessment is often valuable and the recommended stress modality when 
institutional expertise allows. Stress perfusion imaging and stress echocardiogra-
phy are appropriate with the caveats previously discussed in the chapter. CT and 
MRI should be reserved for individual situations as dictated by suspected or con-
firmed pathology.

 Special Populations

 Athletes 40 Years and Older

Athletes 40 years and older are at a higher risk of atherosclerotic coronary disease, 
atrial tachyarrhythmias particularly atrial fibrillation, degenerative aortic and mitral 
valve disease, and hypertensive heart disease [56, 78]. Symptoms of athletes in this 
age group are often attributable to these conditions rather than hereditary forms of 
heart disease and should be thought of and sought out initially.

Athletes often have a predicted low-risk CAD profile given a relative infrequency 
of traditional atherosclerotic risk factors (hypertension, dyslipidemia, family his-
tory of CAD, and prior/on-going tobacco use), and as a result, the use of the 
Framingham risk score has been shown to underestimate CAD risk in athletes [79]. 
Therefore, exercise stress testing and coronary artery imaging are key components 
to a diagnostic evaluation. In general, I recommend symptom-limited exercise test-
ing in older athletes with suspected or elevated risk of CAD. As previously men-
tioned, when using stress echocardiography, careful attention to immediate imaging 
after stress is critical due to the rapid recovery of athletes and a higher potential for 
false-negative results.

Non-invasive coronary artery imaging with either coronary artery calcium (CAC) 
scoring or CCTA may be helpful for athletes with a high suspicion or persistent 
symptoms after unrevealing stress testing. The utility of CAC scoring among ath-
letes is controversial, with some studies showing increased CAC scores in older 
endurance athletes in comparison with age-matched non-athletes and athletes with 
less exercise exposure [80, 81]. The mechanism of this seeming paradox is not clear 
and has led to speculation that long-term and intensive exercise training could 
potentially be detrimental, as data among athletes and non-athletes has shown that a 
zero-calcium score carries the best prognostic risk for future events [82–84]. 
However, more recent and large-scale data has shown that while there is more CAC 
in athletes with the most exercise exposure, these athletes still had better cardiovas-
cular outcomes than those athletes with less exercise exposure and lower CAC 
scores [81]. Additional investigation regarding the full prognostic implications of 
CAC and its relationship to risk in highly active individuals is ongoing. For those 
athletes with a higher suspicion of obstructive CAD based on symptoms or tradi-
tional CAD risk factors, where assessment of coronary luminal anatomy is required, 
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invasive coronary angiography may be an appropriate approach instead of CCTA, 
based on patient and provider preference.

Atrial fibrillation and atrial flutter are often encountered in competitive athletes 
and are the most common arrhythmias encountered in elite athletes, particularly in 
middle-aged men [66]. Specific mechanisms underlying these arrhythmias in ath-
letes are emerging, with appreciated associated factors of longer duration and inten-
sity of athletic activity and increased vagal tone [85, 86]. Symptoms plus resting or 
ambulatory ECG are the usual means to make a diagnosis. Routine evaluation 
should include a comprehensive history to identify etiologies such as performance- 
enhancing or illicit drugs, excessive alcohol use, thyroid dysfunction, family history 
of cardiomyopathy, or the presence of a sleep apnea. Initial downstream testing 
should include TTE to identify or exclude structural heart disease (myocardial or 
valvular) and to exclude tachycardia-mediated cardiomyopathy [70]. Exercise may 
be the trigger that the arrhythmia and stress testing or prolonged ambulatory ECG 
monitoring may be required to document the arrhythmia. CMR and CCTA may be 
helpful as second-line imaging for a cardiomyopathy or clarification of the pres-
ence/extent of CAD. In addition, CCTA or CMR as tomographic imaging may also 
be utilized for anatomic mapping in those scenarios where an invasive catheter- 
based ablation strategy will be employed.

 Pediatric Athletes and Congenital Heart Disease (CHD)

Children and adolescents represent a significant population of athletes [46, 87]. 
Many inherited cardiac conditions associated with an increased risk of sudden death 
become clinically apparent in this age group. There is rapid growth and variation in 
cardiac dimensions within this group, thereby making the distinction between nor-
mal growth-related changes, athletic adaptive physiology, and potential emerging 
pathology difficult. Challenges in differentiating normal physiology from pathology 
are further compounded by the relative dearth of age-specific normative cardiac data 
in pediatric athletes.

Many patients with repaired and unrepaired congenital heart defects participate 
as athletes in a variety of sporting activities [87]. There is a broad range of congeni-
tal cardiac malformations with varied severity and varied needs for therapeutic 
interventions. A clear understanding of the individual patient’s anatomy is neces-
sary to determine a risk assessment. The safety of competitive sport participation 
among patients with CHD has not been rigorously studied [87, 88], with competi-
tive sport eligibility recommendations based predominantly on expert opinion [89, 
90]. Although the guideline recommendations provide a useful initial template, the 
wide variety of patients included in this category, as well as variations in clinical 
practice, makes an individualized approach to physical activity recommendations 
the most often employed strategy [91]. With these factors in mind, a collaborative 
approach is strongly encouraged with inclusion of pediatric cardiologists and CHD 
trained physicians, respectively [88].
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Recommendations for pediatric and CHD patients are often consistent with adult 
recommendations, but consultation with specialists is required to help determine the 
optimal imaging plan for these patients [92]. Initial imaging with TTE is the pre-
dominant first-line downstream test followed by CMR or CCTA as directed by the 
CHD expert and dictated by disease type and severity. Symptom-limited functional 
exercise testing may be employed in a similar collaborative approach for assess-
ment of exercise capacity or when eliciting for exercise-triggered symptoms or 
arrhythmias.

 Conclusions

Differentiating EICR from mild forms of cardiac pathology remains challenging in 
clinical practice. The sports cardiologist should be prepared to evaluate historical 
and physical examination findings along with ECG and imaging features that are 
both expected and suspicious among athletes. Individual patient characteristics and 
symptoms should dictate the downstream imaging strategy to identify or exclude 
abnormalities and to provide risk stratification in the presence of disease. Optimal 
use of multimodality imaging requires an understanding of EICR and the strengths 
and weaknesses of the available imaging techniques. A well-constructed plan for 
downstream testing can diagnose and risk stratify athletes in a streamlined fashion. 
Utilizing sports cardiologists as experts in this process will provide accurate diag-
noses and limit unnecessary testing and expense while avoiding a prolonged return- 
to- play timeline.
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Chapter 4
Practical Use of Genetic Testing in Athletes

Isha Kalia, Farhana Latif, Muredach P. Reilly, and Marc P. Waase

 Introduction

Meet the future of testing and screening athletes: DNA. Meet your genes. What can 
your DNA say about your health? Understand your risk, so you can understand 
your options. These are but a few of the many ways that genetic testing companies 
are strategically marketing their products to consumers. Whether they intend to pro-
vide information about your ancestry, determine your athletic potential in a particu-
lar sport, or identify your personal health risks, genetic tests are becoming more 
diverse in their offerings and, notably, more widely accessible to consumers. Genetic 
testing for health-related purposes is becoming increasingly common in the practice 
of medicine. As medical providers who work with athletes, we must educate our-
selves about current uses of genetic information and appropriate genetic testing 
practices in athletes in order to best serve our patients and the athletic community.

 General Principles of Genetic Testing

Some genetic disorders do confer a known, significant health risk for individuals 
undertaking strenuous activity/sports. Identification of genetic forms of cardiovas-
cular diseases, including channelopathies, cardiomyopathies, and aortopathies, is 
becoming more of an important component of sports cardiology practices. Screening 
for these cardiac disorders that may predispose athletes to sudden cardiac death 
(SCD) has made identifying these diseases, especially in young athletes, of utmost 
importance.
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Genetic testing for athletes can be useful in several ways. First, diagnostic genetic 
testing can confirm a diagnosis when a specific disease is suspected based on medi-
cal history, physical exam findings, symptoms, or imaging test results. Obtaining a 
definitive diagnosis plays a vital role in a patient’s clinical treatment and manage-
ment. Second, pre-symptomatic genetic testing after obtaining a comprehensive 
medical and family history can identify genetic variants that place an individual at 
risk for developing a specific condition. The opportunities afforded by pre- 
symptomatic genetic testing include targeted surveillance, identification of thera-
peutic interventions, and a refinement of risk assessment. In addition to medical 
benefits, there are psychosocial benefits such as reducing anxiety and uncertainty, 
sharing information among family members, and adjusting life plans according to 
genetic information. In order for genetic testing to be of clinical utility, it is impor-
tant to properly identify appropriate candidates within a family for genetic testing.

As with any medical examination, genetic testing should only be performed 
when clinically indicated after a comprehensive medical history, with particular 
attention to the family history and a physical examination. The first step in deter-
mining whom best qualifies for genetic testing is identifying an individual with a 
clinical phenotype that fits a specific diagnosis, for instance, an athlete who has 
aortic root dilation and ecotpia lentis. This clinical phenotype raises suspicion for 
Marfan syndrome. Therefore, diagnostic genetic testing for Marfan syndrome 
would be beneficial in this circumstance.

Another factor to consider during the genetic testing process is an individual’s 
family history. A family pedigree evaluation should include a three-generation fam-
ily tree with an emphasis on premature cardiovascular events (sudden death, heart 
failure) and associated cardiac (arrhythmias, conduction disease, syncope) and non-
cardiac (skeletal myopathy, renal disorder, auditory/visual defects) characteristics. 
It is important to identify other family members with a similar phenotype. This 
family history review can assist in recognizing inheritance patterns and narrowing 
down suspected diagnoses.

Once symptomatic individuals within a family have been identified, it is impor-
tant to determine who should undergo genetic testing. Typically, the first family 
member to undergo genetic testing (the proband) should be the youngest symptom-
atic individual. Diseases with a genetic etiology often manifest early in one’s lifes-
pan. Therefore, the most likely person to have a condition caused by a genetic 
mutation is the individual with the earliest onset of symptoms. If that individual is 
unavailable for testing, then the next best candidate for testing is another individual 
in the family with clinical symptoms that support a particular disease phenotype.

 Approaches to Genetic Testing

There are several approaches for the performance of genetic testing. If a mutation 
has previously been identified in the family, then other at-risk family members 
should be offered testing for that specific familial mutation. The most conservative 
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way to perform this testing is to offer single gene testing. Single gene testing is 
clinically reasonable if the signs or symptoms are consistent with a particular dis-
ease phenotype. This type of testing can be cost-effective, as it reduces the need for 
the testing of other genes that are not of interest. For example, the sodium channel 
SCN5A gene would be a candidate for single gene testing in the case for suspected 
Brugada syndrome, as pathogenic variants in the SCN5A gene account for 15–30% 
of Brugada syndrome cases [1]. However, this single gene method does not test for 
all possible genes for a disease that may be associated with a multitude of different 
genes, thereby missing other potential deleterious gene variants. If single gene test-
ing is negative, repeat testing may be required.

Another approach, called multi-gene panel testing, is to expand the genetic test-
ing to include more rare variants that can be associated with a particular condition. 
Multi-gene panel testing can include just a few genes or include as many as hun-
dreds of genes. This type of testing can be beneficial when mutations in multiple 
genes are known to be responsible for a specific condition. For example, genetic 
testing for long QT syndrome can include the more common genes such as potas-
sium channels, KCNQ1 and KCNH2, and the sodium channel, SCN5A, as well as 
more rare variants, such as calmodulin 1 and 2 (CALM1 and CALM2), or potas-
sium channels KCNE1, KCNE2, KCNJ2, and KCNJ5.

The final and most liberal approach to genetic testing is to perform whole genome 
or whole exome sequencing (WGS/WES). While large-scale genetic testing can be 
cost- and time- effective, it presents several challenges, including limited sensitivity, 
low prognostic predictive value, low probability to identify pathogenic variants in 
different genes, and the major risk of noninterpretable results. One of the main limi-
tations toward performing multi-gene panel testing and/or WGS/WES is encounter-
ing variants of uncertain significance (VUS). A genetic mutation is classified as a 
VUS when there is insufficient data to confirm its association with a particular dis-
ease [2]. Thus, it is not recommended to use a VUS in an individual’s clinical 
decision- making. As the genetic testing laboratory collects more data on a specific 
VUS, the laboratory can ultimately reclassify the VUS to pathogenic or benign. 
However, the timeline for this classification is unknown, ranging from months to 
years. This obscure timeline creates challenges and questions for providers and 
patients alike. With high rates of clinician turnover, whose duty is it to recontact 
families when a VUS is reclassified? Additionally, will families provide clinicians 
with their updated contact information over the years? Finally, whose responsibility 
is it to provide cascade screening by genetically testing other at-risk family mem-
bers, if a variant is reclassified to a pathogenic mutation?

With the simultaneous decrease in the cost of genetic testing and the increase in 
the number of genes on genetic testing panels, expansive clinical genetic testing, 
such as WGS/WES, is becoming more commonplace in medical practice. 
Complicating the genetic testing landscape even further is the issue of incidental or 
secondary findings. Incidental findings are genetic changes that are not related to 
the indication for testing but have clinical utility to the provider and patient alike 
[3]. An example of an incidental finding includes ordering WES for a cardiomyopa-
thy indication and discovering a pathogenic breast cancer gene mutation. While a 
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hereditary cancer predisposition gene is not related to the cardiomyopathy indica-
tion, this information provides the patient with options for future medical decision- 
making. The American College of Medical Genetics and Genomics issued a policy 
statement identifying 59 genes that should be disclosed to patients when performing 
WGS/WES, as these genes are associated to diseases with specific diagnostic tests 
and medical interventions; 31 of these genes are linked to cardiovascular disease, 
including cardiomyopathies, heritable arrhythmias, aortopathies, and familial 
hypercholesterolemia [3], and are shown in Table 4.1.

Another disadvantage to using large-scale genetic testing methods is the issue of 
penetrance. Penetrance refers to how likely a person is to exhibit the symptoms of a 
condition when carrying a particular genetic mutation [4]. Penetrance is a signifi-
cant motivator for clinical decision-making, such that the greater the risk for clinical 
manifestations (higher penetrance), the more aggressive the medical interventions. 
As multi-gene panels become more expansive in nature, a significant number of low 
to moderately penetrant genes are added to these panels. In these cases, it is unclear 
how the clinical management and treatment would be altered if there were a less 
penetrant (lower risk of developing clinical manifestations of the disease) gene 
mutation identified.

 Genetic Diseases Associated with Sudden Cardiac Death

As medical professionals, our goal is to help our patients live long and healthy lives. 
We need to advise our patients on behavioral and lifestyle changes. Exercise is one 
of the most powerful tools that we encourage our patients to engage in to help 
improve their health, as it has been associated with improvement in cardiovascular 

Table 4.1 Thirty-one genes for which identified variants should prompt evaluation for heritable 
cardiovascular disorders, as recommended by the American College of Medical Genetics and 
Genomics

Phenotype Genes

ARVC PKP2, DSP, DSC2, TMEM43, DSG2
HCM or DCM MYBPC3, MYH7, TNNT2, TNNI3, TPM1, 

MYL3, ACTC1, PRKAG2, GLA, MYL2, 
LMNA

CPVT RYR2
Ehlers-Danlos syndrome, vascular type COL3A1
Familial hypercholesterolemia LDLR, ABOB, PCSK9
Marfan syndrome/Loeys-Dietz syndrome/familial 
thoracic aortic aneurysms and dissections

FBN1, TGFBR1, TGFBR2, SMAD3, 
ACTA2, MYLK, MYH11

Romano-Ward long QT syndromes
Types 1–3/Brugada syndrome

KCNQ1, KCNH2, SCN5A

Adapted from Kalia et al. [32]
ARVC arrhythmogenic right ventricular cardiomyopathy, CPVT catecholaminergic polymorphic 
VT, DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopathy

I. Kalia et al.



57

risk factors. Athletes are, by nature, highly fit individuals who exercise daily. 
However, for a small number of individuals who harbor cardiac conditions, exercise 
can sometimes be associated with the most feared outcome for our patients, an 
increased risk of sudden death (“exercise paradox”) [5]. The reported incidence of 
SCD in athletes varies and ranges from 1:30,000 to close to 1:1,000,000 pending 
methods of data collection and athlete group studied [6–9]. Some population of 
athletes may be at higher risk than others, and it is crucial for healthcare providers 
to identify these individuals. The most common congenital/inherited causes of SCD 
in athletes include structural heart disease such as hypertrophic cardiomyopathy 
(HCM), arrhythmogenic cardiomyopathy (AC)/arrhythmogenic right ventricular 
cardiomyopathy (ARVC), dilated cardiomyopathy (DCM), aortopathy, congenital 
anomalies of coronary arteries, left ventricular noncompaction (LVNC), bilateral 
mitral valve prolapse, and primary electrical/arrhythmogenic conditions, such as 
congenital long QT syndrome (LQTS), catecholaminergic polymorphic ventricular 
tachycardia (CPVT), Brugada syndrome, Wolf-Parkinson-White syndrome, and 
other ion channelopathies [6, 10] (Tables 4.2 and 4.3).

However, just because a patient has a mutation in a disease-causing gene does 
not guarantee that the patient suffers from the clinical condition. Phenotypes are 
highly variable, and genotype does not always predict penetrance, expressivity, age 
of onset, or severity, all of which can be quite variable. Non-participation is poten-
tially devastating for an athlete, and the risks should be carefully discussed with the 
patient and family. At present time, there is no evidence basis for disqualification for 
athletes who are genotype-positive but phenotype-negative for HCM, Marfan, 
Brugada, CPVT, LQTS, short QT syndrome, DCM, or LVNC. In the United States, 
the Bethesda Conference and 2015 American Heart Association (AHA)/American 
College of Cardiology (ACC) Eligibility and Disqualification Recommendations 
require a threshold of phenotypic expression, except in the case of ARVC, before 
recommending disqualification [11]. Previously, the European Society of Cardiology 
recommended disqualification based on the finding of a pathogenic mutation alone, 

Table 4.2 Common genetic/congenital cardiovascular conditions associated with sudden cardiac 
death in athletes

Structurally abnormal heart Structurally normal heart

Hypertrophic cardiomyopathy Congenital long QT syndrome
Arrhythmogenic cardiomyopathy/arrhythmogenic 
right ventricular cardiomyopathy

Catecholaminergic polymorphic ventricular 
tachycardia

Dilated cardiomyopathy Wolf-Parkinson-White syndrome and 
accessory pathway syndromes

Cardiomyopathy (left ventricular noncompaction) Brugada syndrome
Aortopathy (Marfan syndrome, ascending aortic 
aneurysm)

Ion channelopathies

Congenital anomalies of coronaries
Valvular heart disease (congenital aortic stenosis, 
mitral valve prolapse)

Adapted from Wasfy et al. [6]
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Table 4.3 Principle genes associated with inherited cardiomyopathies

Hypertrophic cardiomyopathy
  Sarcomeric genes/phenocopy genes

Frequency (%)

B-myosin heavy chain (MYH7) 20–30
Myosin-binding protein C (MYBPC3) 30–40
Myosin light chain (MYL2) 2–4
Cardiac troponin T (TNNT2) 3–5
Cardiac troponin I (TNNI3) <5
A-tropomyosin (TPM1) <1
A-cardiac actin (ACTC 1) <1
Essential myosin light chain (MYL3) <1
Alpha-galactosidase (GLA) <1 Fabry disease
Lysosomal-associated membrane protein 2 (LAMP2) <1 Danon disease
Protein kinase, AMP-activated, gamma2 subunit (PRKAG2) <1 Wolff-Parkinson- 

White syndrome
Dilated cardiomyopathy
  Sarcomeric genes/Z-disc genes

Frequency (%)

Titin (TTN) 15–25
B-myosin heavy chain (MYH7) 3–4
Cardiac troponin T (TNNT2) 3
A-tropomyosin (TPM1) 1–2
A-cardiac actin (ACTC1) <1
Cardiac troponin I (TNNI3) <1
Cardiac troponin C (TNNC1) <1
Alpha-actinin 2 (ACTN2) <1
Telethonin TCAP <1
Cardiac ankyrin repeat protein (ANKRD1) <1
Cypher/ZASP (LDB3) <1
Muscle LIM protein (CSRP3) <1
   Other genes (Cytoskeletal, desmosomal, nuclear envelope, dystrophin 

complex, ion channels, sarcoplasmic reticulum, and cytoplasm)
Frequency (%)

Lamin A/C (LMNA/C) 4–8
Type 5 voltage-gated cardiac Na channel (SCN5A) 2–3
Desmoplakin (DSP) 2
RNA-binding protein 20 (RBM20) 2
Metavinculin (VCL) 1
Filamin C (FLNC) 1
Dystrophin (DMD) <1
Desmin (DES) <1
Sulfonyl-urea receptor 2A (ABCC9) <1
Delta-sarcoglycan (SGCD) <1
Arrhythmogenic right ventricular cardiomyopathy Frequency (%)

Plakopphylin-2 (PKP2) 30–40
Desmoglein-2 (DSG2) 5–20
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without phenotypic expression, for certain conditions such as Marfan syndrome or 
HCM; however, recent guidelines from the European Association of Preventive 
Cardiology have liberalized these restrictions [12, 13]. Diagnosing and treating ath-
letes with aortopathies secondary to Marfan syndrome, with HCM, and with LQTS 
will be discussed in detail in subsequent chapters.

 Specific Genetic Disorders in Which Competitive Exercise 
Is Discouraged

 Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (AC) is an inherited cardiac disease characterized 
by fibrofatty myocardial replacement of the ventricle. Myocardial atrophy is a 
genetically determined process that occurs progressively with time, starting from 
the epicardium and extending toward the myocardium. This atrophy leads to life- 
threatening ventricular arrhythmias and eventual impairment of ventricular systolic 
function. Originally described as only arrhythmogenic right ventricular cardiomy-
opathy/dysplasia (ARVC/D), increased recognition of left ventricular involvement 
(ALVC) has led to adoption of the broader term AC, which incorporates a multitude 
of cardiac muscle disorders, not explained by ischemic, hypertensive, or valvular 
heart disease [14]. ARVC and ALVC are genetically and clinically heterogeneous 
disorders. ARVC is probably the best characterized AC with a prevalence of around 
1:2000–1:5000. ARVC is considered one of the major causes of sudden death in 
young individuals and in athletes, especially in some countries such as Italy and 
Denmark. ARVC is generally associated with ECG alterations including epsilon 
waves, negative T-waves in right precordial leads, prolonged S-wave upstroke in 
precordial leads, progressive conduction disease, and ventricular arrhythmias with 
a left bundle branch block (LBBB) morphology. Holter and extended rhythm moni-
toring, echocardiography, and cardiac MRI are useful diagnostic tools. Typically, 
arrhythmias are the earliest manifestation of this disease. The 2010 Adult Task 
Force Criteria established diagnostic tools to help identify ARVC [15]. At the 

Table 4.3 (continued)

Desmoplakin (DSP) 10–20
Desmocollin-2 (DSC2) 1–2
Junction plakoglobin (JUP) 1–2
Transmembrane protein 43 (TMEM43) <1
Transforming growth factor 3 (TGFB3) <1
Desmin (DES) <1
Alpha T-catenin (CTNNA3) <1
Cadherin C (CDH2) <1

Adapted from Girolami et al. [33]
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present time, similar diagnostic criteria for ALVC have not been established. ARVC 
is most often autosomal dominant; however recessive forms exist as well. ARVC is 
frequently caused by mutations in desmosomal genes, which account for 50–60% 
of all ARVC patients. These mutations lead to alterations in the desmosomal pro-
teins which disturbs cell-to-cell contact. ARVC is often caused by mutations in des-
mosomal genes such as:

• Desmoplakin (DSP, prevalence ~10%)
• Desmoglein-2 (DSG2, prevalence ~40%)
• Plakophilin-2 (PKP2, prevalence ~40%)
• Desmocollin-2 (DSC2, prevalence ~3%)

In addition, mutations in ion channels such as ryanodine receptor (RYR2) and 
sodium voltage-gated channel alpha subunit 5 (SCN5a) are associated with 
ARVC. Meanwhile, ALVC is most often caused by mutations involved in the sarco-
plasmic reticulum, sarcomere, ion channels, and mitochondria, such as:

• Lamin A/C (LMNA)
• Transmembrane protein 43 (TMEM43)
• RNA binding motif protein 20 (RBM20)
• Filamin C (FLNC)

Therefore multi-gene panel testing is recommended to identify the genetic etiol-
ogy for AC. Almost 40% of patients with AC will have no identifiable mutation. 
These gene-elusive cases may represent oligogenic forms with unknown, low- 
penetrant genetic variants and/or external factors that lead to disease pathogenesis. 
The most important objective of clinical treatment of AC is prevention of disease 
progression and SCD. Current therapeutic options include lifestyle changes, beta- 
blockers, antiarrhythmic medications, catheter ablation, implantable cardioverter 
defibrillator (ICD), and heart transplantation. Physical exercise is one of the most 
important factors which promotes and accelerates the phenotypic expression of 
ARVC.  There is significant evidence that a dose-dependent relationship exists 
between endurance exercise and likelihood of developing ARVC. In the 2015 AHA/
ACC Eligibility and Disqualification Recommendations, athletes with definitive 
and even borderline ARVC are discouraged from competitive or endurance sports 
participation [11]. Athletes should be discouraged from high-intensity exercise even 
if they are phenotype-negative but genotype-positive for ARVC, as exercise may 
accelerate the development of a cardiomyopathy and may increase the risk of ven-
tricular arrhythmias in otherwise asymptomatic subjects.

 Catecholaminergic Polymorphic Ventricular Tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inheritable 
cardiac channelopathy with associated symptoms of syncope or catecholamine- 
mediated ventricular arrhythmias that may result in cardiac arrest. Patients with 
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CPVT present with palpitations or syncope during physical or emotional stress. 
CPVT is a clinically and genetically heterogeneous disease presenting with a spec-
trum of polymorphic arrhythmias. CPVT is an uncommon condition with a preva-
lence as low as around 1:10,000–1:50,000. The diagnosis of CPVT relies on 
demonstration of ventricular arrhythmias during standard noninvasive exercise 
treadmill testing or epinephrine drug challenge [16]. A positive test is defined by the 
development of complex ventricular ectopy, bidirectional ventricular tachycardia 
(VT), and/or polymorphic VT (Fig. 4.1). Holter monitoring should be used as an 
adjunctive diagnostic tool. CPVT can be inherited in either an autosomal dominant 
or autosomal recessive pattern depending on the gene involved. CPVT is caused by 
mutations in genes responsible for regulating intracellular cardiac calcium. The cal-
cium release from the sarcoplasmic reticulum can lead to calcium overload, which 
leads to delayed afterdepolarizations and triggered activity. The most common 
genetic mutations for CPVT are found in the ryanodine receptor (RYR2) which is 
inherited in autosomal dominant fashion and contributes to approximately 50% of 
CPVT cases. Alternatively, mutations in the calsequestrin (CASQ2) gene, which is 
inherited in an autosomal recessive fashion, account for 3% of CPVT cases. Other 
genes have also been implicated including ankyrin-2 (ANK2), calmodulin 
(CALM1), trans-2,3-enoyl-CoA reductase (TECRL), and triadin (TRDN), among 
others, and therefore multi-gene panel testing is recommended. Current therapeutic 
options include beta-blockers, calcium channel blockers, antiarrhythmic medica-
tions, ICD, and left cardiac sympathetic denervation [16]. Although there is some 
emerging controversy, current recommendations by the Bethesda conference and 
the 2015 AHA/ACC Eligibility and Disqualification Recommendations discourage 
athletes with symptomatic CPVT or asymptomatic CPVT with exercise-induced 

Fig. 4.1 Bidirectional ventricular tachycardia in patient with catecholaminergic polymorphic ven-
tricular tachycardia. (Reprinted with permission. Monteforte et al. [31]. Elsevier Spain)
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ventricular arrhythmias from participation in competitive sports, except for class 1A 
sports [17]. However, current guidelines allow athletes who are phenotype-negative 
but genotype-positive, to participate in competitive sports.

 Genetics and Sports Performance

The sporting world, by its nature, is a competitive environment, where athletes, 
coaches, and trainers are seeking to provide themselves with an advantage, an 
“edge” over their competition. Participants in competitive sports are susceptible to 
influence from a rapid expansion of direct-to-consumer services with those services 
being provided to members of the public without any involvement of a medical 
practitioner. Direct-to-consumer genetic testing companies have begun offering 
genetic tests for athletic ability, sports performance, and injury risk. While the 
research to support this testing is weak, it does not prevent companies from market-
ing these tests to athletes, coaches, and even parents who aim to determine which 
sports and how competitive of a sports to place their children. Athletes and coaches 
are understandably focused on implementing targeted nutritional, training, and 
recovery strategies in order to optimize athletic performance. For this reason, ath-
letes and coaches may be vulnerable to the allure of direct-to-consumer testing in 
the belief that the results can help them achieve improved performance. With the 
advent of direct-to-consumer genetic testing, patients are now confronting providers 
of all specialties to interpret genetic results. It is our responsibility, as healthcare 
providers, to understand the clinical utility of genetic testing in the context of ath-
letic performance.

There have been several genes which are weakly associated but have gained trac-
tion in many sports cultures, especially in relation to athletic performance and 
injury, including alpha-actin 3 (ACTN3), apolipoprotein E (Apoe), and angiotensin- 
converting enzyme II (ACE). ACTN3 is expressed in fast-twitch type II muscle 
fibers, and specific polymorphisms have been associated with enhanced improve-
ments in strength, protection from eccentric training-induced muscle damage, and 
sports injury. The ACTN3 R577X allele, which represents a base change in the 
ACTN3 gene that results in a premature stop codon and a deficiency of the protein, 
has been associated with improved performance in endurance athletes, while the 
wildtype normal allele is associated with enhanced performance in sports requiring 
sprinting or short burst of power [18]. Studies of Apoe have demonstrated an asso-
ciation between Apoe genotype and injury susceptibility, specifically in response to 
concussion [19]. ACE gene mutations have been associated with improved perfor-
mance in endurance activities [20]. The I (insertion) allele of the ACE gene, which 
represents an insertion of 287 bp, has been associated with improved performance 
in endurance sports, while the deleted form of the variant is associated with enhanced 
performance in sports requiring sprinting or short burst of power. Furthermore, sev-
eral single nucleotide polymorphisms (SNPs) in genes COL5A1, TNC, MMP, and 
GDF-5 have been identified as showing suggestive association with an increased 
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risk of sports-related injuries; however, there is no evidence to demonstrate that they 
are predictive of injury risk or relevant in all ethnicities and genders [21, 22]. While 
data for the associations for some of these genes is fairly robust, research is under-
way to better understand the true impact of ACTN3, Apoe, and ACE genotypes on 
athletic performance.

Sports genetics as a science is incomplete; it is still hampered by small sample 
sizes and biased methodology [22]. Sports performance is complex and multifacto-
rial, a result of a combination of many different genes as well as traits including 
gender and ethnicity, in addition to environmental factors. One of the main limita-
tions to research and studying the genetics of athletic performance is the multifacto-
rial nature of athletic ability. Each sports requires a unique set of physical 
requirements, such as increased aerobic endurance or muscular strength. 
Additionally, each sports requires an interaction between various body systems 
(cardiovascular, respiratory, nervous, musculoskeletal). Genetics is likely only one 
piece of the puzzle. There is no clear evidence to support routine genetic testing for 
the abovementioned genes on athletes as they predict only a small proportion of 
overall athletic performance. Currently available sports genetic tests cannot predict 
athletic performance with any real accuracy. Therefore, their use for patients is cur-
rently dubious at best and possibly dangerous. In 2015, a consensus statement was 
written by a consortium of world experts in the fields of genomics, exercise, sports 
performance and injury, and antidoping. The group warned against generalizing the 
genetic findings from observations in small, underpowered, and unvalidated athlete 
studies [23]. The panel of experts advocated against the use of direct-to-consumer 
tests for consumer interpretation or actionability. The lack of evidence-based inter-
pretation of test results may result in aspiring athletes being provided with inappro-
priate advice about their suitability for specific sports, which could be detrimental 
to their physical and psychological health. The use of this information should never 
be used for inclusion or exclusion in predicting performance or in talent identifica-
tion [23].

Furthermore, while gene therapy has shown a potential promise in the treatment 
of specific diseases, it is feasible that the same technology will attempt to be adopted 
by athletes seeking to enhance their performance. The field of gene therapy and, by 
extension, gene doping is full of unpredictable and dangerous results. In 2018, gene 
doping was defined and prohibited by the World Anti-Doping Agency (WADA) as 
the “nontherapeutic use of genes, genetic elements and/or cells that have the capac-
ity to enhance athletic performance” [24].

 Concerns Regarding Genetic Testing for Sports Employment

Given the growing use and importance of genetic information in sports and for ath-
letes, there has been rising concerns about privacy and discrimination, especially 
when it comes to employment. Table 4.4 delineates the global timeline of genetic 
testing in sports. There is a concern that coaches and team owners may attempt to 
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use players’ genetic information to predict their medical futures and/or athletic 
potentials and, accordingly, decide how much or whether to pay the athlete. In 2005, 
a National Basketball Association team concerned about the health of player, Eddy 
Curry, required him to submit a genetic test for HCM before they would renew his 
contract. He refused and signed with another team that did not require genetic test-
ing [25]. Confronted with cases of false identity and age falsification by Latin 
American baseball prospects, Major League Baseball has conducted genetic testing 
on some promising young players and their parents. To combat the potential for 
misuse and discrimination with genetic testing in the United States, the Genetic 
Information Nondiscrimination Act (GINA), first proposed by Representative 
Slaughter in 1995, was signed almost unanimously in 2008 to prohibit some types 
of genetic discrimination for health insurance and employment [26]. The purpose of 
GINA was to remove the temptation and prohibit employers from asking or receiv-
ing genetic information.

Table 4.4 Global timeline of genetic testing in sports

Year Events

1968 Chromosome testing by the International Olympic Committee designed to identify males 
potentially disguised as females

2001 Professional Boxing and Martial Arts Board of Victoria considers compulsory genetic 
screening for APOE4 variant in boxers

2003 World Anti-Doping Agency prohibits methods of gene doping
2005 Eighteen Australian male rugby players were tested and analyzed for 11 genes

The Chicago Bulls attempt genetic testing of Eddy Curry for HCM
2009 23andMe conducted the genetic analysis of 100 both former and current NFL players

Major League Baseball uses genetic testing with prospective players from the Dominican
Republic and other Latin American countries for age and identification

2010 The National Collegiate Athletic Association implements mandatory sickle cell trait 
screening for Division 1 in 2010, Division II in 2011, and Division III in 2013

2011 Club manager of Premier Football League team has players DNA analyzed to determine 
how injury-prone they are

2012 The National Football League screens for genetic conditions sickle cell trait and G6PD 
under the 2011 NFL collective bargaining agreement

2014 English Institute of Sports expresses interest in the integration of genetic technologies to 
“tailor the training, conditioning, and preparation” of Britain’s Olympic and Paralympic 
athletes

2015 Two Barclays Premier League soccer teams commission tests of their players’ DNA for 
45 variants

2018 Uzbekistan announced DNA testing on children to determine their physical abilities
Ex-NHL player Gary Roberts used genetic testing on his NHL clients to tailor training 
program at his gym
China’s Ministry of Science and Technology announced genetic testing of all athletes in 
Winter Olympics 2022 as part of their evaluation for participation

Adapted from Goodlin et al. [34]
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 Conclusions

Genomics is a rapidly advancing field of medicine. Due to cost reductions and 
improved technology, genetic research and testing have become widely available 
outside of the medical community and accessible directly to consumers such as 
sports organizations, coaches, and athletes. As a result, the international medical 
community has debated at length regarding the role of cardiovascular genetic 
screening with respect to sports participation. The dialogue has encompassed medi-
cal, ethical, and legal concerns of both the international medical community and 
sports organizations [27]. Currently, cardiac screening before athletic participation 
on a national level occurs in the United States, Israel, and Italy, as well as within 
high-level sports organizations [28]. Directed utilization of genetic screening 
(whether single gene, multi-gene panel, WGS/WES) has slowly become integrated 
into this diagnostic armamentarium. With regard to pre-participation screening, the 
medical community recognizes that there are certain clinical scenarios that warrant 
genetic scrutiny:

 1. Patient that manifests a phenotype suspicious for a possible cardiovascular dis-
order adversely affected by sports activity

 2. Patient who has a family history of an inheritable cardiovascular disorder or sud-
den death

Interpretation of any genetic results in athletes should be undertaken by a health-
care team composed of genetic counselors and physicians familiar with the care of 
athletes in order to avoid inconsistent messaging to athletes, as well as to aid in the 
proper interpretation of disease risk predictions from direct-to-consumer compa-
nies, as noted by a report from the US Government Accountability Office [29]. 
Misinterpretation of genetic data can lead to inappropriate advice about suitability 
for a specific sporting activity that may adversely impact the physical or psycho-
logical health of an individual [30]. In the end, the role of genetic testing in sports 
medicine is to advance personalized medicine based on validated genetic data to be 
used for the protection of the health and safety of the athlete.
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Chapter 5
Management of Hypertension in Athletes

D. Edmund Anstey and Daichi Shimbo

 Introduction

Hypertension is a prevalent condition worldwide and a significant cause of cardio-
vascular morbidity and mortality [1–3]. Although hypertension prevalence is known 
to increase with age, its population prevalence may be high even among younger 
adults [1, 4, 5]. Among adults of ages 20–44 years in the United States, population 
surveys have found the prevalence of hypertension to be 11.2% for men and 8.7% 
for women when using a systolic/diastolic blood pressure threshold of 140/90 mmHg 
[1, 5]. Among children and adolescents, the prevalence of hypertension is approxi-
mately 3–6% [6–8]. The high prevalence of hypertension extends to all populations 
including competitive athletes, for whom hypertension is the most common cardio-
vascular condition [6]. In an analysis of professional athletes in the National Football 
League, the prevalence of hypertension was higher among professional football 
players than in age-matched controls in the US population (13.8% versus 5.5%, 
respectively) even after adjusting for race and body mass index [9]. In this chapter, 
we will discuss the implications of hypertension for the competitive athlete and the 
role of the clinician in the detection and management of high blood pressure.
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 Hypertension and Cardiovascular Risk

Hypertension has been ranked as the most important risk factor for global mortality 
and disability adjusted life years [10]. In the general population, hypertension is a 
leading risk factor for morbidity and mortality, in particular stroke or myocardial 
infarction [2, 3]. Hypertension is also associated with an increased risk of end-organ 
damage including arterial stiffening, peripheral vascular disease, retinopathy, 
proteinuria, chronic kidney disease, and left ventricular hypertrophy [2, 3]. Despite 
these risks, hypertension is often undertreated and, without appropriate screening, 
may go undetected until after the onset of subclinical or clinical cardiovascular 
disease [1]. This is particularly true among young adults as younger individuals 
with hypertension are less likely to be aware of their hypertension status or be on 
appropriate treatment. In the United States, an analysis of the 2011–2012 National 
Health and Nutrition Examination Survey (NHANES) found that adults aged 18–39 
had the lowest awareness of their hypertension status compared to those aged 40–59 
and ≥60  years (61.8% versus 83.0% and 86.1%, respectively). Similarly, adults 
with hypertension aged 18–39, compared to those aged 40–59 and ≥60 years, were 
less likely to be on treatment for hypertension (44.5% versus 73.7% and 82.2%, 
respectively) or to have attained blood pressure control (34.4% versus 57.8% and 
50.5%, respectively) [11]. Recent evidence suggests that hypertension, even at a 
young age, may be associated with long-term clinical and subclinical cardiovascular 
disease [12].

This chapter focuses on the detection and management of high blood pressure 
levels. Less is known about the health implications and appropriate management of 
acute rises in blood pressure which may occur during exercise. An increase in blood 
pressure during peak exercise is a normal physiologic response to increased activity. 
However, extreme rises in intravascular pressure in response to exercise may be 
pathologic. Some forms of resistance training may lead to temporary, yet significant 
surges in blood pressure. For example, blood pressure measurements obtained from 
weight lifters during peak exercise have found that intravascular pressure can reach 
up to 350–480 mmHg [13]. This raises concern for the potential of acute vascular 
complications such as aortic dissection or stroke [14]. There is insufficient evidence 
to know if such short-lived, but severe, rises in intravascular pressure lead to incident 
hypertension and an increased risk of cardiovascular disease.

 Blood Pressure Measurement

A 2015 American College of Cardiology/American Heart Association Scientific 
Statement on Eligibility and Disqualification Criteria for Athletes with 
Cardiovascular Abnormalities suggested that the standard pre-participation 
examination for all athletes includes obtaining an accurate blood pressure [6]. 
Among individuals without increased blood pressure levels, the frequency with 
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which repeat measurements are obtained is at the discretion of the performing 
clinician and local guidelines. Given the possible implications of detecting an 
increased blood pressure level in a competitive athlete – including restriction from 
participation in sports – recent scientific statements and guidelines have emphasized 
the importance of obtaining blood pressure using proper and standardized techniques 
[2, 3, 6]. Failing to use proper technique while measuring blood pressure can result 
in significant, spurious increases in measured levels. For example, common 
improperly performed techniques, such as using the wrong cuff size or the blood 
pressure cuff being placed over clothing, can result in variations of systolic blood 
pressure from 5 to 50  mmHg [15]. The standard techniques of blood pressure 
measurement are described in Table 5.1 and should be performed by an appropriately 
trained clinician. Some considerations of relevance to clinicians caring for athletes 
is the importance of using an appropriate cuff size – as many athletes may have a 
larger arm circumference  – and avoidance of caffeine or exercise before 
measurement. Further, in particular for patients less than 30 years of age, if the arm 
pressure is high, a measurement should be obtained in one leg to evaluate for aortic 
coarctation [6]. To diagnose hypertension, both the 2017 American College of 
Cardiology/American Heart Association blood pressure guideline and the 2015 
American College of Cardiology/American Heart Association Scientific Statement 
on Eligibility and Disqualification Criteria for Athletes with Cardiovascular 
Abnormalities endorsed using an average of ≥2 readings obtained on ≥2 occasions 
to estimate the individual’s blood pressure [2, 6].

Some individuals with high blood pressure levels in the clinic may not have high 
blood pressure levels when measured outside of the clinic, a phenotype known as 
“white coat hypertension.” There is increasing evidence that this is a prevalent 
phenotype in the general population, with a population prevalence of 13–35% [2, 3]. 
The prevalence of white coat hypertension specifically among athletes is unknown. 
It has been suggested that anxiety may be an important contributor to white coat 
hypertension. Anxiety may be particularly relevant to the athlete undergoing a pre- 
participation physical as the physician’s findings may directly affect his or her 
eligibility for competition. When there is a suspicion of white coat hypertension, the 
presence of out-of-office hypertension can be confirmed using 24-hour ambulatory 
blood pressure monitoring (ABPM) [6]. As compared to clinic blood pressure 
measurements, blood pressure levels obtained during ABPM are a better predictor 
of cardiovascular disease events and subclinical cardiovascular disease in the 
general population [2, 3, 16]. Further, among individuals with high exercise blood 
pressure values, ABPM may better predict who will develop left ventricular 
hypertrophy [17]. Consistent with recent hypertension guidelines [2, 3], the 2015 
American College of Cardiology/American Heart Association Scientific Statement 
on Eligibility and Disqualification Criteria for Athletes with Cardiovascular 
Abnormalities endorsed that ABPM be used to confirm the diagnosis of hypertension 
when white coat hypertension is suspected [6]. The 2015 scientific statement on 
sports eligibility by the American College of Cardiology/American Heart 
Association does not specifically mention whether home blood pressure monitoring 
(HBPM) may also be used to evaluate for the presence of white coat hypertension 
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Table 5.1 Proper steps for blood pressure measurement [30]

Key steps for proper BP 
measurements Specific instructions

Step 1: Properly prepare 
the patient

1.  Have the patient relax, sitting in a chair with feet flat on floor and 
back supported. The patient should be seated for 3–5 min without 
talking or moving around before recording the first BP reading. A 
shorter wait period is used for some AOBP devices.

2.  The patient should avoid caffeine, exercise, and smoking for at 
least 30 min before measurement.

3. Ensure that the patient has emptied his/her bladder.
4.  Neither the patient nor the observer should talk during the rest 

period or during the measurement.
5. Remove clothing covering the location of cuff placement.
6.  Measurements made while the patient is sitting on an examining 

table do not fulfill these criteria.
Step 2: Use proper 
technique for BP 
measurements

1.  Use an upper-arm cuff BP measurement device that has been 
validated and ensure that the device is calibrated periodically.

2.  Support the patient’s arm (e.g., resting on a desk). The patient 
should not be holding his/her arm because isometric exercise will 
affect the BP levels.

3.  Position the middle of the cuff on the patient’s upper arm at the 
level of the right atrium (midpoint of the sternum).

4.  Use the correct cuff size such that the bladder encircles 75–100% 
of the arm.

5.  Use either the stethoscope diaphragm or bell for auscultatory 
readings.

Step 3: Take the proper 
measurements needed for 
diagnosis and treatment of 
elevated BP

1.  At the first visit, record BP in both arms.a Use the arm that gives 
the higher reading for subsequent readings.

2. Separate repeated measurements by 1–2 min.
3.  For auscultatory determinations, use a palpated estimate of radial 

pulse obliteration pressure to estimate SBP. Inflate the cuff 
20–30 mm Hg above this level for an auscultatory determination 
of the BP level.

4.  For auscultatory readings, deflate the cuff pressure 2 mm Hg/s, 
and listen for Korotkoff sounds.

Step 4: Properly 
document accurate BP 
readings

1.  Record SBP and DBP. If using the auscultatory technique, record 
SBP and DBP as the onset of the first of at least 2 consecutive 
beats and the last audible sound, respectively.

2. Record SBP and DBP to the nearest even number.
3.  Note the time that the most recent BP medication was taken 

before measurements.
Step 5: Average the 
readings

Use an average of ≥2 readings obtained on ≥2 occasions to estimate 
the individual’s BP.

Step 6: Provide BP 
readings to patient

Provide patients their SBP/DBP readings both verbally and in 
writing. Someone should help the patient interpret the results.

Adapted from: Muntner et al. [30]
AOBP Automated Office Blood Pressure, BP Blood Pressure, DBP Diastolic Blood Pressure, SBP 
Systolic Blood Pressure
aWhen a BP measurement is obtained in one arm followed by the other arm and the BP is 
substantially lower in the second arm, it is possible that the difference could be caused by 
acclimation. In this circumstance, BP should be remeasured in the first arm
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[6]. However, recent hypertension guidelines have recommended that home blood 
pressure monitoring (HBPM) be considered as a reasonable alternative to ABPM 
for cases when ABPM is unavailable or poorly tolerated [2, 3]. Thresholds for defin-
ing hypertension on ABPM and HBPM are shown in Table 5.2.

 Diagnosing Hypertension

Hypertension is diagnosed when a measured blood pressure exceeds a prespecified 
blood pressure threshold (Table  5.2) [2, 3]. In children and adolescents, blood 
pressure may vary by individual characteristics including age, sex, and height [8, 
18]. The threshold to establish a diagnosis of hypertension in children is therefore 
dependent on these variables and is defined by blood pressure level >95% of that 
predicted by their age, sex, height, and weight. Among adolescents age ≥13 years, 
hypertension is defined by a systolic/diastolic blood pressure ≥130/80  mmHg 
[8, 18].

There has been recent debate regarding what threshold should be used to define 
hypertension among adults. The Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure states that 
a systolic/diastolic blood pressure threshold of 140/90 mmHg should be used to 
define hypertension [19]. The 2015 American College of Cardiology/American 
Heart Association Scientific Statement on Eligibility and Disqualification Criteria 
for Athletes with Cardiovascular Abnormalities also used the 140/90  mmHg 
threshold to define hypertension among those ≥18  years of age [6]. However 
growing evidence has found that a lower blood pressure threshold may be appropriate 
in order to effectively identify and treat individuals at increased cardiovascular 
disease risk. The 2017 American College of Cardiology/American Heart Association 
blood pressure guideline created a new classification system, which defined stage 1 
hypertension as a systolic/diastolic blood pressure of 130–139/80–89 mmHg and 
stage 2 hypertension as systolic/diastolic blood pressure ≥140/90 mmHg [2]. As it 
relates to the competitive athlete, it is unclear what, if any, implications may result 
from using the lower 130/80 mmHg threshold. Potential implications for treatment 
of hypertension using these updated thresholds are discussed further below.

 Workup of Hypertension

Any individual in whom hypertension is detected should undergo a subsequent thor-
ough history and physical exam as well as laboratory tests. Key components of the 
focused history include determining if there is a family history of cardiovascular 
disease or hypertension. A history should also include an evaluation for symptoms 
which may reflect secondary causes of hypertension, such as pheochromocytoma 
(headache, diaphoresis, palpitations, or paroxysms of hypertension), Cushing’s 
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syndrome (rapid weight gain, central fat distribution), or hyperthyroidism and 
hypothyroidism (heat/cold intolerance, dry skin, weight fluctuations) [2]. Athletes 
should specifically be asked about the use of drugs or behaviors which may increase 
blood pressure (Table  5.3). Many prescribed, over-the-counter, and illicitly used 
medications and supplements are known to result in rises in blood pressure. Non- 
steroidal anti-inflammatory drugs, which may be indicated as an over-the-counter 
pain killer or anti-inflammatory, are associated with increased blood pressure. 
Recreational drugs such as cocaine or amphetamines can also increase blood 
pressure [2, 20]. Athletes should be screened for the use of other substances 
including caffeine and workout supplements, in particular those containing ephedra. 
Nicotine and tobacco use should also be evaluated. Performance-enhancing drugs, 
including human growth hormone and anabolic steroids, may also increase blood 
pressure levels [21]. Finally, exogenous erythropoietin and erythropoiesis- 
stimulating agents, which may be used to improve aerobic performance, are a 
known cause of hypertension among certain populations [22].

A focused physical examination should also be performed to look for signs 
which may suggest a secondary cause of hypertension. Pulses should be examined 
in all four extremities as diminished pulses may suggest underlying vascular disease. 
Younger athletes in particular should have an assessment of upper and lower 
extremity blood pressure to rule out previously undetected coarctation [6]. An 
abdominal exam should be performed, including an auscultatory assessment for an 
abdominal bruit which may be a sign of renovascular hypertension [6]. Patients 
should be examined for cushingoid features (abdominal striae, moon facies, buffalo 
hump, thinned skin, etc.) suggestive of elevated adrenocortical hormones. The 
physical examination should also include a fundoscopic exam, palpation of the 
thyroid gland, and cardiac auscultation.

A focused laboratory workup should look for evidence of end-organ damage and 
assess for global cardiovascular risk. This includes testing for diabetes and glucose 
intolerance, dyslipidemia, hemoglobin, thyroid dysfunction, and proteinuria and 
chronic kidney disease. A 12-lead electrocardiogram is suggested, but not mandated, 
by the 2015 American College of Cardiology/American Heart Association Scientific 
Statement on Eligibility and Disqualification Criteria for Athletes with 
Cardiovascular Abnormalities to evaluate for left ventricular hypertrophy or 
conduction abnormalities [6]. If obtained, the electrocardiogram should be 
interpreted by a physician familiar with evaluating electrocardiograms of athletes 
and experienced in distinguishing normal physiologic changes in an athlete’s 
electrocardiogram from abnormal changes indicative of pathology [23]. An 
electrocardiogram in isolation has high specificity but poor sensitivity for left 
ventricular hypertrophy [6]. The American College of Cardiology/American Heart 
Association also suggests that an echocardiogram to detect left ventricular 
hypertrophy may be obtained in some circumstances: in individuals with a systolic 
blood pressure ≥160 mmHg, diastolic blood pressure ≥100 mmHg, or evidence of 
hypertensive-related target organ damage. If an echocardiogram is pursued, it is 
important to distinguish pathologic, hypertension-mediated hypertrophy from 
physiologic changes that may be present in an athlete’s heart [6]. There are special 
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Table 5.3 Frequently used medications and substances that may cause elevated blood pressure [2]

Agent Possible management

Alcohol Limit alcohol to ≤1 drink daily for women and ≤2 
drinks for men

Amphetamines (e.g., amphetamine, 
methylphenidate dexmethylphenidate, 
dextroamphetamine)

Discontinue or decrease dose
Consider behavioral therapies for ADHD

Antidepressants (e.g., MAOIs, SNRIs, 
TCAs)

Consider alternative agents (e.g., SSRIs) depending 
on indication Avoid tyramine-containing foods with 
MAOIs

Atypical antipsychotics (e.g., clozapine, 
olanzapine)

Discontinue or limit use when possible
Consider behavior therapy where appropriate
Recommend lifestyle modification
Consider alternative agents associated with lower 
risk of weight gain, diabetes mellitus, and 
dyslipidemia (e.g., aripiprazole, ziprasidone)

Caffeine Generally limit caffeine intake to <300 mg/d
Avoid use in patients with uncontrolled hypertension
Coffee use in patients with hypertension is 
associated with acute increases in BP; long-term use 
is not associated with increased BP or CVD

Decongestants (e.g., phenylephrine, 
pseudoephedrine)

Use for shortest duration possible and avoid in 
severe or uncontrolled hypertension
Consider alternative therapies (e.g., nasal saline, 
intranasal corticosteroids, antihistamines) as 
appropriate

Herbal supplements (e.g., Ma Huang 
[ephedra], St. John’s wort [with MAO 
inhibitors, yohimbine])

Avoid use

Immunosuppressants (e.g., cyclosporine) Consider converting to tacrolimus, which may be 
associated with fewer effects on BP

Oral contraceptives Use low-dose (e.g., 20–30 mcg ethinyl estradiol) 
agents or a progestin-only form of contraception, or 
consider alternative forms of birth control where 
appropriate (e.g., barrier, abstinence, IUD)
Avoid use in women with uncontrolled hypertension

Performance-enhancing drugs (e.g., 
erythropoietin, human growth hormone)

Avoid or limit use when possible

NSAIDs Avoid systemic NSAIDs when possible
Consider alternative analgesics (e.g., acetaminophen, 
tramadol, topical NSAIDs), depending on indication 
and risk

Recreational drugs (e.g., “bath salts” 
[MDPV], cocaine, methamphetamine, 
etc.)

Discontinue or avoid use

Systemic corticosteroids (e.g., 
dexamethasone, fludrocortisone, 
methylprednisolone, prednisone, 
prednisolone)

Avoid or limit use when possible
Consider alternative modes of administration (e.g., 
inhaled, topical) when feasible

Tyrosine kinase inhibitors (e.g., sunitinib, 
sorafenib) and angiogenesis inhibitor 
(e.g., bevacizumab)

Initiate or intensify antihypertensive therapy

Modified from: Whelton et al. [2]
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considerations and workup for children who are diagnosed with hypertension. An 
echocardiogram is suggested for children with a new diagnosis of hypertension 
when considering pharmacologic treatment of hypertension [8, 18].

 Treatment of Hypertension

The decision on whom to treat and when and how to initiate lifestyle modification 
or antihypertensive therapy is an important decision which should be made 
collaboratively with both the clinician and the patient. Special circumstances for the 
competitive athlete which should be taken into consideration include his or her 
desire to continue training, maintain peak performance, and not be disqualified from 
competitive sport due to use of a banned substance. Therefore, all treatment options 
including pharmacologic treatment and lifestyle modifications should be discussed 
as a means to shared decision-making between the patient and provider.

As previously mentioned, the 2017 American College of Cardiology/American 
Heart Association blood pressure guideline defined stage 1 hypertension as a 
systolic/diastolic blood pressure of 130–139/80–89 mmHg and stage 2 hypertension 
as systolic/diastolic blood pressure ≥140/90  mmHg [2]. According to these 
guidelines, individuals with stage 2 hypertension should be initiated on 
antihypertensive medications along with lifestyle modifications, independent of 
predicted cardiovascular disease risk [2]. Individuals with stage 1 hypertension and 
an estimated 10-year predicted cardiovascular disease risk ≥10% should also be 
initiated on antihypertensive medication along with lifestyle modifications. 
Individuals with stage 1 hypertension who are otherwise not at increased 
cardiovascular disease risk are recommended lifestyle modification only and do not 
require initiation of antihypertensive medication.

The treatment implications of applying the lower 130/80  mmHg threshold to 
athletes is unknown. Using the lower threshold, many individuals will be newly 
labeled as having stage I hypertension. However, given the younger age and low 
estimated 10-year cardiovascular disease risk among athletes, it is possible that 
many athletes with stage 1 hypertension will be recommended lifestyle modification 
to reduce blood pressure but not recommended to initiate antihypertensive 
medication [24]. Therefore, while some individuals may be labeled as having 
hypertension, not all will require pharmacologic treatment [24].

There are many lifestyle modifications which have been shown to effectively 
reduce blood pressure and prevent or delay the need for initiating antihypertensive 
therapy (Table 5.4). Practical recommendations for all individuals with hypertension 
include weight loss, improved diet with particular attention to decreased sodium 
intake, and increased physical activity. For most athletes with hypertension, regular 
intense physical activity may already be a part of their daily lives. However, a 
change in the type of activity performed may result in decreased blood pressure 
levels among some individuals. There is some evidence to suggest that the effect of 
exercise on blood pressure may relate to the type of exercise performed [25, 26]. In 
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an observational study of adult athletes, blood pressure levels were lower in athletes 
participating in those sports which emphasize “dynamic” exercise (those relying on 
endurance training such as cycling or swimming) as compared to those engaged in 
“static” exercise (those relying on heavy resistance training such as weightlifting or 
body-building) [25]. In a retrospective analysis of the preparticipation physical 
examinations of male college athletes in the United States, the prevalence of hyper-
tension was significantly higher among football players compared to non- football 
players (19.2% versus 7.0%, respectively) [27]. Such data have led to a suggestion 
that athletes with hypertension who perform static sports or exercise should con-
sider performing regular aerobic exercise in order to decrease blood pressure levels 
[20]. In general, a combination of aerobic and resistance training is considered the 
optimal exercise strategy to decrease blood pressure [28].

Table 5.4 Non-pharmacologic recommendations for blood pressure control for individuals with 
hypertension [2]

Non-pharmacologic 
recommendation Dose/description

Estimated impact on 
systolic blood pressure 
(for individuals with 
hypertension)

Weight loss is 
recommended for 
individuals who are 
overweight or obese

Target ideal body weight, goal of at 
least 1 kg reduction in body weight 
but greater weight loss associated with 
greater reduction in blood pressure

−5 mmHg

Sodium reduction and a 
low sodium diet

Optimal goal of <1500 mg/d total or 
reduction of 1000 mg/d

−5/6 mmHg

DASH (Dietary 
Approaches to Stop 
Hypertension) diet

Diet rich in whole grain, fruits, 
vegetables, low-fat dairy products, and 
reduced saturated and total fats

−11 mmHg

Potassium supplementation 
if not contraindicated

Goal of 3500–5000 mg/d by eating a 
diet rich in potassium

−4/5 mmHg

Increased physical activity:
Aerobic exercise 90–150 min/week

65–75% heart rate reserve
−5/8 mmHg

Dynamic resistance 90–150 min/week
50–80% 1 rep maximum
6 exercises, 3 sets/exercise, 10 
repetitions/set

−4 mmHg

Isometric resistance 4 × 2 min (hand grip), 1 min rest 
between exercises
30–40% maximum voluntary 
contraction, 3 sessions/week
8–10 weeks

−5 mmHg

Decreased alcohol 
consumption

In individuals who drink alcohol, 
reduce alcohol to:
Men: ≤2 drinks daily
Women: ≤1 drink daily

−4 mmHg

Adapted from: Whelton et al. [2]
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All individuals with hypertension should be advised to avoid substances which 
may increase blood pressure or cardiovascular disease risk including heavy alcohol 
use, tobacco or drug abuse, or other substances as elicited from the history. When 
counseling an athlete, particular attention should be paid to prescribed or over-the- 
counter medications which may increase blood pressure levels including non- 
steroidal anti-inflammatory drugs, anabolic steroids, or growth hormones.

In some individuals, either due to the severity of hypertension or failure of life-
style modifications to adequately reduce blood pressure, it will be necessary to initi-
ate antihypertensive therapy. Regarding the management of hypertension in the 
general population, the 2017 American College of Cardiology/American Heart 
Association blood pressure guideline recommended thiazide diuretics, calcium 
channel blockers, and angiotensin-converting enzyme inhibitors or angiotensin 
receptor blockers as first-line therapy when initiating antihypertension medication. 
For individuals with a blood pressure ≥160/100  mmHg, initiating two first-line 
drugs, of different classes, is also recommended. These strategies should also be 
effective at reducing blood pressure and decreasing risk for cardiovascular disease 
events among competitive athletes with hypertension. However, when choosing a 
treatment regimen for the competitive athlete, there are special considerations which 
may affect and potentially restrict treatment options. One principle of managing 
hypertension for the competitive athlete is that clinicians should identify and avoid 
medications that may limit exercise capacity. Another consideration, of particular 
relevance to professional athletes, is whether the prescribed medication regimen is 
banned by the governing body of the athletes’ sport. The World Anti-Doping Agency 
was founded by the International Olympics Committee to standardize and monitor 
the world anti-doping code and regularly publishes a list of banned substances for 
competitive sports [29]. While many organizations have adopted the World Anti- 
Doping Agencies polices, the substance restrictions and/or collective bargaining 
agreement for each athlete’s specific sport should be reviewed prior to initiating any 
new antihypertensive medication regimen.

For competitive athletes, vasodilator therapies including dihydropyridine cal-
cium channel blockers, angiotensin-converting enzyme inhibitors, and angiotensin 
receptors blockers are reasonable first-line antihypertensive therapies, specifically 
for many athletes. In addition to being effective for the treatment of hypertension 
and reducing blood pressure, these drugs minimally impede athletic performance, 
do not have to be withheld or dose reduced during competitive training, and are not 
banned by major regulatory sports agencies. Diuretics may also be very effective for 
treating hypertension; however, their use in athletes may be limited as these agents 
can decrease total circulating volume and result in impaired athletic performance. 
This may be particularly limiting in sports with high aerobic demands. Diuretics are 
also banned by many governing bodies including the World Anti-doping Agency, 
the NCAA, the NFL, and the NBA as they are considered “masking agents,” which 
can be used to conceal the presence of anabolic steroids [29]. Beta-blockers are not 
ideal first-line therapy for many athletes as they can lead to fatigue, blunt an 
individual’s heart rate response, and impair peak physical performance. Beta- 
blockers are also banned from use in certain precision sports such as archery, golf, 
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and shooting [29]. In some sports, beta-blockers may be allowed for use when not 
in competition but are prohibited specifically during the time surrounding 
competitive play. For reference, the World Anti-Doping Agency provides an annual, 
publicly available banned substance list which can be found at www.wada- ama.org, 
specifying what substances are prohibited both in- and out-of-competition and 
which are banned by particular sports. Practitioners who are considering prescribing 
beta-blockers should consult the banned substances list from the respective 
governing agencies of their patient’s sport prior to treatment. If there are special 
circumstances which require that an athlete take a banned substance – for example 
using a beta-blocker as secondary prevention for myocardial infarction  – a 
therapeutic use exemption can be issued by some agencies including the World 
Anti-Doping Agency through a formalized application and review process.

Protocols for starting dose, subsequent follow-up, and dose titration should be 
the same for athletes and non-athletes. As is true for the general population, athletes 
with hypertension on medical therapy should be routinely monitored to follow-up 
blood pressure responses, to evaluate for any adverse drug effects, and to confirm 
treatment adherence.

 Clearance for Participation in Sport

The 2015 American College of Cardiology/American Heart Association Scientific 
Statement on Eligibility and Disqualification Criteria for Athletes with 
Cardiovascular Abnormalities suggested it is reasonable that the presence of a 
systolic/diastolic blood pressure 140–159/90–99  mmHg in the absence of target 
organ damage should not limit an individual’s eligibility for competitive sports [6]. 
Individuals with very high blood pressure (systolic blood pressure ≥ 160 mmHg or 
diastolic blood pressure ≥ 100 mmHg) should be restricted from sports, particularly 
sports that are considered to be high in static exercise which may further increase 
blood pressure (weight lifting, boxing, wrestling) until blood pressure is better 
controlled. As previously discussed, individuals diagnosed as having very high 
blood pressure or evidence of hypertensive-related target organ damage should 
undergo a screening echocardiogram. If the echocardiogram shows hypertensive 
heart disease which, when possible, should be distinguished from the “athlete’s 
heart,” involvement in sports should be limited until blood pressure is controlled.

 Conclusions

Hypertension is common in the general population and is present among many ath-
letes of all ages. Untreated, hypertension can lead to significant cardiovascular mor-
bidity and mortality. With appropriate screening, hypertension can be effectively 
detected and managed without necessarily disqualifying an individual from 
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competitive sport. Clinicians caring for athletes should develop treatment strategies 
in collaboration with their patients to ensure that treatment does not interfere with 
competitive play, while also helping patients to ensure the best long-term health 
outcomes.
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Chapter 6
Valvular Heart Disease

Tamanna K. Singh

 Introduction

Valvular heart disease (VHD) affects approximately 1–2% of young individuals, 
many of whom choose to participate in competitive sports or maintain highly active 
lifestyles [1]. The pathologic changes in valve structure and function inherent in 
intrinsic valve disease may progress with sports participation; however, the effects 
of exercise intensity on the progression of valve disease have not been investigated 
extensively. A potential contributing etiology for progression of valve disease in 
athletes is the adrenergic surge associated with exercise that places an increased 
hemodynamic load on a heart that has pre-existing valve impairment. This added 
stress on the heart can result in the development of secondary cardiac abnormalities 
including acceleration in aortopathy from increased aortic wall stress and pressure, 
pulmonary hypertension, atrial or ventricular arrhythmias, adverse cardiac remodel-
ing (ventricular hypertrophy or enlargement), myocardial ischemia, and eventual 
functional deterioration [1].

VHD can be categorized, or staged, based on the severity of valve dysfunction, 
the presence of associated symptoms, and the status of ventricular function. The 
2014 American Heart Association/American College of Cardiology (AHA/ACC) 
classification for the progression of valve disease is summarized [2]:

• Stage A: Asymptomatic individuals who are at risk for developing clinically sig-
nificant valve stenosis or regurgitation

• Stage B: Patients with mild to moderate VHD who are asymptomatic with pre-
served left or right ventricular systolic function

T. K. Singh (*) 
Sports Cardiology Center, Heart, Vascular and Thoracic Institute, Cleveland Clinic 
Foundation, Cleveland, OH, USA 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69384-8_6&domain=pdf
https://doi.org/10.1007/978-3-030-69384-8_6#DOI


86

• Stage C1: Asymptomatic patients with severe VHD and preserved left or right 
ventricular systolic function

• Stage C2: Asymptomatic patients with severe VHD and impaired left or right 
ventricular systolic function

• Stage D: Symptomatic patients with severe VHD with or without left or right 
ventricular systolic dysfunction

To date, no prospective trial investigating asymptomatic VHD in athletes has 
been published. As a result, recommendations for management of VHD in asymp-
tomatic athletes (stages A to C2) are limited to AHA/ACC expert and consensus 
opinion, based upon cohort analyses of the nonathletic population [3]. Athletes who 
have stage D VHD are not eligible for competitive sports participation and should 
be referred for valve repair or replacement, similar to management guidelines in the 
general population. However, athletes who remain asymptomatic, irrespective of 
valve lesion severity and status of ventricular function, may be eligible for sports 
participation after completing an exercise stress test and demonstrating tolerance to 
the exertional intensity required for the specific sports type. An algorithm for per-
forming an exercise tolerance test based on valve lesion and severity is provided in 
Table 6.1. Based on clinical findings and results of stress testing, a shared decision 
should be made between provider and the athlete with VHD to determine the appro-
priate degree of sports participation [1, 2].

This chapter will review and outline strategies for evaluation and surveillance, 
and recommendations for sports participation, for athletes with stages A to D VHD, 
with a focus on aortic valve disease (aortic stenosis, aortic regurgitation) and mitral 
valve disease (mitral stenosis, mitral regurgitation).

 Aortic Valve Disease

Acquired aortic valve disease is characterized by valve calcification and degenera-
tion with the former a more common etiology in masters athletes and the latter com-
mon across all ages [5]. Congenital aortic valve disease, including bicuspid aortic 
valve disease, is seen in approximately 1.5–2.0% of younger athletes.

 Aortic Stenosis

Aortic stenosis (AS) is a valve lesion seen in both young and masters athletes that 
has been reported to be responsible for nearly 4% of sudden cardiac deaths in ath-
letes [6]. Common symptoms elucidated in a medical history suggestive of AS 
include dyspnea, dizziness, or chest pain with exertion, as well as decreased exer-
cise tolerance. Physical exam findings suggestive of AS include a crescendo- 
decrescendo systolic murmur and a delayed and diminished upstroke of the carotid 
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Table 6.1 AHA/ACC recommendations for exercise testing in asymptomatic athletes with 
valvular heart disease

Valve disease Eligibility for competitive sports
Exercise 
tolerance testinga

Aortic valve

Aortic stenosis
  Severe None except possibly low-intensity sports: 

class IA sports (class III)
No

  Moderate Low and moderate static/dynamic sports: 
classes IA, IB, IIA sports (class IIa)

Yes (class IIa)

  Mild All sports (class IIa) Yes (class IIa)
Aortic regurgitation
  Severeb All sports (class IIb) Yes (class IIb)
  LVEF <50% or severe LV 

dilationc

None (class III) No

Mild to moderate All sports (class I) Yes (class I)
Moderate LV dilationd All sports (class IIa) Yes (class IIa)

Mitral valve

Mitral stenosis
  Severe None except possibly low-intensity sports: 

class IA sports (class III)
Yes (class I)

  Moderate No specific recommendation given Yes (class I)
  Mild AH sports (class IIa) Yes (class 1)
Mitral regurgitatione

  Severe No specific recommendation given; 
recommend same as below

Yes (class I)

  Mild LV enlargementf Low- and some moderate-intensity sports: 
class IA, IIA, IB (class IIb)

Yes (class I)

  Moderate with mild LV 
enlargementf

All sports (class IIa) Yes (class I)

  Mild to moderateg All sports (class I) Yes (class I)
  LV enlargementh, PHTN, 

or LVEF <60%
None except possibly low-intensity class IA 
sports (class III)

No

Anticoagulation None with risk of bodily contact (class III) No

ACC American College of Cardiology, AHA American Heart Association, LV left ventricle, LVEF, 
LV ejection fraction, PHTN pulmonary hypertension
aExercise tolerance testing performed to the level achieved in competition or training without symp-
toms, ST segment depression, abnormal blood pressure response, or ventricular tachyarrhythmias
bIf normal exercise tolerance, LVEF >50%, LV end-systolic diameter (LVESD) <50 mm (men) or 
<40 mm (female) or indexed LVESD <25 mm/m2, and without evidence of progression of aortic 
regurgitation severity or severity of LV dilatation
cLVEF <50%, LVESD >50  mm or indexed LVESD 25 mm/m2, or severe increase in LV end- 
diastolic diameter (LVEDD) (>70 mm or 35.3 mm/m2 for men; >65 mm or >40.8 mm/m2 for women)
dLVESD <50 mm for males or <40 mm for females or indexed LVESD <25 mm/m2

eSustained increases in LV systolic pressures are theorized to potentiate further damage in patients 
with prior infective endocarditis or rupture chordae; therefore, the above recommendations should 
be tempered in these patients
fLVEDD <60 mm or 35.3 mm/m2 in men or <40 mm/m2 in women
gSinus rhythm, normal LV size and function, and normal pulmonary artery pressure
hLVEDD >65 mm or 35.3 mm/m2 for men or >40 mm/m2 for women
Reprinted with permission from Gentry et al. [4], Karger Publishers
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pulse. Transthoracic echocardiography (TTE) will provide supplemental informa-
tion on the degree of AS and is the current standard for quantifying the severity of 
stenosis. Table 6.2 outlines the quantification of AS and TTE parameters for classi-
fication of the severity of AS based upon current AHA/ACC valvular heart disease 
guidelines [2].

Annual echocardiographic evaluation is recommended in athletes with AS to 
monitor progression of stenosis and to monitor left ventricular function and struc-
ture. Exercise stress testing provides additional information regarding the athlete’s 
exercise tolerance, the presence or absence of exercise-induced myocardial isch-
emia, and the blood pressure response to exercise (Table 6.1).

Recommendations for competitive sports participation for athletes with AS are 
dependent upon the severity of AS as well as the presence of symptoms. 
Asymptomatic athletes with mild AS and preserved left ventricular function (jet 
velocity <3 m/s or aortic valve area >1.5 cm2, stage B) may participate in competi-
tive sports without restriction provided the athlete continues with annual physical 
exams and TTE imaging to assess for progression of stenosis. Yearly exercise test-
ing is also required to assess for exercise-induced hypotension or myocardial isch-
emia and to objectively assess maximal exercise tolerance. Asymptomatic athletes 
with moderate AS (jet velocity 3.0–3.9 m/s, aortic valve area 1.0–1.5 cm2, stage B) 
are advised to participate in low-moderate static or dynamic competitive sports pro-
vided that satisfactory exercise tolerance is demonstrated on exercise stress testing 
without evidence of a blunted or dropped blood pressure response with exercise or 
without evidence of exercise-induced myocardial ischemia. Asymptomatic athletes 
with severe AS (jet velocity ≥4.0  m/s, aortic valve area <1.0  cm2, stage C) are 
advised to participate in low-intensity sports only. Symptomatic athletes with any 
degree of AS (stage D) are advised to refrain from all competitive sports participa-
tion [1, 3]. These recommendations for AS are summarized in Fig. 6.1.

 Aortic Regurgitation

Aortic regurgitation (AR) commonly occurs with congenital aortic valve disease 
(e.g., bicuspid aortic valve disease) and genetic connective tissue disorders with 
aortopathy (e.g., Marfan syndrome). AR may also be seen in association with rheu-
matic valve disease or aortic dilatation resulting from hypertensive heart disease [3]. 
Physical exam findings that may suggest AR include a systolic flow murmur due to 

Table 6.2 Echocardiographic quantification of aortic stenosis severity in patients with normal left 
ventricular systolic function

Aortic stenosis severity Jet velocity (m/s) Mean gradient (mmHg) Aortic valve area (cm2)

Mild 2.6–2.9 <20 >1.5
Moderate 3.0–3.9 20–39 1.0–1.5
Severe ≥4.0 ≥40 <1.0

Adapted from Nishimura et al. [2]
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increased stroke volume and/or a decrescendo diastolic murmur appreciated along 
the left or right sternal border.

Many athletes with AR remain asymptomatic for years, tolerating the gradual 
increase in left ventricular dimension, volume, and pressure arising from progres-
sive increases in aortic regurgitant volume. Symptom onset typically ensues when 
pathologic left ventricular remodeling begins. This process is marked by a decline 
in left ventricular compliance resulting from interstitial fibrosis, leading to an 
increase in both end-systolic and end-diastolic pressures that further dilate the left 
ventricle, inevitably leading to left ventricular dysfunction, increased intracardiac 
pressures, and heart failure [7]. The challenge in athletes lies in differentiating early 
pathologic left ventricular dilatation associated with chronic AR from physiologic 
left ventricular enlargement seen as part of the spectrum of exercise-induced cardiac 
remodeling (EICR, athlete’s heart) [8, 9].

Data from Italy suggests that there is an overlap between left ventricular end- 
diastolic and end-systolic dimensions in athletes with EICR, predominately in 
dynamic and mixed dynamic-static athletes, and nonathletes with chronic AR [10, 
11]. In Italian mixed-sports elite male athletes, left ventricular end-diastolic dimen-
sion (LVEDD) >55  mm was observed in nearly 50% of athletes, but LVEDD 
>60 mm was uncommon, and LVEDD >70 mm was exceedingly rare [10, 11]. In 
highly trained Italian mixed-sports female athletes, LVEDD >55 mm was present in 
<10% of athletes, and LVEDD exceeding 60 mm was rare, present in just 1% of 
athletes [10, 11]. Reported upper limits of normal for left ventricular end-systolic 

Valve severity 
(stage)

Surveillance 
recommendations

Sports 
participation 

recommendations

Mild
(Stage B)

Jet velocity <3 m/s
AVA >1.5 cm2

Unrestricted

Moderate
(Stage B)

Jet velocity 3.0–3.9 m/s
AVA 1.0–1.5 cm2

Low-moderate static 
or dynamic+Asymptomatic

Severe
(Stage C)

Jet velocity ≥4 m/s
AVA <1.0 cm2

Annual physical 
exam, 

echocardiography, 
exercise stress 

testing

Low-intensity
(class IA)

Symptomatic
Any severity

(Stage D)
No competitive 

sports participation

Fig. 6.1 Recommendations for competitive sports participation in athletes with aortic stenosis. 
AVA aortic valve area
+If satisfactory exercise tolerance is demonstrated on exercise stress testing without evidence of a 
blunted or dropped blood pressure response with exercise or without evidence of exercise-induced 
myocardial ischemia
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dimension (LVESD) in Italian elite male and female athletes were 49  mm and 
38 mm, respectively [11].

Athletes with AR and LVESD and/or LVEDD greater than these reference values 
should first have these dimensions indexed for body surface area to determine an 
accurate assessment of chamber size [12]. If indexed dimensions remain above ref-
erence values, then further evaluation with exercise stress testing should be per-
formed to assess exercise capacity and exercise hemodynamics (Table 6.1). TTE 
evaluation should also include Doppler evaluation of AR severity, assessment of left 
ventricular function, aortic valve morphology, and aortic dimensions and mor-
phology [3].

Current AHA/ACC guideline recommendations suggest that asymptomatic ath-
letes with AR should have annual echocardiographic and exercise stress testing at or 
beyond the level of sports intensity achieved in competition to assess symptom bur-
den and the blood pressure response to exercise to determine whether competitive 
sports participation should remain unrestricted. Athletes with mild to moderate AR 
with normal left ventricular systolic function and dimensions (stage B) may con-
tinue to participate in unrestricted competitive sports provided exercise tolerance 
during stress testing is normal. Athletes with stage B AR with preserved left ven-
tricular systolic function and mild-moderate left ventricular dilatation (LVESD 
<50 mm in men, LVESD <40 mm in women, or LVESD <25 mm/m2 for either sex) 
may continue to participate in competitive sports without restriction if exercise tol-
erance is normal during exercise stress testing. Athletes with stage C1 AR clas-
sified by:

• Severe AR
• Left ventricular ejection fraction (LVEF) >50%
• LVESD <50 mm in men, <40 mm in women, or <25 mm/m2 for either sex
• Normal exercise tolerance on exercise stress testing
• No progression of AR or LV dilatation by echocardiography

May continue to participate in competitive sports without restriction. Finally, 
asymptomatic athletes with stage C2 AR (LVEF <50%; LVESD >50 mm, LVEDD 
>70 mm or >35.3 mm/m2 in men; LVEDD >65 mm or >40.8 mm/m2 in women) 
should not participate in competitive sports. Similarly, symptomatic athletes with 
severe AR (stage D) are advised not to participate in competitive sports. Of note, 
athletes with AR and aortic dimensions between 41 and 45 mm may participate in 
competitive sports where there is expected to be a low risk of bodily collision [1, 3]. 
These recommendations for AR are summarized in Fig. 6.2.

 Mitral Valve Disease

Acquired causes of mitral valve disease include rheumatic heart disease, mitral 
annular calcification, infective endocarditis, radiation valvulitis, valvulitis from sys-
temic inflammatory disease processes (e.g., rheumatoid arthritis, lupus 
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erythematous), obstructive lesions (e.g., atrial myxoma), and left ventricular (LV) 
chamber dysfunction with both LV and mitral annular dilatation leading to mitral 
leaflet tethering with restricted leaflet closure and functional mitral regurgitation 
[13]. Genetically mediated causes of mitral valve disease include myxomatous 
mitral valve disease and prolapse, as well as connective tissue diseases (e.g., Marfan 
syndrome).

 Mitral Stenosis

Mitral stenosis (MS) is most commonly caused by rheumatic heart disease and is 
most prevalent in developing countries [13]. Rheumatic MS is a consequence of 
cross-reactivity between mitral valve tissue and a streptococcal antigen, leading to 
immune activation on mitral valve tissue and morphologic valve changes that 
include leaflet thickening, commissural fusion, a “fish-mouth” appearance of the 
valve orifice, and chordal shortening and fusion [13]. As MS increases, left atrial 
pressure rises and forward flow into the LV decreases, leading to an increase in 
transmitral gradients that increase with tachycardia [13]. Additional sequelae of 
progressive MS include an increased risk of atrial arrhythmias (e.g., atrial 

Valve severity 
(stage)

Surveillance 
recommendations

Sports participation 
recommendations

Mild-moderate
(Stage B)

± LV dilatation+

Severe
(Stage C1)++

Unrestricted

Mild-severe
Aortic dimensions 

41–45 mm

Competitive sports 
without bodily 

contact

Asymptomatic

Severe
(Stage C2)+++

Annual physical 
exam, 

echocardiography, 
exercise stress 

testing

Symptomatic
Severe

(Stage D)

No competitive 
sport participation

Fig. 6.2 Recommendations for competitive sports participation in athletes with aortic regurgita-
tion. AVA aortic valve area
+LVESD <50 mm in men, <40 mm in women, or <25 mm/m2 for either sex++LVEF >50%, LVESD 
<50 mm in men, <40 mm in women, or <25 mm/m2 for either sex, normal exercise tolerance on 
exercise stress testing, no progression of AR or LV dilatation+++LVEF <50%, LVESD >50 mm, 
LVEDD >70 mm or >35.3 mm/m2 in men; LVEDD >65 mm or >40.8 mm/m2 in women
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fibrillation), secondary pulmonary hypertension, tricuspid regurgitation, right ven-
tricular failure, and low cardiac output [13].

MS is a rare cause of sudden cardiac death in athletes. Athletes are often asymp-
tomatic even with hemodynamically significant MS but can develop sudden 
increases in intracardiac pressures with exercise-induced tachycardia and increased 
cardiac output that can cause acute pulmonary edema [14]. Athletes are also at risk 
for developing atrial tachyarrhythmias, including atrial fibrillation as a consequence 
of left atrial dilatation. As a result, anticoagulation for stroke prophylaxis is advised 
for patients with MS. Although there is a risk of systemic embolization with atrial 
fibrillation, there is no current evidence to suggest that exercise poses an increase in 
the risk for embolization [3].

Similar to AS, athletes with MS should undergo physical exam, electrocardio-
gram, TTE with Doppler assessment, and exercise stress testing to assess exercise 
tolerance and intracardiac pressures noninvasively (Table 6.1). Mild MS correlates 
with a mitral valve area (MVA) between 1.6 and 2.0 cm2, moderate MS with MVA 
between 1.1 and 1.5 cm2, and severe MS with MVA ≤1.0 cm2 [2]. Additionally, a 
mean transmitral gradient >10  mmHg with pulmonary artery systolic pressure 
>50 mmHg suggests severe MS [3].

All athletes with MS should undergo annual evaluation to determine whether 
they may continue to participate in competitive sports. Athletes with mild MS (mean 
transmitral gradient <5 mmHg at rest) in sinus rhythm (stage B) may continue with 
unrestricted competitive sports participation. Asymptomatic athletes with mild to 
moderate MS and who demonstrate preserved exercise tolerance on exercise stress 
testing and resting pulmonary artery systolic pressure <35 mmHg (stage B) may 
continue to participate in unrestricted competitive sports. Athletes with severe MS, 
regardless of the presence or absence of symptoms, and whether in sinus rhythm or 
atrial fibrillation (stages C and D), are advised against competitive sports participa-
tion with the exception of low-intensity class IA sports. Athletes in atrial fibrillation 
with mild, moderate, or severe MS are advised to take anticoagulation for stroke 
prophylaxis and thus avoid participation in competitive sports where bodily colli-
sion is expected [3]. These recommendations for MS are summarized in Fig. 6.3.

 Mitral Regurgitation

Mitral valve prolapse is the most common etiology of mitral regurgitation (MR) in 
athletes. Athletes with MR should undergo annual physical and TTE evaluation 
with Doppler, specifically assessing mitral regurgitant volume, left ventricular 
chamber size and function, left atrial size and volume, and intracardiac pressures. 
Exercise stress testing is also advised to assess exercise tolerance and hemodynam-
ics (Table 6.1) [2, 3]. Caution should be taken when evaluating athletes with MR 
associated with prior endocarditis and torn/ruptured chordae, as maximal exercise 
stress testing in individuals with vulnerable valve integrity could possibly lead to 
acute on chronic valvular insufficiency.
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Exercise does not generally appear to cause a significant increase in MR above 
resting conditions; however, athletes with significantly elevated heart rate and/or 
blood pressure with exercise may develop prominent increases in pulmonary artery 
pressure [3]. Similar to AR, it can be challenging in athletes with significant MR to 
distinguish athletic physiologic LV dilatation from pathologic LV dilatation related 
to MR when the LVEDD is <60 mm (<40 mm/m2). LVEDD >60 mm in the presence 
of significant MR is highly suggestive of pathologic cardiac remodeling and need 
for surgical mitral valve repair [3].

With regard to exercise recommendations, athletes with mild to moderate MR in 
sinus rhythm with normal LV size and function (LVEDD <60 mm, LVEF >60%) 
and normal pulmonary artery pressures (stage B) may participate in competitive 
sports without restriction. Athletes with moderate MR in sinus rhythm and with 
mild LV dilatation within parameters consistent with athletic remodeling (LVEDD 
<60 mm or <35 mm/m2 in males, LVEDD <40 mm/m2 in females, stage B) may 
participate in competitive sports without restriction. Athletes with severe MR in 
sinus rhythm and with normal LV function, and with mild LV dilatation within 
parameters associated with athletic remodeling (stage C1), are advised to partici-
pate in low-intensity and moderate-intensity sports (classes IA, IIA, IB) only. 
Athletes with MR and LV dilatation greater than that which is expected with 

Valve severity
Surveillance 

recommendations
Sports participation 
recommendations

Mild
(Stage B)

MTG <5 mmHg

Unrestricted
(in sinus rhythm)

Mild-Moderate
(Stage B)

MTG <10 mmHg
Unrestricted+Asymptomatic

Severe
(Stage C)

MTG >10 mmHg

Annual physical 
exam, 

echocardiography, 
exercise stress 

testing

Low-intensity (Class IA) 
regardless of rhythm++

Symptomatic
Mild-Severe

(Stage D)
No competitive sports 

participation

Fig. 6.3 Recommendations for competitive sports participation in athletes with mitral stenosis. 
MTG mean transmitral gradient
+Intact exercise tolerance on exercise stress testing with resting pulmonary artery systolic pressure 
<35 mmHg++Athletes in atrial fibrillation with mild, moderate, or severe MS are advised to take 
anticoagulation for stroke prophylaxis and thus avoid participation in competitive sports where 
bodily collision is expected

6 Valvular Heart Disease



94

training (LVEDD >65 mm or >35.5 mm/m2 in men, >40 mm/m2 in women, LVESD 
>40 mm), pulmonary hypertension, or LV systolic dysfunction at rest (LVEF <60%) 
(stage C2) are advised against competitive sports participation, though they may 
participate in low-intensity class IA sports. Finally, athletes with MR and atrial 
fibrillation on chronic anticoagulation are advised against participating in competi-
tive sports where bodily collision is expected [3]. These recommendations for MR 
are summarized in Fig. 6.4.

 Tricuspid and Pulmonary Valve Disease

Tricuspid and pulmonary valve disease are most commonly associated with con-
genital and genetic abnormalities though they may be secondary sequelae of pro-
gressive left heart failure, pulmonary hypertension, and eventual right-sided 
chamber dilation and dysfunction. Athletes with secondary tricuspid or pulmonary 
valve disease should undergo serial evaluation by TTE and exercise stress testing 
similar to recommendations for aortic and mitral valve disease. At the present time, 

Valve severity 
(stage)

Surveillance 
recommendations

Sports participation 
recommendations

Mild-moderate
(Stage B)+ Unrestricted

Moderate
(Stage B)++

Unrestricted
(in sinus rhythm)

Severe
(Stage C1)++

Low-intensity or 
moderate-intensity 
(classes IA, IIA, IB)

Asymptomatic

Severe
(Stage C2)+++

Annual physical exam, 
echocardiography, 

exercise stress testing

Low-intensity (class 
IA) regardless of 

rhythm++++

Symptomatic Stage D
No competitive sports 

participation

Fig. 6.4 Recommendations for competitive sports participation in athletes with mitral regurgitation
+In sinus rhythm, normal LV size and systolic function (LVEDD <60 mm, LVEF >60%), normal 
pulmonary artery pressure++Mild LV dilatation within parameters consistent with athletic remodel-
ing (LVEDD <60 mm or <35 mm/m2 in males, LVEDD <40 mm/m2 in females)+++LV dilatation 
greater than that which is expected with training (LVEDD >65  mm or >35.5  mm/m2 in men, 
>40 mm/m2 in women, LVESD >40 mm), pulmonary hypertension, or LV systolic dysfunction at 
rest (LVEF <60%)++++ Athletes with MR and atrial fibrillation on chronic anticoagulation are 
advised against participating in competitive sports where bodily collision is expected
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AHA/ACC guidelines for valve disease in competitive athletes do not provide rec-
ommendations for tricuspid and pulmonary valve disease [3]. Clinical judgment, 
plus strategies and algorithms applied to athletes with aortic and mitral valve dis-
ease, should be utilized in determining physical activity guidelines for athletes with 
tricuspid and pulmonary valve disorders.

 Valvular Interventions and Recommendations 
for Return to Play

Symptomatic athletes with severe valvular heart disease should be referred for sur-
gical and/or percutaneous treatment for valve repair or replacement in a similar 
manner to nonathletes [2]. A shared decision-making model is advised when dis-
cussing surgical strategies, timing of intervention, and expectations regarding com-
petitive sports participation after valve intervention. Implantation of valve prostheses 
have specific implications for athletes. Prosthetic transvalvular gradients may 
increase with exercise more prominently than with native valves [2, 15]. Additionally, 
athletes with implanted mechanical prostheses are relegated to chronic anticoagula-
tion and thus are advised to avoid competitive sports where bodily collision can be 
expected. Athletes who have undergone aortic or mitral valve repair and who are at 
risk of physical trauma from sports participation are advised to discuss risks and 
benefits of participation prior to return to play [3].

A thorough evaluation of prosthetic valve function and the hemodynamic results 
of valve repair by TTE and exercise testing should be conducted to assess symptoms 
with exercise, resting and exercise valve function, exercise capacity prior to return 
to competitive sports participation, and serially thereafter. Exercise capacity should 
meet the level required for the intended sports intensity. To date, there are no large 
retrospective or prospective studies evaluating outcomes of surgical valvular inter-
ventions in competitive athletes with respect to return of preoperative exercise 
capacity. A shared decision-making model should be employed to ensure that an 
appropriate discussion of the athlete’s goals for sports participation, along with 
potential risks associated with that participation, is held.

The current AHA/ACC guidelines suggest it is reasonable for athletes with aortic 
or mitral bioprosthetic valves, not requiring anticoagulation, with preserved valvu-
lar and left ventricular function to participate in low- and moderate-intensity com-
petitive sports (classes IA, IB, IC, and IIA sports). Athletes with mechanical aortic 
and mitral prosthetic valves on chronic anticoagulation with preserved valvular and 
left ventricular function may participate in low-intensity competitive sports where 
bodily collision is not expected (classes IA, IB, IIA). Athletes who have undergone 
surgical aortic or mitral valve repair for regurgitant valve disease without residual 
AR or MR, and with intact left ventricular function, are advised to follow a shared 
decision-making model to determine whether they may safely participate in com-
petitive sports where there is expected to be a low likelihood of bodily collision 
(classes IA, IB, IIA) [3].
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 Conclusion

Athletes with VHD require careful initial and serial evaluations to guide recommen-
dations regarding sports participation on an ongoing basis given that valve disease 
can be progressive. Many asymptomatic athletes with VHD, even in the presence of 
moderate-severe VHD, can continue to participate in competitive sports with close 
monitoring by TTE and assessment of clinical status. With regurgitant valve dis-
ease, it can be challenging to differentiate cardiac changes seen as part of the spec-
trum of exercise-induced cardiac remodeling from pathologic remodeling associated 
with valve regurgitation. Using the provided algorithms and clinical judgment, safe 
participation in competitive sports for athletes with VHD can continue, and shared 
decision-making between athlete and physician will ultimately be required regard-
ing the timing and need to discontinue competitive sports and consider valve inter-
vention when and if valve disease progresses to an advanced stage.
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Chapter 7
Hypertrophic Cardiomyopathy

Dermot M. Phelan and John Symanski

 Introduction

Hypertrophic cardiomyopathy (HCM) is an inheritable myocardial disease caused 
primarily by mutations in genes encoding the sarcomeric contractile proteins. The 
diagnosis is predicated on demonstrating thickening of at least one segment of the 
left ventricular (LV) wall >15 mm in a non-dilated ventricle and in the absence of 
potentially causative loading conditions [1, 2]. For LV wall thicknesses less than 
15 mm, the diagnosis requires other features including a family history of HCM or 
identification of a causative gene mutation, electrocardiographic abnormalities, or 
other typical features on cardiac imaging. Some individuals may be genotype posi-
tive and phenotypically negative. The prevalence of HCM in the general population 
is estimated to be approximately 1:500 [3]; however the prevalence of HCM in 
highly trained athletes is likely lower as the structural and functional changes asso-
ciated with HCM naturally select out many individuals with HCM from competing 
at elite levels [4].
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 Differentiating Athlete’s Heart 
from Hypertrophic Cardiomyopathy

Over the past decade, prodigious advances have been made in defining the normal 
physiological adaptations of the heart in athletes. The so-called athlete’s heart mani-
fests through electrical, morphological, and functional adaptations to improve the 
efficiency of cardiac function. Frequently, a 10–20% increase in LV wall thickness 
can be expected in well-trained athletes, resulting in the potential for crossover with 
HCM. Thankfully, in most instances there are clear distinctions between phenotypi-
cally expressed HCM and athlete’s heart; however in a small minority of athletes, it 
can be challenging to differentiate these entities. Unfortunately, with rare excep-
tions, most of the literature in this regard compares athletes to patients with clearly 
expressed HCM who are often nonathletes. These data are not helpful in differenti-
ating the true, “gray-zone” individuals. The following is a proposed algorithm for 
differentiating these entities.

Understanding the pretesting probability of the disease is of paramount impor-
tance. Concerning symptoms of exertional chest pain or syncope, a provocable LV 
outflow tract murmur or a family history of HCM should prompt a thorough evalu-
ation for HCM. Establishing the diagnosis of HCM in the absence of any of these 
features should mandate a high burden of proof.

The second step in the evaluation should be the 12-lead electrocardiogram 
(ECG). The majority of patients with HCM will express abnormalities on the ECG 
beyond what would be deemed normal adaptation in an athlete. Left ventricular 
hypertrophy (LVH) in isolation is considered a normal variant in athletes while T 
wave abnormalities, prominent Q waves, and ST segment depression are the most 
commonly seen abnormalities in HCM [1, 2, 5]. However, ~5–10% of young people 
with morphologically expressed HCM will have a normal ECG [6, 7]. Furthermore, 
up to 4% of black athletes will manifest lateral T wave changes that are considered 
pathological and suggestive of HCM [8, 9]. The recent International 
Recommendations for ECG interpretation in the athlete have optimized the sensitiv-
ity and specificity of the test [5]. Knowledge of expected electrical changes in the 
athlete obviates the need for further testing in many individuals while guiding more 
extensive evaluation in others. For example, T wave inversion extending out to V4, 
when preceded by J point elevation and convex ST elevation, is considered a normal 
variant in a black athlete, while T wave inversion in the lateral leads is highly associ-
ated with HCM (Fig. 7.1). In a study by Schnell et al., this ECG pattern was associ-
ated with HCM 35% of the time, and echocardiography missed the diagnosis almost 
50% of the time primarily due to poor visualization of the apex [8]. As a result, the 
current guidelines recommend exercise ECG, a 24-hour Holter monitor, and cardiac 
magnetic resonance (CMR) imaging as a routine in the evaluation of this ECG pat-
tern if the echocardiogram does not clearly visualize all segments, in particular, the 
apex [5].

For individuals presenting for evaluation as a result of documented LVH, practi-
tioners must have knowledge of the expected range of LV wall thickness for that 
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particular athlete. Factors which influence LV wall thickness include the type and 
intensity of sport, race, sex, age, and body size. For example, a LV wall thickness of 
>12 mm was reported by Basavarajaiah et al. in 18% of black male athletes but only 
<2% in white male athletes [10]. Indeed 3% of black athletes in this study had a wall 
thickness >15 mm. In females, it is rare for a white female athlete to have a LV wall 
thickness of >11 mm, and LV wall thickness of >11 mm is only seen in 3% of black 
female athletes. It is also rare for a female athlete to express concentric hypertrophy. 
Mixed endurance and static sports, such as rowing or cycling, tend to have the most 
profound effect on LV wall thickness.

Careful evaluation of imaging is required to ensure the accuracy of measure-
ments. Overestimation of septal wall thickness due to inclusion of right ventricular 
(RV) trabeculation can be avoided by correlation with short axis imaging and, when 
necessary, CMR (Fig. 7.2).

LVH in the athlete’s heart is usually eccentric (balanced increase in chamber size 
with wall thickness) with <2 mm difference in LV wall thickness between adjacent 
segments. By contrast, LVH in HCM is usually asymmetric, frequently with >2 mm 
difference in adjacent segments. Further, the chamber cavity size in HCM is usually 
smaller than expected; even in individuals with HCM who are very athletic, the LV 
end diastolic diameter is rarely >5.5 cm. Contrary to traditional teaching, athletic 
individuals with HCM can often have normal parameters of diastolic function 
including normal tissue Doppler velocities of the mitral annulus [6]. Global longi-
tudinal strain is usually normal in athletes but reduced in HCM, particularly at the 
site of greatest hypertrophy. However, these data were reported in HCM patients 
with severe LVH, and its applicability to differentiating “gray-zone” athletes with 
mild LVH is not well defined. One study which compared sedentary patients with 
HCM to athletic individuals with HCM and athletes without HCM, all matched for 
LV wall thickness, showed no difference in global longitudinal strain between the 
latter two groups but a significant reduction in strain in the sedentary HCM group. 

a b

Fig. 7.1 (a) 12-lead electrocardiogram demonstrating T wave inversion to V4 preceded by J point 
elevation and coved ST segment elevation is a normal variant seen in black athletes. (b) 12-lead 
electrocardiogram demonstrating deep T wave inversion V2–V6, I, and aVL has been associated 
with HCM in almost one third of athletes
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A novel technique using mechanical dispersion did differentiate the athletic HCM 
from the athletic non-HCM, but this technique requires further validation [11].

Fewer athletes with HCM have resting left ventricular outflow tract obstruction 
(LVOTO) than sedentary patients with HCM, but a thorough evaluation of the mitral 
valve apparatus is mandatory in the evaluation of the “gray-zone” athlete. Up to 
70% of patients with HCM have abnormalities of the mitral valve apparatus (elon-
gated mitral valve leaflets, displaced papillary muscles, multiheaded and mobile 
papillary muscles) which predisposes to LVOTO. Evaluation for LVOTO should be 
performed using stress echocardiography, particularly in individuals with exertional 
symptoms.

Along with optimal evaluation of LV wall thickness, LV chamber size and func-
tion, and the mitral valve apparatus, CMR has the additional advantage of evaluat-
ing for myocardial scar. Late gadolinium enhancement (LGE) is seen in ~65% of 
patients with HCM [12] usually at the site of RV insertion or the site of greatest wall 
thickness. While some studies have described LGE in athletes, these studies are of 
middle-aged and older, long-term, endurance athletes. LGE should always be con-
sidered an abnormal finding in young athletes with the possible exception of LGE 
at the RV insertion point.

Cardiopulmonary exercise testing in patients with HCM often reveals abnormali-
ties including reduced peak VO2 and anaerobic threshold, low O2 pulse with pla-
teauing of the O2P/VO2 relation; however on rare occasions, these parameters can be 
normal in athletes with HCM.

Occasionally, detraining has been advised to document regression of LV wall 
thickness. This technique has been validated in only very small numbers of athletes, 

a b

Fig. 7.2 Parasternal long-axis (a) and short-axis (b) two-dimensional echocardiographic views of 
a professional athlete initially referred for concern of HCM based on septal wall measurement of 
19 mm (red arrows). Careful evaluation and comparison with the short-axis image show that this 
measurement includes a large section of right ventricular trabeculation. The true compacted left 
ventricular septum measured 11 mm (white arrows)
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but the degree to which LV wall thickness may regress in an athlete with HCM has 
not been evaluated; therefore, the utility of this strategy remains unclear.

Finally, genetic testing should be performed in individuals with a family history 
of HCM where the index family member has an identified disease-causing gene 
mutation. Genetic testing outside of this context in an athlete with mild LVH is 
controversial and should only be undertaken under the guidance of a cardiovascular 
geneticist.

 Clinical Course and Management

HCM is a heterogeneous disease in terms of morphological expression, clinical 
course, and prognosis. Most individuals with HCM are asymptomatic and experi-
ence few major complications although some individuals can develop severe symp-
toms and experience a complex clinical course. The pathophysiology of exercise 
limitation in individuals with HCM is complex and relates to multiple factors 
including diastolic dysfunction, LVOTO, mitral regurgitation, autonomic dysregu-
lation, and subendocardial ischemia. Approximately, one third of patients will have 
LVOTO at rest with a further third developing LVOTO with provocation. Stress 
echocardiography with a focus on identifying and quantifying LVOTO should be 
performed in athletes with concern for HCM and exertional symptoms. Treatment 
strategies for LVOTO include lifestyle advice (including the avoidance of dehydra-
tion, excess alcohol intake, and certain provoking medications), medications (most 
commonly non-vasodilating beta-blockers, verapamil, or occasionally disopyra-
mide), or septal reduction therapy (alcohol septal ablation or surgical myectomy). It 
is important to note that none of these strategies have been shown to reduce the 
incidence of sudden cardiac death (SCD) in a randomized control trial and advice 
regarding sporting activity should not be affected by these treatments [13]. Other 
complications, including heart failure, atrial fibrillation, and cardioembolic stroke, 
rarely affect athletes with HCM.

Ventricular arrhythmias with associated SCD are the most feared complication in 
young athletes with HCM and can occur in the absence of prior symptoms. Those 
deemed at highest risk should receive a primary preventative implantable cardio-
verter defibrillator (ICD); however only a small number of those who have an ICD 
implanted ever receive an appropriate shock [14].

 Prognosis

The US National Registry of Sudden Death in Athletes from the Minneapolis Heart 
Institute Foundation has reported that HCM is the number one cause of SCD in 
athletes in the United States. However, this finding was not reproduced in other 
populations, and more recent studies have indicated that 30–40% of SCD events in 
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children and adults <35 years of age occur the absence of any identifiable pathology 
even after extensive autopsy with toxicology and histological examination. A recent 
meta-analysis found that a structurally normal heart was more a common postmor-
tem finding in young individuals than was HCM. While there was some regional 
variability, HCM was not a more common cause of death in any patient subgroup 
analyzed, including athletes [15].

It is important, when discussing risk of SCD with young athletes with HCM, to 
note that most individuals with the disease have a normal life expectancy [16]. 
Furthermore, the majority of individuals with HCM die of causes unrelated to HCM 
[17]. For those that do die from causes related to HCM, death usually occurs during 
non-exercise-related activities. In the general adult HCM population, the annual 
incidence of SCD is estimated to be ~1%, while the estimated risk of SCD in young 
athletes with HCM is comparable to the general HCM population [13].

Unfortunately, prediction for those with HCM at highest risk of SCD remains 
imperfect. A history of prior resuscitated cardiac arrest, ventricular fibrillation, or 
ventricular tachycardia (VT) are the strongest predictors of a subsequent event, with 
an annualized event rate of ~10%. Other factors which have been associated with an 
increased risk of SCD have been felt to have a low positive predictive value, and 
ICDs placed for one or more of these risk factors have an annual discharge rate of 
~4%. In a recent longitudinal observational study by Maron et al., 2094 patients 
with HCM were followed over 17 years to assess reliability of SCD prediction mod-
els leading to prophylactic ICD implantation [18]. ICDs were implanted in the pres-
ence of one or more risk factors based on a combination of traditionally described 
risk factors for SCD including:

 1. A family history of SCD judged to definitely or likely be related to HCM in a 
first-degree relative 50 years or younger

 2. Massive LVH with LV wall thickness ≥30 mm
 3. Unexplained syncope unlikely to be neurocardiogenic within 5 years
 4. Non-sustained ventricular tachycardia (NSVT) (defined as three or more runs of 

three or more beats of NSVT at a rate of >130 bpm or one run of NSVT greater 
than ten beats over a 24–48 hour monitoring period)

And newer risk factor markers including:

 1. LGE >15% of the LV mass by CMR
 2. LV ejection fraction <50%
 3. LV apical aneurysm

Using this algorithm 15.6% of individuals with an ICD implanted experienced 
an appropriate device therapy. Only five individuals who did not have an ICD 
placed died suddenly; two of these had refused an ICD, two had no risk factors, and 
one had an apical aneurysm before this was recognized as a risk factor for 
SCD. Overall, only 2 of 2094 individuals (0.2%) experienced SCD in the absence 
of risk factors, a rate similar to that of the general population [18]. While differen-
tiation between athletes and nonathletes was not a part of the study, it would be safe 
to assume that in such a large cohort there were some individuals that continued to 
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exercise, and this risk factor algorithm identified almost all individuals at risk of 
SCD. Of note, the European Society of Cardiology 5-year risk score for SCD in 
HCM was much less sensitive at identifying high-risk patients in this study. This 
study supports the concept that the risk of SCD is not uniform and individuals with 
HCM can be reasonably classified into a “low-risk” category absent the aforemen-
tioned risk factors.

 Benefits of Exercise in HCM

Most of the focus regarding exercise in individuals with HCM has been on avoid-
ance of potential triggers of ventricular arrhythmias with little focus on the benefits 
of exercise. This has translated into increased levels of a sedentary lifestyle in HCM 
patients and increased body mass index when compared to controls, with over 50% 
of HCM patients not meeting minimum physical activity guidelines [19]. These 
exercise restrictions have been shown to negatively affect emotional well-being and 
social integration. Yet exercise has been shown to improve outcomes in almost every 
cardiac condition. The exercise paradox describes the fact that in normal individuals 
and those with heart disease, the risk of cardiac arrest is transiently increased, to a 
very small degree, during vigorous exercise, but habitual exercise is associated with 
a significant overall decreased mortality. Does this apply to individuals with HCM? 
In a study of 426 patients with HCM who underwent stress testing at the Cleveland 
Clinic and were followed for 8.7 ± 3 years, the group who achieved >100% of their 
maximal age-predicted heart rate had a 1% event rate versus a 12% rate in those 
who achieved <85% [20]. Higher functional capacity is achieved and maintained by 
regular exercise. Further, a sedentary lifestyle in individuals with HCM leads to a 
reduction in functional capacity and reduced VO2 max which has been strongly 
associated with worse long-term outcomes [21, 22].

One frequently expressed concern is that exercise may accelerate hypertrophy 
and fibrosis and worsen diastolic dysfunction and overall disease expression. 
However, there is extensive evidence showing the benefits of exercise on ventricular 
compliance in healthy individuals which also appears to apply to individuals with 
HCM [23, 24]. A murine model of HCM has shown that exercise training reduces 
fibrosis and myocyte disarray suggesting that exercise can prevent and even par-
tially reverse the pathological phenotype in HCM [25]. Observational studies of 
athletes with HCM have consistently shown a mild phenotypic expression with less 
hypertrophy, improved and often normal diastolic function, normal longitudinal 
strain, less outflow tract obstruction, and larger LV cavity sizes [6, 11, 26]. While it 
is certainly possible that this mild phenotype permits athletic performance, the 
above data would also suggest that regular exercise positively impacts disease 
expression.

Recently, a number of studies have highlighted the beneficial effects of exercise 
in HCM. A prospective, non-randomized control trial enrolled 20 individuals with 
HCM to a structured exercise program over an average of 41  hours of 
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moderate-intensity exercise and showed a significant improvement in functional 
capacity (4.7 ± 2.2 to 7.2 ± 2.8 metabolic equivalents) [27]. The RESET-HCM trial 
was a multicenter, randomized control trial of 136 patients with HCM who under-
went 16 weeks of moderate-intensity exercise training or usual activity [24]. Those 
in the exercise arm experienced a modest improvement in exercise capacity associ-
ated with an improvement of quality of life without any adverse effects compared to 
the control group. While these data do not address the question of safety of intense 
competitive sports in patients with HCM, they do highlight the importance of coun-
selling patients with HCM on the safety and significant benefits of regular moder-
ate- and low-intensity exercise.

 Current Recommendations for Sports Participation in HCM

Exercise, in particular high-intensity exercise, results in increased myocardial oxy-
gen demand, alterations in autonomic tone, blood volume and electrolyte levels, and 
induction of catecholamine surges. Exercise-induced exacerbation of LVOTO will 
further increase LV wall stress, which may exacerbate demand ischemia in the 
thickened myocardium with coronary arteriole dysplasia. In the context of a pro- 
arrhythmic substrate due to myocyte disarray and fibrosis, the concern is that these 
physiological stressors may precipitate a malignant arrhythmia and SCD.  Data 
identifying HCM as the number one cause of SCD in athletes in the United States 
serve to heighten concern [28]. The current American Heart Association (AHA)/
American College of Cardiology (ACC) eligibility and disqualification recommen-
dations for competitive athletes with cardiovascular abnormalities note that “in the 
presence of underlying (and often unsuspected) HCM, participation in high- intensity 
competitive sports may itself promote ventricular tachycardia/ventricular fibrilla-
tion and act as a potent (yet modifiable) independent risk factor, even in the absence 
of conventional risk markers intrinsic to the disease process”; however there is little 
objective evidence to support that statement, particularly in low-risk individuals.

In 1994 Maron et al. first described a group of 14 athletes with HCM most of 
whom competed at a national, collegiate, or professional level for an average of 
15 years without difficulties [29]. In a registry of athletes with ICD, Lampert et al. 
noted that athletes with HCM who had an ICD in place who continued to participate 
in sports had similar rates of ICD discharge during competition as during recre-
ational activities [30]. Pelliccia et al. followed 35, mostly low-risk, athletes with 
HCM over a 9-year follow-up, 20 of whom suspended exercise participation after 
their diagnosis and 15 choose to remain physically active and even compete and 
showed no difference in outcomes between the two groups [31]. One death occurred 
in this cohort, unrelated to exercise. Furthermore, patients with HCM that have high 
functional capacity have the lowest event rates. Two further observational studies 
have demonstrated physiological benefits to high-intensity exercise in athletes [6, 
26]. Taken together, these data suggest that not all individuals with HCM are at high 
risk of SCD despite participation in sports.
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Despite these data, the current 2015 ACC/AHA eligibility and disqualification 
recommendations for competitive athletes with cardiovascular abnormalities rec-
ommend that “athletes with a probable or unequivocal clinical expression and diag-
nosis of HCM (ie, with the disease phenotype of LV hypertrophy) should not 
participate in most competitive sports, with the exception of those of low intensity 
(class IA sports) (Class III; Level of Evidence C).” The recommendations do note 
that they do not strictly exclude sporting participation “as long as such a decision is 
ultimately made in concert with their physician and third-party interests” [32].

The more recently published European guidelines have challenged this more 
indiscriminatory approach and attempted to be more patient specific [33]. They rec-
ognize that the “systematic restriction from competitive sport in all affected indi-
viduals is probably unjustified and a more liberal approach to sport participation 
may be reasonable after considering the age of the athlete, duration in competitive 
sport prior to diagnosis and the presence of conventional risk factors for SCD.” 
Accordingly, they recommend that athletes with a mild expression of HCM, low- 
risk score, and adult age may participate in sports following a complete shared 
decision-making process. However, they do recommend restriction from sports par-
ticipation in certain clinical scenarios (Table 7.1).

The 2020 AHA/ACC guidelines for the diagnosis and treatment of patients with 
HCM have followed a similar trajectory to the Europeans and have given a class 2a 
recommendation for participation in high-intensity recreational or moderate-high- 
intensity competitive sports after “comprehensive evaluation and shared discussion, 
repeated annually with an expert provider who conveys that the risk of sudden death 
and ICD shocks may be increased, and with the understanding that eligibility deci-
sions for competitive sports participation often involve third parties (e.g., team phy-
sicians, consultants, and other institutional leadership) acting on behalf of the 
schools or teams” [34]. These recommendations should supplant the 2015 
recommendations.

 Shared Decision-Making

Recognizing the nuances in decisions regarding competitive sporting participation 
in individuals with HCM, there has been an evolution from a paternalistic approach 
using a binary “yes-no” framework toward a patient-clinician collaboration in a 
shared decision-making model [33, 34]. The clinician’s role is to present the known 
facts and uncertainties regarding the risk and benefits of sporting participation in the 
context of the individual’s disease. The patient’s symptoms, risk factors for SCD, 
and sporting discipline should be considered while recognizing the personal impor-
tance placed on ongoing sporting participation for that individual. Key stakeholders, 
including parents/guardians/family and representatives from the team/college/club/
sports organization, should be included, and if the decision is made to allow partici-
pation in sports, clear guidance for an emergency action plan must be established 
along with criteria for re-evaluation and follow-up.
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 Conclusion

HCM is a heterogeneous disease with significant variations in phenotypic expres-
sion and clinical outcomes. Occasionally, the expression of the disease can overlap 
with the physiological adaptation of intense athletic training. An understanding of 
the expected ranges of hypertrophy for the individual athlete, along with a critical 
appraisal of testing, can help the clinician differentiate these two entities.

The most feared complication of HCM is SCD in athletes and nonathletes. 
However, there are identifiable risk factors for SCD in HCM, and most individuals 
without these risk factors have a normal life expectancy. Due to concerns about the 
potential for exercise to be a trigger for SCD, recommendations regarding exercise 
and sporting participation have been restrictive and have not differentiated low- and 
high-risk individuals. This has resulted in higher rates of sedentary lifestyles, lower 
quality of life, and increased risk of obesity, with all the inherent risks, in patients 
with HCM. Newer data highlight the safety and benefit of regular low- and moder-
ate-intensity exercise in patients with HCM, and there has been an evolution in the 
approach to high-intensity exercise to an individualized, shared decision- 
making model.
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Chapter 8
Other Cardiomyopathies

Bradley Lander and David J. Engel

 Introduction

Cardiac structural adaptation that commonly develops in athletes in response to the 
hemodynamic demands of long-term and intensive athletic training is referred to as 
exercise-induced cardiac remodeling (EICR) and is often described as “the athlete’s 
heart.” These cardiac structural changes in athletes can resemble cardiac structural 
changes associated with many forms of cardiomyopathy. Hypertrophic cardiomy-
opathy (HCM) was described in detail in Chap. 7. This chapter will review the core 
anatomic and physiologic characteristics of EICR and then highlight areas of over-
lap between EICR and structural features of several other cardiomyopathies. Finally, 
this chapter will review the available evidence and current expert recommendations 
to guide the care of athletes with these conditions.

 EICR and Basic Physiologic Principles

Exercise involves a combination of “static” and “dynamic” physical activity. Static 
or isometric exercise, such as weight lifting and track and field throwing events, can 
be described by short, forceful skeletal muscle contractions and quantified by esti-
mating the percentage of maximal voluntary contraction by the involved groups [1]. 
This type of activity leads to acute increases in systemic vascular resistance and 
arterial blood pressure. In response, the cardiac system adapts over time to maintain 
cardiac output in light of an increased left ventricular (LV) afterload [1]. In contrast, 
dynamic exercise, also known as isotonic or endurance exercise, such as running, is 
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characterized by repetitive contraction and relaxation of large skeletal muscle 
groups which requires an increase in oxidative metabolism and is quantified by 
measuring oxygen uptake (VO2) [1]. The cardiovascular system increases cardiac 
output during this type of exercise in proportion to the intensity of the activity and 
manages cardiac output by both increasing heart rate and stroke volume and by 
reducing systemic vascular resistance [1]. As a consequence of these adaptations to 
an increased workload, regular exercise can lead to an increase in right and left heart 
chamber sizes with increased LV mass arising from both increased wall thickness 
and cavity size [2–7]. These adaptations are most pronounced in athletes whose 
sports have significant static and endurance components (rowers) as compared to 
endurance alone (runners) [1, 8–11].

While LV chamber enlargement is a common adaptation to training, some degree 
of athletic remodeling can be reversible with cessation of systemic conditioning 
[11–14]. This method of “detraining” is often cited as a mechanism to distinguish 
athletic physiologic adaptation from cardiac pathology associated with cardiomy-
opathies. Among individuals with cardiomyopathies, left ventricular hypertrophy 
(LVH) and cavity enlargement are less likely to regress with athletic detraining, 
though some degree of regression is possible. Unfortunately, at the present time, no 
prospective study has been performed to address this question in subjects with 
genetically confirmed HCM or dilated cardiomyopathy, though there have been a 
few case reports of some degree of reverse remodeling in athletes with HCM [8, 15]. 
In healthy athletes who cease intense physical activity, small studies have shown 
that LV wall thickness and mass regress toward normal limits in a time frame of 
6 weeks to 6 months [11, 12, 16].

 Differing Characteristics of EICR Associated with Strength 
Versus Endurance Athletics

Cardiac remodeling, determined by the intensity, duration, and frequency of train-
ing, is typically more pronounced in endurance athletes [10]. This may be due, in 
part, to the athletes’ prolonged exposure to increased hemodynamic stress [10]. 
Isotonic, or endurance, exercise training increases the LV end-diastolic chamber 
size as a principal cardiac adaptation and is associated with a balanced increase in 
LV mass with resultant eccentric left ventricular hypertrophy and often normal wall 
thickness [16, 17]. Conversely, isometric, or strength-based training is characterized 
predominantly by an increased pressure load on the LV which leads to concentric 
and typically symmetric LVH without a significant increase in LV cavity size [16, 
17]. Overall, the physiology associated with increased volume in endurance exer-
cise can lead to chamber dilation in both atria and ventricles, whereas the pressure 
load associated with static activity leads to LV wall thickening with less effect on 
the other three chambers [1]. These adaptive changes associated with endurance and 
strength training are depicted and summarized in Fig. 8.1.

B. Lander and D. J. Engel



113

 Distinguishing EICR from Cardiomyopathy: The Gray Zone

Distinguishing EICR from a potential cardiomyopathy can at times present clinical 
challenges as there can be structural overlap between these two processes; this over-
lap is typically referred to as the “gray area” or “gray zone” (Fig. 8.2). For example, 
approximately 2% of athletes with LVH have LV wall thickness that is above the 
expected measurements but less than the diagnostic threshold for HCM, 13–15 mm 
in men and 12–13  mm in women [6–8, 13, 14, 18–21]. In these cases, imaging 
should be reviewed to ensure that papillary muscles, trabeculae, and the RV mod-
erator band were not included in original measurements [8]. In addition to increases 
in LV wall thickness, for those endurance athletes with significant ventricular 

Fig. 8.1 Summary and features of exercise-induced cardiac remodeling by the type of exercise. 
(Reprinted with permission from Kim and Baggish [59], Elsevier)

Fig. 8.2 The gray area: 
overlap exists between 
features of the athlete’s 
heart and cardiomyopathy. 
(Adapted from Maron 
et al. [54])
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dilation, a “gray zone” also exists for the distinction of EICR with forms of dilated 
cardiomyopathy [1]. As Baggish et al. note that physiologic LV and right ventricular 
(RV) dilation are often seen in conjunction with enlargement of the other ventricle, 
biatrial dilation, and normal to low-normal resting systolic function that appropri-
ately augments during exercise. Isolated LV or RV dilation with other structural or 
functional abnormalities should be considered pathological unless proven otherwise 
[1]. Further distinctions between physiologic adaptations and cardiomyopathies 
will be described in the subsequent sections of this chapter.

Hypertrophic cardiomyopathy was described in detail in Chap. 7. This chapter 
will focus on several other cardiomyopathies affecting the left and right ventricles. 
Where applicable, data will be presented supporting the appropriate use of 12-lead 
electrocardiograms (ECG), echocardiography/strain imaging, stress testing, and 
cardiac magnetic resonance imaging (CMR) to aid in the distinction between each 
cardiomyopathy and EICR.

 Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a recognized cause of sudden cardiac death 
(SCD) in athletes and has been defined as dilation of the LV associated with impaired 
systolic function and a reduction in LV ejection fraction (LVEF) without evidence 
of coronary disease, hypertension, or significant valvular disease [8, 22, 23]. 
Approximately 40% of cases of DCM are genetically determined [24], with titin 
and lamin A/C (LMNA) being the most commonly implicated genes, though there 
are over 50 genes reportedly associated with the condition [23]. Since an increase in 
left and right chamber sizes, with associated small decreases in LVEF, can be seen 
within the spectrum of EICR, it is important to distinguish between appropriate 
adaptations seen in athletes and true pathology seen in DCM.

 Distinction of DCM from EICR

The main overlapping features between DCM and the athlete’s heart can be LV cav-
ity enlargement along with low-normal to mildly reduced LVEF [8]. Unfortunately, 
most parameters to distinguish between the two entities were validated in sedentary 
DCM patients and thus are less applicable to athletes who may have co-existing 
DCM [8].

12-Lead ECG Although there are limited data on ECG findings in asymptomatic 
DCM, atrioventricular (AV) block or conduction delays are seen in a large propor-
tion of cases [8, 25–27]. First-degree AV block and type 1 second-degree AV block 
(Wenckebach) can be seen in about 7% of healthy athletes, but higher-degree AV 
block is uncommon and always abnormal [8, 28, 29]. Other ECG findings seen in 
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DCM include low QRS voltages, abnormal T-wave inversions, left atrial enlarge-
ment, left axis deviation, pathological Q waves, left and right bundle-branch blocks 
(LBBB, RBBB), premature ventricular contractions, and atrial fibrillation [8]. Many 
of these findings are uncommon in healthy athletes.

Echocardiography Current guidelines suggest that the combination of a left ven-
tricular end-diastolic dimension (LVEDD) ≥60  mm and reduced resting LVEF 
should raise the suspicion of DCM in athletes [8, 30]. However, LV cavity dimen-
sions may exceed this in healthy endurance athletes, such as rowers, cross-country 
skiers, and road cyclists. In a study of 1309 healthy elite athletes, Pelliccia et al. 
showed that LVEDD >60  mm was present in 14% of all athletes and LVEDD 
reached up to 66 mm in females and 70 mm in males [31]. It is important to note that 
all subjects in this study had normal LV ejection fraction [31]. In a study of National 
Basketball Association (NBA) basketball players, Engel et al. showed that LVEDD 
≥59 mm was present in 36.5% of athletes and LVEDD ≥65 mm was seen in 4.4% 
of athletes [32].However, LV cavity sizes were normal in comparison to reference 
adults when LVEDD was indexed to the extreme height and body surface area 
(BSA) of these athletes [32]. This study also demonstrated that 1% of the NBA 
athletes had an LVEF <50% (lowest LVEF was 45%) and the athletes with this 
reduced LVEF had larger LVEDD (62.4  mm vs 56.8 mm) when compared with 
those with LVEF ≥50% [32]. The finding of a small proportion of athletes with low 
normal to mildly reduced LVEF has been similarly reported in other athlete groups, 
such as professional football players and cyclists [33, 34], but LVEF <50% is highly 
uncommon in athletes and should warrant further investigation to exclude the pos-
sibility of a cardiomyopathy. While resting global longitudinal strain (GLS) has 
been proposed as an additive echocardiographic analysis to help distinguish DCM 
and the EICR, a reduction in GLS values can be seen in both healthy athletes and 
individuals with DCM [35, 36]. In a study of 650 elite mixed-sport athletes, 37% of 
healthy, asymptomatic athletes who had below-normal LVEF had normal GLS, 
whereas 58% of athletes with normal LVEF had abnormal GLS, thus showing that 
GLS has uncertain utility in clarifying LV contractile function [37].

Cardiac Magnetic Resonance Imaging (CMR) Late gadolinium enhancement 
(LGE) on contrast-enhanced CMR is not a feature of EICR. However, nonspecific 
LGE, often in the interventricular septum and RV insertion point, has occasionally 
been observed in asymptomatic endurance athletes [8, 38]. It is important to note 
that while nonspecific LGE may be present in middle-aged and older athletes, it is 
never normal in young athletes. LGE that is observed in DCM is more often present 
in the mid wall of the ventricle, though LGE is not necessary for diagnosis of DCM 
given that it is absent in 68% of patients with genetically proven disease [39]. T1 
mapping techniques have shown some potential to distinguish between DCM and 
EICR, but more studies are needed [40].

Stress Testing Healthy athletes and individuals with DCM may both have border-
line resting LVEF, but the ability to increase cardiac output during exercise has been 
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proposed as a useful way to distinguish between these two groups despite the lack 
of significant evidence to support this seemingly logical proposal [8]. Stress echo-
cardiography has shown that healthy athletes with a low-normal resting LVEF will 
augment LVEF with exercise [34], whereas individuals with DCM fail to appropri-
ately augment their LVEF [41]. Claessen et  al. compared ten healthy endurance 
athletes to five endurance athletes with arrhythmias and subepicardial fibrosis on 
CMR and nine patients with mild DCM.  All patients had a borderline resting 
LVEF. Exercise CMR was used to assess changes in exercise capacity (VO2 max) 
and cardiac contractility in response to maximal exercise. Healthy athletes and ath-
letes with fibrosis had better exercise capacity than the sedentary participants with 
mild DCM, unsurprisingly. However, the athletes with fibrosis and individuals with 
mild DCM both had blunted augmentation in LVEF when compared with the 
healthy athletes (14 ± 3% improvement in LVEF in healthy athletes versus 5 ± 6% 
in DCM and 4 ± 3% in athletes with fibrosis) [42]. Exercise capacity alone did not 
distinguish between healthy athletes and those athletes with myocardial fibrosis and 
arrhythmias, but reduced contractile reserve with exercise did help with the distinc-
tion [42]. More data is needed in this area, but there is a promise that functional 
cardiac evaluation during exercise may be the best discriminatory test for DCM and 
EICR. Still, supranormal exercise capacity does not exclude potential underlying 
pathology in an athlete with suspected DCM [8].

 Guidelines for Established Dilated Cardiomyopathy

The 2015 AHA/ACC Scientific Statement on Eligibility and Disqualification 
Recommendations for Competitive Athletes with Cardiovascular Abnormalities 
Task Force 3 recommended that symptomatic athletes with DCM should not partici-
pate in most competitive sports, with the possible exception of low intensity (class 
1A sports) in selected cases (Class III, Level of Evidence C) [21]. Of note, an abso-
lute number for LVEF was not used as a determining factor for guiding recommen-
dations regarding the intensity of sports participation. The panel did note, consistent 
with cardiac studies of large athlete populations, that it is uncommon for an athlete 
to have a resting LVEF of <45% [21].

 Left Ventricular Non-compaction

Left ventricular non-compaction (LVNC) is an inherited cardiomyopathy resulting 
from an embryological abnormality in which the trabecular meshwork with intertra-
becular recesses, predominantly at the ventricular mid-portion and apex, persist 
after birth into childhood and adulthood [8, 21]. As a result, there are numerous 
excessively prominent trabeculations which can lead to heart failure and arrhyth-
mias in a subset of patients [43].
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 Echocardiography and Cardiac MRI

Conventional diagnostic criteria by echocardiography are based on the ratio of com-
pacted to non-compacted myocardium. The Chin criteria (Fig. 8.3a) require a com-
pacted myocardium/non-compacted plus compacted myocardium ratio of ≤0.5 at 
end-diastole as seen on short-axis parasternal or apical views [44]. The Jenni criteria 
(Fig.  8.3b) require a ratio of non-compacted/compacted myocardium >2 at end- 
systole on short-axis parasternal views [45]. Other criteria (Petersen) have sug-
gested an end-diastole compacted/non-compacted myocardium ratio of >2.3 on 
CMR [46] or a detailed analysis of trabecular structure using two-dimensional and 
color Doppler echocardiography (Stollberger criteria) [47]. In general, CMR is 
superior to echocardiography for the identification of regions of non-compacted 
myocardium and may provide a more accurate and definitive diagnosis of LVNC 
than echocardiography [21]. Importantly, because these measurements and diagnos-
tic criteria have been derived from nonathletic cohorts, the generalizability to ath-
letic cohorts may be limited.

a b

Fig. 8.3 Echocardiographic criteria for the diagnosis of LV non-compaction (LVNC) (a). Chin 
criteria (b). Jenni criteria. CM compacted myocardium, LA left atrium, LV left ventricle, NCM 
non-compacted myocardium. (Hotta et al. [60]. http://creativecommons.org/licenses/by/4.0/)
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 Distinguishing LVNC and EICR

Complicating the definitive diagnosis of LVNC in highly trained athletes is the 
observation that prominent LV trabeculations are relatively common in elite ath-
letes and may represent a component of the adaptive physiological response to 
training [44]. In one study of 1146 healthy European athletes, prominent LV tra-
beculations were seen in 18.3% of athletes (29% in African American athletes 
versus 16% in white athletes), with 8.1% of total athletes fulfilling traditional 
criteria for LVNC [48]. A 2014 study of a population-representative cohort by 
Zemrak et al. demonstrated that while 25% met the Petersen criteria for LVNC, 
these individuals did not have an increased incidence of adverse events or reduced 
ejection fraction over approximately 10 years of follow-up [49]. Thus, it is impor-
tant to approach a diagnosis of LVNC in an athlete with caution and avoid using 
hypertrabeculation alone as a marker to recommend exercise restriction. Currently, 
there are no specific criteria to distinguish features of the athlete’s heart from 
LVNC, but the presence of any of the following findings may favor a diagnosis 
of LVNC:

 1. Inferolateral T-wave inversions on ECG
 2. The presence of cardiac symptoms
 3. Confirmed family history of LVNC
 4. A first-degree relative with a similar cardiac phenotype
 5. LBBB
 6. Reduced LVEF on echocardiography or failure of appropriate LV augmentation 

on stress echocardiography
 7. VO2 max <100% predicted on cardiopulmonary exercise testing (CPET)
 8. Reduced tissue velocity on echo tissue Doppler imaging (E’ at the lateral wall 

<9 cm/s)
 9. Abnormal LV myocardial strain
 10. Documented arrhythmias
 11. LGE on CMR [8, 50]

 Guidelines for Established LVNC

With respect to athletic participation for individuals with established LVNC, the 
AHA/ACC Task Force guidelines state that participation in competitive sports can 
be considered for individuals with LVNC who are asymptomatic, have normal LV 
systolic function, who are without important ventricular tachyarrhythmias on ambu-
latory monitoring or exercise testing, and who have no prior history of unexplained 
syncope (Class IIb, Level of Evidence C). However, athletes with an unequivocal 
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diagnosis of LVNC and impaired systolic function or important atrial or ventricular 
tachyarrhythmias on ambulatory monitoring or exercise testing (or with a history of 
syncope) should not participate in competitive sports, except for possibly low-inten-
sity class 1A sports, until further clinical information is available (Class III, Level 
of Evidence C) [21].

 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a predominantly 
autosomal dominant disorder of the myocardium characterized pathologically by 
fibrofatty replacement of the right ventricular myocardium which can lead to seg-
mental or diffuse wall thinning [21, 51]. Establishing the clinical diagnosis of 
ARVC can be challenging. General diagnostic criteria include a known family his-
tory of the disorder, left bundle-branch pattern ventricular arrhythmias, T-wave 
inversions in precordial leads V1–V3, epsilon waves, RV dilation or RV segmental 
wall motion abnormalities, RV aneurysm formation, and fatty deposition in the RV 
wall identified by CMR [21].

The 2010 revised criteria include the following components: global or regional 
RV dysfunction and structural alterations identified by echocardiography or CMR, 
tissue changes that include fibrofatty replacement as detected by endomyocardial 
biopsy, ECG depolarization or repolarization abnormalities, ventricular arrhyth-
mias, and family history [51]. Each of these components is composed of major and 
minor criteria and is summarized in Table 8.1 [52].

A definite diagnosis of ARVC is fulfilled with two major criteria, one major and 
two minor criteria, or four minor criteria from different categories. A borderline 
diagnosis of ARVC requires one major and one minor criteria or three minor criteria 
from different categories; a possible diagnosis of ARVC requires one major criteria 
or two minor criteria from different categories.

ARVC is characterized by a broad phenotypic spectrum, and some individuals 
may be genotype positive but phenotype negative. These individuals should be fol-
lowed serially over time as they may progress phenotypically [21]. There is some 
data to suggest that exercise increases the penetrance and arrhythmic risk in muta-
tion carriers of ARVC without overt phenotypic expression, thus raising concern in 
these individuals regarding participation, not only in competitive sports but also in 
moderate to extreme recreational physical activity [53]. A 2015 study by Ruwald 
et al. showed that competitive athletics were associated with a twofold increased 
risk of ventricular arrhythmias/death and earlier presentation of symptoms when 
compared with recreational athletes or inactive subjects; however, this increased 
risk was not seen when recreational athletes were compared to inactive individu-
als [54].
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Table 8.1 2010 Task Force major and minor criteria for arrhythmogenic RV cardiomyopathy. 
Current 2010 TFC Diagnosis

Major Minor

I.  Global or regional 
dysfunction and 
structural alterations

By 2D echocardiogram:
  Regional RV akinesia, 

dyskinesia, or aneurysm and 1 
of the following (end-diastole):

    PLAX RVOT ≥32 mm 
(PLAX/BSA ≥19 mm/m2)

    PSAX RVOT ≥36 mm 
(PSAX/BSA ≥21 mm/m2)

   Or RFAC ≤33%

By 2D echocardiogram:
  Regional RV akinesia or 

dyskinesia, and 1 of the 
following (end-diastole):

    29≤PLAX RVOT <32 mm (16 
≤PLAX/BSA <19 mm/m2)

    32 ≤PSAX RVOT <36 mm 
(18 ≤PSAX/BSA <21 mm/m2)

   Or 33% <RFAC ≤40%
By MRI:
  Regional RV akinesia or 

dyskinesia or dyssynchronous 
RV contraction and 1 of the 
following:

    RV end-diastolic volume/
BSA ≥110 ml/m2 (male)

   Or ≥100 ml/m2 (female)
    Or RV ejection fraction 

≤40%

By MRI:
  Regional RV akinesia or 

dyskinesia or dyssynchronous 
RV contraction and 1 of the 
following (end-diastole):

    100 ml/m2 ≤ RV end-diastolic 
volume/BSA M110 ml/m2 
(male) or 90 ml/m2 ≤ RV 
end-diastolic volume/

   BSA <100 ml/m2 (female)
    Or 40% < RV ejection fraction 

≤45%
By RV angiography:
  Regional RV akinesia, 

dyskinesia, or aneurysm
II.  Tissue 

characterization of 
wall

Residual myocytes <60% by 
morphometric analysis (or <50% 
if estimates), with fibrous 
replacement of the RV free wall 
myocardium in ≥1 sample, with 
or without fatty replacement of 
tissue on endomyocardial biopsy

Residual myocytes 60% to 75% by 
morphometric analysis (or 50% to 
65% if estimated), with fibrous 
replacement of the RV free wall 
myocardium in ≥1 sample, with or 
without fatty replacement of tissue 
on endomyocardial biopsy

III.  Repolarization 
abnormalities

Inverted T waves in right 
precordial leads (V1, V2, and V3) 
or beyond in individuals >14 years 
of age (in the absence of complete 
RBBB QRS ≥120 ms)

Inverted T waves in leads V1 and V2 
in individuals >14 years of age (in 
the absence of complete RBBB) 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 RBBB
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 Distinction Between Pathology and RV Adaptation in Athletes

Despite rigorous data, as represented by D’Ascenzi et al. [55], there are no clear 
criteria to distinguish morphologic changes seen in ARVC from similar appearing 
RV remodeling that can occur in association with EICR. The extent of athletic RV 

Table 8.1 (continued)

Major Minor

IV.  Depolarization/
conduction 
abnormalities

Epsilon wave in the right 
precordial leads (V1 to V3)

Late potentials by SAECG in ≥1 of 
3 parameters in the absence of an 
ORS duration ≥110 ms on the 
standard ECG
  Filtered QRS duration ≥114 ms
  Duration of terminal QRS <40 
μV (low-amplitude signal 
duration) ≥38 ms

  Root mean square voltage of 
terminal 40 ms ≤20 μV

Terminal activation duration of 
QRS ≥55 ms measured from the 
nadir of the S-wave to the end of 
the QRS, including R’, in V1, V2, or 
V3, in the absence of complete 
RBBB

V.  Ventricular 
arrhythmias

Nonsustained or sustained VT of 
LBBB morphology with superior 
axis (negative or indeterminate 
QRS in leads, II, III, and aVF and 
positive in lead aVL)

Nonsustained or sustained RVOT 
VT of LBBB morphology with 
inferior axis (positive QRS in leads 
II, III, and aVF and negative in lead 
aVL) or with unknown axis
>500 ventricular extrasystoles 24 h 
(Holter)

VI. Family history ARVC/D confirmed in a 
first-degree relative with meets 
current TFC
ARVC/D confirmed 
pathologically at autopsy or 
surgery in a first-degree relative
Identification of a pathogenic 
mutation categorized as associated 
or probably associated with 
ARVC/D in the patient

History of ARVC/D in a first- 
degree relative in whom it is not 
possible or practical to determine 
whether the family member meets 
current TFC
Premature sudden death (<35 years 
of age) due to suspected ARVC/D 
in a first-degree relative
ARVC/D confirmed pathologically 
or by current TFC in a second- 
degree relative

Adapted with permission form Marcus et al. [4]
2D two-dimensional, ARVC/D arrhythmogenic right ventricular cardiomyopathy/dysplasia, ECG 
electrocardiography, BSA body surface area, LBBB left bundle branch block, MRI magnetic reso-
nance imaging, PLAX parasternal long-axis view, PSAX parasternal short-axis view, RBBB right 
bundle branch block, RFAC right fractional area change, RV right ventricular, RVOT right ventricu-
lar outflow tract, SAECG signal-averaged electrocardiography, TFC task force criteria, VT ven-
tricular tachycardia
Reprinted with permission from Gandjbakhch et al. [51], Elsevier
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remodeling correlates with the type of exercise: endurance athletics (swimming, 
running) are often characterized by RV elongation and dilation, while isometric 
athletics (weight lifting, rowing) cause little change in RV structure [56, 57]. The 
underlying mechanisms are not entirely understood, but sustained increased cardiac 
output during high-intensity aerobic exercise expands end-diastolic RV volume 
[56]. The RV, when compared with the LV, is a non-compacted structure with more 
compliance, thus making its shape more sensitive to loading conditions [57]. RV 
enlargement is more common in trained athletes than in the general population [58]; 
thus RV size criterion alone cannot be a reliable distinguishing factor between elite 
athletes and ARVC [56]. In addition, a proportion of elite endurance athletes will 
additionally manifest a rounded RV apex and have prominent RV trabeculations and 
moderator bands [52], findings that may also be present in individuals with ARVC. A 
high false-positive rate for diagnosing ARVC in athletes can be expected given this 
overlap in RV structure and dimensions. However, because ARVC is associated 
with RV akinesia, dyskinesia, or aneurysm formation, the combination of RV dila-
tion and these abnormalities can be useful in characterizing ARVC [56].

 Guidelines for ARVC

The 2015 AHA/ACC Scientific Statement on Eligibility and Disqualification 
Recommendations for Competitive Athletes with Cardiovascular Abnormalities 
Task Force 3 recommended that athletes with a definite, borderline, or possible 
diagnosis of ARVC not participate in most competitive sports, with the possible 
exception of low-intensity class 1A sports (Class III, Level of Evidence C). 
Prophylactic ICD placement in athlete-patients with ARVC for the sole or primary 
purpose of permitting participation in high-intensity sports is not recommended 
because of the possibility of device-related complications (Class III, Level of 
Evidence C) [21].

 Infiltrative Cardiomyopathies

There is a paucity of data on infiltrative cardiomyopathies in relation to athletes. 
The clinical principles guiding the care of athletes with other forms of cardiomy-
opathy should be applied to this cohort of patients until further data is generated. It 
stands to reason that athletes are at higher risk of sports-related cardiac complica-
tions if they have symptoms consistent with congestive heart failure, a reduced 
LVEF, documented arrhythmias, or other comorbidities.

It is important for medical personnel caring for athletes to be familiar with pub-
lished reference literature describing the upper limits of cardiac dimensions associ-
ated with EICR, detailed in this chapter and throughout this book. If athletes fall 
into the gray area by traditional measurements, or if clinical concerns are present, 
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additional imaging should be considered. With respect to infiltrative cardiomyopa-
thies, CMR can be especially useful to distinguish athletic hypertrophy from an 
infiltrative process. The degree of left ventricular infiltration influences the risk for 
catecholamine-induced (exercise-triggered) arrhythmias.

 Guidelines for Infiltrative Cardiomyopathies

The 2015 AHA/ACC Scientific Statement on Eligibility and Disqualification 
Recommendations for Competitive Athletes with Cardiovascular Abnormalities 
Task Force 3 recommended that symptomatic athletes with infiltrative cardiomy-
opathies should not participate in most competitive sports, with the possible excep-
tion of low intensity (class 1A sports) in selected cases, at least until more 
information is available (Class III, Level of Evidence C) [21].

 Conclusion

This chapter has reviewed the basic physiologic principles of exercise-induced car-
diac remodeling and described how these expected and adaptive athletic changes 
can overlap (gray zone) with features of several forms of cardiomyopathy including 
dilated cardiomyopathy, left ventricular non-compaction, arrhythmogenic right 
ventricular cardiomyopathy, and infiltrative cardiomyopathy. Clinical approaches, 
and uses of cardiac imaging tests and procedures, have been presented to help aid in 
the recognition of athletes who may unknowingly harbor these cardiomyopathies 
and be at risk for exercise-triggered cardiac emergencies. Similarly, the information 
provided in this chapter will hopefully assist to lessen unnecessary disqualifications 
and delays in return to play for athletes found to have cardiac changes consistent 
with EICR alone, without the clinical or imaging factors that raise concern for the 
presence of cardiomyopathy. Finally, the current expert recommendations to guide 
the care of athletes with these cardiomyopathies have been summarized, though it 
must be reiterated that limited prospective data keeps the majority of current recom-
mendations as consensus recommendations only.
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Chapter 9
Inflammatory Cardiac Disorders 
in the Athlete

Kenneth G. Zahka, Nishant P. Shah, and Kara Denby

 Introduction

Inflammatory disorders of the heart are associated with significant morbidity and 
mortality. Inflammation can affect both the outer protective layer of the heart (peri-
cardium) and the actual muscular layers of the heart (myocardium). Inflammation 
of these layers result in conditions known as pericarditis and myocarditis, respec-
tively. In addition, there can also be overlap or extension of inflammation in disor-
ders known as perimyocarditis or myopericarditis. Myopericarditis is predominately 
a pericardial inflammatory disorder that fulfills pericarditis diagnostic criteria but 
also has concurrent myocardial involvement [1]. Conversely, perimyocarditis is pri-
marily a myocardial inflammatory disorder with concurrent pericardial involvement 
[1]. Regardless of the type, inflammatory disorders of the heart can lead to severe 
complications such as severe chest pain, pericardial effusion, cardiac tamponade, 
congestive heart failure, cardiogenic shock, electrical instability, or sudden cardiac 
death (SCD). Therefore, early detection of signs and symptoms of these disorders is 
critical for timely treatment and monitoring.

Physical activity restriction is recommended for inflammatory cardiac disorders 
to promote recovery. However, restriction of activity can be distressing to the athlete 
or to those for whom competitive sport is a major part of their lives. Currently, both 
the American Heart Association (AHA) and European Association of Preventive 
Cardiology (EAPC) guidelines recommend activity restriction in athletes diagnosed 
with inflammatory disorders of the heart until there is evidence of resolution of 
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inflammation [2, 3]. While the evidence for this recommendation is more estab-
lished in cases of myocarditis, the data for pericarditis is limited and based on expert 
consensus. In this chapter we will review the etiologies and clinical symptoms, cur-
rent sport participation guidelines and the evidence behind the guidelines for both 
myocarditis and pericarditis.

 Myocarditis

Myocarditis is a nonischemic inflammatory disease of the myocardium that can 
result in heart failure and arrhythmias [4]. Myocarditis with preserved ejection frac-
tion is also well described. The etiologies of myocarditis fall broadly into three 
categories: infectious, toxic, and autoimmune. Viral myocarditis is the most com-
mon etiology in the developed world and the most studied. However, in the context 
of young athletes, toxins such as amphetamines and cocaine should be inquired 
about during medical history intake [5]. The pathophysiology of myocarditis is 
mediated primarily through myocardial inflammatory infiltrates and necrosis [4].

The diagnostic evaluation of myocarditis typically begins with a clinical history 
and physical exam. The clinical presentation of myocarditis can be highly variable 
as patients can present with chest pain, exertional dyspnea, and fatigue or overtly 
decompensated heart failure, cardiogenic shock, or electrical instability [6–8]. The 
initial electrocardiogram (ECG) can be variable with ST segment deviations, ecto-
pic beats, conduction abnormalities, sustained arrhythmias, or QRS low voltages. 
Transthoracic echocardiography (TTE) may show global left ventricular dysfunc-
tion; however, localized wall motion abnormalities with pericardial effusions are 
also common, as well as evidence of dilated cardiomyopathy (DCM). The gold 
standard to establish a diagnosis of myocarditis is an endomyocardial biopsy; how-
ever, this test is limited by inherent risk and low sensitivity if the inflammation has 
a patchy distribution [8]. The diagnosis is more commonly based on the clinical 
history, elevation in cardiac enzymes, and a nonischemic pattern of late gadolinium 
enhancement (LGE) on cardiac magnetic resonance imaging (CMR). Often DCM 
can form in later phases of the disease and can take up to 6–12 weeks to resolve. 
CMR can also often confirm a diagnosis of perimyocarditis or myopericarditis [1]. 
Therefore, taking both clinical and diagnostic information into consideration, there 
is expert consensus that the diagnosis of probable myocarditis can be made by the 
following [2]:

 1. A clinical syndrome that includes acute heart failure, angina-type chest pain 
(often preceded by a viral prodrome), or myopericarditis of <3 months duration.

 2. An otherwise unexplained elevation in serum troponin with associated findings 
that can include:

• Electrocardiographic features of cardiac ischemia
• Otherwise unexplained high-degree atrioventricular (AV) block or arrhythmias
• Ventricular wall motion abnormalities
• Pericardial effusion on echocardiography or CMR imaging
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 3. Additional CMR findings that suggest myocarditis in the acute clinical setting 
include characteristic alterations in tissue signal on T2- or T1-weighted images 
and the presence of LGE.

Once diagnosed with myocarditis, treatment depends on the underlying etiology 
and whether or not there is left ventricular (LV) dysfunction [4]. For instance, in rare 
types of viral etiologies such as giant cell myocarditis or eosinophilic myocarditis, 
corticosteroids or other immunosuppressants (e.g., intravenous immunoglobulin) 
are important for treatment [7]. For cases that occur as a result of an underlying 
systemic disorder such as systematic lupus erythematosus, treatment of the underly-
ing cause can aid in myocardial recovery [4]. If there is LV dysfunction with an 
ejection fraction <40%, then guideline-directed medical therapy (GDMT) for heart 
failure is also recommended [4]. GDMT includes angiotensin-converting enzyme 
inhibitors or angiotensin II receptor blockers, beta-blockers, or mineralocorticoid 
receptor antagonists. In cases of severe myocarditis, also known as fulminant myo-
carditis, that results in acute heart failure, cardiogenic shock, or malignant arrhyth-
mias, inotropes or cardiac mechanical circulatory support measures may be needed 
for support during the acute phase of illness [8].

It is also important for clinicians to be familiar with the current guidelines regard-
ing participation in competitive sports with respect to myocarditis [9] as physical 
activity has been linked to SCD [10]. It remains unclear whether or not physical 
activity is also primarily responsible for recurrence. Activity restriction also per-
tains to patients with perimyocarditis and myopericarditis due to the risk for SCD 
[11]. Serial follow-up and imaging (especially if low ejection fraction) is often 
needed for evaluation of recovery. The frequency of follow-up should be deter-
mined on an individualized basis.

 Current Guideline Recommendations for Athletes 
with Myocarditis

 American Heart Association (AHA)/American College of Cardiology 
(ACC) Guidelines

The most recent eligibility and disqualification task force recommendations for 
competitive athletes recommend that any athlete with probable or definite myocardi-
tis should not participate in competitive sports during a time of active inflammation 
independent of age, gender, or LV function (Class III, level of evidence (LOE) C) 
[2]. Before returning to competitive sport, individuals with myocarditis should have 
a resting echocardiogram, 24-hour Holter monitor, and exercise ECG stress test no 
earlier than 3–6 months after the initial illness (Class I, LOE C) [2]. It is reasonable 
for athletes to resume sport if the following criteria are met (Class IIa, LOE C) [2]:

 (a) Ventricular systolic function has normalized.
 (b) Serum markers of inflammation, injury, or heart failure have normalized.
 (c) Clinically relevant arrhythmias are absent on Holter monitoring or graded exer-

cise ECG.
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 European Association of Preventive Cardiology (EAPC) Guidelines

Guidelines from the EAPC recommend that athletes with myocarditis restrict vigor-
ous exercise and competition for 3–6 months to allow adequate time to heal (Class 
IIb, LOE C) [3]. The extent of time depends on the clinical severity of disease 
including duration of illness, extent of LV dysfunction, or extent of LGE on 
CMR. Athletes with a previous history of myocarditis should have periodic reas-
sessment for silent progression of disease within the first 2 years (Class IIa, LOE C) 
[3]. Similar to the AHA/ACC guidelines, return to sport may be reasonable if LV 
function has normalized, biomarkers for injury have normalized, and there is no 
clinically relevant arrhythmias on exercise ECG or Holter monitoring (Class IIa, 
LOE C) [3]. Additionally, if there is evidence of LGE on CMR in an otherwise 
asymptomatic athlete, then annual clinical surveillance is warranted.

The American and European guidelines are summarized and compared in Table 9.1.

Table 9.1 Comparison of the American Heart Association/American College of Cardiology 
(AHA/ACC) and European Association of Preventive Cardiology (EAPC) guidelines for sport 
participation in athletes with myocarditis

Activity restriction Reassessment testing
Criteria for return to 
play

AHA/ACC 
guidelines

Athletes with probable or 
definite myocarditis should not 
participate in competitive sports 
while inflammation is present 
independent of age, gender, and 
LV function

Echocardiogram, 24-hour 
Holter monitoring, 
exercise ECG stress test
Testing should be 
performed at least 
3–6 months after initial 
illness

LV systolic function 
has returned to 
normal range
Serum markers of 
myocardial injury, 
inflammation, and 
heart failure have 
normalized
Clinically relevant 
arrhythmias absent 
on exercise ECG 
and Holter 
monitoring

Class III, LOE C Class I, LOE C Class IIa, LOE C
EAPC 
guidelines

Athletes with myocarditis 
should be restricted from 
exercise programs for 
3–6 months according to the 
clinical severity and duration of 
the illness, LV function at onset, 
and extent of inflammation on 
CMR

Echocardiogram, 24-hour 
Holter monitoring, 
exercise ECG stress test
If LGE is present on CMR 
but no arrhythmias are 
present, it is reasonable 
for athletes to resume a 
training program
Annual surveillance is 
recommended while LGE 
is present

LV systolic function 
has returned to 
normal range
Serum biomarkers 
of myocardial injury 
have normalized
Clinically relevant 
arrhythmias are 
absent on exercise 
ECG and Holter 
monitoring

Class IIa, LOE C Class III, LOE C Class IIa, LOE C

Adapted from Maron et al. [2] and Pelliccia et al. [3]
CMR cardiac magnetic resonance imaging, ECG electrocardiogram, LOE level of evidence, LGE 
late gadolinium enhancement, LV left ventricle
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 Evidence for the Guidelines

Myocarditis is responsible for up to 5–22% of cases of SCD [12–22]. Many cases 
of SCD associated with myocarditis also appear to be in the context of exercise 
based on early autopsy data [14, 17–23]. In an early retrospective study evaluating 
Swedish orienteers who experienced SCD, of the 15 men and 1 woman studied, 
myocarditis was the most common histopathological diagnosis after autopsy. Most 
of the cases of myocarditis were associated with exercise [19]. Another analysis 
looked at autopsy data of 126 military recruits who experienced non-traumatic sud-
den death. A total of 108 deaths were related to exercise, and 64 deaths were due to 
cardiac causes of which myocarditis made up 20% [20]. In another 10-year obser-
vational study of 162 subjects under 40 years of age who experienced SCD, myo-
carditis was discovered on autopsy in 22% of cases, and 23% of cases of SCD were 
associated with exercise [21]. Thus, even though these early analyses were small 
and observational, an association with SCD was established in cases of myocarditis. 
This risk of SCD was further increased with exercise, especially in younger patients, 
which is of particular concern to athletes where training and competitive sport is a 
significant component of their life.

 Pathologic Mechanism of Myocarditis

The natural history of myocarditis is hypothesized to begin with an acute phase trig-
gered by a stimulus (i.e., viral replication), followed by a subacute immune response 
phase, and finally a chronic phase. The chronic phase can range from complete 
recovery to mechanical failure of the heart. It is unclear whether most SCDs in ath-
letes occur in the early (acute and subacute) or late (chronic) phases in the dis-
ease course.

Based on early animal models, the mechanism of increased SCD with exercise in 
the early phases of disease is felt to result from an accelerated and progressive 
inflammatory response leading to an unstable myocardial substrate [24–27]. Many 
of these early studies focused on viral etiologies of myocarditis, but they provided 
insight into how exercise can affect the immune system [11, 28–30]. Excessive 
physical exertion results in a period of immune suppression mediated by T lympho-
cytes, interleukins, and the natural killer cell system [29]. This period can predis-
pose the patient to upper respiratory infections and also allow an already infected 
myocardium to be more susceptible during a time when a virus can replicate at rapid 
rates [24, 27].

This immunosupressant phase is followed by a surge of inflammation, which can 
be enhanced given the extent of the myocardium already affected by the earlier 
phase. This surge allows for necrosis, fibrosis, and subsequently a pro-arrhythmic 
myocardium, thus increasing the risk of SCD. Even in models that studied noninfec-
tious myocarditis, exercise was associated with a pronounced inflammatory response 
that led to structural changes in the heart [28]. Moreover, an exaggerated inflamma-
tory response leads to increased catabolism and degradation of the myocardium and 

9 Inflammatory Cardiac Disorders in the Athlete



134

skeletal muscle due to high demand for energy sources. This response can delay 
recovery due to deconditioning, as well as lead to poor athletic performance predis-
posing an athlete to injury [30].

Many of the persistent structural changes of the heart occur in the chronic phase 
of the disease. Whereas edema from myocardial inflammation is a predominant 
source of cardiac dysfunction in the earlier phases, myocardial fibrosis, or scar, is 
the predominant cause of dysfunction in the later phase. Scar can also serve as a 
stimulus for arrhythmias and increase the risk of SCD. CMR can be used to deter-
mine the extent of scar by evaluating the presence of LGE (Fig. 9.1). However, it is 
currently unclear if the presence of LGE should disqualify an otherwise asymptom-
atic athlete without evidence of active inflammation from competitive sports. As 
noted earlier, EAPC guidelines recommend close surveillance if there is evident 
LGE [3].

The role of follow-up CMR to evaluate for resolution of LGE remains unre-
solved and controversial. In human observational studies of SCD related to myocar-
ditis, many subjects did not report symptoms, but were later discovered to have 
myocarditis on autopsy. This raises the question of the significance of residual scar 
formation after an episode of myocarditis. The literature is limited in this area, but 
available data suggests a possible prognostic role for residual scar. In one study, 35 
athletes with ventricular arrhythmias and LGE on CMR were compared to athletes 
with ventricular arrhythmias without LGE and healthy control athletes. Of the ath-
letes with LGE, 77% had a LGE predominance in a stria pattern on the lateral wall 
compared to healthy controls (p  <  0.001) [31]. Subsequently, at 38-month 

Fig. 9.1 Late gadolinium enhancement observed with cardiac magnetic resonance imaging. Blue 
arrows demonstrate enhancement in a mid-myocardial distribution, consistent with myocarditis
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follow- up, six athletes with a stria pattern had malignant arrhythmic events includ-
ing a shock from an implantable defibrillator, sustained ventricular tachycardia, or 
sudden death [30]. Additionally, five of the six athletes had events that occurred 
during exercise. In another smaller study that followed seven athletes with lateral 
wall LGE over 3 years, six of the seven athletes were prohibited from participating 
in competitive sports due to either ventricular arrhythmias or progressive LV dys-
function [32]. Larger studies have also supported the prognostic role of LGE. These 
studies included all patients with myocarditis and were not specific to athletes. In a 
study of 670 patients with myocarditis, the presence of LGE was significantly asso-
ciated with major adverse cardiac events (MACE) in a multivariate model (HR, 
2.22; p < 0.001) [33]. This finding was replicated in a second study of 374 patients 
with acute myocarditis and preserved ejection fraction where the authors also dem-
onstrated that the presence of LGE was an independent predictor of MACE (OR 
2.73; p = 0.01) [34].

 Pericarditis

Acute pericarditis is the most common pericardial disease with a reported incidence 
of about 27.7 cases per 100,000 individuals per year [35]. Acute pericarditis 
accounts for 0.1% of hospital admissions and 5% of emergency department visits 
for chest pain [35–37]. Unfortunately, recurrences of pericarditis can affect up to 
about 30% of patients within 18 months after the initial diagnosis and can be associ-
ated with significant morbidity [38, 39].

Etiologies of pericarditis largely fall into three categories: idiopathic, infectious, 
and noninfectious. In the developed world, the most common etiologies are idio-
pathic and viral [40], whereas in the developing world, tuberculosis is the leading 
cause [41]. The diagnosis of pericarditis is based on a constellation of clinical symp-
toms, physical exam findings, ECG changes, laboratory abnormalities, and imaging 
findings. Typically, there is a history of characteristic chest pain that is worse with 
inspiration and supine positioning, diffuse concave ST segment elevation and PR 
deviation on ECG (Fig. 9.2), and a pericardial friction rub with or without a pericar-
dial effusion [37, 42].

Presentations of pericarditis include acute, incessant, chronic, and recurrent peri-
carditis. The incessant form is defined by symptoms lasting for approximately 
4–6 weeks but less than 3 months without remission. The chronic form is defined by 
symptoms that exceed 3 months. Finally, the recurrent form of pericarditis is defined 
by a recurrence of symptoms after the first episode of pericarditis and a symptom- 
free interval of 4–6 weeks or longer [43].

The medical treatment of pericarditis consists of anti-inflammatory agents like 
nonsteroidal anti-inflammatory drugs and colchicine [44–46]. Treatment with ste-
roids and immune modulators is usually reserved for incessant, chronic, or recurrent 
cases. However, there are also non-pharmacologic measures, such as physical activ-
ity restriction, that can aid in recovery [3, 47]. As mentioned previously, activity 
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restriction can significantly impact the life of an athlete, but the evidence for activity 
restriction in pericarditis is limited [48, 49].

 Current Guideline Recommendations for Athletes 
with Pericarditis

 AHA/ACC Guidelines

Guidelines for athletes are primary based on expert consensus, as the data for physi-
cal activity restriction is limited. Currently, athletes in the acute phase of pericarditis 
should not participate in competitive sports and can return to full activity when there 
is complete absence of evidence of active disease (Class III, LOE C) [2]. This 
absence of disease includes resolution of pericardial effusion by echo or normaliza-
tion of serum inflammatory markers. If there is extension of inflammation into the 
myocardium, then recommendations for myocarditis must be followed. If an athlete 
has evidence of constrictive pericarditis, then he or she is disqualified from all com-
petitive sport activity (Class III, LOE C) [2].

 EAPC Guidelines

EAPC guidelines are similar to the AHA/ACC guidelines and recommend that ath-
letes in the acute phase of pericarditis should not participate in competitive sports 
until resolution of inflammation (Class III, LOE C) [3]. However, the EAPC 

Fig. 9.2 12-lead electrocardiogram in a patient with acute pericarditis. There are diffuse ST seg-
ment elevations (black arrows) and PR segment depressions (red arrows)
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guidelines suggest a time period of at least 1 (in mild cases) to 3 months to allow 
adequate healing. Resolution of inflammation includes normalization of biomarkers 
and LV function and no resting or exercise-induced ventricular arrhythmias (Class 
IIa, LOE C) [3]. Athletes with concomitant myocarditis should follow recommen-
dations for myocarditis (Class IIa, LOE C) [3].

A summary and comparison of the AHA/ACC and EAPC guidelines can be 
found in Table 9.2.

 Evidence for the Guidelines

The literature is limited regarding the role of exercise in pericarditis. Guideline rec-
ommendations are largely based on expert consensus or basic science studies looking 
at regulation of inflammatory cascades from cases of myocarditis [2, 3, 30, 47, 50].

The rationale for avoiding physical activity in pericarditis is to promote enhanced 
healing and reduce the risk of complications (progression to myocarditis, worsening 
pericardial effusion, cardiac tamponade, constrictive pericarditis) or recurrent/refrac-
tory symptoms. Several pathophysiologic mechanisms have been hypothesized on 

Table 9.2 Comparison of the American Heart Association/American College of Cardiology 
(AHA/ACC) and European Association of Preventive Cardiology (EAPC) guidelines for sport 
participation in athletes with pericarditis

Activity restriction Reassessment testing
Criteria for return to 
play

ACC/AHA 
guidelines

Athletes with pericarditis, 
regardless of etiology, should not 
participate in competitive sports 
during the acute phase
If myocardial involvement is 
present, guidelines for 
myocarditis should be followed
Constrictive disease disqualifies 
from all athletes from competitive 
sports

Echocardiography to 
assess for effusion
Inflammatory markers

Complete absence of 
evidence for active 
disease
Normalized 
inflammatory 
markers
Resolution of 
pericardial effusion

Class III, LOE C Class III, LOE C
EAPC 
guidelines

Athletes with pericarditis should 
not participate in competitive 
sports during the acute phase
Athletes should abstain from 
exercise for at least 3 months 
after resolution of acute illness
A 1-month period of exercise can 
be considered in mild cases
If myocardial involvement is 
present, use guidelines for 
myocarditis

Echocardiography to 
assess LV function
Inflammatory markers
Exercise ECG stress 
test
24-hour Holter 
monitoring

Complete resolution 
of active disease
Normalized LV 
function
Normal inflammatory 
markers
No arrhythmias on 
exercise ECG stress 
test or Holter

Class IIa, LOE C Class IIa, LOE C Class IIa, LOE C

Adapted from Maron et al. [2] and Pelliccia et al. [3]
ECG electrocardiogram, LOE level of evidence, LV left ventricle
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how progression occurs (Fig. 9.3). The predominant theory to explain the develop-
ment of complications associated with pericarditis is that a combination of immune 
mediation and mechanical and genetic factors are responsible, though these hypoth-
eses are based on small animal and autopsy studies of myocarditis [10, 30, 50]. As 
noted with myocarditis, the period of immunosuppression after physical exertion can 
predispose the pericardium to infection or injury, which is then amplified by a subse-
quent surge of inflammation [10, 30, 51, 52]. Mouse models of myocarditis have 
shown that continued physical activity can further exaggerate this inflammatory 
response [24, 25, 53, 54]. Perhaps, the same is true for pericarditis.

It is also possible that exercise can further increase the inflammatory response 
through shear stress from increased friction between the two inflamed surfaces of 
the pericardium at higher heart rates. Oxidative stress from free radicals, due to 
increased blood flow related to both inflammation and exercise, may play a role as 
well. Lastly, genetic variations in the immune system may contribute, predisposing 
individuals to worsening inflammation from environmental triggers such as exercise 
[55]. Again, it is important to note that these mechanisms have not been extensively 
studied and further investigation is warranted.

 Return to Play

Despite guideline recommendations to wait until resolution of inflammation prior to 
returning to play, the literature addressing the optimal time to return to sport or 
physical activity is limited. It is uncertain if one should gradually increase the 

Fig. 9.3 Proposed theories for how exercise can be potentially harmful in cases of pericarditis. 
Mechanisms are postulated to be either immune-mediated, mechanical, or genetic. However, evi-
dence is limited
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intensity of the physical activity (low to moderate to high) or resume high-intensity 
activity right away after a period of physical restriction. One way to answer this 
question is to monitor the extent of LGE after other markers of active inflammation 
have resolved. In a retrospective analysis of 159 patients with recurrent pericarditis, 
quantitative assessment of pericardial LGE by CMR was associated with clinical 
outcomes and provided incremental prognostic value over baseline clinical and 
laboratory values [56]. Perhaps the quantitative assessment of pericardial LGE 
could guide return to activity. However, more research in this area is needed. 
Another area of investigation is the role of heart rate (HR) in the disease process. In 
a retrospective analysis of 73 patients with acute pericarditis, HR served as a prog-
nostic marker and correlated with recurrence [57]. Further investigation is war-
ranted to see if lower-average HR results in better outcomes in cases of pericarditis, 
especially in the era of mobile technologies and health applications that can monitor 
vitals continuously.

 Conclusion

Inflammatory disorders of the heart such as myocarditis and pericarditis are associ-
ated with significant morbidity and mortality. In addition to medical treatment, exer-
cise restriction is vital for healing and prevention of complications such as 
SCD. Both the AHA/ACC and EAPC sport participation guidelines for athletes are 
in agreement with physical activity restriction until there is evidence of resolution 
of inflammation. However, there are many unanswered questions regarding the role 
of CMR and LGE in later phases of myocarditis and the pathogenic mechanisms of 
exercise in pericarditis. Future research is warranted in these areas to help clinicians 
best manage athletes with inflammatory diseases of the heart.
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Chapter 10
Atrial Fibrillation

Kyle Mandsager and Dermot M. Phelan

 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting between 
2.7 and 6.1 million American adults and 8% of those over the age of 80. Risk factors 
for AF are well established and include advancing age as well as typical cardiac risk 
factors such as hypertension, obesity, diabetes, and obstructive sleep apnea. The 
relationship between exercise and AF is complex; regular exercise reduces the risk 
of AF compared to sedentary controls; however over the past several decades, AF 
has been increasingly recognized in highly trained athletes who otherwise lack tra-
ditional AF risk factors. Hypothesized mechanisms relate to changes in cardiac 
structure and autonomic function in response to chronic exposure to high-intensity 
exercise. This chapter will review the epidemiologic data and potential mechanisms 
underlying this clinical phenomenon, as well as focus on the unique aspects of man-
aging atrial fibrillation in athletes.
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 Epidemiology

One of the earliest published reports of AF in athletes was from a study of veteran 
Finnish orienteers [1]. In a 10-year follow-up of 262 orienteers, 5.3% had been 
diagnosed with AF compared to 0.9% of controls (p = 0.0012). The age-specific 
prevalence of lone AF in this cohort was 4.2% for those aged 46–54 years, 5.6% for 
those aged 55–62 years, and 6.6% for those aged 63–70 years, compared to the 
general population prevalence of 0.5%, 1%, and 4% in the same respective age 
groups [2]. The increased prevalence of AF was present despite significantly lower 
mortality and fewer AF risk factors in the orienteers.

Similar findings have been subsequently published from a variety of highly 
trained athletic cohorts, including cyclists [3], runners [4], swimmers [5], and cross- 
country skiers [6–8]. While some studies of exercise habits and AF in the general 
population have been less conclusive [9, 10], overall there is compelling evidence 
that chronic, vigorous exercise increases the risk of developing AF. More recent 
evidence in support of this association includes large prospective cohort studies and 
several meta-analyses. In a large Scandinavian cohort of more than 20,000 adults 
followed for 20 years, the association between AF and exercise followed a J-shaped 
curve (Fig. 10.1a), in which the risk of those participating in “vigorous” exercise 
exceeded that of the sedentary group [11].
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Fig. 10.1 Association between AF and physical activity in the Tromsø study (a) overall and (b) 
separated by gender, showing similar J-shaped relationship for males and females. (Reprinted with 
permission from Morseth et  al. [11], Oxford University Press). (c) Gender-specific findings 
reported by Mohanty et al. [12], with divergent AF risk for men and women performing vigorous 
exercise. (Reprinted with permission from Mohanty et al. [12], John Wiley and Sons)
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The true prevalence of AF in athletes is difficult to define but ranges from 0.8% 
to 26.5% in published studies (Table 10.1). This wide range is likely due to different 
cohort compositions, which differ by sport, age, gender, as well as definitions of 
“athletes” and/or quantification of exercise exposure. Larger studies and meta- 
analyses have found adjusted hazard ratios for AF between 1.4 and 5.3 for athletes 
compared to sedentary controls.

Whether gender plays a role in the risk of AF in athletes remains unclear, largely 
because few women were included in many of the initial cohort studies. Available 
studies of female athletes have offered discrepant findings than reported in male 
athletes. A recent meta-analysis by Mohanty et al. [12], which included several large 
population-based studies of physical activity in women, concluded that AF risk was 
lower in women who participated in exercise versus reference sedentary adults and 
lowest for women participating in vigorous exercise. Findings in men, in contrast, 
demonstrated the characteristic J-shaped relationship with increasing physical 
activity (Fig. 10.1c). Similar results were reported by Everett et al. [13], who showed 
progressive reduction in AF risk with increasing self-reported physical activity in a 
large cohort of nearly 35,000 women. The divergence of exercise-associated AF risk 
by gender is in contrast to the previously referenced study by Morseth et al., which 
showed a similar J-shaped relationship in both male and female athletes (Fig. 10.1b). 
Potential gender-specific findings may reflect a host of physiologic and clinical fac-
tors. Male athletes have been found to have more profound left atrial remodeling, 

Table 10.1 Reported prevalence of atrial fibrillation (AF) among athlete cohorts

Study Year Cohort AF prevalence

Karjalainen et al. 
[1]

1998 Orienteers (n = 228), mean age 47.5 ± 7, male 
100%

5.30%

Baldesberger 
et al. [3]

2008 Former professional cyclists (n = 134), mean 
age 66 ± 6, male 100%

6%

Molina et al. [4] 2008 Marathon runners (n = 252), mean age 39 ± 9, 
male 100%

4.90%

Grimsmo et al. 
[7]

2010 Cross country skiers (n = 78), mean age 
69.5 ± 10.2, male 100%

12.80%

Andersen et al. 
[8]

2013 Cross country skiers (n = 52,755), mean age 
not reported, male 90%

13.20%

Myrstad et al. [6] 2014 Cross country skiers (n = 509), mean age 68.9 Moderate PA 13% 
High PA 17.6%

Myrstad et al. 
[18]

2014 Cross country skiers (n = 2366), age ≥53, 
male 100%

12.50%

Schreiner et al. 
[5]

2016 Master’s age competitive swimmers (n = 40), 
mean age 72.6 ± 4.9, male unreported

26.50%

Shapero et al. 
[48]

2016 Master’s athletes (n = 591), mean age 50 ± 9, 
male 66%

4%

Boraita et al. 
[49]

2018 Spanish athletes (n = 6813), mean age 22 ± 7, 
male 65.0%

0.80%

Aagaard et al. 
[15]

2019 Former NFL players (n = 460), mean age 
56 ± 12, male 100%

5%

PA physical activity
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higher resting and exertional systolic blood pressure, and more pronounced auto-
nomic changes compared to female athletes, all of which may, in part, explain 
gender- related differences in AF risk [14]. Additionally there are social and behav-
ioral factors, such as historical differences in sports participation, including specific 
differences in endurance sports participation, as well as gender-related training 
preferences which may lead to fewer female athletes exposing themselves to the 
cumulative training necessary to increase AF risk. These hypotheses remain specu-
lative, and further study is needed to better define the influence of gender on the risk 
of AF in athletes.

 Role of Training Intensity, Duration, and Sport

The increased prevalence of AF in athletes has largely been reported in those ath-
letes participating in endurance exercise (e.g., cycling, running, cross-country ski-
ing). The specific association with endurance exercise likely reflects the pronounced 
cardiovascular adaptations observed with prolonged endurance exercise exposure, 
many of which (e.g., left atrial enlargement, autonomic shifts, etc.) have been impli-
cated in the pathophysiology of exercise-related AF. There is limited data to support 
an increased risk of AF in non-endurance athletes, though an increase in AF has 
been recently reported in a cohort of retired NFL athletes [15]. The mechanism of 
AF in this strength-style sport cohort is less well-defined although studies in active 
American Style Football players have reported high rates of obstructive sleep apnea 
and maladaptive ventricular remodeling which may be contributory [16, 17].

The duration and intensity of exercise or athletic exposure at which the risk of 
AF begins to increase remain ill-defined but likely requires >10 years of habitual (at 
least 3 hours/week), vigorous exercise. In a longitudinal cohort study of >52,000 
cross-country skiers who participated in the Vasaloppet race in Sweden between 
1989 and 1998, the risk of AF was higher in athletes who competed in multiple 
years, as well as in those with faster finishing times, suggesting that the risk of AF 
is related both to training duration and intensity [8]. In a similar study of 2300 male 
cross-country skiers who participated in the Birkebeiner ski race in 1999, a graded 
increase in AF and atrial flutter risk with cumulative years of exercise was observed 
in the skiers compared with a matched non-athletic cohort [18]. The risk of AF was 
higher after >20 cumulative years of exercise, whereas the risk of atrial flutter was 
increased with >10 years of exercise. In a small case-control study of 51 consecu-
tive male patients with lone atrial fibrillation, >1500 lifetime hours of sport was 
found to be a threshold above which the risk of AF increased. A small, prospective 
study by Opondo et al. demonstrated that 10 months of high-intensity interval train-
ing in previously untrained adults were insufficient in producing the LA structural 
and electrical changes observed in masters athletes, suggesting that longer exposure 
to intense exercise is required to produce the cardiac adaptations implicated in AF 
development [19].
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 Pathophysiology

The mechanisms leading to the development in AF in athletes are thought to be 
related to cardiovascular adaptations to habitual, vigorous endurance exercise. 
These are broadly defined as structural changes of the left atrium (LA) and shifts in 
autonomic tone which lead to an arrhythmogenic LA substrate capable of triggering 
and maintaining AF (Fig. 10.2).

 Animal Models

AF susceptibility was increased in rats following sustained exposure to intense 
exercise [20]. Key findings which appeared to contribute to AF susceptibility 
included LA dilation and fibrosis, as well as an increase in parasympathetic tone. A 
similar study in mice largely confirmed these findings, additionally implicating 
inflammatory pathways and the role of TNF-α in exercise-related AF [21]. The 
unique controlled nature of these studies and comprehensive physiologic and histo-
logic assessment in these animals provides useful insight into the potential mecha-
nisms behind AF development in human athletes.

Atrial
fibrosis

Atrial
enlargement

Increased
vagal tone

Sympathetic
stimulation

Pulmonary vein
triggers

Genetic
susceptibility

Performance
enhancing
substances

Inflammation

High (Proven)

Intermediate (Possible)

Low (Speculative)

Atrial
fibrillation
endurance

athlete

Supporting evidence

Fig. 10.2 Proposed mechanisms contributing to the development in AF in athletes. (Reprinted 
with permission from Estes et al. [47], Elsevier)
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 Left Atrial Enlargement

LA enlargement is recognized as a predictor of AF in the general population and is 
also a physiologic cardiac structural adaptation to endurance exercise. The degree of 
LA enlargement is proportional to cumulative lifetime hours of endurance training 
and can be profound in elite endurance athletes [22, 23]. While LA enlargement is 
seen after several months of athletic training, and generally returns to normal values 
with detraining, in former elite and professional athletes with prolonged exposure to 
high-level endurance training, these adaptive features appear to persist despite years 
of relative detraining [24, 25]. Permanent structural adaptations of the LA in ath-
letes participating in years of intense endurance exercise may predispose to the 
development of AF. The clinical data to support this hypothesis is lacking, however. 
In a study by Pelliccia et al., there was no difference in AF development among 
athletes with or without LA enlargement, though the study was limited by the young 
age of the studied cohort (mean age at follow-up 33 ± 6 years) [26]. In a long-term 
echocardiographic follow-up study of the Birkebeiner cohort, LA size was associ-
ated with AF, though it is unclear if LA enlargement was a marker of exercise- 
related changes or simply a consequence of AF itself [7].

 Vagal Tone

Another well-recognized adaptation to endurance exercise is heightened parasym-
pathetic activity [27]. Cardioautonomic inputs have long been thought to contribute 
to both the initiation and maintenance of AF by affecting triggered activity in the 
pulmonary veins as well as altering the atrial refractory period [28, 29]. Cardiac 
ganglionic plexi are proposed extra-pulmonary vein targets for AF ablation, and 
vagal responses observed during AF ablation are associated with a reduction in 
arrhythmia recurrence [30]. The clinical syndrome of vagal-induced AF has been 
described, in which AF predominately occurs during periods of vagal stimulation 
(e.g., during sleep, after meals, or during post-exercise recovery), and has also been 
observed in athletes with AF [31]. Many of the electrocardiographic features of 
increased vagal tone, such as low heart rate and increased PR interval, have been 
associated with AF development in athletes [7].

 Myocardial Inflammation and Fibrosis

There is significant evidence that inflammation plays a role in the development and 
maintenance of AF [32]. Intense endurance exercise has been shown to result in 
elevated levels of inflammatory cytokines, including IL-6 and TNF-α [33, 34]. A 
local inflammatory response in LA myocardium may theoretically be driven by 
intense bouts of exercise in the setting of acute rises in LA pressure. Over time, with 
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repeated exposure and recurrent local myocardial inflammation, reactive atrial 
fibrosis and fibrotic atrial remodeling may lead to an arrhythmogenic substrate pre-
disposed to AF development. In a small study of 16 endurance athletes, LA fibrosis, 
as detected by late gadolinium enhancement on cardiac MRI, was greater in endur-
ance athletes compared to non-athlete controls [35]. Additionally, endurance exer-
cise appeared to be a stronger predictor of LA fibrosis than more traditional clinical 
risk factors, such as obesity or hypertension. In the general AF population, atrial 
fibrosis is strongly associated with AF initiation and AF progression [36, 37], though 
it remains unclear whether LA fibrosis is involved in the development of AF or is 
the result of AF-induced fibrotic remodeling. More recent evidence suggests that 
LA fibrosis may precede AF onset and is predictive of AF development [38]. 
Whether LA fibrosis is predictive of AF occurrence in athletes remains unknown.

 Other Factors

The acute effects of strenuous exercise may play a role in AF induction. Surges in 
sympathetic activity during exercise may trigger AF via autonomically responsive 
foci within the pulmonary veins or elsewhere within the atria. Electrolyte shifts, 
acid/base disturbances, and relative hypoxia, all of which may be encountered dur-
ing extreme exercise, may additionally enhance focal AF triggers and/or increase 
the general arrhythmogenicity of the atrial substrate.

The use of performance enhancing substances is another potential mechanism 
for AF development in athletes. The use and potential arrhythmogenic effect of 
these substances is difficult to study, and any potential impact on AF risk remains 
speculative at best. Stimulant use provides a more logical mechanism to AF induc-
tion via the acute promotion of AF triggers. Both over-the-counter and prescribed 
stimulants have been associated with AF, but there is no specific data regarding their 
use and AF in athletes.

It is also important to recognize the potential role of traditional AF risk factors. 
While athletes tend to be healthier and without significant medical comorbidities, 
they are not immune to the development of traditional cardiac conditions (e.g., 
hypertension, obstructive sleep apnea), particularly in retired or former athletes. 
Other clinical contributors to AF, such as hyperthyroidism and structural heart dis-
ease, should also be considered.

 Clinical Evaluation

All athletes with documented AF should undergo a basic clinical and cardiac evalu-
ation to rule out contributing metabolic disorders and structural heart disease. This 
evaluation should include thyroid function testing, a resting ECG, and an echocar-
diogram. A careful history should be taken to evaluate for contributing substance 
use, family history, and other identifiable AF triggers. Screening for traditional AF 
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risk factors as well as obstructive sleep apnea should be considered. Any concern 
for other cardiac pathologies should prompt further evaluation, which may include 
cardiac MRI and/or exercise stress testing. Coronary artery disease should be evalu-
ated in the older athlete and should be excluded prior to the initiation of antiarrhyth-
mic drug (AAD) therapy with 1C agents.

 Management

The management of an athlete with AF can be challenging, as many available thera-
pies may be undesirable, particularly in athletes who wish to continue to train and/or 
compete at a high level. Mainstay medical therapies, such as beta-blockers, are often 
poorly tolerated and may be prohibited in certain sports. Catheter ablation is often the 
most effective therapy, though it is an invasive procedure and carries some periproce-
dural risk. The appropriate treatment for an athlete with AF requires individualization 
of care, incorporation of athletic goals, and thoughtful discussion regarding the risks 
and benefits of different therapies, including their potential effects on athletic perfor-
mance. A general approach to AF management in the athletes is presented in Fig. 10.3.

Consider trial of reduction in training volume and/or intensity

No Symptomatic

Infrequent/Short/Paroxysmal Frequent/Long/Persistent

Failure

Failure

Failure

Rate control
• Beta-blockers
• Calcium channel blockers

Rhythm control

Catheter ablation

Amiodarone

AAD Therapy
• Flecainide
• Propafenone
 *with AV nodal blockade

Switch AAD
• Dronederone
• Sotalol
• Dofetilide
• Disopyramide

Fig. 10.3 Proposed management strategy for athletes with lone AF. AAD = antiarrhythmic drug
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 Ongoing Training and Competition

Rarely should AF alone require disqualification from competition. Current guide-
lines allow full sports participation for athletes with AF, so long as it is well toler-
ated and without associated hemodynamic compromise, rate-controlled, and 
self-terminating [39]. Athletes requiring anticoagulation should avoid sports that 
involve bodily collision. Given the implication that habitual exercise contributes to 
the development of AF, there is concern that ongoing exercise may further promote 
AF recurrence and/or decrease the success of other therapies. There are no prospec-
tive studies to guide clinicians in terms of exercise recommendations for athletes 
with AF, though observational data has suggested that detraining may be beneficial 
in some subsets of athletes [40, 41]. Depending on the goals of the individual ath-
lete, a trial of detraining or a reduction in training may be worthwhile. In many 
cases, a reduction in training is not an acceptable approach, and other treatment 
strategies are warranted.

 Medical Therapy

The initial decision regarding medical management of an athlete with AF is first 
deciding on a rate- or rhythm-control strategy. A rate-control strategy, typically 
using beta-blockers or calcium channel blockers, may be appropriate in athletes 
with infrequent AF episodes or in those with no or minimal symptoms. Unfortunately, 
rate-controlling medications are often poorly tolerated in athletes, owing to their 
resting bradycardia and the negative effect of these drugs on exercise capacity. The 
use of beta-blockers is also banned in certain sports.

For athletes with more frequent or prolonged AF episodes, AADs can be used to 
maintain sinus rhythm. The most commonly used AADs in athletes are 1C agents, 
such as flecainide and propafenone. These medications can be taken on a scheduled 
basis or as needed during AF episodes (the so-called “pill-in-the-pocket” approach). 
It is important to recognize that class 1C AADs can promote the organization of AF 
into atrial flutter with 1:1 conduction. This is a particular risk in athletes with robust 
AV nodal conduction and can be potentially life-threatening. These 1C drugs 
should always be given with an adequate dose of a beta-blocker or calcium channel 
blocker to reduce this risk. Alternative AAD options include sotalol, dofetilide, 
dronedarone, and amiodarone though the requirements for in-hospital drug loading 
(sotalol, dofetilide), inferior efficacy (dronedarone), or long-term side effect pro-
files (amiodarone) make them less desirable in younger athletes. Disopyramide is 
an additional option with specific efficacy in vagally mediated AF, though its anti-
cholinergic and negative inotropic effects limit disopyramide to a second- or third-
line option in athletes. While AADs are commonly used to treat AF in athletes, the 
potential pro- arrhythmic effect of these medications during intense exercise 
remains unknown.
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 Catheter Ablation

Catheter ablation, which principally involves the use of radiofrequency or cryoabla-
tion to isolate the pulmonary veins, has emerged as an effective therapy for patients 
with symptomatic AF. Current ACC/AHA guidelines support catheter ablation in 
athletes with AF, in part to obviate the need for long-term AAD therapy. Several 
small studies of AF ablation in athletes have demonstrated comparable efficacy to 
non-athletes [42, 43]. Overall, freedom from AF approaches 80–85% at 3 years fol-
lowing ablation, though approximately 20–40% of athletes require more than one 
procedure. Ablation is typically considered after failure of AAD therapy but can 
also be performed as first-line therapy in athletes who do not wish to take AADs. 
The consideration for early or first-line ablation is supported by observational data 
that early ablation, within 2 years of diagnosis, is associated with significantly lower 
AF recurrence in athletes [44]. The comparative efficacy of first-line ablation versus 
AAD therapy has not been studied in athletes, but has been shown to be superior in 
the general AF population [45].

The effect of catheter ablation on athletic performance is unknown. Theoretically, 
electrical isolation of the pulmonary veins and ablative scarring of the LA may dis-
rupt the normal mechanical function of the LA and pulmonary veins, leading to a 
reduction in cardiorespiratory fitness. Catheter ablation can also affect cardioauto-
nomic inputs, resulting in an increase in resting heart rate, with unknown impact on 
exercise capacity. The effect of AF ablation on athletic performance has only been 
studied in a small group of elite Italian athletes, all of which had severe AF-related 
symptoms precluding training and competition [46]. In this cohort, there was a sig-
nificant improvement in maximal exercise capacity following ablation. In our own 
experience, athletes with AF often limit the frequency and intensity of training due 
to AF-related symptoms and/or the fear of exercise-induced AF episodes. Following 
successful ablation, the performance benefit from resumption of pre-AF training 
frequency and intensity likely far surpasses any potentially negative performance 
impact from ablation. However, further study is necessary to better understand the 
physiologic effects of AF ablation in athletes.

 Anticoagulation

The risk of stroke and the indication for initiation of anticoagulation should be con-
sidered in any patient with AF. For most athletes, the underlying stroke risk is low 
and anticoagulation is not necessary, but athletes should be managed, as in non- 
athletes, based on their CHA2DS2VASc score. In athletes with risk factors for stroke, 
and in whom anticoagulation is initiated, continued sports participation and training 
should be limited to those with a low risk of impact and/or bodily injury. If contin-
ued sports participation is desired, the implantation of a left atrial appendage occlu-
sion device, such as the WATCHMAN device (Boston Scientific; Natick, MA), 
could be considered, though this has not been studied in athletes.
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 Conclusion

AF in athletes is well-described, with an incidence that is approximately five times 
greater than in non-athletes, particularly among male endurance athletes. 
Cardiovascular and autonomic adaptations to habitual, vigorous exercise are thought 
to underlie this unique clinical risk. The treatment of AF in athletes can be challeng-
ing, but treatment options include consideration of detraining or reduction in train-
ing intensity and/or volume, rate-controlling agents, antiarrhythmic drug therapy, 
and catheter ablation. Anticoagulation is typically not indicated in the absence of 
additional established risk factors for stroke. In athletes with frequent, symptomatic 
AF, early catheter ablation should be considered and may obviate the need for long- 
term antiarrhythmic drug therapy.
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Chapter 11
Sports Participation in Patients 
with Congenital Long QT Syndrome

Salima Bhimani, Jared Klein, and Peter F. Aziz

 Introduction

Congenital long QT syndrome (LQTS) is an inherited ion channelopathy that can 
manifest as syncope, seizures, and most importantly sudden cardiac death in the 
absence of morphologic heart disease [1]. It is the most common cardiac channelo-
pathy and is characterized by prolongation of the corrected QT interval (QTc) on 
electrocardiogram (ECG) [2]. It has an estimated prevalence of 1 in 2500 live births 
and accounts for approximately 5000 deaths per year in the United States of America 
[2, 3]. However, this may be an underestimation when accounting for the subpopu-
lation of “concealed LQTS” (genotype positive, phenotype negative) [4]. LQTS was 
first reported in 1957 when Jervell and Lange-Neilsen reported a disease cluster 
with an autosomal recessive inheritance in a family where several children experi-
enced recurrent syncope and sudden death in the context of a prolonged QT interval 
and profound sensorineural hearing loss [5]. Since then, it has been identified that 
individuals with LQTS have an increased susceptibility to fatal ventricular arrhyth-
mias with an annual rate of sudden death in untreated individuals between 0.33% 
and 0.9% [6, 7].

Before the advent of the genetic era, LQTS was viewed in a different paradigm 
with the first diagnostic criteria proposed in 1985 [8]. Although clinically useful, 
these criteria were relatively qualitative; hence, Schwartz et al. published a revised 
version in 1993, incorporating objective parameters by assigning points to patient’s 
symptoms, medical and family history, and ECG findings [9]. With progressive 
understanding of genetic interplay in this disease, realization arose that these crite-
ria did not include those with “concealed LQTS” or silent variants [8]. The criteria, 
thus, had a limited use in those with a normal or borderline QT interval. In 2011, 
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multiple studies demonstrated that QTc prolongation during the recovery phase of 
postexercise testing could unmask LQTS in those with a concealed subtype [8–10]. 
The current Schwartz diagnostic criteria have therefore evolved with time to accom-
modate these additional objective parameters as summarized in Table 11.1.

Today, about 75–80% of patients with LQTS have identifiable genetic variants 
[11]. Variants in 17 genes have been associated with LQTS, each resulting in dys-
function of sodium, potassium, or calcium ion channels [6, 12]. Each variant leads 
to distinct clinical features with the majority inherited in an autosomal-dominant 
pattern (historically described as Romano Ward Syndrome) [13, 14]. Medical man-
agement of LQTS includes therapy with beta blockade and avoidance of QTc- 
prolonging medications. Beta blockade has shown to reduce the risk of a first time 
event in all patients with LQTS but is particularly beneficial in the LQT1 subset [2].

The phenomenon of variable penetrance in genotype positive LQTS may result 
in clinically diverse presentations within members of the same family making indi-
vidual risk prediction of fatal arrhythmias particularly challenging [15]. This 
becomes even more relevant when reviewing the transition in sports restriction 

Table 11.1 1993–2011 LQTS Diagnostic Criteria. (Adapted from: Schwartz and Crotti [8])

Points
Electrocardiographic findingsa

  A QTcb

   ≥480 ms 3
   460–479 ms 2
   450–459 ms (in males) 1
  B QTcb 4th minute of recovery from exercise stress test ≥480 ms 1
  C Torsade de pointesc 2
  D T wave alternans 1
  E Notched T wave in 3 leads 1
  F Low heart rate for aged 0.5
Clinical history
  A Syncopee

   With stress 2
   Without stress 1
  B Congenital deafness 0.5
Family history
  A Family members with definite LQTSf 1
  B  Unexplained sudden cardiac death below age 30 among immediate family 

membersf

0.5

aIn the absence of medications or disorders known to affect these electrocardiographic features
bQTc calculated by Bazett’s formula where QTc=QT/√RR
cMutually exclusive
dResting heart rate below the 2nd percentile for age
eThe same family member cannot be counted in A and B
SCORE: ≤1 point: low probability of LOTS
1.5 to 3 points: intermediate probability of LQTS
≥3.5 points high probability
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guidelines in those with manifest LQTS and those with concealed LQTS. Historically, 
all individuals with concealed LQTS were restricted from all sports participation. 
Over the years, the necessity of this restriction has been questioned. With the advent 
of cascade screening, many genotype positive, phenotype negative patients are 
being identified who remain asymptomatic [16]. Successive studies demonstrating 
risk reduction in cardiac events with the introduction of beta blockers as a standard 
of care have also hastened this transition. This evolution is pictorially depicted in 
Table 11.2.

LQTS is a clinical diagnosis encompassing clinical presentation, family history, 
and ECG characteristics, as summarized in Table 11.1 [8, 17]. It is also important to 
emphasize that expert consensus states that individuals suspected of having a car-
diac channelopathy should undergo a comprehensive evaluation by an experienced 
heart rhythm specialist or genetic cardiologist with sufficient expertize prior to 
sports participation [18]. Due to intricacies of genotype-phenotype interplay and 
importance of sports participation in this era of shared decision making (SDM), it is 
crucial to review risk stratification, particularly in athletes with LQTS.

 Challenges of QTc Measurement in Athletes

The accuracy of computer generated QT is estimated to be 90–95% [15]. It is ide-
ally measured manually from the earliest onset of QRS to the offset of T-wave in 
order to yield the most accurate results. This is ideally done using the lead with the 
most prominent T-wave amplitude (lead II or V5) [19, 20].

The QT interval may fluctuate with variation in heart rate; several formulae exist 
to correct the QT interval for heart rate. Bazett’s formula is recommended for QTc 
calculation in athletes, since the majority of existing LQTS data has utilized this 

Table 11.2 Evolution of sports participation guidelines with respect to LQTS

European 
Society of 
Cardiology
(2005)

Bethesda 
36th
Conference 
(2005) Task Force 10 (2015)

Upper limits for QTc 
for guideline 
applications

>440 Males
>460 Females

>470 Males
>480 
Females

>470 Males
>480 Females

Concealed LQTS 
(genotype +, 
phenotype −)

All sports 
restricted

No 
restrictions

No restrictions

Symptomatic All sports 
restricted

Class 1A No restrictions (except for LQT1 
swimmers). Must be asymptomatic 
for 3 months on therapy.

ICD All sports 
restricted

Class 1A Class 1A (consult an expert 
otherwise)

Adapted from Furst and Aziz [53]
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approach [21]. It entails using the RR interval immediately preceding the measured 
QT interval and incorporating it into the following equation:

 QTc QT RR� �/  

Figure 11.1 displays the accurate method of QTc measurement on a standard 
ECG. Defining the end of T-wave can often be challenging, but is better achieved by 
drawing a tangent to the steepest portion of the descending part of the T-wave and 
marking its intercept with the isoelectric line as the end of the T-wave [19, 20, 22]. 
The accuracy of this approach is suboptimal at the extremes of heart rate specifi-
cally rates that are less than 40 bpm and greater than 120 bpm [21, 23, 24]. This is 
important to note in athletes who typically have lower resting sympathetic stimula-
tion and a relatively higher resting vagal tone. It has been previously demonstrated 
that vagal stimulation and acetylcholine prolong the QT interval independent of 
their bradycardia inducing ability [23, 24]. Hence, at lower heart rates, the QTc may 
be underestimated in athletes using the Bazett’s formula.

Factors that may affect the QTc interval include certain medications, electrolyte 
disturbances, changes in cardiac after load (sympathetic and parasympathetic auto-
nomic interplay), metabolic, and neurologic diseases [18].

Fig. 11.1 Pictorial 
representation of QTc 
measurement. The red line 
constitutes the tangent 
drawn from the maximum 
T-wave slope to the 
iso-electric line.  
(Figure obtained from the 
“Life in the Fast Lane” 
website by Ed Burns 
MD. https://litfl.com/
qt- interval- ecg- library/)

S. Bhimani et al.

https://litfl.com/qt-interval-ecg-library/
https://litfl.com/qt-interval-ecg-library/


161

 Pathophysiology of Malignant Arrhythmia in LQTS

LQTS-related ion channelopathy results in prolonged action potentials and increased 
dispersion of myocardial repolarization, predisposing these individuals to torsades 
de pointes (TdP) with potential to degenerate into ventricular fibrillation (VF) [25]. 
This risk increases with progressive QT prolongation with the highest risk incurred 
in those with a QTc greater than 500 ms [26]. Adrenergic stress states have been 
implicated as a substrate for syncopal events in patients with congenital LQTS [27]. 
Interplay between sympathetic and vagal stimulation has also been suggested in 
literature to play an important role in dynamic change in the QT interval prior to 
initiation of TdP [28]. Age and gender variation serve as risk modifiers amongst 
different subtypes making the understanding of this entity even more intricate. For 
instance, males with LQT1 have a higher risk of first cardiac events in adolescence 
(<16 years of age) when compared to their female cohort. After adolescence, the 
overall risk decreases in males with LQT1 but remains higher in females [29].

The early molecular studies suggested that all genes associated with LQTS phe-
notype encode for proteins forming the subunits of transmembrane ion channel, 
however more recent studies have brought to light variants in genes coding for regu-
latory proteins acting as modulators of these ion channels [30]. Although now 17 
genetic variants have been implicated to date in LQTS, the majority of the disease 
is caused by variants in KCNQ1 and KCNH2 (coding for cardiac potassium chan-
nels in LQT1 and LQT2, respectively) and SCN5A (coding for cardiac sodium chan-
nels in LQT3) [26].

 Diagnosis of LQTS

As stated previously, the diagnosis of LQTS is clinical [17]. Normal QTc values are 
dependent on age and gender. The first step in the diagnostic evaluation is a resting 
ECG. The typical “prolonged” interval is greater than 470 milliseconds in males 
and 480 milliseconds in females, though various “cutoffs” have been employed 
[31]. Regardless, up to 50% of patients with LQTS display a nondiagnostic resting 
QTc [14]. Various clinical criteria scores exist including the Schwartz and Keating 
criteria, though these scales are hindered by low sensitivity [14].

The most common subtype is LQT1, constituting about 35% of the population of 
patients with LQTS. The mechanism behind this disorder is loss of function in the 
KCNQ1 gene [16]. KCNQ1 encodes the alpha subunit of the K+ channel, which is 
essential for QT adaption with an increase in heart rate during exercise [17]. When 
this channel is defective, the QT interval does not shorten during tachycardia, 
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resulting in dysrhythmias [14]. The main trigger for syncopal events in this subtype 
is exercise, particularly swimming. LQT2 is the second most common subtype and 
is caused by loss-of-function in the KCNH2 gene. The most common triggers of 
significant cardiac events in this subgroup are through auditory stimuli, emotional 
events, or startle. In LQT3, arrhythmias most often occur during sleep, making this 
subtype particularly difficult to prevent.

Exercise testing can be used for differentiating LQT1, LQT2, and unaffected 
individuals. A QTc that remains prolonged at 7 minutes is predictive for LQT1 and 
LQT2 compared to normal control subjects [18]. Provocative testing with epineph-
rine administered in graded infusions can also be diagnostic of LQTS as a positive 
result will demonstrate paradoxical prolonging of the QTc [14]. This is comprehen-
sively summarized in Table 11.3 [32].

 Utility of Beta Blockade and Other Treatments in LQTS

The mainstay of treatment for LQTS is beta blockade as this has been shown to 
decrease the number of significant cardiac events and degeneration into TdP [30, 
31]. One study showed a greater than 90% reduction in risk with full compliance 
and avoidance of QT-prolonging medications in LQT1 patients [33]. While there 
are multiple treatment options, nadolol has been demonstrated as the treatment with 
the most efficacy as compared to metoprolol, which should be avoided in the treat-
ment of LQTS patients due to a higher number of breakthrough cardiac events [34]. 
Propranolol has demonstrated to be similar in efficacy as nadolol and is used in 
infants and younger children due to its availability in a liquid form.

Table 11.3 LQTS as summarized through genotype

Genotype LQT1 LQT2 LQT3

Gene mutation frequency 35% 30% 10%
Affected gene KCNQ1 KCNH2 SCN5A

Affect on current ↓ IKs ↓ IKr ↑ INa

Effect on myocyte action 
potential

Phases 3 > 2 Phase 2 > 3 Phase 0

Most common triggers for a 
cardiac event

Exercise and 
sympathetic tone

Auditory stimuli and 
emotion

Sleep, rest without 
arousal

Percentage of events 
triggered by exercise*

62% 13% 13%

Patient characteristics for 
higher risk

Males prior to 
adolescence

Females after 
adolescence

Males after 
adolescence

Response to beta-blockade +++ ++ +
*Schwartz et al. [31].

Adapted from Schwartz et al. [32]
aSchwartz et al. [31]
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Beta blockers are most effective among LQT1 patients but there is significant 
benefit in LQT2 and LQT3 [35]. Noncompliance with medications and use of 
QT-prolonging drugs are the most common cause of treatment failures. With the 
increasing evidence that beta blockade is effective at preventing cardiac events, 
practitioners have become more comfortable with sports eligibility liberalization.

 Role of ICD in the Management of LQTS

While implanted cardiac defibrillators (ICD) are rarely used in the treatment of 
LQTS, some patients deemed at high risk for sudden death independent of sports 
participation may be advised to undergo ICD placement. Theoretically, this device 
should provide protection during sports, but concerns about inappropriate shocks or 
lead fracture have made experts reluctant to make different recommendations for 
sports participation for athletes with an ICD [31]. The 2012 ACCF/AHA/HRS 
guidelines state as a class III recommendation (may cause harm), that an ICD should 
NOT be implanted for the sole purpose of permitting sporting participation [36, 37]. 
Indications for ICD placement vary but can include previous history of cardiac 
arrest, syncope despite beta blocker therapy, ventricular arrhythmias despite beta 
blocker therapy, and those with atrioventricular heart block [37]. The risks of inap-
propriate shocks, lead fractures, and the high likelihood of device re-intervention 
need to be considered against the likelihood of requiring defibrillation to treat a 
cardiac event in a discussion between the clinician and the patient before an ICD is 
placed [38]. A recent study exploring long-term outcomes of the multinational ICD 
registry prospectively evaluated 129 young athletes participating in competitive 
sports. These individuals were followed for 42 months with the observation that 35 
athletes received 38 shocks without any occurrences of death, arrest, or injury 
related to arrhythmia during sports, implying relative safety of sports participation 
in this cohort. These results however are limited by the small sample size and may 
not be generalizable [38].

 Surgical Management in LQTS

One potential surgical option for LQTS is left cardiac sympathetic denervation. This 
procedure entails removal of the first 3–4 ganglia of the sympathetic chain [39]. 
This modality is reserved for those in which medical therapy has been ineffective, 
not tolerated, or with a severely prolonged QTc (>500 ms). The effectiveness of this 
procedure has been variable. One large cohort found a significant reduction in the 
QTc duration as well as the incidence of aborted cardiac arrest and syncopal epi-
sodes [40]. However, this procedure has also been found to be ineffective at 
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shortening the QTc with limited literature [41]. Side effects of this procedure 
include left sided dryness, flushing, transient ptosis, thermoregulation difficulties, 
and left arm paresthesia.

 History of LQTS and Sports Participation

Sports eligibility has largely been based on clinical interpretation of risk that has 
evolved with our understanding of genotype–phenotype correlations along with the 
physiologic response to exercise testing. In 1998, when only 4 genes linked to 
LQTS had been identified, Zareba et al. were the first group to demonstrate that 
distinct LQTS genotypes were associated with variable overall risk for significant 
cardiac events [42]. This study marked the beginning of risk stratification based 
upon genotype–phenotype correlation for sudden cardiac death. QTc prolongation 
was found to be an independent risk factor for cardiac events. Although those in the 
study population with LQT1 had the lowest mean QTc, those who did have a QTc 
greater than 500 ms were found to have the highest risk for cardiac events including 
syncope, aborted cardiac arrest, or sudden death [42].

Early guidelines regarding sports participation were based upon the evidence 
that exercise is a general trigger for cardiac events in patients with LQTS. According 
to the Bethesda consensus guidelines published in 2005, suspicion for a diagnosis 
of LQTS in athletes should be based upon a QTc exceeding 470 ms in males and 
480 ms in females. The recommendations stated that any patient with LQTS who 
met the QTc criteria, had a history of LQTS-related symptoms, or had an ICD 
implanted should be restricted from all athletic participation aside from the Class IA 
category of sports that includes billiards, bowling, cricket, curling, golf, and riflery. 
These sports had been broadly categorized as involving the lowest possible dynamic 
and static components. The authors of this classification, however, conceded that the 
matrix of sports they created should not be used rigidly as several sports are hetero-
geneous depending on differences in roles within each sport (such as athletes who 
play as a forward versus those who play as the goalkeeper in soccer) and differences 
in how intensely individuals perform in any given sport [43].

While the Bethesda guidelines were based upon the best evidence at that time, 
the counsel admitted that in the absence of empiric data from large, well-designed 
studies, their recommendations were more based upon the “art of medicine” [43, 
44]. Nevertheless, these guidelines did include the recommendation that genotype- 
positive, phenotype-negative patients who do not fulfill one of the aforementioned 
criteria should not be restricted from athletic activity, which was based upon strong 
evidence of a very low incidence of cardiac events in these patients [45]. The one 
exception to this allowance was swimming in genetically confirmed LQT1 patients. 
Research at that point had clearly demonstrated this particular vulnerability, and this 
was the first recognition within published guidelines that LQTS genotype confers 
differential risk [46]. These guidelines were broad in order to maximize the preven-
tion of cardiac events from sports participation in LQTS patients; however, and did 
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not allow for individualized approach to patient care nor was patient autonomy 
recognized.

In the same year, the European Society of Cardiology (ESC) also published con-
sensus recommendations for athletic participation for patients with LQTS. These 
guidelines were even more rigid than the Bethesda consensus guidelines in that all 
patients with a diagnosis of LQTS, including those who are phenotypically nega-
tive, should be restricted from all forms of athletic participation. Furthermore, they 
endorsed a more conservative QTc threshold for recommending genetic testing for 
LQTS of 440 ms in males and 460 ms in females. There were no additional recom-
mendations for patients who were genotype negative with borderline QTc [16]. 
Both the Bethesda and ESC guidelines did exclude all those with ICD placement 
from participation in all but Class IA activities. Pellicia et al. later discussed the 
reasoning behind the more conservative guidelines of the ESC, suggesting that it is 
likely due to differences in the liability within the medical systems of Europe, in 
particular [44].

 Current Risk Stratification in Athletes

Considering that arrhythmias, particularly in LQT1, are often the consequence of 
catecholaminergic surges which are typical in competitive sports, expert consensus 
was particularly conservative regarding sports participation [47]. This was specifi-
cally evident in the 36th Bethesda Conference guidelines where these individuals 
were restricted to low static/low dynamic competitive participation, disqualifying 
even those asymptomatic from partaking in commonly played competitive sports 
[44]. Ensuing literature brought forth new evidence that sports liberalization is a 
possibility in these patients and may be safer than previously believed. This was 
highlighted by a single center study retrospectively examining a cohort of 212 geno-
type positive patients with LQTS on beta blockade therapy. Of these 212 patients, 
103 participated in either competitive or recreational sports. None of these patients 
had LQTS symptoms during sports participation. Five appropriate ICD shocks were 
delivered in 2 patients none of which were related to sports participation. Thus, this 
study concluded that there were no serious cardiac events or deaths during sports 
participation in LQTS patients who were treatment compliant [47]. Another study 
evaluated 353 patients with LQTS followed over a period of approximately 5 years. 
This study mirrored similar results with only one patient of their cohort receiving an 
appropriate shock from ICD for ventricular fibrillation on two separate occasions in 
the setting of admitted nonadherence to beta blockade therapy [48]. This study also 
concluded a low rate of LQTS-triggered cardiac events during sports participation.

Providing impetus that participation may in fact be “safer” in the treated LQTS 
patient, the above studies provided support for the evolution of prior consensus. The 
most recent guideline is the report of the AHA/ACC scientific statement “Eligibility 
and Disqualification Recommendations for Competitive Athletes with Cardiovascular 
Abnormalities: Task Force 10: The Cardiac Channelopathies” [49]. The previous 
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recommendations were deemed too restrictive as disqualification carries its own set 
of health and psychological consequences [31]. These guidelines recommend 
asymptomatic athletes who are genotype-positive/phenotype-negative for LQTS be 
allowed to participate in all sports with appropriate precautionary measures such as 
avoidance of dehydration and having an automatic external defibrillator on-site at 
all practice and games. As for those who have been symptomatic in the past, sports 
participation can be considered if one has been asymptomatic on medical treatment 
for at least 3  months. In the circumstance of athletes with ICDs, Task Force 9: 
Eligibility and Disqualification Recommendations for Competitive Athletes with 
Cardiovascular Abnormalities: Arrhythmias and Conduction Defects, states that 
these athletes can participate in 1A sports if episode free for 3 months on device 
interrogation [18]. Contact sports should still be avoided for risk of ICD damage. 
Participation in other sports with higher static and dynamic aspects can be consid-
ered if the athlete is free from cardiac events for more than 3 months with appropri-
ate counseling of the higher likelihood of appropriate and inappropriate shocks.

 Beyond Medical Therapy- Counseling and Preparedness 
on the Field

The presence of effective pharmacologic therapy should not undermine the impor-
tance of general measures of prudence in an athlete with a channelopathy. This was 
comprehensively summarized by Task Force 10 as universal precautions that ath-
letes and organized teams should adhere to. These include: avoiding QT-prolonging 
drugs for athletes with LQTS (http://www.crediblemeds.org), electrolyte replenish-
ment and avoidance of dehydration for all athletes, avoiding hyperthermia and treat-
ing hyperthermia from febrile illnesses or training-related heat exhaustion/heat 
stroke for athletes with LQTS, procurement of a personal automatic external defi-
brillator (AED) as part of the athlete’s personal sports safety gear, and establishing 
an emergency action plan with the appropriate school/team officials [18]. In addi-
tion, coaching staff should also be made aware of their athletes’ cardiac conditions 
and undergo AHA-approved CPR training [18].

 Role of Shared Decision Making in Athletes with LQTS

In the modern era, shared decision making (SDM) has come to the forefront as a 
way to improve clinical care for patients by encouraging the production and dis-
semination of accurate, balanced, understandable health information while increas-
ing patient participation in care [50–52]. The physician’s responsibility in SDM is 
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to give accurate medical information, elicit and acknowledge patients’ preferences 
for sports participation, give the patients choices about how the decision making 
process will proceed and respect patients’ choices. In this setting, patients have the 
responsibility to communicate their values, goals, and preferences to the physician. 
Finally when a treatment decision is made, both parties agree to the decision. The 
approach to the pediatric athlete provides additional complexity. Not only should 
the SDM be contractual between the physician and patient, but also it is our institu-
tional practice to have all caregivers agree and support the child’s decision to par-
ticipate. This process may have to involve the school or team officials as they may 
have the final say on return to play [15]. Using this paradigm, it is hopeful that a 
joint decision will be made that will be safe and beneficial for the patient.

 Future Directions

Current treatment methods for LQTS have been effective and will continue to be 
improved upon. There has been decades-worth of studies involving the link between 
specific genotypes and the natural history of patients with LQTS; however, several 
of these studies have limitations with regard to selection bias. Though LQTS and 
channelopathy research have experienced an explosion in genotype–phenotype cor-
relation, many of these associations are observational, nonrandomized, and retro-
spective. Another aspect challenging our interpretation of genotype is the complexity 
of variable penetrance and modifier genes that are still poorly understood and may 
account for the variance between different families with the same variant. Until we 
are able to elucidate this complexity, sports participation guidelines will often be 
too restrictive in some patients and not restrictive enough in others.

The studied efficacy of beta blockade in treatment of patients, particularly those 
with LQT1, has largely led to the recognition that the psychological and health 
benefits of sports participation may outweigh the potential risks of a sudden cardiac 
event. In the future, we hope to stratify risk based on each individual’s specific gene 
variant (or combination) and the electrophysiological characteristics of their repo-
larization to determine their specific therapy and their ability to participate in all 
types of competitive sports. The development of such tools, however, will be depen-
dent upon more rigorous studies to better define the link between exercise and car-
diac events in LQTS. Consistent with that aim, there is an on-going study designed 
to prospectively assess safety in sports participation (NIH RO1 HL125918-01). This 
will yield invaluable data in terms of understanding the long-term prognosis and 
outcome of sports participation in these individuals. Keeping patient safety in mind, 
a more personalized approach may be taken in diagnosis and treatment of LQTS 
while incorporating a comprehensive evaluation and assessment of these individu-
als by an expert heart rhythm specialist.
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Chapter 12
Other Arrhythmic Disorders: WPW, 
CPVT, Brugada and Idiopathic VF/VT

Jeffrey J. Hsu and Eugene H. Chung

 Introduction

Sudden cardiac death (SCD) occurs in approximately 1 in 40,000 to 200,000 ath-
letes every year [1–5]. In addition to the arrhythmias presented in the preceding 
chapters, there are several categories of arrhythmic disorders that raise particular 
concerns in athletes, as strenuous physical activity may precipitate life-threatening 
manifestations of these disorders. The focus of this chapter is to discuss these 
arrhythmic disorders in the context of the athletic patient and to review how man-
agement needs to be specially tailored to the physically active lifestyle of this patient 
population. Diagnostic work-up, advanced treatment options and guidance recom-
mendations will also be reviewed.

 Wolff-Parkinson-White Syndrome

First described by Drs. Louis Wolff, John Parkinson, and Paul D. White in 1930 in a 
case series of young and otherwise healthy adults [6], the Wolff-Parkinson-White 
(WPW) ECG identifies one or more accessory conduction pathway between the atria 
and ventricles. While these accessory pathways may be present in asymptomatic indi-
viduals, symptoms along with the WPW pattern on ECG (i.e., WPW syndrome) may 
first manifest as palpitations, near syncope, syncope, or sudden cardiac death (SCD).
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 Background & Epidemiology

Patients who present with the ECG findings alone, without any obvious symptoms 
such as presyncope, syncope, or palpitations, are considered to have a WPW ECG 
pattern. Symptomatic patients who have the ECG findings are diagnosed with 
WPW syndrome.

The prevalence of WPW syndrome (hereafter referred to as WPW) ranges from 
1 to 4.5 per 1000 people in pediatric and adult studies, though this may underesti-
mate the true prevalence as the WPW pattern may present intermittently on 
ECG. WPW syndrome is thought to account for at least 1% of sudden cardiac death 
(SCD) in athletes [2]. The true number may be higher due to the difficulty of deter-
mining WPW pathology in autopsy studies.

Risk factors for WPW include: male sex, young age (<30 years), a history of 
atrial fibrillation, a family history of WPW, and a history of congenital heart disease 
(i.e., Ebstein’s anomaly, hypertrophic cardiomyopathy) [7].

 Pathophysiology

Normal conduction between the atria and ventricles occurs through the atrioven-
tricular (AV) node and bundle of His. In conditions such as atrial fibrillation, in 
which the atria may conduct at rapid rates, the AV node acts as a “toll bridge,” limit-
ing conduction (i.e., decremental conduction) to the ventricles.

WPW describes a condition in which rapid conduction between the atria and 
ventricles can occur via one or more accessory pathways. The presence of an acces-
sory pathway presents another route whereby depolarization can be conducted, 
without decrement, to the ventricles. If this conduction occurs before the signal is 
propagated through the AV node, then there is ventricular “pre-excitation” via the 
accessory pathway. A supraventricular tachycardia such as atrial fibrillation could 
thus result in rapid atrial rates directly conducted via the accessory pathway(s) to 
the ventricles and induce ventricular fibrillation. That said, an accessory pathway 
may not be able to “keep up” with rapid atrial rates, at which point conduction 
would block in the accessory pathway and conduction would preferentially follow 
the normal path down the AV node and His-Purkinje system.

 Diagnosis

If the pathway conducts antegrade down the accessory pathway and preexcites the 
ventricle ahead of the normal conduction path, a delta wave will be observed on 
ECG. Of note, concealed accessory pathways may conduct slowly (relative to the 
AV node, such as with some left lateral accessory pathways) or not at all but are able 
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to conduct retrograde (ventricle to atria). In this case, a delta wave will not be seen 
on the ECG, but ventricular to atria conduction could be provoked during an elec-
trophysiology study. Retrograde conduction via an accessory pathway can form the 
substrate for a supraventricular tachycardia called orthodromic atrioventricular 
reentrant tachycardia (i.e., down the AVN, up the accessory pathway).

WPW ECG pattern can be diagnosed on a 12-lead ECG (Fig. 12.1) by the fol-
lowing pathognomonic criteria:

• Shortened PR interval (<120 ms), and
• Slurring of the initial component of the QRS complex (termed the “delta wave”).

Observation of a delta wave may vary depending on the location of the accessory 
pathway and its conduction velocity relative to the AVN. A subtle or intermittently 
appearing delta wave can make the diagnosis more challenging.

 Management

For athletes who are found to have either WPW pattern or WPW syndrome, non- 
invasive imaging (transthoracic echocardiography) should be performed. This 
imaging assessment should place focus on evaluating for congenital heart disease, 

a

b

Fig. 12.1 Wolff-Parkinson-White (WPW) ECG pattern. (a) 12-lead ECG of a young patient diag-
nosed with WPW. Accessory pathways are suggested by the presence of a short PR interval and 
delta-waves in most leads, best seen in leads I, II, aVF. (b) Shortly post-ablation of the accessory 
pathway, normalization of the PR-interval and loss of the delta-waves are seen on follow-up 
ECG. The deep T-wave inversions seen steadily improved after recovery from ablation
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particularly Ebstein’s anomaly, as this has been associated with WPW. Additionally, 
careful attention should be placed on evaluating for phenocopies of hypertrophic 
cardiomyopathy (HCM), as disorders such as Danon’s and PRKAG2 are also asso-
ciated with WPW.

After evaluating for the presence of structural heart disease, then the major bifur-
cation in the management algorithm hinges on whether the athlete is symptomatic. 
For symptomatic athletes, ablation of the accessory pathway is recommended. 
Success rate of ablation for WPW according in the MAP-IT registry was 95% [8], 
with complication rate of about 1%.

For asymptomatic athletes who are found to have a WPW pattern, the 36th 
Bethesda Conference as well as the latest Pediatric and Congenital 
Electrophysiological Society (PACES)/Heart Rhythm Society (HRS) consensus 
statement recommend risk stratification with invasive electrophysiological studies 
(EPS) if the athlete is engaged in moderate-to-high intensity sports [7, 9], whereas 
the European Society of Cardiology (ESC) recommends EPS for all athletes [10]. 
The American Heart Association (AHA)/American College of Cardiology (ACC) 
Scientific Statement recommends initial risk stratification by exercise stress testing, 
and if an athlete is deemed not to be at low risk, EPS is recommended (Class IIa, 
Level B) [11].

Previously, a patient with an intermittent WPW pattern on ECG, in which the 
presence of a delta intermittently appears, was considered low risk for ventricular 
arrhythmia [7]. Recent studies have found that an intermittent pattern on resting 
ECG is not necessarily indicative of a low risk substrate [12, 13], and an intermittent 
pattern does not preclude patients from developing a supraventricular tachycardia 
(SVT). In one study, 8.3% of patients with an intermittent pattern of WPW devel-
oped a reentrant SVT over long-term follow-up [14]. The most recent PACES/HRS 
consensus statement recommends that patients with an intermittent WPW pattern 
can proceed with competitive sport participation without additional workup [7]. 
However, if there remains concern, exercise stress testing can be performed, with 
particular attention paid to whether there is a clear and abrupt termination of preex-
citation at physiologic heart rates during exercise. Yet this assessment is highly 
observer-dependent, and its accuracy in detecting low-risk WPW (as assessed by 
electrophysiological testing parameters) was found to be low in a pediatric popula-
tion [15].

If the patient undergoes electrophysiological testing, risk stratification can be 
performed by measuring the shortest pre-excited RR interval (SPERRI). A short 
SPERRI, defined as ≤250 ms, suggests an increased risk of SCD, while a longer 
SPERRI (>250 ms) is suggestive of a lower risk phenotype. However, the utility of 
SPERRI in risk stratification is still up for debate: in one study, up to 37% of chil-
dren with a life-threatening event had a SPERRI >250 ms [16].

If an athlete with atrial fibrillation is found to have a bypass tract capable of 
anterograde conduction on EPS with a short refractory period, then ablation of the 
accessory pathway should be performed prior to being allowed to return to athletic 
competition (Class I, Level B) [11]. If the athlete is asymptomatic but is deemed to 
have a high risk pathway on EPS, then ablation of the accessory pathway is reason-
able (Class IIa, Level B) [11].
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If the athlete is deemed to be at low risk and ablation is not performed, the athlete 
can return to play and should be advised to maintain close follow-up with a physi-
cian to monitor for any new symptoms. If an athlete undergoes an ablation of the 
accessory pathway, the athlete may be advised to return to competition as long as 
there is documentation of successful ablation and loss of the accessory pathway on 
follow-up ECGs.

 Catecholaminergic Polymorphic Ventricular 
Tachycardia (CPVT)

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an uncommon 
yet life-threatening genetic channelopathy that is a potential cause of SCD in ath-
letes. In CPVT, situations that precipitate elevated levels of catecholamines, such as 
exercise or stress, can precipitate polymorphic ventricular arrhythmias in people 
with normal resting ECGs and otherwise structurally normal hearts. There has been 
progress in identifying genetic mutations that are associated with the CPVT disease 
process, allowing for genetic testing evaluation of this heritable condition.

 Background & Epidemiology

After the first published description of a child with bidirectional ventricular tachy-
cardia precipitated by effort and emotional stress in 1975 [17], Leenhardt and col-
leagues described a case series of 21 children with normal resting ECG and no 
evidence of structural heart disease who presented with stress- or emotion-induced 
syncope with associated polymorphic ventricular arrhythmias [18]. The first clinical 
manifestation of disease typically is either syncope or seizure, which upon further 
evaluation is found to be triggered by physical or emotional stress and associated 
with polymorphic ventricular tachycardia. CPVT most commonly presents in the 
first or second decade of life.

The true prevalence of CPVT is difficult to assess, but some estimates list it to be 
as common as 1 in every 10,000 people [19]. The prognosis of CPVT is rather poor, 
with some studies demonstrating a 13% fatal or near-fatal event rate within 8 years 
of follow-up [20].

 Pathophysiology

CPVT is a genetically diverse disease process, with several associated mutations 
identified, and the clinical presentations can be diverse with variable penetrance. 
However, the underlying mechanism in CPVT is deregulated calcium handling in 
cardiac myocytes that leads to leakage of Ca2+ ions from the sarcoplasmic reticulum 
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into the cytoplasm during diastole. This Ca2+ overload state increases the transient 
inward current and promotes delayed after depolarizations (DADs), which can pre-
cipitate ventricular arrhythmias.

The genetic mutations associated with CPVT center around proteins involved in 
intracellular calcium handling. The most commonly observed mutations in CPVT 
affect the cardiac ryanodine receptor 2 (Ryr2) gene, which is transmitted in an auto-
somal dominant fashion, and the calsequestrin 2 (Casq2) gene, which is autosomal 
recessive. Other mutations that have been associated with CPVT are KCNJ2 (car-
diac inward rectifier K channel), Ank2, TRDN, and calmodulin (CALM1).

 CPVT Subtypes

There are several CPVT subtypes that have been described. The most common of 
the subtypes is CPVT1, which accounts for more than 50% of CPVT cases and is 
caused by a mutation in the Ryr2 gene. The inheritance of CPVT1 is autosomal 
dominant.

CPVT2 is the second most common subtype and is a result of a mutation in the 
Casq2 gene. It is generally inherited in an autosomal recessive fashion [21], though 
there have been autosomal dominant mutations reported [22]. The other CPVT sub-
types, as well as their general characteristics, are summarized in Table 12.1.

Table 12.1 CPVT Subtypes. (Reprinted with permission from Ref. [23])

Subtypes Juvenile type
Adult 
type

CPVT1 CPVT2 CPVT3 CPVT4 CPVT5
CPVT related 
diseases
ATS LQT4

Incidence 
(%)

50–60 1 << 1 << 1 << 1 << 1 << 1 ≈ 30

Inheritance AD AR AR AD Sporadic AD AD Sporadic
Onset of 
symptoms

10 
years

7 years 10 
years

4 years 2, 26 
years

14, 9, 
17 years

? > 20 
years (40 
years)

Sex MI:F = 
1:1

M:F = 
1:1

M:F = 
1:1

M:F = 
1:1

M = 3 F > M? ? F >> M

Chromosome 
locus

1q43 1p13.1 7p22–
p14

I4q32.11 6q22.31 17q24.3 4q25-26

Gene RyR2 CASQ2 ? CALM1 TRD KCNJ2 ANK2 RYR2 
≈30%

Protein CaM Kir2.1α Ankyrin-B
Sudden death 
(%)

≈ 10 ≈ 42 ≈ 75 ≈ 18 ≈ 25 ? ? 0
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 Diagnosis

At rest, patients with CPVT have a normal 12-lead ECG, with the exception of pos-
sibly a sinus bradycardia. Traditional imaging modalities such as transthoracic 
echocardiography reveal normal structural anatomy of the heart. A history of exer-
cise- or emotional stress-induced syncope and/or seizure should prompt the evalua-
tion for CPVT.

In order to make the diagnosis of CPVT, patients can undergo an exercise stress 
test or EPS with epinephrine challenge. In patients with CPVT, exercise will pre-
cipitate the steady onset of monomorphic PVCs, which are followed by polymor-
phic PVCs or bidirectional PVC bigeminy, followed by bidirectional or 
polymorphic VT. This rhythm can then degenerate further into ventricular fibrilla-
tion if untreated.

If exercise testing produces these findings, then genetic testing of the patient 
should be considered given the known heritability of the CPVT-associated muta-
tions. If any of these positive variants are identified, then testing of family members 
may help identify those who are at risk of CPVT (concealed mutation- positive 
patients) and who may benefit from initiating medical therapy [19].

An expert consensus statement by the Heart Rhythm Society, European Heart 
Rhythm Association, and Asia Pacific Heart Rhythm Society [19] states CPVT can 
be diagnosed in:

 1. Patients <40 years old who have a structurally normal heart and normal ECG, 
and unexplained exercise- or catecholamine-induced bidirectional VT, 
PVCs, or VT,

 2. Patients who are found to have a pathogenic mutation,
 3. Family members of a CPVT index patient who also have a structurally normal 

heart who manifest exercise-induced PVCs or bidirectional/polymorphic VT, or
 4. Patients >40 years old who have a structurally normal heart and coronary arter-

ies, normal ECG, and unexplained exercise- or catecholamine-induced bidirec-
tional VT, PVCs, or VT [19].

Electrophysiological study (EPS) is not indicated in CPVT.  There have been 
studies evaluating the use of catecholamine infusion (i.e., epinephrine) to assist with 
the diagnosis, but the sensitivity was found to be low (28%). As such, there are cur-
rently no recommendations regarding catecholamine infusions from the profes-
sional societies [24].

Notably, CPVT is also associated with atrial arrhythmias, including atrial fibril-
lation [25]. Thus, the presence of atrial fibrillation in a child or young adult should 
prompt evaluation for CPVT. Another possibility is Brugada syndrome (also associ-
ated with atrial fibrillation [26]) as well as paroxysmal atrial fibrillation.
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 Management

When CPVT is diagnosed in an athlete, the first step of management is counseling 
the athlete with recommendations on physical activity and competition, as well as 
medications to help prevent ventricular arrhythmias. Given that the catecholamine 
surge during exercise and especially competitive sports can elicit life-threatening 
arrhythmias in CPVT, the recommendations from multiple societies are conserva-
tive. While the AHA/ACC do not explicitly give recommendations for activity 
restrictions in CPVT [11], the ESC recommends avoidance of competitive sports, 
strenuous exercise, and stressful environments in patients diagnosed with CPVT 
(Class I, Level C).

The first line of medical therapy in CPVT is a beta-blocker for all symptom-
atic patients. Nadolol, a long-acting beta-blocker, is the preferred agent for pro-
phylactic therapy, but it may not be available in all countries. Propranolol has 
also been found to be similarly effective. It is crucial to emphasize to the patient 
the importance of adherence to the prescribed regimen and the potential conse-
quences of non- adherence. Notably, arrhythmic events have been reported to 
occur despite beta- blocker therapy, with an annual event rate ranging between 
3–11% per year [20]. Guidelines list beta-blocker therapy as a Class I recom-
mendation for all symptomatic patients with CPVT, and as a Class IIa recom-
mendation for patients with a known pathogenic mutation for CPVT without 
clinical manifestations [19].

Another potential medication is the non-dihydropyridine calcium channel 
blocker, verapamil [27], with some evidence for the use of combination therapy 
alongside beta-blockers [28]. The class IC anti-arrhythmic medication, flecainide, 
has been demonstrated to be effective as well [29–31]. In genotype-positive patients, 
flecainide was found to be effective in 74% of cases [29], while in genotype- 
negative, it was effective in 92% of cases [31]. Flecainide use as an adjunctive 
therapy with beta-blockers is a Class IIa recommendation in symptomatic patients 
with CPVT [19].

Left cardiac sympathetic denervation (LCSD) is a surgical intervention that can 
be considered in drug-refractory patients with CPVT.  Small trials have demon-
strated promise [32, 33], but larger studies are needed to demonstrate long-term 
efficacy and safety. LCSD is a Class IIb recommendation for symptomatic patients 
with CPVT.

ICD implantation in patients with CPVT is recommended for patients who have 
experienced cardiac arrest, recurrent syncope or polymorphic/bidirectional VT 
despite optimal medical therapy. However, studies that have shown that ICD shocks 
may promote catecholaminergic surges that can trigger more arrhythmia and more 
shocks [34]. Thus, the decision for ICD implantation should be taken carefully via 
a shared-decision making process with the symptomatic patient. For asymptomatic 
patients with CPVT, there are no recommendations for ICD implantation for pri-
mary prevention. However, in a meta-analysis of 1429 patients with CPVT, 35.2% 
of patients had received an ICD (47.3% of whom received an ICD for primary 

J. J. Hsu and E. H. Chung



179

prevention) [35]. Only 12.8% of patients were on optimal antiarrhythmic therapy, 
and there was a high burden of shocks and complications (e.g., lead failure, endo-
carditis, need for surgical revision). Thus, every attempt should be made to optimize 
patients on medical therapy prior to considering ICD implantation for primary 
prevention.

For athletes diagnosed with CPVT, the AHA, ACC, and ESC recommendations 
state that competitive sports participation and strenuous activity should be avoided, 
given the concern that the catecholaminergic surge that occurs with competition or 
exercise may precipitate life-threatening ventricular arrhythmias [11, 36]. However, 
the AHA and ACC statement does leave room for possible return to competition if 
there is evidence of adequate suppression of ventricular arrhythmias with medical 
therapy. There is limited data on continued athletic competition in patients diag-
nosed with CPVT. In one retrospective study performed on patients >6 years of age 
at the time of CPVT diagnosis, 21 of 24 patients (88%) who were classified as ath-
letes continued to compete after their diagnosis [37]. Of these 21 patients, 3 (14%) 
experienced CPVT-triggered events, with none resulting in death. Interestingly, in 
patients who were not considered athletes and did not compete in sports after their 
diagnosis, 6 of 42 patients (14%) experienced CPVT-triggered events. This single- 
center experience suggests that with appropriate therapy, the risk of exercise- 
associated events can be mitigated, but still exist. Thus, a shared-decision making 
approach is of the utmost importance in counseling athletes with the diagnosis 
of CPVT.

 Brugada Syndrome

 Background

First described in 1989 by a group from the University of Padua in Italy [38] and 
first characterized in 1992 by Drs. Pedro Brugada and Josep Brugada [39], Brugada 
syndrome is an inherited disorder that predisposes individuals with presumably 
structurally normal hearts to sudden cardiac death (SCD). It is considered a primary 
electrical cardiac disease, as there are no known associated structural abnormalities, 
and it is associated with characteristic ECG patterns, called the Brugada pattern, 
with the classic pattern being an atypical right bundle branch block (RBBB) pattern 
in the right precordial leads, with associated ST-segment elevation and T-wave 
inversions. Since its first description, there have been advances in identifying the 
inheritance patterns and associated gene mutations, which predominantly affect the 
cardiac sodium channel. The diagnosis of Brugada syndrome poses a particular 
challenge in athletes, as there exists some overlap between athletic ECG findings 
and Brugada ECG findings. Yet as the diagnosis of Brugada syndrome can signifi-
cantly impact the management of an athlete, it is crucial to meticulously complete 
the evaluation for the disorder when suspected.
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 Epidemiology

The prevalence of Brugada syndrome is estimated to be in the range of 1 in every 1000 
to 10,000 people. It is more commonly seen in patients of southeast Asian descent and 
is more common in men than women. The typical age for symptoms to present is in the 
4th decade however, symptoms may manifest at any age, including childhood. 
Approximately 4% of SCD worldwide is attributed to Brugada syndrome; up to 20% 
of SCD in cases with structurally normal hearts are attributed to the disorder [40, 41].

Clinically, patients with Brugada syndrome may present with a syncopal event, 
atrial and/or ventricular arrhythmias, and SCD. The Brugada pattern may inciden-
tally be found in asymptomatic patients on a screening ECG, but the pattern can also 
be intermittent. Factors that are known to elicit or accentuate the Brugada ECG pat-
tern include increased vagal tone (such as occurs during sleep), fever, electrolyte 
abnormalities, and sodium channel inhibitors (such as Class I antiarrhythmic drugs).

 Pathophysiology

There are multiple hypotheses for the pathophysiology governing the characteristic 
ECG changes in Brugada syndrome [42]. One hypothesis is that abnormal repolar-
ization occurs due to mutations in the sodium channel SCN5A, which results in the 
loss of Na+ current and unopposed outward K+ current through the Ito channel [43]. 
A voltage gradient is created between the epicardium and endocardium in the right 
ventricle (RV) and right ventricular outflow tract (RVOT), explaining the location of 
the ECG changes in the right precordial leads. Another hypothesis is that the ECG 
changes are due to delayed depolarization in the RV and RVOT. It is possible that 
both repolarization and depolarization abnormalities are present, and this could 
generate the substrate for initiation of arrhythmias, including polymorphic ventricu-
lar tachycardia or ventricular fibrillation. Using a non-invasive ECG imaging 
modality (ECGI) developed by Dr. Yoram Rudy at Washington University in St. 
Louis, patients with Brugada syndrome were found to have abnormal conduction 
and depolarization in electrophysiological substrate confined to the RVOT [44]. 
Epicardial ablation of this substrate is a possible treatment option [44, 45].

Further, while there are numerous gene mutations (>8) that have been associated 
with Brugada syndrome, mutations in SCN5A account for >75% of genotype- 
positive patients [46]. However, the majority of cases are genetically elusive.

 Diagnosis

The diagnosis of Brugada syndrome should consist of the presence of symptoms as 
well as meeting the criteria for the Brugada ECG pattern. However, more recent 
recommendations consider meeting the Brugada Type 1 ECG pattern alone, with or 
without the presence of symptoms, diagnostic of Brugada syndrome [43].
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There are now two recognized categories of ECG patterns in potential patients 
with Brugada syndrome (Fig. 12.2). Type 1 is the classic Brugada pattern, in which 
there is a coved ST-segment elevation ≥2 mm, negative T wave, and no isoelectric 
separation of the T wave (no clear r’) in the right precordial leads (V1–V2). The 
Type 2 pattern consists of a saddle-back appearance in the ST-T segment of leads 
V1–V2, with a positive or biphasic T wave.

The diagnosis can be made if the Type 1 Brugada ECG pattern is seen spontane-
ously or during intravenous administration of a sodium channel inhibitor (e.g., pro-
cainamide, flecainide, ajmaline, pilsicainide) in either V1 or V2. Appropriate lead 
placement of V1 or V2 is critical in the standard position when performing any 
ECG.  Placing V1 and V2 leads in a superior position (up to the 2nd intercostal 
space) can potentially increase the diagnostic yield of the ECG. However, superior 
positioning should only be considered if highly suspicious for Brugada syndrome, 
as high lead placement on routine screening ECGs may lead to overdiagnosis of 
Brugada ECG patterns, especially in taller and heavier male athletes [47]. Superior 
positioning can accentuate a Type 1 Brugada ECG pattern in a patient with known 
Brugada syndrome, but can cause an rSr’ pattern in a patient without Brugada syn-
drome [48].

 Differentiation from the Athlete’s ECG

While the Type 1 Brugada ECG pattern has a characteristic pattern, the Type 2 
Brugada ECG pattern shares similarities to normal variants, including those often 
seen in athletes [49]. The term “Brugada phenocopy” has been proposed to describe 

a b

Fig. 12.2 Brugada ECG patterns. (a) The Type 1 pattern, with its associated atypical RBBB mor-
phology and ST-segment elevations in leads V1-V2, is the classic Brugada pattern considered to be 
diagnostic of the disorder. (b) The Type 2 “saddle-back” pattern. (Figure used with permission 
from Ref. [43])
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situations in which a Brugada ECG can be elicited in a person without Brugada 
syndrome by conditions such as hyperkalemia, hypothyroidism, and alcohol intoxi-
cation [42].

In addition to athletic ECG changes considered to be a normal variant, the dif-
ferential diagnosis for “Brugada-like” ECG changes includes incomplete right bun-
dle branch block (also a normal variant), as well as pathological causes, such as 
right ventricular hypertrophy, arrhythmogenic right ventricular cardiomyopathy 
(ARVC), and hyperkalemia.

To help distinguish between Brugada ECG patterns and “Brugada-like” ECG 
variants that can be seen in athletes, multiple tools have been proposed. The 
“Corrado index” (Fig. 12.3a, b) compares the ratio of the heights of the ST elevation 
in lead V1 at the beginning of the ST segment (STJ) and 80 ms afterwards (ST80), 
whereby a value of STJ:ST80  >  1 is seen in Brugada syndrome while a value 
STJ:ST80 < 1 is present in repolarization abnormalities seen in athletes [50]. Another 
distinguishing finding is the angle (β) formed between the ascending and descend-
ing limbs of r’ (Fig. 12.3c) [51, 52]. Patients with Type 2 Brugada ECG pattern typi-
cally have a larger β, and a cutoff of 58° has been shown to have discriminative 
value, with a positive predictive value of 73% and negative predictive value of 87% 
[51]. In addition, if a triangle is drawn using the up- and downslope of the r’, the 
length of the triangle 5 mm below the peak of the r’ can be measured (d; Fig. 12.3d). 
A value d ≥ 4 mm (or 160 msec) was found to have a specificity of 95.6%, sensitiv-
ity of 85%, positive predictive value of 94.4%, and negative predictive value of 
87.9% [53].

a b c d

Fig. 12.3 Distinguishing parameters between Brugada ECG pattern and normal variants. (a, b) 
“Corrado index” compares the heights of the STJ and ST80 segments. An STJ:ST80 < 1 is seen in 
normal variants, such as early repolarization seen in athletes (a), while STJ:ST80 > 1 is seen in 
Brugada ECG pattern (b). (c) The angle β describes the angle between the upslope and downslope 
of r’, and a larger value is seen in Brugada ECG pattern. (d) A triangle can be drawn using the 
upsloping and downsloping segments of r’. If the third wall of the triangle consists of a line drawn 
5 mm below the r’ peak, the length of the line, d, can be measured, with a larger d seen in Brugada 
ECG pattern. (Figures a, b adapted with permission from Ref. [54])
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 Management

While asymptomatic patients with the Type 2 Brugada ECG pattern (and no con-
cerning family history) do not warrant further workup [55], cardiology consultation 
to discuss ECG findings is reasonable. The management of asymptomatic patients 
with the Type 1 Brugada ECG pattern (and thus a diagnosis of Brugada syndrome) 
remains controversial [36, 56]. The mainstay of management in asymptomatic 
Brugada patients is avoidance of drugs that are known to elicit the Brugada pattern 
(which can be found at http://www.brugadadrugs.org), avoidance of excessive alco-
hol intake and large meals, and prompt treatment of any fever. (Class I, Level 
C) [36].

For patients with a diagnosis of Brugada syndrome who have experienced car-
diac arrest or have documented spontaneous sustained VT, ICD implantation is rec-
ommended (Class I, Level C) [11, 19, 36]. In patients with a spontaneous Type 1 
Brugada ECG pattern who have a history of syncope, ICD implantation is also 
recommended (Class IIa, Level C) [19, 36].

With regards to whether athletes with a diagnosis of Brugada syndrome should 
refrain from competitive sports, the recommendations have evolved over the last 
few decades [57]. While the Bethesda guidelines from 2005 previously advised 
restriction to Class IA sports for athletes diagnosed with Brugada syndrome, regard-
less of the presence of symptoms [9], the most recent task force recommendations 
provide a more nuanced approach. For symptomatic athletes with suspected or diag-
nosed Brugada syndrome, restriction from all competitive sports is recommended 
while the athlete and family are informed of the diagnosis and implications, and a 
treatment program (i.e., ICD placement) is initiated (Class I, Level C). If after ICD 
placement, the athlete is asymptomatic for 3 months and there is no evidence of 
ventricular arrhythmias that require device therapy, participation in sports with 
higher demands that Class IA sports may be considered after a thorough shared 
decision-making discussion (Class IIb, Level C) [11]. Participation of athletes with 
implanted ICDs in sports has been evaluated in a prospective ICD Sports Registry, 
and no patients with Brugada syndrome with an ICD experienced an arrhythmic 
storm during competition [58, 59]. For asymptomatic athletes with a diagnosis of 
Brugada syndrome, there are no specific activity restrictions recommended, but an 
emergency action plan (EAP) must be in place [11].

 Idiopathic Ventricular Tachycardia/Ventricular Fibrillation

Ventricular tachycardia (VT) most commonly occurs in the setting of an underlying 
cardiomyopathy, but VT can also occur in patients who have no known structural 
heart abnormalities or ischemic heart disease. VT that occurs in the absence of clini-
cally apparent structural heart disease is classified as idiopathic VT. Similarly, idio-
pathic ventricular fibrillation (VF) is the occurrence of VF in the setting of a 
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structurally normal heart. Both idiopathic VT and VF can lead to SCD and estab-
lishing the diagnosis in the athlete is crucial as there are effective treatment strate-
gies to present SCD while potentially still allowing the athlete to return to 
competition.

 Background & Epidemiology

The true prevalence of idiopathic VT and idiopathic VF in SCD is difficult to mea-
sure, since autopsy studies are unrevealing in the setting of structurally normal 
hearts seen in idiopathic VT/VF. Yet SCD occurs in the setting of structurally nor-
mal hearts in roughly 5–14% of SCD cases [60–62]. In a study performed on SCD 
in collegiate athletes in the United States, the most common finding at death was a 
structurally normal heart (31%) [4]. In a study of premature deaths attributed to sud-
den arrhythmic death syndrome (SADS) of people ages 4–64 years old in the United 
Kingdom, 52.8% of the presumed arrhythmic deaths were found to not have any 
identifiable structural abnormality or familial syndrome [63].

Haïssaguerre and colleagues identified an association between idiopathic VF 
and early repolarization on baseline ECG [64]. In their initial study, they found 
that 31% of patients who experienced cardiac arrest due to idiopathic VF had 
early repolarization on ECG, while only 5% of control patients had early repolar-
ization. This finding has been confirmed on repeat studies by their group and oth-
ers [65–67]. Now termed Haïssaguerre syndrome, the pathophysiology of the 
association between early repolarization with idiopathic VF is still unclear. The 
degree of J-point elevation is important as patients who experienced idiopathic VF 
were more likely to have a J-point elevation >1.0 mm compared to young athletes 
with early repolarization [67]. Additionally, J-point elevation was more com-
monly seen in the inferior leads and in leads I and aVL in patients with idiopathic 
VF, whereas the presence of J-point elevation in leads V4–V6 was similar between 
groups [67].

Further research is needed to better characterize high risk features of early 
repolarization patterns. The ST-segment morphology after the J-point in early 
repolarization has been found to have discriminatory value (Fig. 12.4) [68]. In a 
study comparing early repolarization patterns in Finnish and American athletes, 
and a middle-aged Finnish population, the early repolarization patterns seen in 
young and healthy athletes were more likely to have an ascending/upsloping 
ST-segment after the J-point (Fig. 12.4a, b). In the middle-aged Finnish popula-
tion, subjects who had a horizontal/descending ST-segment after the J-point 
(Fig. 12.4c, d) had an increased hazard ratio of arrhythmic death. An ascending/
upsloping ST-segment in this population was not associated with an increased risk 
of arrhythmic death [68]. Other features such as T-wave amplitude, T/R ratio, 
J-wave duration, and J-wave slope have been studied as well and may also have 
discriminatory value [69, 70].
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 Pathophysiology

Idiopathic VT can originate from a variety of locations within the heart; most com-
monly, idiopathic VTs originate from the ventricular outflow tracts, particularly the 
right ventricular outflow tract (RVOT; ~70% of outflow tract VTs) [71]. Other sites 
of outflow tract origin include the aortic sinuses of Valsalva, left ventricular outflow 
tract (LVOT), great cardiac veins, epicardial myocardium, aorto-mitral curtain, and 
the pulmonary artery. The mechanisms of these outflow tract VTs are thought to be 
focal secondary to automaticity, micro-re-entry, or triggered activity. RVOT VT is 
mediated by cyclic AMP-mediated intracellular calcium overload [72–74].

Idiopathic VT can also originate from the left ventricle, including fascicular VT 
(also known as Belhassen Tachycardia, which is the most common idiopathic VT 
from the left ventricle) and papillary muscle VT. Fascicular VT is a result of reentry 
involving a portion of the left ventricular Purkinje fiber system and is often 
verapamil-sensitive.

In endurance athletes, idiopathic VTs most frequently originate from the right 
ventricle, and there is evidence to suggest that, at least in a portion of athletes in this 
group, this predisposition to right-sided VTs may be a result of the endurance exer-
cise itself [75]. In what has been termed “exercise-induced right ventricular arrhyth-
mogenic cardiomyopathy,” the hypothesis is that the chronic right-sided pressure 
overload that can occur with years of extreme endurance training can lead to deleteri-
ous effects on the right ventricle, including fibrosis and functional abnormalities, 
which can in effect predispose to arrhythmia susceptibility. Thought to be on a similar 
spectrum as ARVC, it is possible that this phenomenon may instead be capturing a 
genetic defect not yet identified, in what has been termed “gene-elusive ARVC” [76].

a b c d

Fig. 12.4 Early repolarization patterns. (a, b) Inferior leads from two young Finnish athletes, 
demonstrating (a) notching and (b) slurring of the terminal QRS portion (arrows), followed by an 
ascending/upsloping ST segment. (c, d) Inferior leads from two middle-aged subjects from the 
general Finnish population. After the notching or slurring in the terminal QRS portion (arrows), the 
ST-segment has a horizontal/descending pattern, which was found to be more likely to be present 
in subjects with arrhythmic death. (Figures adapted with permission from Ref. [68])
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 Diagnosis

The first step of managing an athlete with suspected idiopathic VT is ruling out 
structural heart disease, which can be done with routine imaging modalities such as 
transthoracic echocardiography or cardiac magnetic resonance imaging (cMRI).

Once structural heart disease has been excluded, attempts should be made to 
obtain ECG tracings (ideally 12-lead) of the VT, if possible. Analysis of a multi-lead 
ECG tracing of the VT can assist with determining its potential origin, and this 
information can help to inform management options, particularly planning for 
radiofrequency catheter ablation.

Idiopathic VF, unless otherwise captured on ambulatory or telemetry monitoring, 
is typically a diagnosis of exclusion in a patient who has suffered a sudden cardiac 
arrest. If VF is documented and the patient survives, then a thorough workup for 
secondary causes of VF should be performed to evaluate for cardiac, respiratory, 
metabolic, or toxicological etiologies [19].

 Management

In general, the risk of syncope and sudden cardiac death from idiopathic VT is very 
low. Medical therapy with beta blockers or calcium channel blockers is typically the 
first line therapy considered in symptomatic patients with idiopathic outflow tract 
VT (Class I, Level B) [62]. Some patients, particularly those with interfascicular 
VT, oral verapamil may be useful (Class IIa, Level C), but intravenous verapamil 
can be used for acute termination of VT (Class I, Level B).

While medical therapy is typically the first line of therapy in idiopathic VT, medi-
cations can be difficult to use in athletes given their potential effects on athletic per-
formance. Medical therapy may be considered if radiofrequency catheter ablation 
(RFA) is not possible or not desired [77, 78], or the location of VT origin is deemed 
high risk. For instance, fascicular VT is usually responsive to the non- dihidropyridine 
calcium channel blocker, verapamil, as well as beta-blockers. For outflow tract VT, 
class IC and class III anti-arrhythmic medications are more effective than beta-
blockers or calcium channel blockers and can be considered as long as there is no 
evidence of structural heart disease [77]. However, the side effect profiles of anti-
arrhythmic medications need to be strongly considered prior to initiation in any ath-
lete and beta blockers are usually the first choice given the safety profile.

In addition to medical therapy, radiofrequency catheter ablation (RFA) is being 
increasingly performed successfully to treat VT, including idiopathic VT [79]. For 
athletes with idiopathic VT, RFA may be considered if the arrhythmia does not 
respond to medical therapy or if the athlete is unable or unwilling to take medica-
tions [11]. Notably, in contrast to medications, RFA can be curative of idiopathic 
VT. For ectopy with an RVOT origin, RFA was found to be more effective than 
antiarrhythmic drug therapy in preventing recurrence [80], and acute success rates 
as high as 84% have been achieved with a low complication rate (2–3%) [81].
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In athletes with idiopathic VT who have undergone successful catheter ablation 
and who remain free of VT (spontaneous or induced) at least 3  months post- 
procedure can resume full competition with no restrictions (Class I, Level C) [11]. 
If catheter ablation is not performed and medical therapy is prescribed, the recom-
mendation is to allow for 3 months of medical therapy optimization; if there is no 
evidence of recurrence or inducibility by exercise testing or electrophysiological 
study (EPS), then full competition can be resumed with no restriction (Class I, Level 
C) [11].

In any athlete with idiopathic VT or VF who has survived from sudden cardiac 
arrest, ICD implantation is recommended (Class I, Level B) [62].

 Conclusion

• Management of arrhythmic conditions such as Wolff Parkinson White (WPW), 
Brugada syndrome, catecholaminergic polymorphic ventricular tachycardia 
(CPVT), and idiopathic ventricular fibrillation (VF) or ventricular tachycardia 
(VT) in the athlete is challenging.

• Risk stratification for WPW continues to evolve, and new studies suggest that 
characteristics such as an intermittent pattern or SPERRI >250 ms may not be as 
low risk as previously thought.

• While the general recommendation is to recommend restriction of athletic par-
ticipation in patients with CPVT, recent studies suggest that return to athletic 
activity can be considered on an individual basis for patients who demonstrate 
adequate suppression of ventricular arrhythmias on optimal medical therapy. 
However, the risk of exercise-associated SCD still exists.

• Differentiating between a Brugada ECG pattern and the athlete’s ECG pattern 
can be challenging, and new tools (i.e., Corrado index) are proving valuable to 
assist with the diagnosis.

• Further research is needed to better characterize high risk features of early repo-
larization patterns that are associated with idiopathic VT and VF.

• Guidelines and recommendations for management of these conditions in athletes 
are evolving as therapies such as radiofrequency ablation improve.

• A shared decision-making approach is essential when counseling athletes on 
their management and providing treatment options.
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Chapter 13
Cardiovascular Implantable Electronic 
Devices in Athletes

Benjamin H. Hammond and Elizabeth V. Saarel

 Introduction

Cardiovascular implantable electronic devices (CIEDs) were invented in the 1950s 
at which time the first permanent pacemakers were implanted in patients with 
acquired complete heart block. Implantable cardioverter-defibrillator (ICD) tech-
nology developed many years later and the first ICD devices were placed in humans 
in the mid 1980s. These early CIEDS required large pulse generators with surgical 
lead placement on the epicardium. It was not until transvenous leads and compact 
pulse generators were developed in the early 1990s that sports participation became 
possible for patients with CIEDs.

In 1994, an elite high school senior basketball player, Nicholas Knapp, collapsed 
playing recreational basketball and required resuscitation with defibrillation. Within 
10  days of his cardiac arrest, he underwent placement of an ICD.  He had been 
offered a full athletic scholarship at Northwestern University, which he retained, but 
he was informed that he could not be medically cleared to play pursuant to the 
guideline recommendations for sports eligibility from the 26th American College of 
Cardiology Bethesda Conference [1]. This disqualification led to his filing of a dis-
crimination suit against the university that was initially upheld, but later struck 
down by a higher court that determined playing basketball at the collegiate level was 
not a basic function of life, and therefore this activity did not qualify for protection 
under section 504(a) of the Rehabilitation Act of 1973 [2]. After enrolling in a dif-
ferent collegiate basketball program and being cleared to play by that college’s team 
physician, he had an appropriate shock during a basketball practice due to a cardiac 
dysrhythmia and did not return to complete that season [3]. In the years since the 
Knapp case, the safety of competitive sports for patients with ICDs has been ques-
tioned and studied.
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Some athletes who have had a pacemaker or ICD placed continue vigorous and 
competitive sports participation after implantation. More than 40% of electrophysi-
ologists surveyed in a study published in 2006 had at least one patient who contin-
ued to participate in sports more vigorous than golf after ICD implantation [4]. This 
finding was surprisingly inconsistent with the contemporary 2005 36th Bethesda 
Conference eligibility recommendations which, similar to prior recommendations, 
suggested that only Class IA sports such as bowling, billiards, and golf were safe for 
patients with ICDs [5]. Subsequent studies have demonstrated a low incidence of 
adverse sequelae associated with competitive sports participation in patients with 
ICDs, despite the fact that sports can be arrhythmogenic in some athletes [6, 7]. This 
chapter will review the current recommendations for athletic participation in ath-
letes with CIEDs, present data demonstrating the safety of CIEDs while highlight-
ing potential adverse outcomes associated with competitive sports participation, and 
review quality of life factors for athletes with CIEDs.

 Pacemakers

Indications for pacemakers include heart failure, refractory arrhythmias, atrioven-
tricular block, and sinus node dysfunction [8]. In contrast with those patients with 
ICDs, patients with pacemakers have not been restricted from participation in com-
petitive sports in consensus guidelines, though there is little published data regard-
ing the degree of participation or the safety of sports in this population. A study 
from the Netherlands in 2004 looked at nine long distance runners with pacemakers. 
These athletes were followed through a 9-month training program with cardiac 
monitoring and intermittent device interrogation. The runners with underlying com-
plete heart block required adjustment of the upper rate parameter to 170–180 beats 
per minute to ensure atrioventricular synchrony with high atrial rates. Otherwise, 
pacemaker dysfunction was not observed in any of these athletes during the training 
program or when athletes were surveyed 2 years after completing the training pro-
gram [9].

In 1992, Schuger et al. described significant damage to two right-sided transve-
nous leads in a 23-year-old softball player with a pacemaker. He was right-hand- 
dominant and was participating in daily softball games with intense throwing 
practices. He presented to the hospital with bradycardia leading to syncope and was 
found to have pacemaker dysfunction. There was complete transection of his ven-
tricular lead and damage to the atrial lead believed to have resulted from frequent, 
repetitive arm movements causing the leads to be being crushed between the clavi-
cle and the first rib [10]. While implant techniques and lead design have improved 
over the years, there is still potential risk for damage to pacemaker or ICD leads 
with repetitive and forceful arm movements especially for hardware located between 
the clavicle and the first rib.

The risks to the athlete with a pacemaker, most of whom have structurally nor-
mal hearts without cardiomyopathy or a primary inherited arrhythmia syndrome, 
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center on the potential for damage to the device including the pulse generator and 
leads. In those with underlying congenital, acquired or arrhythmogenic heart dis-
ease, it is important to risk-stratify the patient according to their underlying cardiac 
diagnosis. With regards to the potential for device damage, participation in contact/
collision sports for these athletes has been discouraged by serial task force recom-
mendations due to perceived risk [1, 5, 11]. A list of these contact sports from the 
most recent 2015 American Heart Association (AHA)/American College of 
Cardiology (ACC) Task Force guidelines is shown in Table 13.1.

Athletes with heart block are recommended to have dual chamber pacemaker 
devices placed which allow for more physiologic pacing and chronotropic competence 
including atrial sensing and ventricular pacing, or sensing/pacing of both chambers 

Table 13.1 AHA/ACC classification of sports according to risk of impact

Junior high school High school/college

Impact expected American football
Ice hockey
Lacrosse
Wrestling
Karate/judo
Fencing
Boxing

American football
Soccer
Ice hockey
Lacrosse
Basketball
Wrestling
Karate/judo
Downhill skiing
Squash
Fencing
Boxing

Impact may occur Soccer
Basketball
Field hockey
Downhill skiing
Equestrian
Squash
Cycling

Field hockey
Equestrian
Cycling
Baseball/softball
Gymnastics
Figure skating

Impact not expected Baseball/softball
Cricket
Golf
Riflery
Gymnastics
Volleyball
Swimming
Track and field
Tennis
Figure skating
Cross-country skiing
Rowing
Sailing
Archery
Weightlifting
Badminton

Cricket
Golf
Riflery
Volleyball
Swimming
Track and field
Tennis
Cross-country skiing
Rowing
Sailing
Archery
Weightlifting
Badminton

Reprinted with permission from: Levine et al. [12], Elsevier
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[13]. High upper heart rate parameters are important for athletic participation in order 
to avoid pacemaker upper rate behavior, as previously referenced in the Netherlands 
pacemaker study [9]. Upper rate behavior occurs when a sensed atrial systole (P-wave) 
falls within the programmed postventricular atrial refractory period (PVARP), and is 
therefore un-sensed, causing a Wenckebach pattern with sudden slowing of the ven-
tricular rate when the athlete is potentially at peak exercise. An example of this phe-
nomenon is shown in Fig. 13.1. Exercise testing can aid in determining appropriate 
pacemaker parameters for athletes and should be utilized for all athletes with pace-
makers before allowing return to sports participation after implantation.

 Implantable Cardioverter-Defibrillator (ICD) Devices

Class I indications for ICD implantation include:

• Secondary prevention for survivors of cardiac arrest.
• Structural heart disease plus spontaneous sustained ventricular tachycardia (VT).
• Syncope of undetermined origin plus sustained VT induced by electrophysiology 

(EP) study.

a

b

Fig. 13.1 Upper Rate Behavior. (a) Atrial-sensed, ventricular-paced rhythm. (b) Sensed P-wave 
followed by a paced QRS. The following two-paced QRS complexes are preceded by an enhanced 
T-wave suggestive of a P-wave falling within the T-wave that is sensed, and ventricular pacing 
occurs. The fourth P-wave falling within the T-wave (indicated by arrow) occurs within the post-
ventricular atrial refractory period (PVARP) and is not sensed and ventricular pacing is not trig-
gered, resulting in heart rate slowing. (Reprinted with permission from [14], Elsevier)
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• Left ventricular ejection fraction (LVEF)  ≤35%, ≥40  days postmyocardial 
infarction (MI) with New York Heart Association (NYHA) II or III symptoms.

• Nonischemic cardiomyopathy with LVEF ≤35% and NYHA II or III symptoms.
• LVEF ≤30%, ≥40 days post-MI, with NYHA I symptoms.
• Nonsustained VT due to prior MI, LVEF ≤40%.
• Inducible ventricular fibrillation (VF) or sustained VT in an EP study.

Class IIa and IIb indications include additional patients with significant risk fac-
tors for sudden cardiac death [8]. One important point of emphasis in serial AHA/
ACC athletic recommendations is that an ICD should never be placed for the sole or 
primary reason of allowing athletes to compete in high-intensity sports (class III 
indication) [8].

An ICD system can be placed in a variety of configurations. Most commonly the 
ICD system includes transvenous pacing/sensing leads in the right ventricular endo-
myocardium with one or two high-voltage coils in the right ventricle (RV) and/or 
superior vena cava (SVC), but ICDs systems may also include epicardial leads and 
coils on the RV or LV surfaces, or a subcutaneous parasternal sensing lead and coil. 
An ICD pulse generator is usually placed subcutaneously in the right or left chest in 
transvenous lead systems, but generators may also be placed in a subpectoral posi-
tion, in the abdomen, or in the axilla. Modern endocardial ICD leads typically con-
sist of pacing and sensing electrodes and high-voltage coils surrounded by silicone 
insulation with an outer polyurethane insulation. Recalled high-voltage ICD leads, 
most common in thin leads, have demonstrated early fracture when flexing with the 
heart during the cardiac cycle, if there is a constrained portion of the cable to create 
a hinge point [15]. Additionally, there can be insulation breaches due to deformation 
of the silicone insulation and damage due to friction. Initial damage to an ICD lead, 
either by fracture or insulation breach, is most likely to cause over-sensing with 
normal pacing impedance [15]. In this case, over-sensing of noise may lead to inap-
propriate ICD shocks. In rare circumstances, perforation of the myocardium can 
occur (particularly at the RV apex), but this is less likely related to sports participa-
tion and more likely caused by high-forward lead pressure at the tip at the time of 
implant causing local migration through the myocardium.

While ICD shocks have traditionally been referred to as “appropriate” and “inap-
propriate”, recent literature has suggested that more accurate terminology would be 
“necessary” and “unnecessary” shocks [16]. Necessary shocks appropriately termi-
nate ventricular tachyarrhythmias that could not be terminated by antitachycardia 
pacing (ATP) or resolve spontaneously. Patients receiving a necessary shock would 
typically be symptomatic and potentially unconscious, needing resuscitation. 
Unnecessary shocks include shocks delivered for supraventricular tachycardia 
(SVT) or monomorphic VT with a heart rate that exceeds the programmed rate 
threshold, but these shocks would likely occur in a hemodynamically stable, con-
scious patient. Over-sensing can lead to false detection of a ventricular tachyar-
rhythmia. Unnecessary shocks have been documented in up to 50% of device 
discharges [16].

In 2006, an ICD Sports Safety Registry was established and initiated as a multi-
national, prospective, and observational registry, to identify and quantify risks 
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associated with sports participation for patients with ICDs. Findings from this reg-
istry that included 372 athletes who competed in organized sports of greater than 
class IA intensity, ranging in age from 10 to 60 years old, were first published by 
Lampert et al. in 2013 [17]. The most common underlying cardiac diagnoses for 
these athletes in the registry were:

 1. Long QT syndrome (20%)
 2. Hypertrophic cardiomyopathy (17%)
 3. Arrhythmogenic right ventricular dysplasia (14%)
 4. Coronary artery disease (11%)
 5. Idiopathic VT/VF (structurally normal heart – 11%)
 6. Dilated cardiomyopathy (8%)
 7. Congenital heart disease (8%)
 8. Catecholaminergic polymorphic VT (3%)
 9. Brugada syndrome (2%)

Twenty-seven percent of the patients with these underlying conditions in the 
cohort underwent ICD implantation after ventricular fibrillation/cardiac arrest, 14% 
had a prior incidence of sustained VT, and 27% had syncope [17]. With these data 
in mind, it is justified that there exists a certain amount of fear for cardiologists and 
patients alike in considering further sports participation after placement of such a 
device is deemed clinically necessary. At the same time, some individuals may erro-
neously view ICD placement to be a “safety net” that will protect and save them 
regardless of their level of sport participation. Proper assessment of an athlete’s 
underlying cardiac disease is necessary to provide appropriate recommendations 
regarding sport participation to an athlete with an ICD. Defibrillatory shocks are not 
benign and have been shown in older patients to increase mortality risk secondary 
to progressive heart failure [18]. The risk inherent in necessary and unnecessary 
shocks is an additional important consideration, particularly in those with signifi-
cant underlying heart disease.

 Recommendations for Athletes with CIEDs for Competitive 
Sports Participation

Pacemakers were first mentioned in the 1985 report of the 16th Bethesda Conference 
providing recommendations regarding eligibility for competition in sports for 
patients with cardiovascular disease. The recommendation by this expert panel for 
individuals with pacemakers was to “not engage in competitive sports with a danger 
of body collision” [19]. Twenty years later, the 36th Bethesda Conference addressed 
the increased use of ICDs [5], stating:

Although differences of opinion exist and little direct evidence is available, the panel asserts 
that the presence of an ICD (whether for primary or secondary prevention of sudden death) 
should disqualify athletes from most competitive sports (with the exception of low- intensity, 
class IA), including those that potentially involve bodily trauma. The presence of an 
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implantable device in high-risk patients with cardiovascular disease should not be regarded 
as protective therapy and therefore a justification for permitting participation in competitive 
sports that would otherwise be restricted.

The panel additionally raised concern that there was uncertainty of device perfor-
mance at peak exercise, raising the potential for necessary and unnecessary dis-
charges and associated risk of injury to the athlete [5].

Subsequent to the publication of these recommendations, the aforementioned 
ICD Sports Safety Registry was established to address these concerns expressed at 
the 36th Bethesda Conference. The first results of the registry were published in 
2013. In the registry, 13% of athletes had a necessary ICD shock, and 11% of ath-
letes had an unnecessary shock over a median follow-up of 31 months. In those 
athletes receiving either a necessary or an unnecessary shock, there was no differ-
ence in the timing of shocks between competition/practice and other physical activ-
ity. Regarding injury to the device, there were some lead malfunctions with an 
estimated lead survival without definite or possible malfunction of 97% at 5 years 
and 90% at 10 years. The registry data suggested that many athletes with ICDs can 
engage in competitive sports without physical injury or failure to terminate arrhyth-
mias despite the occurrence of both necessary and unnecessary shocks [17]. The 
registry data were re-evaluated 4 years later, showing similar results in a cohort of 
440 patients [20].

The 2015 AHA/ACC eligibility and disqualification recommendations for com-
petitive athletes with cardiovascular disease incorporated the early data studying 
ICDs in athletes, recognizing the potential for safe participation in some competi-
tive sports. The authors stated that it was reasonable to allow athletes with ICDs to 
participate in class IA sports, but they supplemented their recommendations by stat-
ing that it was possible for athletes to engage in more intensive sports through a 
shared decision making construct whereby the athlete assumes a portion of the 
potential risk for adverse events. Shared decision making in this context was sum-
marized: [11]

Participation in sports with higher peak static and dynamic components than class IA may 
be considered if the athlete is free of episodes of ventricular flutter or ventricular fibrillation 
requiring device therapy for 3 months. The decision regarding athletic participation should 
be made with consideration of, and counseling of, the athlete regarding the higher likeli-
hood of appropriate and inappropriate shocks and the potential for device-related trauma in 
high-impact sports.

The guidelines also re-affirmed that eligibility and safety for athletic participation 
should never be the indication for placement of an ICD device [11]. Physicians were 
advised to prioritize the patient’s underlying cardiovascular disease and clinical 
context instead of making sports participation recommendations based solely on the 
presence of an ICD. Decision-trees incorporating the most recent competitive sports 
guidelines for athletes with pacemakers and ICDs are shown in Figs. 13.2 and 13.3.

13 Cardiovascular Implantable Electronic Devices in Athletes



202

 Pediatric Athletes

Saarel et al. separately examined patients enrolled in the ICD registry who were 
≤21 years of age (age range 10–21 years) [21]. The majority of patients had normal 
underlying ventricular function; the most common diagnoses were long QT syn-
drome (38%), hypertrophic cardiomyopathy (23%), congenital heart disease (12%); 
other less prevalent diagnoses included arrhythmogenic right ventricular cardiomy-
opathy, idiopathic VT/VF, catecholaminergic polymorphic VT (CPVT), dilated car-
diomyopathy, and Brugada Syndrome. There were 117 patients who participated in 
competitive sports and 12 who participated in dangerous sports as classified by 
ACC/AHA guidelines (Table  13.2) [11]; 79 athletes participated in sports at the 
high school or college level. In this subgroup of the larger of athlete ICD registry, 

Fig. 13.2 Decision-tree for athletes with permanent pacemakers
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similar findings to the larger cohort were observed with no tachyarrhythmic deaths, 
externally resuscitated tachyarrhythmias, or severe injury. There were low rates of 
device malfunction. Six necessary shocks were delivered in four individuals that 
occurred during competition or practice, giving a rate of 1.5 necessary shocks 

Fig. 13.3 Decision-tree for athletes with ICDs

Table 13.2 Dangerous sports as classified by AHA/ACC guidelines with respect to risk if 
syncope occurs

Dangerous sports (increased risk if syncope occurs)

Auto racing Gymnastics Synchronized swimming
Body building Motorcycling Triathlon
Cycling Rodeoing Water skiing
Diving Skateboarding Weight lifting
Equestrian Snowboarding Windsurfing
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during sports per one hundred person-years. Overall, 27% of athletes received at 
least one shock, and there were a significant number of unnecessary shocks (35% of 
all shocks were unnecessary) due to noise, SVT, and over-sensing. These findings 
regarding shocks were also similar to the larger registry findings. Importantly, 
105/117 athletes in this study stopped participation in all or some sports during the 
follow-up period: the majority for nonmedical reasons and 7 of them because of an 
ICD shock [21].

 Sideline Management

Several problems can occur in athletes with ICDs during active athletic activity and 
competition. The most serious of these would be a ventricular tachyarrhythmia with 
shock failure leading to death. For this reason, it is essential to be prepared with an 
automated external defibrillator (AED) on the sideline during competitive sports 
participation (including practices). There is a risk of postshock pulseless electrical 
activity (PEA), such that sideline preparation should include CPR-trained bystand-
ers. Knowledge of the underlying cardiac diagnosis and associated mechanism of 
sudden cardiac death are essential in anticipating outcomes. Rarely, patients with 
CPVT can have proarrhythmic ICD discharges due to the release of catecholamines 
leading to a clustering of recurrent episodes of VT or VF in a brief period. This 
sequence of events has been referred to as an “electrical storm” [22]. Unnecessary 
shocks can cause discomfort and can induce further ventricular arrhythmia. Other 
consequences to anticipate on the sideline are injuries from syncopal arrhythmias 
and potential injury to the patient’s ICD leads or generator. It is important when 
there is suspicion of damage to the device components that all vigorous activity is 
suspended and the athlete is evaluated promptly by an electophysiologist.

 External Defibrillation in Shock Failure

First responders to a symptomatic athlete should be made aware of the presence of 
an ICD and allow 30–60 seconds for the device to cycle prior to attaching an auto-
mated external defibrillator (AED) device. Rarely, the shock from an AED can con-
flict with the shock cycle of the ICD. Placement of the AED pads should be at least 
1  inch (2.5 cm) away from the device generator [23]. First responders should be 
reminded that shocks delivered by the ICD to the patient during resuscitation will 
not pose a danger to those performing CPR, though responders may experience a 
tingling sensation when a shock is delivered [24]. When external defibrillation is 
required, it is important to subsequently have the ICD device checked by an electro-
physiologist to assess for any damage to the device.
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 Unnecessary ICD Shocks

An unnecessary shock was reported in 40 patients in the ICD Sports Safety Registry 
(11% of cohort) [17]. Table  13.3 shows the underlying rhythms responsible for 
unnecessary shocks, including sinus tachycardia exceeding programmed thresh-
olds, atrial fibrillation being read as a ventricular arrhythmia, noise, T-wave over- 
sensing, and other causes including SVT [17]. Lead fracture can cause noise on the 
high-voltage lead, as demonstrated in Fig. 13.4, and cause an unnecessary shock. In 
rare and extreme cases, patients can have an unnecessary shock that degenerates 
into a ventricular arrhythmia. Shocks that occur in a conscious patient can be 
uncomfortable and can even lead to post-traumatic stress disorder or severe anxiety 
as the patient lives in fear of an unnecessary shock. Assessment by an electrophysi-
ologist is important if an unnecessary shock occurs to understand the reason for the 
shock and to check for device damage or malfunction.

 Damage to Pacemakers/ICDs

The potential of damage to a patient’s implanted electrical device is not confined to 
direct traumatic impact during sports participation. Dislodgement and fracture of the 
leads can occur due to repetitive muscular movements. There can be gross electrode 
dislodgement or partial electrode dislodgement with the latter being the more 

Table 13.3 Number of shock events and underlying rhythms leading to necessary and unnecessary 
shocks in the ICD sports safety registry

Rhythm
Competition 
related, na

Physical activity 
related, nb Other, n

Total, n 
(%)

Ventricular tachycardia 22/16 14/11 11/8 47/35 (9)
Ventricular fibrillation 8/6 3/3 10/5 21/14 (4)
Sinus tachycardia 7/6 6/3 1/1 14/10 (3)
Atrial fibrillation 5/3 10/6 3/3 18/12 (3)
Other supraventricular 
tachycardia

2/2 2/2 0/0 4/4 (1)

Noise 0/0 2/2 6/5 8/7 (2)
T-wave oversensing 2/2 1/1 1/1 4/4 (1)
Other 3/2 1/1 1/1 5/4 (1)
Total, n (%) 49/36 (10) 39/29 (8) 33/23 

(6)
121/77 
(21)

Values refer to number of events/number of unique individuals. Percents refer to percent of the 
study population. Eighteen shocks did not have available implantable cardioverter-defibrillator–
stored data, so the diagnosis is based on that of the treating physician. Of these, 4 were ventricular 
arrhythmia, 2 were supraventricular, 7 were noise, and 5 were other
aIncludes competition, postcompetition, or practice for competition
bIncludes physical activity and post-physical activity
Reprinted with permission from [17], Wolters Kluwer Health, Inc.
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common. Lead fracture can also occur at points of significant pressure and stress on 
the lead. The points on the lead that experiences consistent mechanical stress and 
high pressure include the portions inside the suture sleeve, adjacent to the tricuspid 
valve, and in proximity to the first rib and clavicle [25]. Direct impact trauma, as 
inherent in full contact sports, can also cause fracture or dislodgement of the leads 
and damage to the generator. The ICD Sports Safety Registry reported outcomes in 
the patients participating in “moderate” and “aggressive” contact sports. Examples 
of moderate contact sports included basketball and soccer; examples of aggressive 
contact sports included tackle football and ice hockey. Despite a significant number 
of athletes participating in moderate contact sports, the number of athletes with pos-
sible or definite device damage was low, with 93% and 84% malfunction-free sur-
vival at 5 and 10 years, respectively [17]. Impact/collision sports have been classified 
as high-risk by the 2015 AHA/ACC guidelines (Table 13.1) for patients on chronic 
anticoagulation therapy, and this classification can reasonably also be applied for 
those athletes with CIEDs. Wearable shields and padded shirts currently on the mar-
ket claim to be engineered to protect pacemakers, ICDs, and subcutaneous ICDs 
from direct impact though they are untested. It is important to note that these devices 
may provide false reassurance and place the athlete at risk of damage to their device.

 Syncope During Sports Participation

As discussed previously, a significant portion of athletes have ICDs implanted for 
secondary prevention of further cardiac arrest. The presence of an ICD is not pre-
ventative for syncopal events during sports participation. An athlete can also lose 

Fig. 13.4 ICD over-sensing. Device interrogation in a 14-year-old female with an ICD demon-
strating inappropriate ventricular lead sensing due to noise artifact from lead fracture. Note the 
increased ventricular-sensed (VS) intracardiac electrogram signals in comparison with actual QRS 
complexes
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control when a shock (necessary or unnecessary) is delivered. Certain sports have 
therefore been considered dangerous or high-risk, where “a brief loss of control 
could result in injury” [17] (Table  13.2). Of the 372 patients in the ICD Sports 
Safety Registry, there were no serious injuries or moderate injuries despite having 
some patients who participated in dangerous or high-risk sports.

 Quality of Life in Athletes with CIEDs

In the general population, several studies have demonstrated a negative impact on 
quality of life assessment associated with the presence of CIEDs. Patients with 
ICDs describe the sensation of a shock as a “lightning-like blow to the chest” or a 
feeling of “being kicked by a horse”; many patients develop an interest in joining a 
support group after receiving a shock [26]. In 2012, Czosek et al. assessed quality 
of life in a multicenter cross-sectional study comprised of 133 pediatric patients 
with pacemakers and 40 patients with ICDs. Utilizing the Pediatric Quality of Life 
Inventory, they found that the presence of an implanted device negatively affected 
an individual’s self-perception. Quality of life scores in those patients with ICDs 
were lower than in patients with pacemakers, which were closer to the control 
group. History of a device shock (necessary or unnecessary) resulted in no signifi-
cant difference in quality of life scores in this study [27]. Using the health-related 
quality of life scale, Cheng et al. demonstrated that patients with pacemakers had 
lower scores in psychosocial health, school functioning, social functioning, and 
emotional functioning relative to the general population [28]. Perceived quality of 
life of an athlete is often closely tied with participation in competitive sports. The 
negative psychological impact of a CIED can be exaggerated when the device is 
associated with an athlete’s inability to participate in competitive sports.

For patients living with an ICD, there is anxiety associated with anticipation of 
both necessary and unnecessary shocks. Some patients develop post-traumatic 
stress disorder as a result of multiple shocks. An unnecessary shock can be associ-
ated with distrust of the device accuracy and has been associated with reduced men-
tal well-being [29]. Anxiety and post-traumatic stress disorder can be debilitating 
and affect an athlete’s performance, particularly, if the shock occurred during com-
petitive play. It is important to balance the added quality of life that sports participa-
tion gives to the competitive athlete with potential adverse psychosocial effects 
associated with the device.

 Team Huddle (Shared Decision Making)

Shared decision making is an essential component in the process of counseling an 
athlete with CIED regarding sports participation. The essential elements of this dis-
cussion and counseling are different for patients with pacemakers and patients with 
ICDs. In a patient with a pacemaker, it is important to discuss the possible need for 
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additional surgical or interventional procedures, if their device were to be damaged 
during competitive play, particularly if the athlete is interested in a contact sport. 
Athletes who are pacemaker-dependent are at increased risk of injury if they were 
to lose capture and have syncope due to hemodynamically significant bradycardia 
with their underlying junctional or ventricular rhythm. If athletes can avoid sports 
with high-risk of impact to their device, the risks of device failure and associated 
injury appear to be low, though data are limited.

Counseling an athlete with an ICD should involve a more serious discussion of 
mortality risk. Athletes need to know that they might experience a ventricular 
arrhythmia and lose consciousness, placing them at risk for injury in any sport, 
particularly in those sports classified as dangerous (Table 13.2). The athlete needs to 
be counseled that a necessary ICD shock could fail to resuscitate them from cardiac 
arrest, and that an unnecessary shock can occur, causing discomfort, loss of con-
sciousness, or even induction of a lethal arrhythmia. Risks of damage to the device 
and device leads need also to be discussed. The importance of recognizing device 
alarms and getting regular device checks should be emphasized. The shared deci-
sion making model requires that these risks be explained to the athlete’s family (if 
under 18 years of age), coaches, trainers, overseeing sports organizations or school/
university, and, in some circumstances, teammates.

 Conclusion

Growing data suggests that some athletes with CIEDs can engage in competitive 
sports with a low incidence of adverse sequelae. A careful assessment of the athlete’s 
underlying cardiac disease, indication for device placement, and the type and inten-
sity of planned sport activity is necessary to provide appropriate recommendations 
regarding sport participation to an athlete with a CIED.  Most recent ACC/AHA 
guidelines have left open the possibility for athletes, when deemed clinically allow-
able, to engage in more intensive sports through a shared decision making construct 
whereby the athlete assumes a portion of the potential risk for adverse events. Not 
only the athlete, but also the coaches, trainers, overseeing sports organizations or 
school/university surrounding the athlete, must understand and anticipate the unique 
risks to an athlete with a CIED, and the appropriate sideline preparations must be in 
place to promote the safest possible environment for sports participation.

References

 1. Maron BJ, Mitchell JH, editors. 26th Bethesda Conference: recommendations for determining 
eligibility for competition in athletes with cardiovascular abnormalities, January 6 and 7, 1994. 
J Am Coll Cardiol. 1994;24:845–99.

 2. Knapp v. Northwestern University. 101 F.3d 473 (7th Cir. 1996), cert. denied, 117 S.Ct. 
2454 (1997).

B. H. Hammond and E. V. Saarel



209

 3. Maron BJ, Mitten MJ, Quandt EF, Zipes DP. Competitive athletes with cardiovascular dis-
ease – the case of Nicholas Knapp. N Engl J Med. 1998;339(22):1632–5.

 4. Lampert R, Cannom D, Olshansky B. Safety of sports participation in patients with implant-
able cardioverter defibrillators: a survey of Heart Rhythm Society members. J Cardiovasc 
Electrophysiol. 2006;17(1):11–5. https://doi.org/10.1111/j.1540- 8167.2005.00331.x.

 5. Maron BJ, Zipes DP. 36th Bethesda Conference: eligibility recommendations for ath-
letes with cardiovascular abnormalities. J Am Coll Cardiol. 2005;45(8) https://doi.
org/10.1159/000111411.

 6. Saarel EV, Law I, Berul CI, et  al. Safety of sports for young patients with implantable 
cardioverter- defibrillators. Circ Arrhythm Electrophysiol. 2018;11(11):e006305. https://doi.
org/10.1161/CIRCEP.118.006305.

 7. Saarel E, Pilcher T, Gamboa D, Etheridge S.  Sports for young patients with implantable 
cardioverter- defibrillators: refining the risk. J Am Coll Cardiol. 2014;63(12):A529. https://doi.
org/10.1016/s0735- 1097(14)60529- 5.

 8. Epstein AE, DiMarco JP, Ellenbogen KA, et  al. ACC/AHA/HRS 2008 guidelines for 
device-based therapy of cardiac rhythm abnormalities: executive summary. Circulation. 
2008;117(21):2820–40. https://doi.org/10.1161/CIRCUALTIONAHA.108.189741.

 9. Bennekers JH, Van Mechelen R, Meijer A. Pacemaker safety and long distance running. Neth 
Hear J. 2004;12(10):450–4.

 10. Schuger CD, Mittleman R, Habbal B, Wagshal A, Huang SKS. Ventricular lead transection 
and atrial lead damage in a young softball player shortly after the insertion of a permanent 
pacemaker. Pacing Clin Electrophysiol. 1992;15(9):1236–9. https://doi.org/10.1111/j.1540-
 8159.1992.tb03132.x.

 11. Zipes DP, Link MS, Ackerman MJ, Kovacs RJ, Myerburg RJ, Estes NAM 3rd. Eligibility 
and disqualification recommendations for competitive athletes with cardiovascular abnor-
malities: task force 9: arrhythmias and conduction defects: a scientific statement from the 
American Heart Association and American College of Cardiology. J Am Coll Cardiol. 
2015;66(21):2412–23. https://doi.org/10.1016/j.jacc.2015.09.041.

 12. Levine BD, Baggish AL, Kovacs RJ, Link MS, Maron MS, Mitchell JH. Eligibility and dis-
qualification recommendations for competitive athletes with cardiovascular abnormalities: 
task force 1: classification of sports: dynamic, static, and impact: a scientific statement from 
the American Heart Association and American College of Cardiology. J Am Coll Cardiol. 
2015;66(21):2350–5.

 13. Kusumoto FM, Schoenfeld MH, Barrett C, et al. 2018 ACC/AHA/HRS guideline on the evalu-
ation and management of patients with bradycardia and cardiac conduction delay. Circulation. 
2019;140(8):e382–482. https://doi.org/10.1161/cir.0000000000000628.

 14. Mulpuru SK, Madhavan M, McLeod CJ, Cha YM, Friedman PA.  Cardiac pacemakers: 
function, troubleshooting, and management: part 1 of a 2-part series. J Am Coll Cardiol. 
2017;69(2):189–210. https://doi.org/10.1016/j.jacc.2016.10.061.

 15. Swerdlow CD, Ellenbogen KA.  Implantable cardioverter-defibrillator leads: design, diag-
nostics, and management. Circulation. 2013;128(18):2062–71. https://doi.org/10.1161/
CIRCULATIONAHA.113.003920.

 16. Koneru JN, Swerdlow CD, Wood MA, Ellenbogen KA. Minimizing inappropriate or “unneces-
sary” implantable cardioverter-defibrillator shocks: appropriate programming. Circ Arrhythm 
Electrophysiol. 2011;4(5):778–90. https://doi.org/10.1161/CIRCEP.110.961243.

 17. Lampert R, Olshansky B, Heidbuchel H, et  al. Safety of sports for athletes with implant-
able cardioverter-defibrillators: results of a prospective, multinational registry. Circulation. 
2013;127(20):2021–30. https://doi.org/10.1161/CIRCULATIONAHA.112.000447.

 18. Poole JE, Johnson GW, Hellkamp AS, et  al. Prognostic importance of defibrillator shocks 
in patients with heart failure. N Engl J Med. 2008;359(10):1009–17. https://doi.org/10.1056/
nejmoa071098.

 19. Zipes DP, Cobb LA, Garson A, et  al. Task force VI: arrhythmias. J Am Coll Cardiol. 
1985;6(6):1225–32. https://doi.org/10.1016/S0735- 1097(85)80206- 0.

13 Cardiovascular Implantable Electronic Devices in Athletes

https://doi.org/10.1111/j.1540-8167.2005.00331.x
https://doi.org/10.1159/000111411
https://doi.org/10.1159/000111411
https://doi.org/10.1161/CIRCEP.118.006305
https://doi.org/10.1161/CIRCEP.118.006305
https://doi.org/10.1016/s0735-1097(14)60529-5
https://doi.org/10.1016/s0735-1097(14)60529-5
https://doi.org/10.1161/CIRCUALTIONAHA.108.189741
https://doi.org/10.1111/j.1540-8159.1992.tb03132.x
https://doi.org/10.1111/j.1540-8159.1992.tb03132.x
https://doi.org/10.1016/j.jacc.2015.09.041
https://doi.org/10.1161/cir.0000000000000628
https://doi.org/10.1016/j.jacc.2016.10.061
https://doi.org/10.1161/CIRCULATIONAHA.113.003920
https://doi.org/10.1161/CIRCULATIONAHA.113.003920
https://doi.org/10.1161/CIRCEP.110.961243
https://doi.org/10.1161/CIRCULATIONAHA.112.000447
https://doi.org/10.1056/nejmoa071098
https://doi.org/10.1056/nejmoa071098
https://doi.org/10.1016/S0735-1097(85)80206-0


210

 20. Lampert R, Olshansky B, Heidbuchel H, et  al. Safety of sports for athletes with implant-
able cardioverter-defibrillators. Circulation. 2017;135(23):2310–2. https://doi.org/10.1161/
circulationaha.117.027828.

 21. Saarel EV, Law I, Berul CI, et  al. Safety of sports for young patients with implantable 
cardioverter- defibrillators: long-term results of the multinational ICD sports registry. Circ 
Arrhythm Electrophysiol. 2018;11:e006305. https://doi.org/10.1161/CIRCEP.118.006305.

 22. Roston TM, Vinocur JM, Maginot KR, et al. Catecholaminergic polymorphic ventricular tachy-
cardia in children: analysis of therapeutic strategies and outcomes from an international mul-
ticenter registry. Circ Arrhythm Electrophysiol. 2015;8(3):633–42. https://doi.org/10.1161/
CIRCEP.114.002217.

 23. AHA. 2005 American Heart Association guidelines for cardiopulmonary resuscitation and 
emergency cardiovascular care - Part 5: Electrical therapies: automated external defibrillators, 
defibrillation, cardioversion, and pacing. Circulation. 2005;112(24 Suppl):IV 35–46. https://
doi.org/10.1161/CIRCULATIONAHA.105.166554.

 24. McMullan J, Valento M, Attari M, Venkat A. Care of the pacemaker/implantable cardioverter 
defibrillator patient in the ED. Am J Emerg Med. 2007;25(7):812–22. https://doi.org/10.1016/j.
ajem.2007.02.008.

 25. Lamberti F.  Sports practice in individuals with cardiac pacemakers and implantable 
cardioverter- defibrillators. In:  Sports cardiology: from diagnosis to clinical management; 
2012. p. 291–7. https://doi.org/10.2307/j.ctt1q1cr8b.30.

 26. Duru F, Mattmann H, Candinas R, et al. How different from pacemaker patients are recipients 
of implantable cardioverter-defibrillators with respect to psychosocial adaptation, affective 
disorders, and quality of life? Heart. 2001;85(4):375–9.

 27. Czosek RJ, Bonney WJ, Cassedy A, et al. Impact of cardiac devices on the quality of life in 
pediatric patients. Circ Arrhythm Electrophysiol. 2012;5(6):1064–72. https://doi.org/10.1161/
CIRCEP.112.973032.

 28. Cheng P, Gutierrez-Colina AM, Loiselle KA, et al. Health related quality of life and social sup-
port in pediatric patients with pacemakers. J Clin Psychol Med Settings. 2014;21(1):92–102. 
https://doi.org/10.1007/s10880- 013- 9381- 0.

 29. Sears SF, St Amant JB, Zeigler V. Psychosocial considerations for children and young ado-
lescents with implantable cardioverter defibrillators: an update. Pacing Clin Electrophysiol. 
2009;32:80–3.

B. H. Hammond and E. V. Saarel

https://doi.org/10.1161/circulationaha.117.027828
https://doi.org/10.1161/circulationaha.117.027828
https://doi.org/10.1161/CIRCEP.118.006305
https://doi.org/10.1161/CIRCEP.114.002217
https://doi.org/10.1161/CIRCEP.114.002217
https://doi.org/10.1161/CIRCULATIONAHA.105.166554
https://doi.org/10.1161/CIRCULATIONAHA.105.166554
https://doi.org/10.1016/j.ajem.2007.02.008
https://doi.org/10.1016/j.ajem.2007.02.008
https://doi.org/10.2307/j.ctt1q1cr8b.30
https://doi.org/10.1161/CIRCEP.112.973032
https://doi.org/10.1161/CIRCEP.112.973032
https://doi.org/10.1007/s10880-013-9381-0


211© Springer Nature Switzerland AG 2021
D. J. Engel, D. M. Phelan (eds.), Sports Cardiology, 
https://doi.org/10.1007/978-3-030-69384-8_14

Chapter 14
Diagnosis and Management of Coronary 
Artery Disease in Athletes

Prashant Rao and David Shipon

 Introduction

It is well established that exercise is associated with a reduction in ischemic heart 
disease and acute coronary events [1–3]. However, the most common cause of 
exercise- related sudden cardiac death in athletes >35 years old is coronary artery 
disease (CAD) [4, 5]. Atherosclerotic CAD can also occur in younger athletes with 
familial dyslipidemia [6]. In the setting of underlying CAD, vigorous physical exer-
tion may transiently increase the risk of an acute coronary event and sudden death 
[7–9]. Over the past decade, the scientific community has attempted to reconcile this 
apparent exercise paradox to ensure that athletes with CAD experience all the cardio-
vascular benefits that exercise affords while minimizing the risk of an adverse event.

 What Is the Scope of the Problem?

Exercise-related SCD represents approximately 5–6% of the total cases of SCD in 
the population [10, 11], with an estimated incidence in the general population at 
approximately 0.46–0.76 cases per 100,000 person-years [12, 13]. The vast major-
ity of exercise-related SCD occurs in those >35 years of age [12] and the annual 
incidence of exercise-related SCD in recreational middle-aged joggers is estimated 
at 13 cases per 100,000 joggers per year [14]. The most common cause of exercise- 
related sudden cardiac death in athletes >35 years old is CAD [4, 5].
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The burden of exercise-related SCD in those >35 years of age is likely to increase 
in the future. Over the past few decades, there has been an increase in participation 
rates in organized endurance sporting events, particularly among those >40 years of 
age with backgrounds markedly different to traditional competitive athletes [15–
17]. Although speculative, it is possible that these “weekend warriors” have a 
higher risk of exercise-related SCD compared to traditional competitive athletes 
because of different underlying CAD risk profiles. While the commitment to exer-
cise among individuals not accustomed to vigorous physical activity is to be com-
mended, it is important to mitigate against the risk of adverse cardiac events among 
this group.

Managing CAD does not pertain only to nonathletes taking up rigorous exercise 
in later life but also to current and retired professional athletes. Evidence from 
active and retired National Football League (NFL) players indicates that profes-
sional athletes are not immune from traditional atherosclerotic risk factors. One- 
fifth of football linemen have cardiometabolic syndrome during their active career 
(defined as ≥3 of (1) elevated blood pressure, (2) elevated fasting glucose, (3) ele-
vated triglycerides, (4) high waist circumference, and (5) low high-density lipopro-
tein cholesterol) [18]. After their professional careers, one-quarter have 
cardiometabolic disease [19] and nearly two-thirds of veteran linemen have estab-
lished metabolic syndrome [20]. In addition to playing position, it is worth noting 
that the risk of CAD likely differs between different sports. Indeed, former NFL 
players have higher rates of cardiovascular mortality compared with former profes-
sional baseball players [21].

 Mechanisms of Exercise-Related SCD due to CAD

Although the final pathway of exercise-related SCD due to CAD is likely to be an 
ischemic ventricular arrhythmia, the underlying causes remain uncertain. Potential 
mechanisms for the development of an exercise-induced ischemic ventricular 
arrhythmia may involve three distinct mechanisms. First is the traditional model of 
plaque rupture in the setting of underlying vulnerable plaque. Vulnerable plaque is 
lipid- and macrophage-rich atheromata with an overlying thin fibrous cap [22]. 
Plaque rupture may be precipitated by exercise-induced sympathetic activation, an 
acute increase in shear stress or activation of the hemostatic pathways. Postmortem 
analyses in men with severe CAD demonstrate a higher rate of acute plaque rupture 
in those cases where death was temporally linked to physical exertion or emotional 
stress as opposed to those who died at rest (68% versus 23% (p < 0.001)) [23].

Second, exercise-related ischemia may be caused by a demand-supply mismatch 
during vigorous physical activity. In support of this theory is the observation that 
immediate coronary angiography performed in a small number of marathon runners 
who survived cardiac arrest showed high-grade stenosis without evidence of plaque 
rupture [24].

Finally, the stress induced by high levels of vigorous exercise may lead to a 
model of chronic inflammation, endothelial dysfunction, and plaque erosion. The 
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combination of these previously underappreciated mechanisms may contribute to 
the development of acute coronary syndromes [25, 26].

 Management of CAD in Athletes

 Preparticipation Screening

Often, asymptomatic athletes seek medical advice prior to the commencement of a 
training program. This may be due to a personal concern regarding exercise-related 
cardiac events or the need for medical clearance by a sporting body. Indeed, medical 
screening prior to mass community endurance races identifies individuals at high- 
risk for CAD and educational intervention decreases medical encounters during the 
race [27]. The purpose of a CAD screening assessment is to minimize the risk of 
myocardial ischemia or a cardiac event that may be triggered during exercise [28]. 
Mitigating the risk of exercise-induced ischemia in athletes centers not only on the 
underlying burden of atherosclerotic disease but also on the exercise dose (i.e., the 
intended intensity, duration, and volume of exercise). Indeed, every assessment and 
exercise prescription should be tailored on an individual basis.

We direct the reader to the European Society of Cardiology and the American 
Heart Association/American College of Cardiology consensus statements on the 
Eligibility and Disqualification Recommendations for Competitive Athletes With 
CAD [6, 29] (Table 14.1).

Of note, there are no randomized controlled trials in athletes with CAD and there 
is a paucity of evidence regarding the cause-and-effect relationship of high levels of 
exercise and the development of clinically significant CAD [17]. As a result, these 
documents are largely based on expert consensus and opinions.

The preparticipation screening is centered on the history and physical examina-
tion for the majority of asymptomatic athletes. The history should identify the pres-
ence of symptoms that may represent significant CAD such as chest pain, shortness 
of breath or palpitations during physical activity or a decrease in exercise capacity. 
In addition, chest pain present at the start of the workout that dissipates within 5 min-
utes of continued exertion, coined “warm-up angina” is another important feature of 
CAD in athletes [30]. The dissipation of pain after a few minutes of exercise is likely 
due to the result of systemic arterial vasodilation and reduction in left ventricular 
afterload, resulting in a decrease in myocardial oxygen consumption. The history 
should also include a detailed cardiovascular risk assessment. Components of a car-
diovascular risk profile include obesity, hypertension, diabetes mellitus, smoking, 
and family history. Commonly used risk charts such as SCORE (http://www.
heartscore.org/Pages/welcome.aspx), the Framingham risk score (http://hp2010.nhl-
bihin.net/atpiii/calculator.asp), or the Global CV Risk score are valuable tools to 
estimate the risk of an ischemic event and should be used in athletes as well as the 
general population [31]. In addition to the traditional atherosclerotic risk factors, it is 
important to inquire about performance enhancing drugs, which are likely under-
recognized among athletes. Early case reports published over 30 years ago linked 
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supraphysiologic doses of illicit anabolic–androgenic steroids (AAS) to acute myo-
cardial infarction in young men [32, 33]. Furthermore, AAS impair coronary vascu-
lar function [34] and markedly decrease HDL- cholesterol and increase 
LDL-cholesterol [35]. In line with these findings, male weightlifters using AAS 
demonstrate higher coronary artery plaque volume than nonusers and lifetime AAS 
dose is strongly associated with coronary atherosclerotic burden [36]. Other perfor-
mance enhancing agents also increase the risk of atherothrombosis and infarction 
such as erythropoietin through an increase in blood viscosity and hypertension [37].

The physical examination should be directed to detect cardiac risk factors such 
as obesity, hypertension, vascular bruits, cardiac murmurs, corneal arcus, and xan-
thelasma (Table 14.2).

 Investigations

Athletes with any cardiovascular risk factor or older athletes who wish to participate 
in competitive sport that has a moderate dynamic and/or static component should 
undergo an exercise ECG test [38, 39].

Table 14.1 American Heart Association/American College of Cardiology recommendations for 
the management of athletes with established CAD

Recommendation Class
Level of 
evidence

Maximal exercise testing should be performed to evaluate exercise tolerance, 
the presence of inducible ischemia, and the presence of exercise- induced 
electrical instability. Maximal exercise testing should be performed on the 
patient’s standard medical regimen

I C

An assessment of left ventricular function should be performed I C
An informed shared decision model should be used to guide management, 
balancing the health and psychological benefits of exercise versus the 
estimated risk of an acute event

I C

High-intensity statin therapy should be used to aggressively reduce the risk 
of plaque disruption

I C

Participation in competitive activities are reasonable if they are 
asymptomatic, resting left ventricular ejection fraction is >50%, and there is 
no inducible ischemia or electrical instability

IIb C

In those that do not fulfill the above criteria for participation in competitive 
sports, it is reasonable to restrict these patients to sports with low-dynamic 
and low-to-moderate static demands

IIb C

It is reasonable to prohibit participation in competitive sports for at least 
3 months after acute myocardial infarction or coronary revascularization 
procedure

IIb C

It is reasonable to prohibit participation in competitive sports, if there is 
increasing frequency or worsening of myocardial ischemia

IIb C

Adapted from American Heart Association/American College of Cardiology Scientific Statement 
on Eligibility and Disqualification Recommendations for Competitive Athletes with Cardiovascular 
Abnormalities: Task Force 8: Coronary Artery Disease [6]
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A classification of abnormal exercise test findings is outlined in Table 14.3.
Athletes with a low cardiovascular risk profile and normal maximal exercise test 

should be allowed to participate in competitive sports with annual follow-up [29]. In 
the setting of borderline exercise test findings or an uninterpretable electrocardio-
gram (e.g., pre-existing left bundle branch block or ventricular pacing), further inves-
tigations are required to mitigate against the risk of exercise-induced cardiac events. 
These include stress-echo/-CMR/PET/SPECT and the decision is often guided by an 
institution’s local expertize and availability [29]. In the event of an abnormal exercise 
test, CT coronary angiography or a diagnostic coronary angiogram should be per-
formed to better define the burden of atherosclerotic CAD [29] (Fig. 14.1).

 Limitations of Exercise Testing in Athletes with CAD

Although a functional evaluation with exercise testing is important to evaluate the 
burden of CAD in athletes, it has significant limitations in this population. While 
exercise testing is able to detect flow limitation in the setting of increased cardiac 
output and high-grade stenosis, it is unable to identify vulnerable plaque. As such, 
exercise testing is useful in predicting angina but is a poor predictor of acute plaque 
rupture and infarction. Therefore, negative findings may be falsely reassuring when 
there is concern for an exercise-induced CAD event.

It should also be noted that performing and interpreting exercise tests in athletes 
differ from the general population. Athletes, particularly those in endurance sports, 

Table 14.2 Physical 
examination findings of risk 
factors associated with 
atherosclerosis

Xanthelasma
Tendon Xanthomata
Corneal Arcus
Vascular Bruits
Obesity
High waist circumference
Arteriosclerotic retinopathy
Reduced pedal pulses
Acanthosis nigricans

Table 14.3 Exercise findings associated with adverse prognosis and CAD

Low symptom-limiting exercise capacity
Angina Pectoris
Failure to increase systolic blood pressure or a sustained decrease ≥10 mmHg during 
progressive exercise
ST-segment depression, down sloping ST-segment with persistence into recovery
Exercise-induced ST-segment elevation
Reproducible sustained (>30s) or symptomatic ventricular tachycardia

Adapted from Bonow and Braunwald [40]
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have a far greater exercise capacity than the general population. Furthermore, calcu-
lation of maximal heart rate has a wide standard deviation [41]. Taken together, 
exercise testing in athletes should be terminated based on maximal exercise capac-
ity rather than heart rate criteria, as the latter will likely result in premature termina-
tion of the test. In addition, it is important to recognize that a “normal” workload in 
METs or maximal oxygen uptake may represent a relative functional impairment in 
the setting of a well-conditioned athlete.

 Management of an Athlete with Established CAD

We define established CAD as proven either by a previous coronary event, cardiac 
CT, or coronary angiography. There is, however, ongoing debate regarding the clini-
cal significance of coronary artery calcification in veteran endurance athletes, which 
we will address later in this chapter. The management of patients with established 
CAD is similar regardless of their athletic status. The definition of successful 

Fig. 14.1 An approach for CAD screening in an athlete without established CAD. (Adapted from 
Borjesson et al. [29])
*The red highlighted section refers to our practice and is not mentioned in the EAPC Position 
Statement. Caution should be used when using coronary artery calcium scores, particularly in 
older endurance athletes.
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treatment is to reduce the risk of cardiovascular events, improve prognosis, and 
maximize health and function [42, 43]. Key principles of management include a 
combination of lifestyle modification, patient education, and evidence-based phar-
macotherapy. Even in athletes, lifestyle modification programs and cardiac rehabili-
tation are of paramount importance.

 Antiplatelet Therapy

Antiplatelet therapies are the cornerstone of medical management of CAD by 
decreasing platelet formation and preventing coronary thrombus formation.

Aspirin, which acts via platelet cyclooxygenase-1 (COX-1) inhibition and pre-
vention of thromboxane production, is a well-established therapy in the prevention 
of ischemic events in the general population with established CAD [44]. Daily aspi-
rin should be used in selected adults 40–70 years of age who are at higher CAD risk 
but not at increased risk of bleeding [45]. Among athletes, there is an important 
ongoing debate regarding the role of daily aspirin in low-risk veteran endurance 
athletes with incidental high coronary artery calcium (CAC) scores [46, 47]. More 
research is needed to assess the long-term health outcomes of these individuals to 
delineate whether high CAC scores portend the same prognosis as in the general 
population. We will address this question in more detail later in the chapter.

Clopidogrel, a thienopyridine, may be used in combination with aspirin as dual 
antiplatelet therapy (DAPT). Other commonly used thienopyridines for CAD 
include prasugrel and ticagrelor [48, 49]. DAPT is the standard of care in patients 
following ACS, as well as after PCI for stable CAD [50, 51]. While DAPT is critical 
in the secondary prevention of ACS and shorter courses of DAPT may be consid-
ered with newer generation drug eluting stents, they increase the risk of bleeding. In 
athletes, the risk of hemorrhage and major bleeding complications should be miti-
gated as best as possible with appropriate use of safety measures such as protective 
headgear. The precise-DAPT calculator is useful to provide a risk assessment of 
TIMI major and/or minor bleeding with DAPT therapy after stent implantation 
(http://www.precisedaptscore.com/predapt/webcalculator.html). It is important to 
note that the benefit of these drugs far outweighs the risk in patients with established 
CAD, particularly those with a history of ACS or revascularization. Taking into 
account the longer-term health of the athlete, the choice of stent and duration of 
DAPT therapy should be a shared decision between athlete and physician.

 Hypertension and Antihypertensive Therapy

We refer the reader to Chap. 5 for a more detailed review of this topic. All young 
athletes diagnosed with hypertension require a detailed history and physical exami-
nation with a focus on causes of secondary hypertension, use of nonsteroidal anti- 
inflammatory drugs and performance enhancing drugs [52]. Laboratory testing 

14 Diagnosis and Management of Coronary Artery Disease in Athletes

http://www.precisedaptscore.com/predapt/webcalculator.html


218

should be kept to a minimum but should assess for dyslipidemia, glucose intoler-
ance, diabetes mellitus, and chronic renal disease [52]. In some instances, a work-up 
for secondary hypertension may be required. According to the AHA/ACC eligibility 
and disqualification recommendations, all competitive athletes with hypertension 
should have a lipid profile, fasting serum glucose, electrolytes, and hemoglobin 
measured; as well as a urinary protein estimated by dipstick [52].

When commencing a medication regimen specific to competitive athletes, it is 
important to be cognizant of their respective sporting bodies’ list of prohibited sub-
stances. Angiotensin-converting enzyme inhibitors (ACE-i), angiotensin receptor 
blockers (ARB), and calcium channel blockers are the preferred choice for blood 
pressure management in athletes with CAD. ACE-I and ARBs are particularly help-
ful in those with concomitant diabetes mellitus or LV dysfunction [42, 53, 54]. In 
addition, low-dose diuretics are often well-tolerated by athletes; however, they 
should be used with caution prior to endurance events or warm-weather training due 
to excessive volume depletion. It is important to note that diuretics may mask the 
presence of other banned substances and are included on The World AntiDoping 
Agency’s (WADA) list of prohibited substances. Similarly, WADA prohibits the use 
of beta-blockers in-competition for certain sports including golf, archery, and bil-
liards. In addition, beta-blockers may not be as well-tolerated in athletes due to 
symptoms of fatigue, a decreased maximal heart rate, and occasionally a decrease 
in maximal exercise capacity. Therefore, a shared decision with the athlete is 
required before instituting long-term beta-blockade, which improves survival fol-
lowing myocardial infarction [55].

 Dyslipidemia and Lipid-Lowering Therapies

Young and veteran athletes are not immune from familial hyperlipidemias and 
developing dyslipidemias later in life [20]. In turn, screening policies for dyslipid-
emia should not be modified by virtue of athletic prowess. In those with established 
CAD, statin therapy is recommended irrespective of low-density lipoprotein choles-
terol (LDL-C) levels (Class I, Level of Evidence A) [6, 42]. Statin therapy has pleio-
tropic effects, including modification and stabilization of coronary plaque, and 
regression of coronary atherosclerosis in patients with CAD [56–60]. Despite the 
benefits that statins afford, they are occasionally not well-tolerated by athletes [61]. 
Further, the combination of statin and exercise produces greater creatine kinase 
elevations than exercise alone [62, 63]. However, a substantial portion of statin- 
associated muscle symptoms likely represent nonspecific musculoskeletal pain 
unrelated to statin use [64]. Therefore, a rigorous approach is required for athletes 
with suspected statin intolerance and a formal diagnosis requires dechallenge and 
rechallenge phases to assess for temporal symptom causality. Alternative nonstatin 
pharmacotherapies include bile acid sequestrants, ezetimibe, and PCSK9 inhibitors 
[65–67]. However, more studies are required to assess the efficacy of these medica-
tions in athletes.
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 Return to Play After a Coronary Event

The decision as to whether an athlete can return to vigorous exercise after an acute 
coronary event or revascularization procedure is difficult. According to the ACC/
AHA guidelines, it is reasonable to prohibit athletes from competitive sports partici-
pation for at least 3 months after an acute myocardial infarction or coronary revas-
cularization procedure (Class IIb, Level of Evidence C) [6]. Even after the 3-month 
period, the decision on return to play must be predicated on the ability to tolerate 
rehabilitation postevent, and detailed risk stratification for event recurrence. Some 
suggest that 2 years of aggressive lipid lowering therapy is required before a return 
to competitive sports to allow for optimal myocardial recovery and atherosclerotic 
plaque stabilization [68].

While competitive sports participation may be dangerous, exercise programs ini-
tiated early after myocardial infarction improves neurohormonal processes, pre-
serves cardiac function, and is associated with a reduced mortality post-MI [69, 70]. 
Exercise programs also improve endothelial function, vascular remodeling, and 
skeletal muscle fuel utilization which are beneficial for patients with hypertension 
and diabetes [71, 72]. Cardiac rehabilitation is a valuable tool to not only safely 
engage athletes in exercise after an event, but also to challenge them in a controlled 
environment and in turn assess their eligibility for participation in more vigorous 
activities. Risk stratification for event recurrence should include assessment of rest-
ing left ventricular ejection fraction, exercise capacity, degree of exercise-induced 
ischemia, presence of residual coronary artery stenosis, and success of revascular-
ization procedure [30]. Exercise prescription for the rehabilitation phase may be 
guided by a six-minute walk test, standard exercise stress test, or ideally by a car-
diopulmonary exercise test (CPET). The CPET provides an objective measure of 
peak oxygen uptake, which may be used as a benchmark to assess the cardiovascu-
lar response to a specific training program. Furthermore, the shape of the oxygen-
pulse curve, or direct measurement of cardiac output at varying VO2 levels may act 
as a surrogate marker of ischemia in the appropriate setting. In turn, this can guide 
nonischemia-inducing work rates for the individual. If the athlete is planning to 
increase the intensity of training after rehabilitation, repeat cardiopulmonary and 
exercise ECG testing are important to evaluate the degree of adaptation and cardio-
vascular remodeling. This repeat assessment also provides critical information 
regarding future safety of exercise training at greater intensities.

 Coronary Artery Calcification in Endurance Athletes

There has been fierce debate regarding the role of exercise in the development of 
CAC in athletes, and its clinical significance. Coronary CT scans in male veteran 
marathon runners reveal a greater degree of CAC compared to age- and risk factor- 
matched controls [73]. A deeper analysis of this study, however, demonstrated that 
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half of the marathon runners were former smokers. Furthermore, of the four indi-
viduals with high CAC scores that had ischemic coronary events, three were former 
smokers, had a history of hypertension, and two had dyslipidemia. The prevalence 
of these atherosclerotic risk factors clearly blurs the complex relationship between 
high levels of exercise and coronary artery disease.

When veteran endurance athletes are more rigorously screened for atheroscle-
rotic risk factors, the findings consistently demonstrate a higher burden of CAC and 
luminal irregularities compared to sedentary controls matched for age and risk fac-
tors [74, 75]. Furthermore, in a longitudinal study of eight participants of the Race 
Across the USA (a 140-day foot race), four runners showed increases in noncalci-
fied plaque volume after the race, all of whom had coronary atherosclerosis at base-
line [76]. This increase in plaque volume was not observed in runners without 
baseline coronary atherosclerosis. These findings highlight the potential for an 
acceleration of coronary plaque development among vulnerable individuals per-
forming extreme levels of endurance exercise.

While these data provide a strong case-linking CAC to high levels of exercise in 
male athletes, the clinical significance of increased plaque formation in athletes 
must be questioned. First, the majority of veteran endurance athletes do not have 
CAC and, if present, the morphology of coronary artery plaques is predominantly 
calcific [74, 75]. In nonathletic cohorts, calcific plaque is understood to protect 
against plaque rupture and coronary events [77, 78]. While it is conceivable that 
CAC in athletes may represent an increased risk of exercise-induced ischemic 
events, it is equally plausible that calcific plaque represents the exercise-induced 
remodeling of previously vulnerable plaque in individuals predisposed to CAD 
[17]. As multimodality imaging of coronary artery disease continues to improve, it 
may be possible to gain a deeper insight into the clinical significance of this pheno-
type in the future.

It is also important to recognize that while CAC is strongly associated with risk 
of future cardiovascular events [79, 80]; exercise impacts the relationship between 
CAC and mortality. Among asymptomatic patients with high CAC scores, exercise 
appears to play a protective role, whereas minimal to no exercise substantially 
increases mortality risk [81]. In support of this thesis, Radford et al. showed a reduc-
tion of 11% reduction in cardiovascular disease events for each additional MET of 
fitness when adjusting for CAC categories (scores of 0, 1–99, 100–399, 
and≥400) [82].

Interestingly, no differences in CAC scores are seen between athletic and seden-
tary females [74], and some data show a lower prevalence of coronary atherosclero-
sis in female athletes compared with controls [83]. It should be noted, however, that 
there is a paucity of data on the association between exercise dose and coronary 
artery disease among female athletes and findings from studies of predominantly 
male athletes cannot be extrapolated to females [84].

Finally, as our understanding of the etiology of atherogenesis develops, it is pos-
sible that in the future we appreciate CAD risk factors that have not been captured 
by these previous observational studies. For example, psychosocial/emotional 
stressors, fat and carbohydrate consumption, sleep quality, genetic, proteomic, and 
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metabolomic factors not captured on traditional risk assessments may contribute to 
the development of atherosclerosis. Of utmost importance, future research should 
aim to provide longitudinal prospective outcome data to determine the mechanistic 
relationship between high levels of exercise and clinically relevant CAD.

 Summary

The most common cause of exercise-related sudden cardiac death in athletes 
>35 years old is CAD. While for decades, there have been huge efforts to research 
atherosclerotic coronary disease in the general population; we have only recently 
begun to address this disease in the athlete population. Assessing CAD in athletes is 
increasingly common in sports cardiology practice and is often challenging given 
the uncertainties in this field. While future research may validate the increasing use 
of multimodality imaging and wearable technologies to guide management, it is 
important in today’s practice that physicians engage in shared decision making with 
athletes and are open about the lack of definitive data in this field. Of utmost impor-
tance, physicians should be aware that athletes are not immune from this disease 
and should use traditional risk scores to guide lifestyle and pharmacologic recom-
mendations, as we would do for our nonathletic patients.
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Chapter 15
Marfan Syndrome and Other Genetic 
Aortopathies

Jeffrey S. Hedley and Dermot M. Phelan

 Introduction

The adaptive changes in the heart resulting from the hemodynamic stress of regular 
and intensive exercise have long been recognized and resulted in coining of the term 
“Athlete’s Heart”. Less appreciated, however, is the effect that this lifestyle has on 
the aorta. Factors that induce aortic wall stress, such as chronically elevated blood 
pressure, result in an increased risk of aortic dilation, aneurysm, and dissection in 
some individuals. Strength-type sports induce repetitive spikes in blood pressure 
during muscle contraction while endurance-type sports result in prolonged increases 
in cardiac output that are translated to the aorta as wall stress. It is perhaps not sur-
prising, therefore, that athletes have slightly larger aortas compared to sedentary 
controls. This is unlikely to translate to any increased risk for the majority of ath-
letes. However, particular concern is given to those athletes with inherited condi-
tions such as the collagen vascular disorders or a bicuspid aortic valve (BAV), which 
independently predispose to aortopathy. Therefore, a nuanced understanding of the 
intimate interplay of baseline predisposition and the hemodynamic stress of exer-
cise is required to care for such athletes.

Despite concerns about the hemodynamic stress of exercise on the aorta, data 
suggest that acute aortic syndrome (AAD = aortic dissection and rupture for the 
purposes of this chapter) is a relatively rare cause of sudden cardiac death (SCD) in 
athletes, accounting for roughly 0–4.6% of cases [1–4].

J. S. Hedley 
Department of Cardiovascular Medicine, Section of Cardiac Pacing and Electrophysiology, 
Cleveland Clinic Foundation, Cleveland, OH, USA
e-mail: hedleyj@ccf.org 

D. M. Phelan (*) 
Sports Cardiology Center, Hypertrophic Cardiomyopathy Center, Atrium Health Sanger  
Heart & Vascular Institute, Charlotte, NC, USA
e-mail: dermot.phelan@atriumhealth.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69384-8_15&domain=pdf
https://doi.org/10.1007/978-3-030-69384-8_15#DOI
mailto:hedleyj@ccf.org
mailto:dermot.phelan@atriumhealth.org


228

Data from the International Registry of Aortic Dissection (IRAD) reveal that the 
average age of a patient with dissection is 63 years and that hypertension is the most 
common risk factor for dissection, being present in roughly 75% of patients. 
However, in those patients under 40 years of age, 59% of patients with AAD had 
either Marfan Syndrome (MFS) or a bicuspid aortic valve (BAV). Regarding the 
size of the aorta, the mean aortic diameter at the time of AAD was 5.31 cm, and an 
aortic diameter of >5.5 cm conveyed a mortality odds ratio of 3.06 [5, 6]. These data 
help us to focus our evaluation of a young athlete with a dilated aorta and counsel 
them on surgical timing.

This chapter will focus on the impact of sporting participation on the aorta and 
the unique aspects of care of the athlete with aortopathy.

 The Normal Aorta

Beginning with a bulb-shaped aortic root, the aorta has a candy-cane shape as it 
ascends in the chest, arches, while giving off branches to the head and arms, and 
descends through the thorax and abdomen before bifurcating in the pelvis (Fig. 15.1). 
The aorta is the largest blood vessel in the body. The aortic wall is composed of 
three layers – the intima, the media, and the adventitia. While the aortic wall has 
high tensile strength, its properties allow it to be distensible and elastic to allow the 
aorta to act as both a reservoir and a conduit for the boluses of blood ejected from 
the heart with each cardiac cycle. The aging aorta progressively loses these elastic 

a b c

Fig. 15.1 Gated computed tomographic angiogram with 3D volume rendered reconstruction of 
the thoracic aorta. Panel 1a shows the thoracic aorta with full heart in situ. Panel 1b shows the 
same image with removal of the right heart to reveal the aortic root with visualization of the right 
coronary artery arising from the right coronary cusp (arrow). Panel 1c shows the same image with 
removal of all other structures to define the segments of the thoracic aorta

J. S. Hedley and D. M. Phelan



229

properties with a resultant increase in pulse pressure and dilation of the aorta. An 
area of ongoing research is the differential effect of sport type on the elastic proper-
ties of the aorta.

Providing normal ranges for the aorta is fraught with challenges. Aortic size is 
highly dependent on age and body size, in particular height. For example, the upper 
limit of normal for an 18 year-old female with a body surface area (BSA) of 1.7 m2 
is 3.3 cm, while the upper limit of normal is 4.2 cm for a 70 year-old man with a 
BSA of 2.0 m2 [7]. Gender and age-specific nomograms for different body sizes are 
available for the general population but not in the athletic population [8, 9]. Z-scores, 
which describe the number of standard deviations above or below the predicted 
mean aortic size, are particularly important when evaluating the pediatric popula-
tion but have not been adapted for athletic individuals. A Z-score ≥2 is classified as 
abnormal.

Defining normal ranges of aortic size is also hampered by variability in measure-
ment techniques. Using echocardiography, the aortic root should be measured from 
a parasternal long-axis view in end-diastole from leading edge-to-leading edge 
according to ASE guidelines [10] (Fig. 15.2a); using images obtained in systole or 
different edges will result in different values. The optimal technique using tomo-
graphic imaging such as gated computed tomographic angiography (CTA) or car-
diac magnetic resonance imaging (CMR) is even less well defined. We recommend 
following the ASE guidelines which suggest averaging the three sinus to sinus mea-
surements in end-diastole at the level of the Sinus of Valsalva (SoV) plane 
(Fig.  15.2b) [10]. Asymmetric roots are particularly problematic. The current 

a b

Fig. 15.2 Measurement techniques for the aortic root. Panel A: The aortic root is measured from 
leading edge-to-leading-edge at end-diastole in a parasternal long-axis view on transthoracic echo-
cardiography. Panel B: The average of three inner-edge measurements from sinus-to-sinus in end- 
diastole is recommended for gated computed tomographic angiography. This same method should 
be employed for cardiac magnetic resonance imaging
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American Heart Association/American College of Cardiology (AHH/ACC) eligi-
bility and disqualification recommendations for competitive athletes with cardio-
vascular disorders suggest reporting the largest diameter that has been measured 
using the recommended methodologies [11]. We recommend also reporting the aor-
tic cross-sectional area to body height ratio which is strongly predictive of outcomes 
[12]. Irrespective of the technique used, being consistent in methodology should be 
a priority, and comparing side-by-side images with prior studies is important when 
evaluating for progression over time.

 Normal Population vs Athletes

Despite the above-mentioned limitations, there are a number of important observa-
tions that can be made regarding aortic dimensions in athletes. First, athletes have 
slightly larger aortas compared to their nonathlete counterparts. In a meta-analysis 
by Iskandar et al., aortic diameters were larger by 3.2 mm at the aortic root (sinus of 
Valsalva) compared to sedentary controls [13]. Second, while these data suggest 
some adaptation of the aorta to the hemodynamic stress of exercise, it is important 
to note that the aortic measurements in young athletes rarely exceed normal ranges 
for the general population [13, 14]. In most studies involving athletes, an aortic root 
size >40  mm in men or >34  mm in women is exceedingly rare, in the order of 
0.5–1.8% [13–15]. Therefore, particular attention should be paid to athletes above 
these observed aortic diameters to rule out an aortopathy. Third, data remain dis-
crepant as to whether strength or endurance training results in greater degrees of 
aortic enlargement. Strength training does appear to result in increased aortic stiff-
ness while endurance sports increase aortic distensibility; these features may have 
important implications for the masters’ athlete [14, 16–18]. Finally, there appears to 
be a plateauing of the relationship between aortic dimensions and body size at the 
extremes of body morphometrics with even the tallest male athletes rarely exceed-
ing an aortic root size of 40 mm as elegantly described by Engel et al. in their study 
of National Association Basketball players [14, 19].

 Masters Athlete

Available data on normal ranges of aortic size in athletes almost exclusively relate 
to young (<35 years) athletes. There is little data addressing the natural history of 
aortic dilation in the middle aged and older athletes. Recognizing that the aorta 
increases in size with age and that the aorta has been shown to be slightly larger in 
young athletes compared to sedentary controls, the question arises whether the aorta 
stays on the same age-related growth curve as the general population. Using the 
example of the 70 year-old man with a BSA of 2.0 m2, in the normal population, the 
upper limit of normal indexed to age, gender, and BSA is expected to be 42 mm but 
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if that individual were an athlete whose aorta was 3.2 mm larger as a youth, then 
perhaps the upper limit of normal for that individual would be ~45.2  mm. One 
might also anticipate that the athlete who continues to expose the aorta to the same 
increased hemodynamic stress that resulted in a slightly larger aorta in youth would 
see greater rates of growth in the aorta. Furthermore, according to the law of 
LaPlace, even small increases in size of the aorta in youth will translate to greater 
wall stress on the aorta throughout that athlete’s life. A study looking at retired 
National League Football (NFL) players compared to an age, gender, and racially 
matched population-based control group from the Dallas Heart Study compared 
aortic size between the two groups. A significantly higher number of former NFL 
players had aortic diameters >40 mm (29.6% versus 8.6%; p < 0.0001) and even 
after adjusting for age, race, BSA, systolic blood pressure, history of hypertension, 
current smoking, diabetes, and lipid profile, the former NFL players were still twice 
as likely to have a dilated aorta [20]. A more recent study from Churchill et  al. 
examined this question in a broader range of athletes. They examined the aortic size 
in 442 veteran rowers and runners with a mean age of 61 years and revealed that 
24% had at least one Z-score of 2 or more, indicating an ascending aortic measure-
ment >2 standard deviations above the population mean. In this cohort, 21% had an 
aortic root >40 mm [21]. Whether these data translate to other masters athletes or an 
increased risk of dissection in this cohort has yet to be defined.

 Inherited Etiologies of Aortopathy

 Bicuspid Aortic Valve (BAV)

BAV, a common congenital valve defect, is associated with early valve degenera-
tion, manifest as either aortic regurgitation or stenosis in isolation or combined. In 
young athletes, BAV is usually identified by a murmur auscultated at the time of 
pre-participation screening, on medical history intake if there is a family history of 
BAV, or because of symptoms if there is advanced valve disease. Aortic enlargement 
is present in roughly half of those individuals with BAV, a process that begins in 
childhood [22, 23]. The prevalence of this valvulopathy in the general population 
(0.5–2%) is similar to the prevalence seen in trained athletes (0.8–2.5%), and in 
both populations, an approximate 3:1 male predominance exists [24, 25]. Some 
cases of BAV are hereditary, often autosomal dominant secondary to mutations in 
the transcription factor NOTCH1 [26–28]. 9–12% of first-degree family members 
can be affected; therefore, first-degree relatives should be screened. BAV with a 
dilated aorta can also be seen in other genetic disorders such as Turner Syndrome 
(~30%), Loeys-Dietz Syndrome (2.5–17%), and familial thoracic aortic aneurysm 
syndromes (3%). BAV can also be associated with coarctation of the aorta where the 
risk of dissection can be higher and treatment strategies and sporting recommenda-
tions will differ. Referral to a geneticist and a center of excellence in the treatment 
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of aortopathy should be considered if clinical features of any of these disorders exist 
or if there is severe aortic enlargement in a younger individual (<35 years).

BAV-associated aortopathy is usually isolated to the aortic root, ascending aorta, 
and proximal aortic arch. The etiology for aortic enlargement is thought to be related 
to a combination of hemodynamic stress created by flow as blood ejects through a 
BAV and defects at a cellular level in the aortic wall itself. Regarding the former, 
four-dimensional MRI flow analysis has revealed disordered blood flow with exag-
gerated and sometimes reversed helical flow. The exact nature of the flow derange-
ments depends upon the anatomical subtype of the bicuspid valve [29, 30]. Fusion 
of the right and left coronary cusps, which is the most common BAV variation 
(Fig. 15.3), results in dilation of the tubular ascending aorta with some root involve-
ment while fusion of the right and noncoronary cusps affects the distal ascending 
aorta with relative sparing of the root. On a cellular level, cystic medial necrosis 
stemming, at least in part, from decreased fibrillin-1 and increased metalloprotein-
ase activity has been described [31–34]. These changes can mimic aortic changes 
seen in MFS.

The aforementioned changes, and their resultant increase in aortic diameter, 
place those with BAV at an increased risk of dissection compared with the general 
population, roughly eight-fold in magnitude [35]. Despite these data, the overall 
incidence of dissection or rupture in BAV remains low at ~0.4% [36].

There are an estimated eight million young athletes participating in structured 
sports in the USA [37]. Assuming a prevalence of BAV of 1–2% of the population, 
there are ~80,000–160,000 young athletes with BAV participating in sports, many 
with associated aortopathy [38]. The number of athletes who die each year from 
dissection in the USA is estimated to be between 0.7 and 2.5/year. Based on IRAD 
data, dissections in those individuals <40 years of age were related to BAV only 9% 
of the time  – the majority of dissections in this age group were related to 

a b

Fig. 15.3 Bicuspid aortic valve with an asymmetric root. Bicuspid aortic valve during diastole 
(panel A) and systole (panel B) showing fusion of the right and left coronary cusps and an asym-
metric aortic root
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MFS. Therefore, BAV-associated aortopathy is common while dissection is rare. 
When discussing risk of participating in sports with young athletes with BAV and 
aortopathy, it is important to contextualize this risk.

Both the size of the aorta and the rate of enlargement are validated clinical met-
rics that assist in the prediction of future adverse events. Wall stress is directly 
related to aortic size; therefore, the larger the aorta the faster the growth rate. The 
question arises as to whether participation in sports results in an accelerated growth 
rate. Boraita et al. utilized a database of 5136 athletes to compare 41 BAV athletes 
to a control of 41 BAV nonathletes and found no difference in either aortic diameter 
or annual growth rate [24]. This study reported average growth rates in BAV athletes 
of 0.04–0.21 mm/year, depending on the aortic segment, which is comparable to the 
general population. Galanti et al. followed 88 athletes with BAV for 5 years and 
similarly found aortic growth rates comparable to the general population [25]. 
Therefore, the limited available data suggests no difference in aortic growth rate 
between those who participate in athletics and sedentary individuals.

 Marfan Syndrome

Marfan Syndrome is a connective tissue disorder due to mutations in the FBN1 gene 
that encodes fibrillin-1. There have been ~500 mutations identified in this gene, not 
all associated with the same cardiovascular risk. The condition exhibits autosomal 
dominant inheritance but can often arise de novo. Fibrillin-1 is a glycoprotein inte-
gral to the extracellular matrix, and mutations in this glycoprotein result in connec-
tive tissue fragility. This fragility manifests in multiple organ systems, and thus, a 
scoring system known as the “Systemic Score” is used to aid in the diagnosis of 
MFS (Table 15.1) [39].

Diagnostic criteria for MFS are summarized in the 2010 Revised Ghent Nosology 
[39]. When using this diagnostic criterion, an integral starting point in the evalua-
tion of an individual for potential MFS is establishing whether or not there is a fam-
ily history of confirmed MFS. With a confirmed family history of MFS, the diagnosis 
is made in presence of any of the following:

• Ectopia Lentis (lens dislocation)
• Systemic score ≥ 7
• Aortic root dilation (Z-score ≥ 2 above 20 years old, ≥3 below 20 years old)

Absent a family history of MFS, the diagnosis is made in presence of the 
following:

• Aortic root dilation and ectopia lentis.
• Aortic root dilation and FBN1 mutation.
• Aortic root dilation and systemic score ≥ 7.
• Ectopia lentis and an FBN1 mutation with known association with aortic dilation.
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A common manifestation of patients with MFS is tall stature and large wingspan. 
It is easy to see how this physique is rewarded in sports where height is an advan-
tage. Thus, it is quite possible that MFS may be overrepresented in athletics.

Aortopathy with dissection or rupture is the most serious complication associ-
ated with MFS. In fact, 93% of all deaths in patients with MFS are from cardiovas-
cular causes. Of those, 80% were aortic dissection [40]. IRAD data show MFS 
accounts for 4% of all aortic dissections and 21.5% of recurrent cases of dissection. 
In patients <40 years old, MFS accounted for ~50% of dissections [41].

 Other Inherited Aortopathies

Loeys-Dietz Syndrome (LDS) is an autosomal dominant connective tissue disorder 
similar to MFS in pathophysiology. Derangements in transforming growth factor 
beta (TGFβ) signaling are known to contribute to MFS. LDS is caused by mutations 
in genes encoding TGFβ receptors (TGFBR1 and TGFBR2) as well as SMAD3, a 
TGFβ transcription modulator. Characteristic phenotypic findings of LDS consist of 
hypertelorism, cleft palate, bifid uvula, and craniosynostosis. Aortic aneurysmal 
disease is the most common cardiovascular manifestation of LDS and aortic dissec-
tion is the most dreaded complication. These dissections in LDS often occur at a 
young age and classically involve the sinuses of Valsalva.

Table 15.1 Marfan syndrome systemic score

Feature Points

Wrist and thumb sign 3
Wrist or thumb sign 1
Pectus carinatum deformity 2
Pectus excavatum or chest asymmetry 1
Hindfoot deformity 2
Plain pes planus 1
Pneumothorax 2
Lumbosacral dural ectasia 2
Protusio acetabuli 2
Reduced upper-segment to lower-segment ratio (<0.85 in white adults; <0.78 in black 
adults) and increased arm span-to-height ratio (>1.05) and no severe scoliosis

1

Scoliosis or throacolumbar kyphosis 1
Reduced elbow extension 1
Facial features (3 of 5): dolichocephaly, enophthalmos, down slanting palpebral fissures, 
malar hypoplasia, retrognathia

1

Skin striae 1
Myopia (>3 diopters) 1
Mitral valve prolapse 1

Reprinted with permission from Loeys et al. [39], BMJ Publishing Group, Ltd
Maximum total 20 points: score > 7 indicates systemic involvement
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Familial thoracic aortic aneurysm and dissection (FTAAD) is yet another autoso-
mal dominant condition predisposing to aortic enlargement and dissection. 
TGFBR1, TGFBR2, and SMAD3 are once again implicated, but mutations in sev-
eral other genes have also been described such as ACTA2 and MYH11.

Vascular Ehlers Danlos syndrome Type IV (vEDS) is a particularly aggressive 
autosomal dominant disorder leading to arterial aneurysms and rupture. It is reported 
that 80% of patients with vEDS will experience a complication by the age of 40 
[42]. The condition results from mutations in the COL3A1 gene which encodes type 
III procollagen.

A summary of the most common genetic aortopathies, implicated genes, and 
clinical manifestations is shown in Table 15.2.

 Management of Aortic Diseases in Athletes

 Screening and Monitoring

Dilation of the thoracic aorta is generally asymptomatic, and diagnosis requires 
imaging of the aorta. Widespread screening for aortopathy is generally regarded as 
impractical at this time due to the cost of imaging, lack of expertise, relative low 

Table 15.2 Most common genetic aortopathies with implicated genes and clinical manifestations

Inherited condition Implicated gene Clinical features

Marfan syndrome 
(MFS)

FBN1 Aneurysm of the aortic root, 
dilatation of the pulmonary artery, 
and aortic dissection

Ehlers-Danlos 
syndrome (EDS)

COL5A1, COL5A2, and 
COL3A1

Arterial mid-sized rupture, specially 
involving thoracic vasculature

Loeys-Dietz syndrome 
(LDS)

TGFBR1, TGFBR2, SMAD3, 
TGFB2, TGFB3

Premature and aggressive aneurysm 
and dissection; aneurysm may 
involve aortic segments other than 
the root

Familial aortic 
aneurysm and/or 
dissection syndromes 
(FAAD)

TGFBR2, MYH11, PRKG1, 
MYLK, ACTA2

Thoracic aortic aneurysm and 
dissection; associated vascular 
disease (e.g., patent ductus 
arteriosus)

Bicuspid aortic valve 
(BAV)

Unknown (may be associated 
with ACTA2, MYH11, 
syndromic connective tissue 
diseases)

Aortic dilation typically involving 
the aortic root and ascending aorta

Autosomal dominant 
polycystic kidney 
disease (ADPKD)

PKD1 and PKD2 Dilatation of the aortic root and 
dissection of the thoracic aorta

Turner syndrome 45,X Thoracic aortic aneurysms and 
dissections, bicuspid aortic valve, 
aortic coarctation

Reprinted from Cury et al. [58], Hindawi (https://creativecommons.org/licenses/by/3.0/)
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incidence of disease, and false-negative results due to lack of visualization of the 
entire aorta with echocardiography. Rather, the impetus for screening an athlete 
must derive from a careful history and physical exam. Transthoracic echocardio-
gram should be obtained as a screening exam for aortopathy in each of the following 
scenarios:

• A known family history of aortopathy or predisposing familial conditions.
• Recognition of phenotypic characteristics consistent with a systemic connective 

tissue disorder associated with aortopathy.
• Auscultation of murmurs or extra heart sounds suggestive of either BAV (open-

ing snap or murmur of aortic stenosis or regurgitation) or mitral valve prolapse 
which can be seen in connective tissue disorders associated with aortopathy.

If an aortopathy is discovered in a young athlete, then screening of first-degree 
relatives is advised and genetic testing may be considered. Frequency of surveil-
lance imaging does depend on the underlying etiology, size of the aorta, and dura-
tion of documented stability, but screening is generally recommended every 
6–12 months for active athletes.

 Medical Management

Most evidence to date regarding medical interventions for the management of tho-
racic aortic dilation stems from research on either mouse models of thoracic aortic 
aneurysm or on humans with MFS. There is no research on medical management of 
a dilated aorta in athletic populations. Thus, guidance almost universally reflects 
extrapolation and expert opinion.

Traditionally, beta-blockers have been the cornerstone of medical management 
for patients with aortopathy. This treatment is grounded in several lines of evidence. 
First, beta-blockers are a mainstay of management of acute aortic syndromes as 
they reduce left ventricular contractility and the resultant shear stress in the aorta. 
Additionally, trials utilizing propranolol and atenolol seemed to show decreased 
rate of aortic growth in pediatric patients with MFS when compared with placebo 
[43]. However, two recent meta-analyses have challenged this age-old assertion. 
Both analyses found that, while rate of growth may decrease, rate of aortic dissec-
tion and final aortic diameter were unchanged [44, 45].

Angiotensin receptor blockers (ARBs) have also been shown to reduce the rate 
of aortic growth in patients with MFS [46, 47]. This approach appears to have firm 
physiologic rationale given that ARBs have been shown to decrease TGFβ levels 
[48, 49] which, as previously described, is involved in the aberrant TGFβ signaling 
seen in many genetic aortopathies. By extension, and through additional dedicated 
trials, angiotensin converting enzyme inhibitors (ACEi) have also entered the arma-
mentarium [50].

Current ACC guideline recommendations suggest using beta-blockers, angioten-
sin receptor blockers, or ACE-Inhibitors to achieve the lowest tolerated blood 
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pressure without adverse side effects – ideally with systolic blood pressure in the 
105–120 mmHg range (Class IIa, Level of evidence: B) [51]. In addition, lipid pro-
file optimization and smoking cessation are also strongly advocated. Statins in par-
ticular have been linked to reduced aortic growth and should be considered [52].

 Surgical Management

Indications for elective surgical repair depend largely on three factors: underlying 
etiology and dissection risk, maximum aortic diameter, and rate of growth. The fol-
lowing are Class I recommendations with a level of evidence C and apply to all 
patients with ascending thoracic aortic aneurysms:

• Elective aortic repair/replacement should be performed for all suitable candi-
dates with an aortic diameter ≥5.5 cm.

• Elective aortic repair/replacement should be performed for all suitable candi-
dates if there is a rapid rate of growth (>5 mm/year).

• Patients with an aortic diameter >4.5 cm undergoing cardiac surgery for other 
reasons should have concomitant repair/replacement performed.

Thresholds for surgical replacement for patients with BAV have been controver-
sial with major differences between guidelines published in 2010 and subsequently 
in 2014 [53]. A statement of clarification was published in 2016 which gave a Class 
I recommendation for surgery if the ascending aorta was ≥5.5 cm and a Class IIa 
recommendation if the aorta is ≥5.0 cm with an additional risk factor (including a 
family history of dissection or a growth rate of ≥0.5 cm) [54].

For patients with genetically mediated thoracic aortic aneurysm such as MFS, 
LDS, vEDS, and Turner syndrome, the surgical thresholds are generally lower 
(4–5 cm). The threshold does depend on the underlying condition and concomitant 
clinical factors. If patients with a genetic condition have an aortic area to body 
height ratio >10 cm/m2, there is a IIa (Level of Evidence C) recommendation for 
aortic surgery. This recommendation stems from research indicating that risk strati-
fication is improved when aortic measurements are indexed for height [12].

 Considerations for the Athlete with Aortopathy

 Exercise Guidance in the Athlete with Aortopathy

There are little data to guide exercise training in athletes with aortopathy. 
Recommendations must be individualized to the specific athlete and should be 
based on the demands of their training and competition, their individual blood pres-
sure response to these demands, and the risk of bodily collision. In general, aerobic 
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exercise leads to modest increases in mean arterial pressure (MAP), but systolic and 
diastolic blood pressure and MAP increase dramatically and rapidly with resistance 
exercise (isotonic and isometric) [55]. The extent of the increase correlates with the 
relative intensity of the exercise, technique used (Valsalva) as well as the level of 
fatigue (MAP rise is greatest for the last 2–3 reps prior to fatigue). We feel that no 
absolute “cut-off” weight restriction for athletes with aortopathy can or should be 
promoted. Furthermore, the data supporting commonly espoused weightlifting 
restrictions are not available. There are some data to support a restriction to half of 
the patient’s lean body weight, but even this restriction would elicit discrepant MAP 
responses for a variety of weightlifting maneuvers (i.e. lateral abduction of the arm 
vs. seated leg press).

There are reports of astoundingly high blood pressure recordings (as high as 
400 mmHg systolic) with low repetitions of maximum weights using large muscle 
groups [55]. These findings have prompted physicians to counsel patients with aor-
topathy to avoid heavy lifting with Valsalva; however, this advice is controversial. 
In concert with systolic blood pressure, the effect of Valsalva must also be consid-
ered. Haykowsky et al. first described this intriguing interplay [56]. Five healthy 
volunteers performed submaximal and maximal leg press exercises with simultane-
ous monitoring of both intravascular and intrathoracic pressures. Aortic transmural 
pressure is equal to intravascular pressure minus extravascular (intrathoracic) pres-
sure. With leg press and brief Valsalva, the intrathoracic pressure increased from an 
average of 1.7 mmHg to roughly 112 mmHg. The left ventricular end-systolic pres-
sure increased from 120 to 255 mmHg. Therefore, the aortic transmural pressure 
(intraventricular end-systolic pressure minus intrathoracic pressure) was 
~120 mmHg at rest and ~ 143 mmHg when lifting with Valsalva. Consequently, 
there was no substantial increase in aortic transmural wall stress despite the dra-
matically elevated systolic blood pressure [56]. Not only is more research required, 
but the classic advice of Valsalva avoidance may be misguided and we must con-
sider the heart–lung interaction when considering aortic wall stress.

 Sport Participation Guidelines

Aortic dissection or rupture occurs when hemodynamic forces exceed the strength 
of the degenerating aortic wall. The two primary aims when considering restriction 
from sports participation are: (1) avoidance of precipitating an acute aortic syn-
drome/SCD, and (2) prevent acceleration of aortic enlargement. The most recent 
guidelines can be found in the 2015 Eligibility and Disqualification for Competitive 
Athletes with Cardiovascular Abnormalities championed by the American Heart 
Association and the American College of Cardiology [57]. These guidelines are 
summarized below and in Table 15.3.

Athletes with mildly enlarged aortic dimensions but no known history of genetic 
aortopathy or causal valvular disease should undergo a comprehensive assessment 
to assess for an underlying connective tissue or cardiovascular disorder. If no such 
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etiology is discovered, these athletes can freely participate in all sports, save for 
intense weight training. Athletes with BAV but normal aortic dimensions can also 
freely participate in all sports.

On the opposite end of the spectrum are those athletes with not only known aor-
tic disease, but also high-risk features. Athletes with chronic aortic or branch vessel 
aneurysm and/or dissection, and athletes with BAV and aortic size >45 mm, are 

Table 15.3 Sport participation guidelines for athletes with aortopathies

Condition
Frequency of 
imaging monitoring

Clinical scenario of 
aortic root diameter

Eligibility and 
disqualification 
recommendations

MFS Every 6–12 mos. All Avoid bodily collision
Normal aorta—no 
risk factorsa

IA/IIA permitted

+ Risk factors Avoid all competitive sports
BAV No specific 

recommendation
Normal aorta All sports permitted

Every 6–12 mos. Men: 40–42 mm; 
women: 
36–39 mm; 
Z-score: 2–3.5

IA-C; IIA-C permitted. 
Avoid bodily collision. Avoid 
intense weight training

40–45 mm IA sports permitted. Avoid 
bodily collision

>45 mm Avoid all competitive sports
Other familial/
genetic aortopathies 
(LDS vEDS, 
FTAAD)

Every 6–12 mos. FTAAD—normal 
aorta and no risk 
factorsb

IA permitted. Avoid bodily 
collision

LDS or vEDS – 
Normal Aorta & 
No Risk Factorsc

IA permitted

Unexplained aortic 
dilation

Every 6–12 mos. Men: 40–41 mm; 
women: 35–37 mm

All sports permitted after 
thorough evaluation. Avoid 
intense weight training

Successful surgical 
correction

Every 6–12 mos. No remaining 
dilation

IA permitted. Avoid bodily 
collision

Chronic dissection No specific 
recommendation

All Avoid all competitive sports

Reprinted with permission from Hedley and Phelan [59], Springer Nature
Abbreviations: MFS Marfan syndrome, BAV bicuspid aortic valve, LDS Loeys-Dietz syndrome, 
vEDS vascular Ehlers-Danlos syndrome, FTAAD familial thoracic aorta aneurysm and dissection
aMFS risk factors: aortic root dilatation (>40 mm in adults or Z-score > 2 in adolescents <15 years 
old); moderate to severe mitral regurgitation: left ventricular ejection fraction <40%; family his-
tory of aortic dissection at aortic diameter less than 50 mm
bFTAAD risk factors: aortic root dilatation (>40 mm in adults or Z-score > 2 in adolescents <15 
years old); moderate to severe mitral regurgitation; family history of aortic dissection; cerebrovas-
cular disease; branch vessel aneurysm or dissection
cLDS/vEDS risk factors: aortic enlargement (Z-score >2) or dissection, or branch vessel enlarge-
ment; moderate to severe mitral regurgitation; extracardiac organ system involvement that makes 
participation hazardous
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recommended not to participate in any competitive sports. Once the dissection or 
aneurysm has been surgically addressed (assuming no residual pathology remains), 
athletes can reasonably resume participation in IA athletics which do not involve 
bodily collision. It should be noted that some high-profile professional athletes have 
returned to competition after surgery but these decisions must be individualized and 
are against current guideline recommendations. Also considered high risk are ath-
letes with MFS and certain risk factors. These risk factors are: aortic root dilatation 
(>40 mm in adults or Z-score >2 in adolescents <15 years old), moderate to severe 
mitral regurgitation, left ventricular ejection fraction <40%, and family history of 
aortic dissection at aortic diameter less than 50 mm. It is recommended that athletes 
with MFS and risk factors avoid all competitive sports.

More difficult is the discussion pertaining to those athletes who are neither very 
high nor low risk. Athletes with BAV and aortic dimensions which are no longer 
normal but <45 mm can participate in IA-C and IIA-C sports but are recommended 
to avoid intense weight training. Athletes with MFS but lacking risk factors can 
participate in IA and IIa sports, but all athletes with MFS should avoid any sport 
with potential for bodily collision. Lastly are those athletes with either LDS, vEDS, 
FTAAD, or an otherwise unexplained TAA. These athletes can reasonably partici-
pate in IA and IIA sports. However, if such athletes possess certain high-risk fea-
tures, they should also avoid sports with bodily collision. For FTAAD, these risk 
factors include: aortic root dilatation (>40 mm in adults or Z-score > 2 in adoles-
cents <15 years old), moderate to severe mitral regurgitation, left ventricular ejec-
tion fraction <40%, and family history of aortic dissection, cerebrovascular disease, 
branch vessel aneurysm, or dissection. Risk factors for LDS and vEDS include: 
aortic enlargement (Z-score > 2) or dissection, branch vessel enlargement, moderate 
to severe mitral regurgitation, and extracardiac organ system involvement that 
makes participation hazardous.

As with all guidance provided to athletes, these recommendations are largely based 
on expert opinion and require individual consideration and shared decision-making.

 Conclusion

When performing pre-participation cardiac evaluations of athletes, aortic diseases 
need to be considered in the spectrum of cardiovascular disorders that have the 
potential to place an athlete at risk for an exercise-triggered emergency. Clinical 
assessments for conditions associated with aortic enlargement, such as a bicuspid 
aortic valve or a connective tissue disorder, are required to identify an athlete that 
could have an aortopathy. It is essential to be familiar with normative data for aortic 
diameters in athletic and nonathletic populations when performing and reviewing 
aortic imaging tests in athletes. Given the relative paucity of prospective data on 
athletes with aortopathy, recommendations for sport participation for athletes with 
aortic diseases should be aligned with current AHA/ACC guidelines, and individu-
alized decisions utilizing shared decision-making are required for those athletes 
who do not have high-risk features.
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Chapter 16
Congenital Heart Disease: Approach 
to Evaluation, Management, and Physical 
Activity

Silvana Molossi and Hitesh Agrawal

 Introduction

Congenital heart disease (CHD) consists of a spectrum of abnormalities with vary-
ing severity, progression, and hemodynamic consequence. CHD affects an esti-
mated 0.8–1% of live-births. Specific congenital diseases, based on the 
pathophysiology and degree of hemodynamic compromise, can predispose to vari-
ous cardiac problems including heart failure, arrhythmias, myocardial ischemia, 
and vascular compromise. The altered physiology inherent in many forms of CHD 
will affect the heart’s ability to compensate for the increased work and demand that 
is required for vigorous physical activity and intensive exercise, and as such, all 
patients with CHD require a pre-participation medical evaluation prior to engaging 
in competitive sports. The type of sport and the intended degree of intensity must be 
factored into decision-making regarding sports participation for patients with 
CHD. The dynamic and static components of exercise place differential loads on the 
heart. High-intensity dynamic exercise elicits a large increase in heart rate and 
stroke volume causing a volume load on the left ventricle, while high-intensity 
static exercise elicits a significant increase in arterial pressure and wall stress on the 
left ventricle causing a pressure load [1]. Risk of impact in a given sport is another 
factor to consider as some CHDs require patients to be on antiplatelet/anticoagulant 
drugs. It is crucial to incorporate the patient’s anatomy in the context of the desired 
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physical activity to help determine the specific diagnostic investigations needed to 
thoroughly assess patients and their risk for sports participation. Commonly used 
tests in CHD patients to define precise anatomy and functional status include elec-
trocardiogram (ECG), echocardiogram (TTE), exercise stress test (EST), cardiac 
magnetic resonance imaging (CMR), and computed tomographic angiography 
(CTA). Patients with CHD ultimately require a multidisciplinary, individualized, 
and shared decision-making approach for evaluation and management, and for rec-
ommendations regarding sports participation. This chapter will review the most 
common forms of structural CHD (congenital valvular heart disease is reviewed in 
chapters 6 and 15) and congenital coronary artery anomalies, with emphasis on 
pathophysiology, diagnostic evaluation and management, and recommendations for 
sport participation.

 Common Congenital Defects and Recommendations 
for Sports Participation

 Atrial Septal Defect (ASD)

 Anatomy/Physiology

ASD is a deficiency in the atrial septum leading to blood flow between the atrial 
chambers. The direction and amount of shunting between atria is determined by the 
downstream resistance and the size of the defect. ASDs generally lead to left-to- 
right shunting that causes an increase in pulmonary blood flow and reduction in 
cardiac output. In the long term, increased pulmonary blood flow can cause pulmo-
nary congestion which is responsible for associated symptoms such as shortness of 
breath and easy fatigability. Hemodynamically significant ASDs should be closed. 
Hemodynamic significance is defined by the presence of right ventricular volume 
overload, right ventricular systolic dysfunction, and/or elevation of right-sided pres-
sures as a consequence of left-to-right atrial level shunting [2].

 Surgical/Interventional Repair

Small (<5 mm in diameter) and medium-sized (5–8 mm) secundum ASDs diag-
nosed in early infancy tend to close spontaneously within the first 2 years of life. If 
the defects are ≥8 mm and persist beyond 2 years of life with favorable rims, these 
ASDs can be closed using occluder devices during interventional cardiac catheter-
ization (Fig. 16.1). Sinus venosus defects and primum ASDs do not close spontane-
ously and require surgical repair, given their location, which can be performed at 
around 1 year of age [3].
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 Exercise Recommendations

Patients with ASDs that have normal right ventricular volume and no pulmonary 
hypertension can participate in all sports. Patients with ASDs that have mild pulmo-
nary hypertension should participate in low-intensity competitive sports (class IA) 
only. However, ASD patients with associated moderate-to-severe pulmonary hyper-
tension with cyanosis and right-to-left shunting should be restricted from all com-
petitive sports. Following ASD closure, patients can be released to full activity 
3–6 months post-procedure if there is no evidence of pulmonary hypertension, ven-
tricular dysfunction, arrhythmia, or heart block. Those patients post-ASD closure 
with pulmonary hypertension, arrhythmias, or myocardial dysfunction can be con-
sidered for participation in low-intensity (class IA) sports [4].

 Ventricular Septal Defect (VSD)

 Anatomy/Physiology

VSDs can be classified based on their location in the interventricular septum as 
perimembranous, inlet, muscular, or outlet types. VSDs can be categorized as small, 
moderate, or large based on size. The degree of shunting depends on the size of the 

a

c d

b

Fig. 16.1 Two-year-old female with a large ostium secundum atrial septal defect (ASD) and dila-
tion of the right atrium and ventricle. Transesophageal echo short-axis color compare image show-
ing a large ASD (panel A); On balloon sizing, stop flow showed a 16 mm defect (panel B); A 
32 mm Gore ASD occluder device was deployed (panels C and D) with no residual shunt. (© 
2020 Le Bonheur Children’s Hospital (reprinted with permission))
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defect and the downstream resistance. Due to high pulmonary vascular resistance in 
newborns, left-to-right shunting associated with VSDs may not initially be signifi-
cant. However, in the next 4–6 weeks of life, pulmonary vascular resistance drops 
and pulmonary over-circulation can develop, leading to dilation of the pulmonary 
arteries, left atrium, and left ventricle. In the setting of large VSDs, the right ven-
tricle and the pulmonary arteries will be subjected to systemic pressures. If this 
physiology is left untreated, the pulmonary arterioles will develop irreversible vas-
cular changes and resultant pulmonary hypertension with right-to-left shunting and 
cyanosis (Eisenmenger’s syndrome) [5].

 Surgical Repair

Small/restrictive VSDs in asymptomatic patients can be followed observationally 
over time. Hemodynamically significant VSDs, however, causing left-sided volume 
overload, failure to thrive, or recurrent respiratory infections need surgical closure. 
Patients with uncomplicated repaired VSDs typically enjoy normal quality of life 
thereafter.

 Exercise Recommendations

Patients with an unrepaired VSD and normal pulmonary artery pressure can partici-
pate in all sports, while those patients with large VSDs and pulmonary hypertension 
should participate in low-intensity class IA sports only. Following 3–6 months post- 
VSD closure, patients can participate in competitive sports if they have no evidence 
of pulmonary hypertension, ventricular or atrial tachyarrhythmias, or myocardial 
dysfunction. Athletes with mild-to-moderate pulmonary hypertension or ventricular 
dysfunction should refrain from competitive sports, with the possible exception of 
low-intensity (class IA) sports. Symptomatic athletes with atrial or ventricular 
tachyarrhythmias or second- or third-degree atrioventricular (AV) block should not 
participate in competitive sports until further evaluation by an electrophysiologist [4].

 Atrioventricular Septal Defect (AVSD)

 Anatomy/Physiology

AVSDs comprise a spectrum of anomalies that result from maldevelopment of 
embryonic endocardial cushion tissue. These lesions are divided into partial and 
complete forms. In partial AVSD, a primum ASD is present and there are two dis-
tinct but contiguous, right and left atrioventricular valves. The inlet VSD component 
is small/absent and the left atrioventricular (AV) valve has a cleft. The complete 
form includes a primum ASD, a large inlet VSD with a single orifice common AV 
valve [6]. The pathophysiology is remarkable for a large left-to-right shunt from a 
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combination of ASD, VSD, and additional AV valve regurgitation. As pulmonary 
vascular resistance drops in the first few weeks of life, pulmonary over-circulation 
and failure to thrive can develop. If left untreated, pulmonary vascular obstructive 
disease and pulmonary hypertension ensue.

 Surgical Repair

The majority of patients with balanced defects (adequate size ventricles) can 
undergo complete biventricular repair between 6 and 12 weeks of age. Children 
with hypoplasia of one of the ventricles (unbalanced) will require staged single 
ventricle palliation.

 Exercise Recommendations

Patients with biventricular repair of AVSD with normal pulmonary artery pressure 
and no significant AV valve stenosis/regurgitation can participate in unrestricted 
exercise 3–6 months post-surgery [7]. Individualized recommendations should be 
made for patients with residual or persistent lesions. Exercise recommendations for 
patients that undergo single ventricle palliation are discussed later in this chapter.

 Tetralogy of Fallot (TOF)

 Anatomy/Physiology

TOF is a spectrum of anomalies that result from anterior-cephalad deviation of the 
infundibular septum. The four basic components of TOF are:

 (a) large VSD
 (b) pulmonary stenosis
 (c) overriding aorta
 (d) right ventricular hypertrophy

The pulmonary stenosis/right ventricular outflow tract (RVOT) obstruction 
causes increased resistance to blood flow into the pulmonary circulation. Hence, 
there is right-to-left shunting across the VSD and into the overriding aorta resulting 
in cyanosis, depending on the degree of RVOT obstruction [8].

 Surgical Repair

Cyanotic newborns if <5 kg will either undergo a palliative shunt/ductal stent/RVOT 
stent or a transventricular complete repair in the neonatal period. Following pallia-
tive shunt/stent placement, patients can undergo complete repair at 4–6 months once 
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the branch pulmonary arteries have attained interval growth. If patients are able to 
grow to ~5 kg without interval procedures, they can undergo infundibular sparing 
repair (transatrial/transpulmonary repair of VSD, RVOT resection, and limited inci-
sion across the pulmonary valve annulus).

 Exercise Recommendations

Patients with repaired TOF need a comprehensive clinical assessment, ECG, assess-
ment of ventricular function, measurement of RV volume, and exercise testing prior 
to consideration of participation in competitive sports. Children status-post repair of 
TOF can be cleared for moderate-to-high-intensity sports participation (class II to 
III) if ventricular function is preserved (ejection fraction >50%), and if exercise- 
induced arrhythmias or RVOT obstruction is not present. Athletes with severe ven-
tricular dysfunction (ejection fraction <40%), severe RVOT obstruction, or recurrent 
or uncontrolled atrial or ventricular arrhythmias should be restricted from all com-
petitive sports, with the exception of low-intensity (class IA) sports [4].

 D-Transposition of the Great Arteries (D-TGA)

 Anatomy/Physiology

D-TGA is a cyanotic condition where there is discordant ventriculo-arterial connec-
tion (aorta arises from the right ventricle and pulmonary artery from the left ven-
tricle). The circulatory pattern is such that deoxygenated blood from systemic veins 
is circulated back to the body and oxygenated pulmonary venous blood is returned 
back to the lungs, in parallel circulations. This can lead to profound cyanosis, and 
oxygenation is dependent on mixing of blood which can happen at either the atrial, 
ventricular, or ductus arteriosus levels [9].

 Surgical Repair

Patients are started on prostaglandin infusion at birth and typically undergo balloon 
atrial septostomy in the first few days of life followed by an arterial switch operation 
a few days later. The coronary arteries are removed from the native aortic root with 
a button of tissue and are translocated into the neo-aorta [9]. Until recently, the pre-
ferred surgical technique was the atrial switch procedure (Mustard or Senning oper-
ation, leaving the morphologic RV as the systemic ventricle connected to the aorta), 
and thus, there are many living adults who have undergone such repairs. These 
patients are particularly prone to atrial arrhythmias, severe tricuspid regurgitation, 
and heart failure.
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 Exercise Recommendations

Patients who have undergone repair of D-TGA require yearly evaluation with ECG 
and TTE, and functional stress imaging every 3–4  years with EST or 
CMR.  Asymptomatic patients with normal ventricular function, normal exercise 
capacity as assessed by EST, and no tachyarrhythmia can participate in all sports. 
Athletes with more than mild hemodynamic abnormalities or ventricular dysfunc-
tion, with normal exercise capacity, and no exercise-induced ischemia can partici-
pate in low- and moderate-intensity competitive sports (classes IA, IB, IIA, and 
IIB). Athletes with severe systemic RV dysfunction, severe RV outflow tract 
obstruction, or recurrent or uncontrolled atrial or ventricular arrhythmias should be 
restricted from all competitive sports, with the exception of low-intensity (class IA) 
sports [4].

 Coarctation of the Aorta (CoAo)

 Anatomy/Physiology

Coarctation of the aorta is a spectrum of narrowing in the aortic arch ranging from 
hypoplasia of a segment to discrete narrowing. Newborns with coarctation can be 
asymptomatic in the setting of a patent ductus arteriosus. However, signs of shock 
can develop with closure of the ductus depending on the severity of coarctation. 
Older children with milder forms of coarctation may develop collaterals and be 
detected later in life due to hypertension, murmur, or decreased lower extremity 
pulses [10].

 Surgical/Interventional Repair

Neonatal CoAo is treated via a surgical approach following stabilization with pros-
taglandin infusion. Postsurgical re-coarctation is usually treated with balloon angio-
plasty/stenting depending on the patient’s size and anatomy. Patients diagnosed 
during adolescent years are typically treated with endovascular stenting as the pri-
mary therapy as their vessel size allows placement of adult size stents (Fig. 16.2).

 Exercise Recommendations

Treated patients require follow up with physical exam, TTE, and EST to assess for 
a residual coarctation gradient, ventricular hypertrophy and systolic function, 
hypertension, and the blood pressure response with exercise. CMR or CTA is rec-
ommended to evaluate the entire aortic arch. These patients also require screening 
for intracranial aneurysms by magnetic resonance angiography or CTA [11]. Three 
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months following intervention for CoAo, patients without significant residual/
recurrent narrowing of the aortic arch (<20 mm Hg arm/leg systolic gradient), and 
normal blood pressure during rest and exercise can participate in those sports that 
do not involve a large static load. If these conditions continue to be met beyond 
1 year post-intervention, patients may then advance to competitive sports. Athletes 
with evidence of aortic dilation, aortic wall thinning, or aneurysm formation should 
be restricted to low-intensity (class IA) sports [7].

a b

c d

Fig. 16.2 Seventeen-year-old male with hypertension and diminished pedal pulses was found to 
have severe coarctation of the aorta. Angiogram showing severe coarctation of the aortic isthmus 
with extensive collateralization (panels A and B); Angiogram post-implantation of a Cordis 
Palmaz XL P4010 stent on a 16 mm balloon shows good position of the stent and no residual ste-
nosis (panel C and D). (© 2020 Le Bonheur Children’s Hospital (reprinted with permission))
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 Single Ventricle Spectrum

 Anatomy/Physiology

Single ventricle refers to a variety of cyanotic heart diseases comprising of two atria 
communicating with a primitive ventricle. The single ventricle connects to an outlet 
chamber via a bulboventricular foramen. The pulmonary artery and aorta can be 
normally related or transposed. The clinical presentation and initial management 
are determined by the extent of compromise to the pulmonary or systemic blood flow.

 Surgical Repair

Staged surgical palliation is typically the common approach. The first stage may 
include (pending associated anatomy):

 (a) Severe pulmonary stenosis: There is severe restriction to pulmonary blood flow 
resulting in cyanosis. These patients are treated with prostaglandin and will 
require a shunt or ductal stent to maintain pulmonary blood flow.

 (b) No pulmonary stenosis: Such patients will have pulmonary over-circulation and 
heart failure requiring a pulmonary artery band to restrict pulmonary blood flow.

 (c) Severe left heart hypoplasia: These patients will have compromised systemic 
blood flow and will require the pulmonary artery to be connected with the sys-
temic outflow. Pulmonary blood flow is maintained via a systemic to pulmo-
nary shunt.

Regardless of the initial palliation, the second stage of palliation is to perform a 
partial cavopulmonary connection (superior vena cava to pulmonary artery, so- 
called Glenn shunt) at 3–6 months of age, aiming at diverting deoxygenated blood 
directly to the pulmonary circulation. The third stage is the total cavopulmonary 
connection (Fontan operation) usually performed at 2–4 years of age. This involves 
connecting the inferior vena cava to the pulmonary circulation either via baffle 
within the right atrium or an extracardiac conduit. At this stage, all deoxygenated 
blood is diverted to the pulmonary circulation passively.

 Exercise Recommendations

Patients with unrepaired cyanotic heart disease should only be allowed to partici-
pate in low-intensity (class IA) sports. Many studies have reported limited exercise 
capacity and reduced cardiac output in patients at rest and during exercise following 
Fontan palliation [12, 13]. Patients, especially with a lateral tunnel baffle, are at risk 
of developing atrial arrhythmias. Patients should undergo comprehensive evalua-
tion, including EST with measurement of oxygen saturation prior to any sports par-
ticipation. Athletes palliated with Fontan who have no symptomatic heart failure or 
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significantly abnormal intravascular hemodynamics can participate in low-intensity 
class IA sports [4]. Individualized decisions to participate in other sports can be 
made based on the athlete’s ability to complete an exercise test without evidence of 
exercise-induced arrhythmias, hypotension, ischemia, or other concerning clinical 
symptoms [4]. As mortality in repaired congenital heart disease ranges 1–2% in 
centers of excellence, there is a growing population of adults with congenital heart 
disease and many with single ventricle physiology that will need to be counseled 
prior to exercise participation, often by adult cardiologists [11]. Additional consul-
tation with an adult congenital cardiologist should be obtained.

 Congenital Coronary Anomalies

Congenital coronary artery anomalies, though not common, can pose substantial 
risk for myocardial ischemia in the athlete, both as children and young adults as 
well as later in adult life. The congenital anomalies that this section will focus on 
include anomalous origin of the right or left coronary artery from the pulmonary 
artery (ARCAPA/ALCAPA) and anomalous aortic origin of a coronary artery 
(AAOCA) from the opposite sinus of Valsalva with or without an intraseptal/intra-
myocardial course. Overall aspects of anatomy and physiology, repair, and exercise 
recommendations will be reviewed for these two entities.

 Anomalous Origin from the Pulmonary Artery 
(ARCAPA/ALCAPA)

 Anatomy, Pathophysiology, and Clinical Presentation

The first described congenital coronary anomaly was the left coronary artery origi-
nating from the pulmonary artery, most commonly arising from the left posterior 
sinus of the pulmonary valve. This anomaly is also known as Bland-White-Garland 
syndrome given its first report relating clinical and autopsy findings in a 3-month- 
old infant by Bland et al. [14]. This anomaly is known to affect 1 in every 300,000 
births [15].

In fetal life, pressure and oxygen saturations are similar in both the aorta and 
pulmonary artery, thus myocardial prefusion is presumably normal, and no stimulus 
occurs for the development of collateral circulation. Following birth, with a decrease 
in pulmonary arterial pressure over time, deoxygenated blood perfuses the affected 
coronary circulation and varying degrees of myocardial ischemia develops. Stimuli 
for neoangiogenesis with collateral circulation occurs and patients may either pres-
ent with severe ventricular dysfunction and heart failure or they may continue to 
compensate over time until presentation in later years or even adult life [16]. This 
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progressive dilation of coronary vessels and growth of collaterals affect both right 
and left systems. It is incompletely understood why some patients advance into 
adulthood without evidence of myocardial ischemia, even when exercising at high 
levels, whereas other patients succumb to varying degrees of ischemia and conse-
quent ventricular dysfunction. Approximately 87% of patients present during 
infancy and the other 13% at later ages/adulthood [17].

The ECG hallmark of ALCAPA is the presence of Q waves in the anterolateral 
leads, specifically leads I and aVL. The Q waves may also be seen in V4-V6, though 
in children this finding in lateral precordial leads may be a normal finding and Q 
wave depth should be compared with age-specific normative ECG data. In adults, 
varying signs of myocardial ischemia may be present on the resting ECG. Variable 
degrees of mitral regurgitation may also be seen depending on the ischemic burden 
and effect on the mitral valve apparatus. Clinical presentation includes the presence 
of a murmur, chest pain and/or dyspnea upon exertion, syncope, congestive heart 
failure, or sudden death [18–23]. Many patients can also be asymptomatic. Diagnosis 
can be made by TTE (retrograde flow in the affected coronary artery seen by color 
Doppler) as well as advanced imaging including CMR and CTA. Cardiac catheter-
ization with angiography can also be utilized, though less invasive techniques are 
preferred in the younger population.

The incidence of ARCAPA is considerably less than ALCAPA, approximating 
1/10 of ALCAPA cases [24]. These patients can be asymptomatic or present clini-
cally in a similar fashion as with ALCAPA, including the presence of a murmur or 
symptoms of myocardial ischemia such as angina, syncope, heart failure, or sudden 
death [25]. There are no specific diagnostic findings on the ECG for 
ARCAPA. Diagnostic imaging using TTE, CMR, CTA, or cardiac catheterization is 
similarly utilized as with ALCAPA.

 Surgical Repair

Surgical repair is indicated upon diagnosis. In the younger population, options for 
ALCAPA repair include direct reimplantation of the anomalous left coronary with 
a button from the pulmonary artery/sinus into the correct sinus of Valsalva [18, 
26–28], or performing the Takeuchi repair [18, 29] in which an aortopulmonary 
window is created and a tunnel is formed to direct blood from the aorta to the coro-
nary ostium. In adults, there may be a need for bypass grafting if reimplantation is 
not possible [20, 30]. Depending on the degree of papillary muscle ischemia/infarc-
tion, residual mitral regurgitation may be a problem and is a cause for re- intervention 
in these patients. In ARCAPA patients, direct reimplantation is the preferred surgi-
cal technique. It is important to mention that in adults, direct ligation/closure of the 
anomalous coronary in the PA may be a reasonable option given the prolific devel-
opment of collateral circulation over time and sufficient flow to maintain myocar-
dial demands without evidence of ischemia [23, 31].
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 Exercise Recommendations

Pursuant to the latest recommendations from the American Heart Association 
(AHA) and American College of Cardiology Foundation (ACC) Scientific Statement 
on eligibility and disqualification recommendations for competitive athletes with 
cardiovascular abnormalities: Task Force 4 [4], individuals with nonrepaired 
ALCAPA or ARCAPA should be restricted from exercise and sports participation 
except for low-intensity Class IA sports (Class I; Level of Evidence C). Those indi-
viduals with repaired ALCAPA or ARCAPA, decision-making regarding exercise 
and sports participation will depend on the presence of sequelae of the lesion, such 
as myocardial infarction or ventricular dysfunction (Class IIb; Level of Evidence C).

 Anomalous Origin from the Aorta (AAOCA)

Anomalous aortic origin of a coronary artery (AAOCA) is a congenital anomaly of 
the origin or course of a coronary artery that arises from the aorta. The estimated 
frequency of anomalous aortic origin of the left coronary artery (AAOLCA) is esti-
mated at 0.03–0.15% live-births, while that of anomalous aortic origin of the right 
coronary artery (AAORCA) is estimated to be 0.28–0.92% [32, 33]. Although the 
true prevalence of AAOCA is yet unknown, given that most studies have focused 
primarily on symptomatic patients, recent studies by Angelini et al. have tried to 
establish the prevalence in the general population [34, 35].

For many years, congenital coronary anomalies were shown to be the second 
identifiable leading cause of sudden cardiac death (SCD) in the young, second to 
hypertrophic cardiomyopathy [36–38]. However, in two recent publications on rates 
of SCD, coronary abnormalities comprised the number one identifiable cause of 
SCD, second to undetermined/unknown cause [39, 40]. Although the estimated risk, 
based on available data, for SCD in young athletes is low at approximately 0.5–1 
athletes per 100,000 athletes per year [39], and potentially higher in certain popula-
tions [40], these events have tremendous impact on families, communities, and 
organized sports at large. In fact, these estimates may not truly reflect this at-risk 
population given the lack of universal reporting of numbers of sudden cardiac arrest 
(SCA), which may be higher [41]. Exercise activity appears to trigger SCA, but 
events also may occur at rest and, in fact, contemporary studies have highlighted a 
higher incidence of SCA events either during night time or noncompetitive physical 
activities [39, 42]. Moreover, it is unknown why individuals susceptible to SCA can 
exercise at high intensity and competitive levels for many years until the sentinel 
event occurs.
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 Anatomy and Pathophysiology

Multiple anatomic subtypes of AAOCA have been described with varying degrees 
of perceived risk for sudden adverse events (Fig. 16.3). The anomalous coronary 
arising from the opposite sinus of Valsalva and taking an intramural [course within 
the media (muscular) layer of the aorta] and/or interarterial (segment traveling 
between the aorta and pulmonary artery) course carries the highest risk for compro-
mising myocardial perfusion and inducing myocardial ischemia. Often the origin of 
the anomalous coronary is close to the commissure and higher in the opposite sinus, 
or close to or above the sinotubular junction. Particularly in the case of AAOLCA, 
a variant where the coronary travels within the conal septum and has an additional 
intramyocardial component – a classified intraseptal course – previously thought to 
be a benign entity, [43] has recently been shown to cause myocardial ischemia in a 

Fig. 16.3 Diagram illustrating normal coronary artery origins and anomalous aortic origin of a 
left and right coronary artery from the opposite sinus of Valsalva with and without an intramural 
course. (© 2013 Texas Children’s Hospital (reprinted with permission) Published in Molossi and 
Sachdeva [57])
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subset of patients [44] (Fig. 16.4). Likewise, AAOLCA arising from the noncoro-
nary sinus may be of high risk in the presence of an ostial abnormality and intramu-
ral course [45]. Anomalous coronary variants that are believed to carry low risk and 
classified as “benign” include:

 (a) AAOLCA with an anterior – pre-pulmonic course (coursing anterior to the right 
ventricular outflow tract and pulmonary valve).

 (b) AAOLCA with a posterior – retroaortic course.
 (c) anomalous left circumflex coronary artery (AAOCxCA) with a posterior – ret-

roaortic course.
 (d) high take-off of the right coronary artery (RCA).

However, there are some reports that link some of these anomalous coronary 
subtypes with the development of myocardial ischemia [46, 47]. The Coronary 
Artery Anomalies Program (CAAP) at Texas Children’s Hospital has developed a 
topographic map, illustrated in Fig. 16.5, to delineate precisely the ostium location 
of the anomalous coronary as it relates to the aortic sinuses and commissures. 
Additionally, the ostial geometry of the coronaries is of importance.

To date, there is an incomplete understanding of the mechanisms leading to myo-
cardial ischemia and potential SCD in AAOCA, particularly during exercise [48, 

a b e

c d

Fig. 16.4 Representative images of anomalous aortic origin of the left main coronary artery 
(AAOLCA) with an intraspetal course. (a) Anomalous aortic origin of the left main coronary artery 
(orange arrow) from the right sinus of Valsalva on computerized tomography angiography. (b) 
Presence of an inducible subendocardial perfusion defect by Dobutamine stress cardiac magnetic 
resonance imaging in the superior portion of the interventricular septum. (c) Intraseptal course of 
the left main coronary artery on computerized tomography angiography. (d) Coronary angiogram 
delineating the right coronary artery (white asterisk), the adjacent origin of the left main coronary 
artery, length of the intraseptal course of the left main coronary (white arrows), and distal bifurca-
tion to the left anterior descending and left circumflex coronary arteries. (e) Fractional flow reserve 
tracings in the intraseptal segment demonstrating compromised flow. (© 2019 Texas Children’s 
Hospital (reprinted with permission))
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49]. Much knowledge has been acquired to delineate multiple variations of coro-
nary anatomy though there remains continued uncertainty regarding the anatomic 
variants that carry the highest risk for SCD and the physiologic conditions predis-
posing to severe compromise of myocardial perfusion through the anomalous coro-
nary. Several pathophysiologic mechanisms have been postulated, including 
occlusion and/or compression of the anomalous artery during its intramural seg-
ment and/or interarterial course, and ostial abnormalities such as slit-like (acute 
angle of take-off), stenotic, and/or hypoplastic ostium which may obstruct/collapse 
particularly during dynamic changes occurring with exercise [50, 51] (Fig. 16.6). 
Sudden decrease in perfusion to the territory supplied by the anomalous coronary 
presumably leads to myocardial ischemia and development of (potentially lethal) 
ventricular arrhythmias [49].

 Clinical Presentation

The clinical presentation on AAOCA varies from asymptomatic individuals diag-
nosed serendipitously to occurrence of SCA or SCD. Several studies have reported 
up to 50% of patients being asymptomatic at the time of diagnosis. Growing num-
bers of children and adolescents are diagnosed following routine pre-participation 
screening due to the presence of a heart murmur or “abnormal ECG” [45, 49, 52]. 
Molossi et  al. [45] recently reported that only 21% of a cohort of 163 AAOCA 
patients followed prospectively presented with symptoms upon exertion, and 3% 
presented following SCA or shock. Significant exertional symptoms included chest 
pain and syncope. In a study by Basso et al. [53], only 10 (36%) of 27 cases present-
ing with SCD (23 AAOLCA and 4 AAORCA) had symptoms including syncope, 
chest pain, or palpitations, prior to the arrest. Anatomic features in this study sug-
gestive of a high-risk lesion included acute angle take off and a slit-like ostium. 
Eckart et al. [54] reported 11 (52%) of 21 military recruits with SCD and AAOCA 
had prior symptoms of syncope, chest pain, and dyspnea.

a b

Fig. 16.5 Standardized nomenclature map used to describe the origin of the coronary arteries by 
CT angiography or surgical findings. (© 2013 Texas Children’s Hospital (reprinted with permis-
sion) Published in Agrawal et al. [93])

16 Congenital Heart Disease: Approach to Evaluation, Management, and Physical…



260

The initial diagnosis of AAOCA is typically made by TTE with imaging that 
identifies the sinus of origin and the interarterial course, and possibly the presence 
or absence of an intramural course [52, 55]. Sachdeva and colleagues found TTE 
was able to diagnose AAOCA in more than 95% of their cohort, and TTE findings 
were consistent with the surgical descriptions of the anatomy [56]. Lorber and col-
leagues found variable agreement between TTE and surgical findings [55]. However, 
TTE is inadequate to fully evaluate ostial morphology, to precisely define the length 
of an intramural course, and to demonstrate intraseptal and intramyocardial courses 
[57]. Advanced imaging modalities are essential to provide detailed anatomy of the 
anomalous coronary, including ostial morphology and the presence of an interarte-
rial, intramural, or intramyocardial course. CTA or CMR is the preferred mode of 
imaging, and we have found CTA being superior in defining with precision the 
intramural length and extent of intraseptal/intramyocardial courses [43–45, 58–61].

a

c

b

d

Fig. 16.6 Computerized tomographic angiography demonstrating an anomalous right coronary 
artery. (a) The anomalous right coronary arises from the left sinus with an intramural course as it 
courses in between the aorta and the pulmonary artery. (b) Virtual angioscopy shows a normal left 
coronary ostium (arrowhead) and the anomalous right coronary with a stenotic slit-like ostium 
arising just above and to the left of the intercoronary commissure. (c) The anomalous coronary 
(arrow) has an oval shape on its intramural segment compared to (d) the round shape of the distal 
coronary past its intramural segment. Ao: aorta; PA: pulmonary artery. (© 2014 Texas Children’s 
Hospital (reprinted with permission) Published in Molossi and Sachdeva [57])
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In recent studies, about 50% of patients with AAOCA have been noted to be 
asymptomatic at the time of diagnosis [37, 49, 56, 62–64]. An increasing number of 
children and adolescents are being diagnosed with AAOCA following routine pre- 
participation screening, evaluating the presence of a murmur or an abnormal ECG 
[54, 63]. Typical presenting symptoms that have been reported in association with 
AAOCA are exertional chest pain, palpitations, syncope, as well as SCA [63, 64].

 Evaluation and Management

 1. Diagnostic evaluation

Despite significant advances in the understanding of AAOCA subtypes, clinical 
presentations, and ischemic risks, much remains to be established for appropriate 
risk stratification for this condition. There is significant variability in the approach 
to diagnosis, evaluation, and management of patients with AAOCA among provid-
ers [65]. Many questions and uncertainties persist, including the best approach for 
management and long-term outcomes of AAOCA patients according to manage-
ment strategy. These uncertainties have prompted some institutions to develop dedi-
cated multidisciplinary programs to evaluate and manage patients with AAOCA 
[45, 66], providing a platform for prospective data gathering following a standard-
ized approach. Figure  16.7 depicts the current algorithm at Texas Children’s 
Hospital.

ECG-gated CTA has demonstrated great accuracy in determining the precise 
anatomy of the anomalous coronary. The presence and length of an intramural 
course is determined using cross-sectional shape of the lumen and the peri-coronary 
fat sign [57, 58, 67], and the ostial location in relation to the aortic sinuses and com-
missures is defined based on a topography map (Fig. 16.5). The standardized report 
thus includes all details in every type of AAOCA.

A functional assessment should be performed in all patients with AAOCA to 
determine the presence of inducible myocardial ischemia, with an exception for 
those patients presenting with SCA, and for young children with no concerning 
symptoms. A cardiopulmonary exercise stress test is typically performed, though 
ischemic changes are rarely encountered, as demonstrated in several reports [44, 45, 
53, 68, 69]. The validity of exercise stress testing remains to be determined for this 
condition.

Assessment of myocardial perfusion is an integral part of the evaluation of 
patients with AAOCA for risk stratification. Stress echocardiography to identify 
wall motion abnormalities is utilized in some centers and may be of value [70]. 
Caution should be taken, though, in centers or programs where this modality is not 
routinely performed and where reader expertise may be lacking to appropriately 
identify abnormalities in wall motion. Stress nuclear perfusion imaging (sNPI) is 
another tool used to determine perfusion abnormalities under provocative stress and 
this modality may be helpful in some centers depending on the type of sNPI uti-
lized. In the cohort reported by Molossi et al., sNPI was unreliable to truly detect 
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abnormalities related to the territory supplied by the anomalous coronary [45, 68]. 
sNPI in this study was associated with a high incidence of false-positive and false- 
negative findings, decreased spatial resolution, attenuation artifacts related to the 
body wall and diaphragm movement, and utilization of ionizing radiation.

Stress CMR (sCMR) has become a valuable tool in evaluating perfusion abnor-
malities in this patient population. Moreover, information on wall motion abnor-
malities and myocardial viability is advantageous, especially for following these 

Symptoms ascribed to ischemia?
- Aborted sudden cardiac death
- Syncope on or following exertion
- Other symptoms highly suggestive of
  ischemia on or following exertion

Clinical algorithm for patients with anomalous aortic origin or course of a coronary artery

Patient with anomalous aortic origin
or course of a coronary artery.

Cardiology consultation'
(Core group of pediatrio/adult congenital cardiologists) 

Testing†
- ECG
- Echocardiogram‡
- Cardioculmonary exercise test (CPET)§
- Stress cMRI§
- Retroscective ECG-gated CTA¶

Screening for siblings discussed with family

High-risk anatomy (imaging)?

Recommend surgical intervention∫

Discussion at CAP
Multidisciplinary Meeting

Non-intraseptal
Intraseptal^ or isolated

myocardial bridge

- Long intramural course
- Abnormal ostium
- Coronary compression

High-risk anatomy (imaging)?
- Long intramural course
- Abnormal ostium
- Coronary compression

Yes

Yes Yes

Yes

Yes

No

Ischemia on corresponding territory
(CPET or stress cMRI)?

No exercise restriction after third month visit‡‡

Symptoms ascribed to ischemia?
- Aborted sudden cardiac death
- Syncope on or following exertion
- Other symptoms highly suggestive of
  ischemia on or following exertion

Postoperative short-term follow-up
- 1 wk: Surgical follow-up
- 1 mo: Cardiology visit with ECG, echocardiogram††
- 3 mo: Cardiology visit with ECG, CPET,
  stress cMRI, CTA
- 6 mo: Cardiology visit with ECG††

YesNo

No

No

NoNo

Ischemia on corresponding territory
(CPET or stress cMRI)?

ALCA-R
Other anomalies

(ARCA-L, single coronary, ALCx, other anomalies)
Cardiac catheterization

(Angio, IVUS, FFR with dobutamine)

Significant compression?

Surgical intervention possible?

Exercise restriction** until surgery
or if surgery declined

 Consider   -blockers

Shared decision making with
famil re: exercise restriction

Offer surgical intervention∫

Shared decision making with
famil re: exercise restriction

No surgical intervention Shared decision making with
family re: surgical intervention,
   -blockers, exercise restrictionNo exercise restriction

Long-term follow-up
- Cardiology follow-up with ECG qf-2 years
- Echocardiogram q2 years (optional)
- Functional testing q3-5 years

Symptoms or positive testing?

ALCA-R: Anomalous left coronary from the right sinus, ALCx: Anomalous circumflex artery, ARCA-L: Anomalous right coronary from the left sinus, CAP: Coronary Anomalies Program.
* Consent obtained for participation in prospective CHSS and TCH databases.
† Additional studies (Holter, cardiac catheterization, etc) may be performed depending on the clinical assessment.
‡ External echocardiograms do not need to be repeated if the study is deemed appropriate.
§ CPet or stress cMRI not necessary on patients that present with aborted sudden cardiac death. These studies may be deferred in yung patients.
¶ An external CTA may be used if able to upload the images and the study arising from the right sinus) that travels posteriorly into the septum below the level of the pulmonary valve.
^An intraseptal coronary is as an abnormal vessel (usually a left coronary arising form the right sinus) that travels posteriorly into the septum below the level of the pulmonary valve.
  Unroofing if Significant intramural segmet, neo-ostium creation or coronary translocation if intramural segment behind a commissure, coronary translocation if short or no intramural
   segment, Surgical intervention will be offered for patients between 10 and 35 years of age. Other patients will be considered on a case-by-case basis. Aspirin will be administered for
   3 minths after surgery.
** Restriction from participation in all competitive sports and on exercise with moderate or high dynamic component(>40% maximal oxygen uptake - e.g., soccer, tennis, swimming,
    basketball, American football). (Mitchell et al, JACC 2005; 1364-7).
†† Patient may be seem by outside primary caediologist.
‡‡ Postoperative patients will bel cleared for exercise and competitive sports based on findings at the third month postoperative visit including results of CPET, stress cMRI, and CTA.

Fig. 16.7 Algorithm for the evaluation and management of patients with coronary anomalies in 
the Coronary Anomalies Program at Texas Children’s Hospital. (© 2018 Texas Children’s Hospital 
(reprinted with permission) Published in Mery et al. [47])
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patients over time, regardless of management strategy. Some of sCMR’s advanta-
geous qualities include high-quality cardiac imaging with excellent spatial resolu-
tion [71], feasibility and safety in children [72], lack of ionizing radiation, and 
improved sensitivity and specificity when compared to sNPI in young AAOCA 
patients [68]. Provocative stress is achieved with the administration of dobutamine, 
the preferred agent given the presumed important dynamic component for the 
mechanism believed to lead to myocardial ischemia in AAOCA.  Dobutamine 
induces increased chronotropy and inotropy, with achievement of high heart rate 
levels, mimicking physiologic exercise conditions [72–74]. The use of atropine may 
be indicated in some cases to achieve the desired heart rate increase to 85% pre-
dicted peak heart rate. Doan et al. recently presented data in 250 sCMR studies in 
204 patients with AAOCA and myocardial bridges, establishing the feasibility and 
safety in children with mean age of 14.1  ±  3.4  years and mean weight of 
60.6 ± 22.0 kg. Inducible perfusion abnormalities were seen in 16% of all studies 
and half of these cases also showed wall motion abnormalities. No major adverse 
event occurred but there were minor adverse events in 11% of the cohort, including 
severe hypertension, chest pain, nausea/vomiting, anxiety, and dyspnea [75]. The 
implications of sCMR results on risk stratification remain to be determined with 
respect to long-term clinical outcomes in this patient population.

A subset of patients may require additional determination of coronary blood flow 
compromise for risk stratification, such as in the setting of equivocal findings on 
functional studies, when there remains significant clinical concern after negative 
myocardial functional studies, or when there is complex anatomy including a long 
intraseptal/intramyocardial course [76]. Invasive assessment of coronary flow can 
be made during cardiac catheterization with measurement of fractional flow reserve 
(FFR). FFR is a reference standard for coronary flow given that is not affected by 
heart rate, myocardial contractility, or blood pressure [77, 78]. Selective coronary 
angiography with FFR assessment upon administration of dobutamine +/− adenos-
ine (with similar target heart rates as with sCMR) is performed, along with intravas-
cular ultrasound in some cases to estimate the degree of obstruction during the 
cardiac cycle [76, 79]. Agrawal et al. recently reported good correlation between 
sCMR results and FFR measurement in a cohort of patients with AAOCA, suggest-
ing that these modalities positively correlate with abnormalities in myocardial coro-
nary blood flow [80].

 2. Clinical decision-making

Counseling patients and families with AAOCA has proven to be a difficult task 
given the many unknowns surrounding these anomalies. These factors include an 
unknown true risk of sudden death which relates to incompletely understood mech-
anisms leading to sudden death, and anatomic/dynamic factors contributing to this 
risk. It is largely unknown why some patients may exercise strenuously for several 
years until the first presentation with SCA or SCD. Additionally, SCD can occur at 
rest or during sleep, though less frequently so. Approximately half of AAOCA 
patients are diagnosed serendipitously, with the other half presenting with some 
form of symptoms [45], including those presenting with SCD/SCA [53].
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The lack of long-term data on outcomes of both repaired and unrepaired AAOCA 
patients challenges decision-making regarding the most appropriate management. 
Current AHA/ACC statements [4] and American Association for Thoracic Surgery 
guidelines [81] have differentiated the classified high-risk interarterial AAOLCA 
and the classified low-risk interarterial AAORCA, with no mention of ostial mor-
phology or intramurality. Recommendations suggest no need for intervention in 
asymptomatic patients with AAORCA in the presence of a normal EST, although 
Basso and colleagues [53] have reported cases of patients with normal EST prior to 
suffering SCD. The data in our institution has also demonstrated that patients may 
present with inducible myocardial ischemia on dobutamine sCMR in the presence 
of a normal EST [45]. Moreover, patients with AAOCA and intraseptal course have 
presented with ischemia, in up to 50% of cases, without developing ischemic 
changes on EST [44]. Optimal risk stratification remains the pursued golden trea-
sure in the scientific community [82]. We have developed a standardized approach 
in the CAAP in which the algorithm depicts risk stratification according to low- and 
high-risk categories. Figure 16.7 depicts the most current algorithm in use. Quality 
assurance multidisciplinary meetings are held every 18–24 months to evaluate the 
acquired data acquired and to discuss potential changes in the standardized approach, 
based on the prospective gathering of these data [45, 47].

 3. Management

Management remains controversial in AAOCA, despite recommendations put 
forth by different societies [4, 81], especially with emerging new data on multiple 
anatomic subtypes and strategies to determine inducible myocardial ischemia. 
Shared decision-making is essential with a detailed review of what is known and 
what remains unknown in this condition, including the risk of sudden death in 
repaired and unrepaired patients, the risk factors predisposing to myocardial isch-
emia, and associated factors that place the younger population at higher risk for 
sudden events.

A proposed management algorithm (Fig. 16.7) is also included in the CAAP in 
our institution.

Patients with AAOLCA and high-risk anatomy are offered surgical intervention:

 (a) origin from the opposite sinus with interarterial and/or intramural course.
 (b) commissural origin with ostial abnormalities.
 (c) intramural course in the setting of inducible myocardial ischemia.

Patients with AAORCA from the opposite sinus are offered surgical intervention:

 (a) in the setting of symptoms ascribed to myocardial ischemia.
 (b) an abnormal myocardial perfusion study.
 (c) clinical suspicion for high-risk anatomy such as a long intramural course and 

ostial abnormalities.
 (d) in the setting of persistent symptoms, following shared decision-making with 

the family.
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Our initial data recently reported an intramural length of around 5 mm correlat-
ing with a high-risk lesion [45]. More recently, as our experience with dobutamine 
sCMR grows and more reliably assesses for inducible myocardial perfusion abnor-
malities upon provocative pharmacologic stress [75], the indications for considering 
surgical intervention have become more refined from simply the length of an intra-
mural course.

AAOCA with an intraseptal/intramyocardial course is especially challenging as 
surgical intervention may not be possible without significant morbidity given the 
long segment within the myocardium that may extend beyond the conal septum. 
Exercise restriction may be an alternative for symptomatic patients with evidence of 
inducible myocardial ischemia, though there are no data if this strategy alters the 
risk for SCA or SCD. We have placed some patients on beta-blocker therapy and 
thus far these patients have remained free of recurrent symptoms after several years. 
Recently, Doan et al. [83] reported on a patient with an intraseptal course of the 
AAOLCA and prior myocardial infarction, inducible myocardial ischemia on dobu-
tamine sCMR, and abnormal FFR in the intraseptal segment on cardiac catheteriza-
tion, who underwent surgical intervention and evaluation post intervention. The 
previously seen inducible perfusion defect resolved. Others have also reported on 
surgical results with intraseptal AAOLCA, including in adults presenting with isch-
emia [84, 85].

Surgical techniques utilized in the repair of AAOCA include the unroofing pro-
cedure [86], coronary translocation with reimplantation into the correct sinus [87], 
neo-ostium creation [88], and pulmonary translocation [89, 90]. Mery et al. pub-
lished the surgical experience in our institution in 44 patients, with 80% being 
AAORCA and 20% AAOLCA [47]. In the total cohort of patients with AAORCA, 
25% underwent surgical intervention, with most undergoing the unroofing proce-
dure. Bonilla et al. reported recent experience with translocation of the anomalous 
coronary in those patients in which unroofing would not provide complete re- 
establishment of the ostium into the correct sinus [91]. This surgical procedure is 
safe in experienced hands with a low incidence of complications. Post-cardiotomy 
syndrome was seen more frequently in this cohort (9%) [47]. Jegatheeswaran et al. 
reported significant complications associated with variable procedures in the large 
Registry of the Congenital Heart Surgeons’ Society [92]. It remains unknown if 
surgical intervention modifies the potential for SCD/SCA over time in this 
population.

Patients should be followed at specific time intervals, even after surgical inter-
vention, for monitoring of changes in clinical status. Those patients undergoing 
surgery are re-evaluated at 1  month postoperatively with ECG and TTE, and at 
3  months postoperatively with ECG, myocardial functional studies, CTA (same 
studies performed on initial presentation), as well as repeat cardiac catheterization 
with IVUS/FFR. Patients are allowed to return to full exercise activities and com-
petitive sports participation, following a reconditioning period, when no concerns 
are raised by postoperative studies.

Exercise restriction with respect to surgical intervention is only recommended 
for patients:
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 (a) awaiting surgical intervention.
 (b) during the first 3 months postoperatively.
 (c) for patients with high-risk lesions who have declined recommendations for sur-

gical intervention.
 (d) those patients deemed unsuitable for the current surgical options given a long 

intraseptal/intramyocardial course.

All other patients deemed to have low-risk lesions are not offered surgical inter-
vention and are allowed unrestricted exercise activities.

 Exercise Recommendations

The 2015 AHA/ACC eligibility and disqualification recommendations for competi-
tive athletes with cardiovascular abnormalities: Task Force 4 [4] state the following:

 (a) “Athletes with an anomalous origin of a right coronary artery from the left 
sinus of Valsalva should be evaluated by an exercise stress test. For those with-
out either symptoms or a positive exercise stress test, permission to compete can 
be considered after adequate counseling of the athlete and/or the athlete’s par-
ents (in the case of a minor) as to risk and benefit, taking into consideration the 
uncertainty of accuracy of a negative stress test (Class IIa; Level of Evidence C).”

 (b) “Nonoperated athletes with an anomalous origin of a right coronary artery 
from the left sinus of Valsalva who exhibit symptoms, arrhythmias, or signs of 
ischemia on exercise stress test should be restricted from participation in all 
competitive sports, with the possible exception of class IA sports, before a sur-
gical repair (Class III; Level of Evidence C).”

 (c) “After successful surgical repair of an anomalous origin from the wrong sinus, 
athletes may consider participation in all sports 3 months after surgery if the 
patient remains free of symptoms and an exercise stress test shows no evidence 
of ischemia or cardiac arrhythmias (Class IIb; Level of Evidence C).”

 (d) “Athletes with an anomalous origin of a left coronary artery from the right 
sinus of Valsalva, especially when the artery passes between the pulmonary 
artery and aorta, should be restricted from participation in all competitive 
sports, with the possible exception of class IA sports, before surgical repair. 
This recommendation applies whether the anomaly is identified as a conse-
quence of symptoms or discovered incidentally (Class III; Level of Evidence B).”

However, a few points must be considered:

 1. AAORCA is viewed as safe if asymptomatic and with negative EST, but these 
patients may have inducible perfusion abnormalities with advanced imaging in 
the presence of normal EST and in the absence of significant symptoms [45].

 2. Following successful repair and with no symptoms and negative EST, AAOCA 
patients may return to athletic activities, though there is no mention in the guide-
lines of evaluation by imaging or myocardial functional studies to assess for 
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inducible perfusion abnormalities, again weighing heavily on the EST that has 
been shown to be have low sensitivity [53, 68].

 3. No guidance is given for those patients with more complex anatomy that involves 
an intraseptal/intramyocardial course.

Shared decision-making is essential to guide exercise activities in these patients. 
Exercise benefits cardiovascular health, including and particularly in the young, as 
exercise patterns in childhood will shape exercise patterns in adulthood. A thorough 
discussion of what is known and what is unknown in AAOCA, including the multi-
faceted expression of these anomalies both anatomically and functionally, needs to 
be shared with patients and families.

 Conclusions

Congenital heart disease affects 0.8–1% of all live-births and is becoming more 
prevalent across lifespan as mortality is greatly reduced, leading to an ever-growing 
number of adults with these conditions. Substantial knowledge has been acquired in 
AAOCA, but significant gaps remain, especially as it relates to the risk and safety of 
exercise activity in the repaired and unrepaired patient population. Conservative 
approaches may hurt more than benefit these patients, as cardiovascular health is 
essential for longevity and quality of life, and extending the boundaries to foster 
exercise activity must continue to be pursued.
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Chapter 17
Sleep Disorders in Athletes

Meeta Singh, Michael Workings, Christopher Drake, and Thomas Roth

 Introduction

Sleep is essential for optimal physiological and psychological health; and for ath-
letes, optimizing sleep is becoming recognized as a critical tool for enhancing ath-
letic performance. Unrecognized and untreated sleep disorders compromise athletic 
health and performance. The major categories of sleep disorders include sleep- 
related breathing disorders, insomnia, central disorders of hypersomnolence, circa-
dian rhythm sleep-wake disorders, parasomnias, and sleep-related movement 
disorders. Of these, some are more relevant and common among athletes and will be 
discussed in further detail. Prior to discussing these specific sleep disorders, its 
essential to point out that insufficient sleep among athletes is very common [130, 
131] and may be attributable to scheduling constraints and the low priority of sleep 
relative to other training demands, as well as a lack of awareness of the role of sleep 
in optimizing athletic performance. Although a detailed look at the contributing fac-
tors as well as the health and performance-related detrimental effects of insufficient 
sleep are out of the scope of this chapter, it is important to point out that domains of 
athletic performance (e.g., speed and endurance), neurocognitive function (e.g., 
attention and memory), and physical health (e.g., illness and injury risk, and weight 
maintenance) have all been shown to be negatively affected by insufficient sleep or 
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experimentally modeled sleep restriction [144]. Healthy adults are notoriously poor 
at self-assessing the magnitude of the presence and impact of sleep loss, underscor-
ing the need for increased awareness of the importance of sleep among both elite 
athletes and practitioners managing their care. Education about the benefits of sleep 
and recovery, therefore are integral to helping athletes make the right choices about 
their sleep habits and environment.

 Obstructive Sleep Apnea in Athletes

Obstructive sleep apnea (OSA) is a sleep disorder characterized by loud snoring, 
apneic episodes (cessation or reduced airflow), and arousals from sleep to open the 
airway (sleep fragmentation) [1]. The prevalence of OSA defined at an apnea- 
hypopnea index (AHI) ≥5 is estimated to be ~22% (range, 9–37%) in men and 
~17% (range, 4–50%) in women in the USA [2]. Population-based epidemiologic 
studies have consistently shown that OSA affects primarily middle to older age 
adults, but may be present in the young adult especially those with certain risk fac-
tors including elevated body mass index (BMI) and enlarged neck sizes [3]. Thus, 
athletes with these physical traits have a higher prevalence of OSA particularly 
those in collision sports such as rugby and American football [4–7]. Sleep apnea is 
associated with numerous health problems, including cardiovascular disease (CVD), 
diabetes, and stroke [8, 9]. A causal role for sleep apnea in the pathogenesis of car-
diometabolic disorders is supported by evidence that apnea and intermittent noctur-
nal hypoxemia augment sympathetic activation and contribute to the development 
of hypertension, endothelial dysfunction, and dyslipidemia [10]. Thus, identifying 
and treating sleep apnea is important for overall athlete health.

Despite the association of higher BMI and sleep apnea, there are a limited number 
of studies assessing the prevalence of apnea in high BMI athletes. Sleep apnea came 
into focus for the National Football League (NFL), when a 1994 study by the Centers 
for Disease Control and Prevention found that retired NFL linemen had a 52% higher 
rate of cardiovascular mortality than the general population and were three times 
more likely than other position players to die of heart disease [11]. It was speculated 
that a higher BMI among linemen was responsible for this increased cardiovascular 
mortality; however, most of the established cardiovascular risk factors were not 
assessed in this study. Given the link between sleep apnea, hypertension, and cardio-
vascular disease [12], a subsequent study was done in 257 retired NFL players that 
confirmed that linemen were more likely to have apnea (61% vs. 46%), hypertension 
(44.1 vs 34.0%, p = 0.1), and obesity (83% vs. 52%) than other position players [13].

George et al. evaluated 302 players from eight professional football teams in the 
NFL with specific sleep-related questionnaires and sleep laboratory assessment 
(polysomnography; PSG). The study estimated that 14% of NFL players had 
apnea [6].

Similarly, a Finnish study of professional ice hockey players found that 13% of 
the 107 athletes had OSA [14]. In a recent study aimed to determine the prevalence 
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of sleep disorders in a team of 25 elite rugby union players (Australian) using in- 
laboratory PSG and sleep questionnaires, OSA was found to be present in 24% of 
players [15]. As the trend toward bigger collision sports players continues, unrecog-
nized and untreated sleep apnea may affect not only the players’ performance and 
productivity secondary to excessive sleepiness but also their future cardiovascular 
health [16]. As noted from NFL recruitment surveys, average NFL lineman weigh 
over 300 lbs; and this is now the norm compared with 3 decades ago (300 players in 
2017 weighed over 300 lbs compared to only 10 players in 1986). A recent review 
of OSA among NFL players emphasized the unprecedented need for further studies 
on the health of NFL linemen, fueled by the unmeasured dangers of NFL athletes 
increasing neck size, weight, and BMI [17]. Indeed, a study exploring the mortality 
risk in recent NFL players showed that those with the highest playing-time BMI 
exhibited elevated cardiovascular mortality risk [39]. In addition to American foot-
ball, other athletes like bodybuilders, sumo and professional wrestlers, etc., who 
have high BMI’s and large necks are likely to exhibit higher rates of OSA, but epi-
demiological studies in these cohorts have yet to be performed.

Although limited, studies have also begun to evaluate the presence and conse-
quences of sleep apnea in student-athletes. Iso et al. investigated 47 male freshman 
athletes on a rugby football team in Japan; 18 (43%) of the subjects evaluated met cri-
teria for sleep apnea [18]. Additionally, the athletes with sleep apnea exhibited a signifi-
cantly lower minimum oxygen saturation, and significantly higher oxygen desaturation 
index and elevated heart rate, compared to the athletes without apnea. Given that sleep 
apnea can be arrhythmogenic and is associated with increased risk of sudden cardiac 
death, [19, 20], it is critical to study the impact of undiagnosed and untreated sleep 
apnea on the cardiovascular health of young athletes, including student athletes.

In the past few years, there have been stories in the media of MLB players being 
diagnosed with sleep apnea, often after they have for years complained about symp-
toms of fatigue and tiredness. Typically, their BMI’s are less than 30 and while they 
do not physically resemble NFL linemen, it is important to know that a substantial 
proportion of patients with apnea are not obese. Grey et al. reviewed data from 163 
consecutive in-lab diagnostic sleep studies for participants referred to an academic 
teaching-hospital sleep clinic for suspected apnea and found that 25% of the partici-
pants with a diagnosis of OSA had a body mass index (BMI) within the normal 
range (BMI < 25 kg/m2) and 54% had a BMI < 30 kg/m2 [21]. Additionally, they 
found that nonobese OSA patients were more challenging to treat and less adherent 
and compliant with CPAP therapy. It is also important to point out that nearly a third 
of professional baseball players are of Hispanic/Latino origin, a population with a 
high prevalence of undiagnosed apnea [22]. The strong association of OSA with 
diabetes and hypertension, independent of obesity, is an additional factor highlight-
ing the need for increased screening for sleep disorders in professional athletes [22].

Finally, many players in professional basketball have come forward in the media 
to share their stories related to sleep apnea, with the aim of increased recognition of 
this debilitating disorder in professional athletes. In contrast, few well-known play-
ers in professional hockey or soccer leagues have shared their OSA diagnosis, and 
there are minimal studies looking at sleep apnea in female athletes. Given the lack 
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of good epidemiological studies looking at rates of apnea or treatment in these 
cohorts, sleep apnea is often not on the team physician’s radar when evaluating tired 
athletes. It is however, important for team physicians to keep sleep apnea in their 
differential, especially when the presenting complaints include snoring, tiredness, 
and fatigue (even in the absence of obesity). Anatomical factors, such as small cra-
niofacial structures, can lead to a crowded upper airway and increased upper airway 
collapsibility in certain nonobese patients with OSA [23]. Additionally, in approxi-
mately 70% of all patients with OSA, there is an increased propensity for awakening 
in response to respiratory stimuli (low respiratory arousal threshold), unstable ven-
tilatory control (high loop gain), and ineffective upper-airway dilator muscles during 
sleep that can cause apnea, and thus an anatomical cause may not be present [24, 25].

All athletes who report daytime fatigue/sleepiness or snoring, gasping, snorting, 
or interruptions in breathing while sleeping should be asked about and examined for 
other features of OSA. These include awakening with a dry mouth or sore throat, 
moodiness or irritability, lack of concentration, memory impairment, decreased 
libido and impotence, nocturia, and gastroesophageal reflux disease (GERD) [26–
28]. This information is useful for determining which patients to refer for further 
sleep evaluation.

The physical exam is frequently normal, except for a BMI >30 kg/m2, a large 
neck >17 in., and a crowded oropharyngeal airway [29]. Due to lack of sensitivity 
and specificity of clinical signs and symptoms to effectively rule in or out sleep 
apnea [30], a variety of clinical questionnaires have been utilized using common 
signs and symptoms of OSA that are easily obtained and interpreted in the primary 
care setting [31]. While the diagnostic accuracy of self-report tools is limited, they 
have value in screening for OSA in symptomatic patients in high-risk settings (e.g., 
preoperative evaluation, high-risk populations). Such questionnaires have not been 
adequately tested as screening tools in athletes who may present with only snoring 
or fatigue. The Athlete Sleep Screening Questionnaire (ASSQ), a screening tool that 
was developed to detect clinically significant sleep disturbances and daytime dys-
function in athletes, uses the presence of loud snoring or choking or gasping to trig-
ger a referral for further sleep apnea evaluation [32, 33].

Once apnea is suspected, objective diagnostic testing is necessary for the diagno-
sis. The American Academy of Sleep Medicine clinical practice guideline advocates 
this be performed in conjunction with a comprehensive sleep evaluation and ade-
quate follow-up [34].

In clinical settings, recommendation for patients who are suspected of having 
mild sleep apnea (i.e., fewer signs and symptoms) is an in-lab polysomnographic 
sleep evaluation rather than an unattended in-home portable apnea test [34]. For 
patients with a high likelihood of moderate or severe uncomplicated sleep apnea 
(many presenting signs and symptoms), home testing is appropriate. However, the 
type of sleep evaluation utilized is largely influenced by third-party payers who tend 
to approve less expensive home testing over a more thorough in-lab evaluation. In 
the author’s (MS) extensive experience working with professional athletes, in-lab 
testing approval is typically not an issue for payers covering professional league 
players. Student-athletes on the other hand, do not fall into this category.
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Once diagnosed, the goals of therapy are to normalize the apnea-hypopnea index 
and oxyhemoglobin levels and improve alertness. In the athlete, the additional poten-
tial benefit of treating sleep apnea can include significant improvement in athletic 
performance. Although often reported anecdotally, a significant improvement in the 
average handicap index of golfers has been demonstrated following treatment of OSA 
with PAP therapy [35]. First-line therapy according to clinical practice guidelines for 
management of sleep apnea is positive airway pressure therapy [36–38]. In some 
cases where athletes prefer not to use positive airway pressure (i.e., CPAP mask) or 
are unable to tolerate it, oral appliances or upper airway surgery may be a more accept-
able and better tolerated option. As athletes often travel to compete, positive airway 
pressure devices that are more travel friendly help with compliance as does involving 
the team travel department in having distilled water available to use for device humid-
ifiers. Another point to remember is that surgical options often have to wait till the 
season is over and PAP may be needed in the interim. The overall message would be 
that the bar for getting tested for sleep apnea should be low and treatment helps 
address not just long-term health risk but also alertness and performance in the athlete.

 Insomnia and Insomnia Complaints in Athletes

Insomnia disorder requires a report of a sleep initiation or sleep maintenance prob-
lem, despite adequate opportunities and circumstances to sleep, and daytime conse-
quences associated with disturbed sleep (International Classification of Sleep 
Disorders, ICSD [40]). Insomnia is the most common sleep disorder in the USA with 
prevalence rates estimated between 15% and 24% among adults, and additionally at 
any point, 30% of adults have some symptoms of disturbed sleep [41]. Hyperarousal 
is a key component in the etiology of insomnia with overactive neurobiological and 
psychological systems contributing to difficult sleeping [42]. This hyperarousal in 
association with sleep-incompatible behaviors, sleep preoccupation, and excessive 
focus on sleep difficulties plays a role in the development and persistence of insom-
nia [43–45]. Additionally, there is evidence that certain personality traits associated 
with perfectionism can contribute as well [46]. For athletes, pre-competition anxiety 
and stress about performance may be a key component of this hyperarousal [47–49].

Sleep disturbance complaints prior to competition have been studied in athletes. 
In a survey study, the Competitive Sport and Sleep questionnaire and the Pittsburgh 
Sleep Quality Index were given to 283 elite Australian athletes. 64.0% of athletes 
indicated worse sleep on at least one occasion in the nights prior to an important 
competition over the past 12 months. 82.1% reported the main sleep problem was 
falling asleep. 83.5% attributed this problem to rumination about the competition 
and 43.8% reported nervousness [48]. In another study, 632 German athletes were 
surveyed and 65.8% of athletes reported experiencing poor sleep, with nervousness 
and rumination about the competition identified as causing significant problems fall-
ing asleep [47]. Additionally, athletes often report poor or no sleep after competi-
tion. Ten elite male rugby players were monitored over a twelve-night period for 
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sleep duration and efficiency. There was a statistically significant difference in sleep 
duration on nights following a game compared to nongame nights, with players 
sleeping less on game nights, and going to sleep later on game nights [50]. In another 
study, 20 elite rugby players wore wrist activity monitors to objectively monitor 
sleep after an evening super rugby game. Compared to the nights leading up to the 
game, on the night after the game, players went to bed 3 h later (23:08 ± 66 min vs 
02:11  ±  114 min; p  <  0.001) and had 1:30 hour:min less sleep (5:54  ±  2:59 vs 
8:02 ± 1:24 hour:min; p < 0.05) and four players did not sleep after the game [51]. 
There are multiple factors that can directly contribute to hyperarousal in athletes 
after competition, including increased circulating levels of cortisol, increased sym-
pathetic hyperactivity, elevated core body temperature, caffeine use, increased expo-
sure to light, and muscle pain [51–56]. In contrast, for pre- competition poor sleep, 
the main culprit appears to be anxiety or thoughts about competition itself.

Insomnia complaints have been studied in student-athletes as well. Hall et al. 
[57] surveyed 8683 student-athletes as part of the National College Health 
Assessment of US college/university students from 2011 to 2014. Prevalence for 
“sleep-difficulty” was 20%, insomnia was 22%, and tiredness was 61% [57]. 
Additionally, insomnia and daytime tiredness were associated with poorer academic 
performance. In the same group, researchers found that insomnia and daytime tired-
ness among student-athletes both independently predict risky/dangerous behavior 
and poor decision-making when drinking alcohol. Alternatively, risky behavior may 
also lead to poor self-care and worse sleep thus leading to a vicious cycle of exacer-
bation of sleep difficulties [58]. Student-athletes are unique in that they are balanc-
ing academics with athletics and thus are often overscheduled and frequently travel 
to compete. These conditions can lead to more vulnerability to sleep issues as com-
pared to nonathlete students and should be assessed for and addressed early to pre-
vent development of more chronic sleep problems.

Given all the pathways to hyperarousal and poor sleep in athletes, it is surprising 
that the prevalence of insomnia/disturbed sleep is not well explored. Lucida reported 
that 4% of Italian Olympic athletes met diagnostic criteria for insomnia using the 
Sleep Disorders Questionnaire [59, 60]. Schaal et al. reported a 6-month prevalence 
of insomnia symptoms of 22% in a sample of elite French athletes [61]. A recent 
study used questionnaires and home-based PSGs in 107 ice hockey players and 
reported a prevalence rate of disturbed sleep of 12% [14]. In the author’s experience 
(MS), treating professional athletes, insomnia among this population is a frequent 
and clinically significant problem that can impact not only physical but mental health.

In the past decade, a number of observational studies have demonstrated an asso-
ciation between insomnia and incident cardiovascular disease (CVD) morbidity and 
mortality, including hypertension (HTN), coronary heart disease (CHD), and heart 
failure (HF) [146]. Although the pathogenesis underlying this relationship between 
insomnia and CVD is not fully understood, there are multiple mechanisms including 
dysregulation of the hypothalamic-pituitary (HPA) axis, sympathetic hyperactivity, 
increased systemic inflammation, and increased athero-genesis that are implicated.

It is also important to point out that insomnia frequently coexists with psychiatric 
disorders such as depression and anxiety [62]. Additionally, treating insomnia 
improves depression and anxiety symptoms, and treating anxiety/depression 
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improves insomnia [63, 141–143]. Insomnia is also very common among patients 
with substance-use disorders and may be a risk factor for relapse [64]. In fact, 
patients who do not receive treatment for insomnia frequently seek over-the-counter 
remedies and have an increased risk of substance abuse. It is also important to 
explore the role of central nervous system stimulants such as caffeine, methylpheni-
date, amphetamines, etc., in contributing to insomnia complaints. Athletes who are 
diagnosed with ADHD will often take their stimulant medication just prior to game 
start-times to “help focus while playing”. When game kick-off is in the evening, 
these medications contribute to the inability to fall asleep. Finally, in a recent study, 
insomnia was associated with increased sports-related concussion risk (RR = 3.13, 
95% CI: 1.320e7.424, p = 0.015) [65]. In this study done in 190 NCAA division 1 
athletes, moderate-to-severe insomnia more than tripled the athletes’ risk of concus-
sion. Team doctors should be cognizant of this relationship.

As reports of difficulty sleeping may be presenting symptoms for other sleep 
disorders such as sleep apnea, restless legs syndrome, and circadian rhythm disor-
ders, these need to be ruled out during any medical evaluation. Patients with insom-
nia report increased fatigue, sleepiness, confusion, tension, and anxiety [66], and 
this results in a decreased quality of life and in athletes. Symptoms of insomnia and 
mental health disorders may result in degraded performance, thus identification and 
management in this cohort is important.

In clinical practice, subjective screening questionnaires can help identify insom-
nia [67–69]. While these questionnaires and scales may be appropriate for general 
or clinical populations, they lack specific questions that are tailored toward the sleep 
challenges faced by athletes. The ASSQ was designed to provide clinical screening 
with cutoff scores associated with the specific clinical interventions to manage sleep 
disorders and can be used to identify athletes who need insomnia workup and treat-
ment [32, 33]. Additionally, the Athlete Sleep Behavior Questionnaire (ASBQ) is an 
18-item survey that includes questions on sleeping behavior and habits thought to 
be common areas of concern for elite athletes and was designed as a practical tool 
to identify areas where improvements in sleep behavior could be made [70].

Once diagnosed, management of insomnia requires a stepwise approach, begin-
ning with attempts to eliminate or at least minimize contributing factors that inter-
fere with optimal sleep. Unfortunately, some of the contributing factors for athletes, 
including the effect of long-haul travel and high-intensity training [71], cannot not 
be eliminated. In addition, apart from the anxiety about competition and perfor-
mance that athletes may have themselves, they may face further psychosocial stress 
about performance expectations from coaches, family, and competitors [72]. Thus, 
athletes may have unique thoughts and feelings that can influence behaviors, and 
cognitive-behavior therapy for insomnia (CBT-I) can help address these. In clinical 
practice, non-pharmacological sleep interventions including CBT-I, sleep hygiene 
education, and relaxation/mindfulness are first-line therapies [73, 74]. Overall, uti-
lization of behavioral techniques can better help athletes learn the principles of 
sleep health, providing a more long-term solution to chronic sleep difficulties. In the 
author’s (MS) experience working with professional athletes, these may be best 
initiated during the off-season due to time constraints. Athletes can then learn the 
principles and use them as needed during the season. Additionally, CBT-I approaches 
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may not be readily available due to the limited number of providers, and other (digi-
tal CBT-I) approaches may be necessary.

Hypnotic medications may be utilized if non-pharmacological interventions are 
unsuccessful [73, 74]. However, pharmacological intervention may be best initiated 
during the off-season due to the risk of adverse events and the potential negative 
impact on daytime performance. In clinical practice, insomnia medications span 
multiple classes that can be categorized based on their mechanism of action or indi-
cation; and the choice of which to use is individualized based on a variety of factors, 
including patient age and comorbidities, type of insomnia complaint, side effect 
profiles, cost, and clinician and patient preference [75]. Although little is known 
about the epidemiology of prescribed and over-the-counter sleep medication use 
within professional sport, among student-athletes, 3% of NCAA collegiate athletes 
report nonprescription sleep aid use, and 18.7% of NCAA collegiate athletes report 
prescription sleep aid use [76].

For athletes, the two main circumstances that sleep medication may be used 
would be for those diagnosed with insomnia and to manage jet lag (chronobiological 
use-discussed in the next section). However, anecdotal evidence suggests that sleep 
medication use is frequent in athletes, both physician-prescribed/approved and oth-
erwise, to combat pre/post-competition or post-training arousal (for its sedative 
action). Four main concerns are worth emphasizing here. Firstly, next day (or upon 
awakening) adverse effects of certain sleep medications on psychomotor perfor-
mance have been reported [77]. However, the residual effects of such medication 
administered the evening before competition/training and their influence on subse-
quent athletic performance (i.e., the next day) is relatively unknown. Second, the 
“appropriateness” of using sleep medication to obtain the performance enhancement 
of improved sleep has been questioned [145]. Indeed, Olympic champions have 
openly been placed into drug rehabilitation due to dependence on sleep medication, 
and Australia recently banning all sleep medication use by their athletes selected for 
Rio 2016, advancing their previous ban for certain hypnotic medications employed 
only 3 weeks prior to London 2012. It, therefore, behooves team physicians to be 
acutely aware of and compliant with medical regulations in each of their sports and 
geographical locations [78] as these regulations are in a state of flux. One minor 
infraction can elicit severe consequences that can have a far-reaching impact, put-
ting even more emphasis on the need for greater access to behavioral treatment 
options, including digital CBT-I which is widely available [141]. Thirdly, the poten-
tial for adverse events when used with other drugs (e.g., alcohol) need to be consid-
ered [79]. Finally, it is paramount for team physicians to be cognizant of the 
health-related concerns of sleep medication use (dependency, car accidents) [80, 81].

 Circadian Rhythm Disorders in Athletes

Circadian sleep-wake rhythm disorders all involve a problem in the timing of when 
a person sleeps and is awake and in general three criteria must be met [40], a dis-
rupted sleep-wake pattern, thought to be due to misalignment or malfunction of the 
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circadian timing system; a complaint of difficulty sleeping, excessive sleepiness, or 
both; and suboptimal performance in an important area of functioning (e.g., occupa-
tion, education, social life, mental or physical health). The epidemiology of circa-
dian rhythm disorders in athletes is largely unknown. However, circadian physiology 
modulates health and performance of athletes in multiple ways. Importantly, mis-
alignment of the endogenous circadian timing system and sleep/wake and behav-
ioral cycles may play a role in the onset and development of CVD and treatments 
aimed at mitigating circadian disruption may diminish CV risk [147].

First, a short primer on the circadian system: the intrinsic circadian timekeeping 
system modulates many physiological systems, and also actively drives wakefulness 
during the habitual waking day, helping to offset the progressive increase in sleepi-
ness from the sleep homeostatic system, which accumulates sleep pressure across 
extended wakefulness [83–85]. At night, a properly aligned circadian system 
increases sleep drive at night, particularly in the latter half of the night once the 
homeostatic drive has been dissipated, helping to maintain sleep consolidation until 
normal wake-up time [86]. Additionally, chronotype is a genetically determined 
trait that modifies each individual’s preference to be most active in the morning 
(morning-larks), middle of the day (neither-type), or in the evening (evening-owls) 
[87]. Thus, sleep behavior may consequently vary depending on the athlete’s chro-
notype and the time of day an athlete is required to train/compete [88]. For example, 
“night owls” who prefer to go to bed later and sleep in, may not be able to fall asleep 
earlier at the recommended time and may have to wake up early to train, which will 
cut their sleep duration. Such athletes may present with insomnia complaints when 
they try to fall asleep during the “forbidden zone for sleep” – the early evening 
period when it can be difficult (if not impossible) for them to initiate and maintain 
sleep [89]. In contrast, “morning larks” who prefer to go to bed early and wake up 
early, may need to go to bed later due to evening games and still wake up early, 
resulting in reduced sleep duration and excessive daytime sleepiness. As daily train-
ing/competition schedules with accompanying bedtimes are normally planned for 
the entire training group/team regardless of individual distinctions, planning indi-
vidualized schedules based on athletes’ preferred sleep schedules may be an effec-
tive measure to restore good sleep, but their practical applicability may be limited 
[90, 91]. In the author’s experience working with athletes, this theoretical frame-
work for sleep optimization is typically stymied by the rigid schedules that athletic 
teams have, that may have been in place for years.

Social jet lag is defined by the discrepancy between circadian and social clocks, 
which is measured as the difference in hours in midpoint of sleep between work days 
and free days – and this results in irregular sleep-wake patterns including significant 
sleep-wake timing discrepancies between workdays and free days [92]. Although, 
variability is a characteristic component of sleep-wake behavior [92], regularly 
heightened levels of inconsistency in sleep are considered unfavorable and thought 
to disrupt the synchrony of circadian rhythms, subsequently influencing sleep dura-
tion/quality, overall health, and performance [93, 94]. In the case of both profes-
sional and student athletes, training as well as competition schedules are prone to 
inducing inconsistency in sleep-wake timing among athletes. Student athletes are 
exposed to the common practice of early morning training and workouts, alternating 
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with a tendency toward later times for falling asleep and waking up later on rest days, 
contributing to social jet lag and frequent performance impairing fatigue/sleepiness. 
Given the association of social jet lag with poor health, worse mood, and increased 
sleepiness/fatigue, it is critical to realign athletes’ academic and training schedules 
to facilitate sleep and alert wakefulness. Alternatively, there are viable techniques to 
realign the sleep-wake schedule to accommodate irregular training schedules. 
Importantly, athletes who play mostly night/evening games can be compared to shift 
workers who must perform at night and thus experience difficulty with sleep or 
wakefulness at times that are imposed by shifts running counter to the environmental 
light–dark cycle [95, 96]. This is exemplified in MLB, where day games may alter-
nate with night games resulting in a >3 h earlier wake up time on some mornings 
versus others. Similarly, in the NFL, the morning wake-up times on game days, for 
an evening game on the weekend may vary significantly from the wake-up times in 
the week leading up to the game when training schedules may start as early as 6 am. 
For most of the professional leagues where night/evening games prevail, frequent 
travel and family/social obligations further reduce sleep quality and quantity.

Rapid air travel across several time zones exposes the traveler to a shift in his/her 
internal biological clock. The result is a transient desynchronization of the circadian 
rhythm, called jet lag, lasting until the rhythm is realigned to the new environmental 
conditions [97]. Athletes often travel to compete, and competition may be proximal 
to travel time, thus not leaving enough time for resynchronization to the local time 
zone. Thus, athletes/support teams may develop symptoms of jet lag, including 
insomnia when they are supposed to sleep at the new time zone, sleepiness when they 
are supposed to be awake, fatigue, and reduced motivation. Traveling East tends to 
have a greater detrimental effect on sleep than traveling West [98–101]. Additionally, 
frequent traveling within the same time zone can also cause reduced sleep and the 
resulting travel fatigue can accumulate over the course of a season [102].

Finally, the influence of training/competition time is crucial to consider. Circadian 
rhythms regulate key physiological processes involved in athletic performance and 
thus can determine specific times at which peak performance is likely to occur based 
on intrinsic circadian factors [103–106]. In fact, studies done in multiple sports have 
shown peak performance in the late afternoon, with a nadir at roughly 3 AM, based on 
circadian factors [107, 108]. Thus, for teams that cross time zones to compete at vari-
ous times of the day, some game timings may be disadvantageous for peak perfor-
mance. In a study reviewing past 40 years of evening and daytime NFL games between 
west coast and east coast US teams, WC teams were found to have a consistent and 
major advantage in outcomes as compared to EC teams (above and beyond predicted 
outcomes) when playing evening games [109]. In another study, looking at 20 years 
of MLB data, authors observed that jet-lag effects on performance were largely evi-
dent after eastward travel with very limited effects after westward travel [110].

Typically, athletes with circadian rhythm sleep disorders present with disturbed 
sleep or excessive sleepiness. The key to the diagnosis is the recognition of the 
underlying abnormal sleep-wake patterns. Sleep diaries and/or actigraphs are criti-
cal in making the diagnosis as they provide reliable information regarding the tim-
ing sleep and wakefulness across several nights/day allowing patterns of sleep 
disturbance to be more readily identified.
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Once diagnosed in clinical practice, the primary goal of treatment is to realign 
the circadian timing of sleep and wake with the desired or required sleep-wake 
period [111]. Appropriately timed melatonin, light therapy, and manipulations of 
bedtimes and rise times are important tools that help with realignment [112]. Jet lag 
management has both behavioral and pharmacological components. For short stop-
overs, it is recommended to preserve the timing of sleep without modifying the 
circadian system. For longer trips, behavioral strategies before, during, and after the 
flight may advance or delay the sleep–wake cycle to help hasten realignment to the 
destination time zone [112]. A comprehensive plan taking into account flight tim-
ings, time zones crossed, length of stay, and timing of competition can be developed 
for both team and individual athletes. Recommended treatments include using 
timed bright light exposure, wake-promoting agents, hypnotics, and chronobiotics 
(i.e., melatonin and melatonin agonist) that shift internal rhythms can alleviate the 
symptoms of jet lag and hasten adaptation to the destination time zone and subse-
quently improved performance [113].

A short primer on melatonin is worth reviewing. Melatonin is intimately 
involved in the body’s circadian regulation of sleep and essentially is a “darkness 
hormone” and not a “sleep hormone”; its secretion signals the length of the night 
with the ability to increase sleep propensity in humans (but not in nocturnal spe-
cies, where it increases activity) [113, 114]. Thus, its endogenous role is to rein-
force night-time physiology. It has both hypnotic (sleep-inducing) and 
phase-shifting (chronobiotic) properties, which in theory are ideal for jet-lag inter-
vention, but to exploit both requires careful timing together with complete control 
of light exposure [115, 116].

The American Academy of Sleep Medicine recommends melatonin for jet lag 
and the doses of 0.5–5 mg were similarly effective; with higher doses being more 
effective at inducing sleep. Thus, when used correctly, melatonin can help with 
circadian phase advancement (falling asleep earlier) when taken in the early evening 
(eastward travel) and phase delay (falling asleep later) when taken in the very late 
evening or morning (westward travel) [117]. Exogenous melatonin is marketed as 
“benign” as well as a “natural” sleep aid, and this can be an issue as athletes will 
often buy it from health-food stores and use it indiscriminately for “any sleep” com-
plaints. This can be problematic as melatonin product quality is a concern (includ-
ing adulteration with other sedatives). Secondly, when used for phase shifting, if the 
dose is inappropriately timed relative to the individual’s circadian timing or light 
exposure, it can lead to no, or even deleterious effects [118, 119]. The authors rec-
ommend it only be used with expert supervision.

 Restless Legs Syndrome and Other Miscellaneous Sleep 
Disorders in Athletes

There are a few other sleep disorders that may be relevant to athletes. Restless legs 
syndrome (RLS) is a sleep-related movement disorder characterized by unpleasant 
or uncomfortable feeling in the lower limbs, accompanied by the urge to move that 
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occurs during periods of inactivity, particularly in the evenings, and is transiently 
relieved by movement [40]. During sleep, most patients with RLS have characteris-
tic limb movements called periodic limb movements of sleep (PLMS), which may 
or may not be associated with arousal from sleep. Although there are anecdotal 
reports suggesting that exercise or/and physical activity could worsen symptoms of 
motor restlessness during sleep, the prevalence of RLS in athletes is unknown. One 
study surveyed 60 marathon runners and reported an RLS prevalence rate of 13% 
[120]. Another recent study done in 107 professional ice hockey players reported a 
prevalence rate of RLS/PLMs of 4% [14]. There have been some reports looking at 
the role of high-intensity exercise sessions resulting in poor sleep; however, the 
results have not been consistent [121–123].

It is also important for team clinicians to know that insomnia can occur when 
sleeping at altitudes above 2000 m in the initial days after exposure that can be 
attributed to arousals caused by the hyper ventilatory response to arterial desatura-
tion and sympathetic hyperactivity [124–126]. Often, the solution is a slow ascent 
with ample time to acclimate prior to training/competition [127]. In some cases, 
management with positive pressure devices and medications may become necessary 
[128, 129].

Finally, insomnia and poor sleep can be risk factors for injuries and concussions 
[65, 132, 133]. There is also ample evidence indicating that self-reported sleep dis-
ruption, daytime sleepiness, and fatigue are consequences of sports-related concus-
sions [134–140]. This bidirectional relationship needs to be parsed further to help us 
understand if and how sleep issues after concussions contribute to further concus-
sions and if treating the sleep issues would help in injury/concussion prevention and 
improvement. Thus is becomes important that screening and managing sleep disor-
ders becomes an essential element of the athlete work up. Table 17.1 lists some of 
the screening tools used to identify sleep issues in the general clinical population 
versus those clinically validated to be used in athletes. Figure 17.1 shows an outline 
of how these screening tools might be used with athletes.

Table 17.1 Sleep assessment and evaluation: tools for providers

For Primary care providers For Athlete health care providers

Epworth Sleepiness Scale (ESS)
STOP BANG Sleep Screening Questionnaire (STOP 
BANG)
Insomnia Severity Index (ISI)
Pittsburgh Sleep Quality Index (PSQI)
Global Sleep Assessment Questionnaire (GSAQ)

Athlete Sleep Screening Questionnaire 
(ASSQ)a

Athlete Sleep Behavior Questionnaire 
(ASBQ)b

aClinically validated to identify athletes that need further sleep assessment
bA valid and reliable tool for identifying maladaptive sleep practices in elite athletes
ESS 30, STOPBANG 30, ISI 68, PSQI- 67, ASSQ- 34, ASBQ 70
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 Conclusions

Although optimizing sleep as a goal to optimal performance is gaining traction 
among athletes and coaches, sleep health in the athletic population may often be 
ignored. Certain populations of athletes may be at increased risk for sleep problems 

Fig. 17.1 Flow chart for screening and managing sleep issues for Athlete health care providers
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such as OSA, insomnia, and circadian rhythm disorders. This chapter presents a 
broad overview of the common sleep disorders in athletes, outlining epidemiology, 
presenting clinical symptoms as well as screening tools that would help in evalua-
tion, diagnosis, and treatment. Since multiple sports-related factors including train-
ing and competition schedules, travel, sleep in hotels, etc., interact with athlete 
physiology and psychology, there may be variable effects on athlete sleep which 
require individualized assessment and management. For most sleep disorders, refer-
ral to sleep clinicians with expertise and experience in athlete issues would best 
serve the athlete. Proper assessment and management of sleep disorders in athletes 
is critical given prevailing trends and will help address downstream health risks 
with the added benefit of improving performance.
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Chapter 18
Chest Pain and Dyspnea

David C. Peritz and John J. Ryan

 Introduction

Shortness of breath and chest pain, both associated and not associated with exercise, 
are common complaints among athletes. The causes of such are myriad (Table 18.1) 
with considerable overlap between the two symptoms. Indeed, even differentiating 
between the two symptoms can be challenging. As with most clinical concerns, a 
detailed history, and physical exam are paramount for determining the presence of 
life-threatening problems and for establishing the optimum diagnostic strategy, 
treatment, and management plan. In this chapter, we will describe the common con-
ditions that cause dyspnea and chest pain in athletes and provide an algorithm and 
guidance as to the workup and evaluation.

 Dyspnea

The evaluation of dyspnea in athletes can require extensive testing (Fig. 18.1). Both 
highly trained and amateur athletes commonly complain of shortness of breath dur-
ing exercise despite there being no identifiable pathology. Poor exercise capacity 
should be ruled out with a thorough history of an athlete’s training habits. Perceived 
shortness of breath related to limitations in functional capacity is often related to 
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changes in training and coaching expectations, such as moving from high school to 
college, changes in environment (different temperature or altitude, indoors versus 
outdoor training) or return to exercise after a period of deconditioning. While evalu-
ating any changes in training behavior, it is important to ask about changes in 
weather or altitude of the training location as well as participation in unfamiliar 
exercises. A physician must also consider overtraining as a cause of symptomatic 
dyspnea [1]. In addition to a detailed exercise history, if a cardiac etiology is sus-
pected, an electrocardiogram and echocardiogram should be part of the initial steps. 
A cardiopulmonary exercise testing (CPET) can be highly valuable in the assess-
ment of inappropriate dyspnea, especially if initial testing remains inconclusive. In 
fact, CPET studies have shown that deconditioning is the identifiable cause of 
23–67% of adolescents complaining of exercise-associated dyspnea [2]. Features 
that suggest deconditioning are a normal absolute peak VO2 but a low-indexed VO2 
and O2 pulse. In addition, one might see a low ventilatory threshold relative to peak 
VO2 and high chronotropic index [3]. CPET information, however, may often not 
tell the whole story, especially without a baseline study to compare to. Many endur-
ance athletes will have high maximum oxygen uptake (VO2 max) values but still 
experience a perceived drop in performance. Without a prior VO2 test to compare, it 
can be challenging to pick up subtle changes. This becomes even more difficult in 
nonendurance athletes whose VO2 max would be closer to the normal range. While 
CPET testing is highly useful in the evaluation of a symptomatic athlete, a detailed 
guide to interpretation of CPET is beyond the scope of this chapter.

 Exercise-Induced Bronchoconstriction

The prevalence of exercise-induced bronchoconstriction (EIB) is estimated to be 
between 10 and 50% within the athletic population and represents a major cause of 
morbidity [4]. It occurs in both asthmatic and nonasthmatic individuals and can 
affect athletes at any fitness level. EIB is frequently misdiagnosed because diagno-
sis is made based on symptoms which tend to be nonspecific. Unfortunately, it is 
common for a physician caring for an athlete to prescribe a trial a bronchodilators 
without baseline testing. As such, there are many athletes who use prescription 
bronchodilators but continue to have unresolved symptoms [5]. In the athletic popu-
lation, it is prudent for physicians to provide a thorough initial evaluation as more 
serious diseases may masquerade as simply unresponsive EIB.

EIB is by definition an acute transient airway narrowing provoked by exercise. 
While the physiology is not entirely understood, leading hypotheses suggest that the 
bronchial mucosa becomes dry through increased ventilation and/or airway cooling. 
This, in turn, leads to inflammation and narrowing of the airway [6, 7]. During times 
of exercise, the high volume of exchanged and often cool air overwhelms the body’s 
warming and humidifying mechanisms allowing for cold air to reach and irritate the 
distal bronchial tree. Given the proposed pathophysiology, it should not be surpris-
ing that this phenomenon is seen more often in outdoor and cold weather sports [8]. 
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This reaction can also be triggered by other aerosolized irritants such as chemicals 
from a swimming pool [9] or automobile exhaust [10].

In addition to dyspnea, symptoms of EIB can consist of wheezing, cough, and 
chest tightness. Symptoms often start within 5–10 minutes of the initiation of exer-
cise and may remain for 30 minutes after exercise is stopped. These two character-
istics can often help differentiate EIB from exercise-induced laryngeal obstruction 
(EILO), which will be discussed subsequently.

Exercise-induced asthma (EIA) can also cause SOB. There tends to be signifi-
cant symptom overlap between EIA and EIB. In fact, 80–90% of patients with EIA 
will also have EIB [11]. In addition, 10–40% of those with allergic rhinitis will also 
have EIB [12]. Unlike EIB, athletes with EIA may have chronic airway inflamma-
tion and symptoms of shortness of breath or wheezing at rest that become exacer-
bated with activity [13]. It is important to note, however, that there are asthmatics 
who only have symptoms with exercise and would need PFTs to further delineate.

Initial evaluation should begin with spirometry. Athletes with EIB will often nor-
mal spirometry at rest and should therefore undergo spirometry with bronchoprovo-
cation. A dry air exercise challenge test which rests on the supposition that inherent 
to EIB is a dehydration of the respiratory tree and can often reveal restrictive physi-
ology not noted at rest [14]. Similar in its effect on the airway, eucapnic voluntary 
hyperpnea (EVH) is another provocative test which is currently the gold standard 
for diagnosing EIB in athletes [15]. A drop in FEV1 of >20% with EVH is diagnos-
tic of EIB [16]. Through hyperpnea with a dry gas, the test can mimic the effect that 
exercise has on the airway system. In addition to being used as a means of establish-
ing response to treatment, EVH is also preferred in those who do not regularly 
exercise but have symptoms with activity [17, 18]. Lastly, the International Olympic 
Committee (IOC) requires EVH testing for documenting EIB in athletes [19]. In 
locations where EVH testing is not available, treadmill exercise testing in a pulmo-
nary laboratory will suffice. In this method, the goal is an 8- to 12-minute test at 
80–90% of max heart rate. A decrease in FEV1 of 10% or greater immediately fol-
lowing exercise as compared to pre-exercise is diagnostic of EIB [20]. Again, it is 
important to reiterate that if symptoms persist but testing has been negative alterna-
tive diagnoses much be considered.

Management for EIB should target symptom control both with medications and 
adjusting environmental allergen exposure whenever possible. There is reasonable 
evidence to support encouraging graduated pre-exercise warm-up, in addition 
encouraging nose breathing or breathing through scarf to warm/humidify air during 
cold weather sports [21]. While it is not recommended, it is not uncommon for phy-
sicians to initiate evaluation with a trial of short acting β-agonist such as albuterol 
[22]. The first-line medical therapy should be an inhaled Short-Acting β-agonist 
(SABA) used either in response to EIB symptoms or prior to exercise. If used prior 
to exercise, it is recommend that an athlete take 2 puffs, 15–30 minutes prior to 
activity [23]. Daily use of SABA can lead to tolerance, so frequent use should be 
avoided whenever possible. If symptoms persist to a point where daily medication 
is needed, it is first important for the prescriber to confirm that the inhaler is being 
used properly as this is a common and correctable error [24]. Once this is 
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confirmed, a combination of inhaled corticosteroids and bronchodilators should be 
prescribed. Leukotriene modifiers are most effective when taken 2 hours prior to 
exercise and are recommended over long-acting β-agonists (LABA) [25, 26].

 Exercise-Induced Laryngeal Obstruction

Exercise-induced laryngeal obstruction (EILO), previously referred to as vocal cord 
dysfunction (VCD), is another common cause of exercise-induced dyspnea in the 
athlete. With an average time to diagnosis of 4.5 years, it is also believed to be 
underdiagnosed [27, 28]. EILO is a more appropriate classification of the problem 
rather than vocal cord dysfunction because there is not necessarily a permanent 
alteration of the vocal cords, but instead it is characterized by abnormal closure at a 
supraglottic or glottis level of the larynx. This occurs only during inspiration and 
leads to intermittent narrowing of the airway [29]. This narrowing leads to restric-
tive airflow into the lungs and a sensation of SOB. This feeling is not present with-
out exercise. There is a fair amount of overlap with EIB as up to 30% of patients 
with EILO also have EIB [30]. Both diseases present with shortness of breath and 
cough associated with exercise, but unlike EIB, the symptoms of EILO often rap-
idly resolve with cessation of exercise [31, 32]. Patients with EILO may also com-
plain of more inspiratory symptoms rather than expiratory and in some cases 
demonstrate audible stridor or voice changes [33]. EILO is present in 5% of the 
athletic population, and following an evaluation by a pulmonologist, an estimated 
35–70% of athletes referred for dyspnea on exertion were diagnosed with EILO 
[34]. It also appears to be more prevalent in athletes participating in outdoor sports 
as compared to indoor as well as more common in females and adolescents [35].

The diagnosis begins with a thorough history and physical involving the timing 
of symptoms. Symptoms from EIB tend to be slower onset and worst at 5–20 min-
utes after exercise. On the other hand, the symptoms of EILO are of rapid onset 
during exercise and resolve within 5 minutes of activity cessation (Fig. 18.1).

Despite these subtle differences, the diagnosis often requires pulmonary function 
testing as a thorough history is often not enough to differentiate EILO from 
EIB. Pulmonary function tests may show a reduction in both FEV1 and FVC. This 
is, however, not a very sensitive test; there is minimal difference between those with 
and without EILO at baseline. A decrease in FEV1 with methacholine challenge is 
suggestive of EIB, but it is worth noting that methacholine can act as an irritant and 
is known to provoke EILO as well [36].One notable characteristic of EILO during 
pulmonary function testing is that the expiratory loop of the flow-volume loop is 
typically normal, whereas the inspiratory loop is flattened. This pattern is most 
likely seen during symptomatic episodes [37]. The gold standard is continuous 
laryngeal endoscopy during exercise (CLE). While cumbersome, the exercise com-
ponent is essential as symptoms often resolve quickly with rest. EILO is present if 
the vocal cords show narrowing with both inspiration and expiration, while patient 
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has stridor or dyspnea [38]. EILO is more prevalent around supraglottic level as 
compared to glottis [39].

Much of the information we rely on for management is derived from treatment 
of VCD which is present at rest. This poses significant challenges in designing treat-
ment protocols, but assessment and management by a speech and language patholo-
gist continue to be of the utmost importance. Diaphragmatic breathing control 
exercises and laryngeal exercises under guidance of a speech pathologist have been 
shown to be up to 95% effective [40]. In addition, there are case reports of other 
strategies to managed EILO including supraglottic surgical intervention to 
strengthen vocal folds, biofeedback, psychotherapy, and hypnosis [41, 42]. It is 
important to treat any underlying conditions and help athletes to identify and elimi-
nate triggers which may affect the vocal cords such as allergies, gastroesophageal 
reflux and psychological triggers such as anxiety [43].

 Other Causes of Dyspnea

 Structural Heart Disease

Identification of valvular heart disease usually occurs through identification of a 
murmur during a routine physical examination or preparticipation evaluation or 
when an athlete presents with exertional symptoms. Valvular heart disease can be 
divided into degenerative disease which usually affects those in their sixth decade 
onward and congenital disease which is often discovered at a much younger age. 
Congenital valvular disease affects 1–2% of individuals who pursue athletic endeav-
ors [44]. Evaluation should begin with a detailed physical exam which includes 
blood pressures in both arms and one leg to rule out coarctation of the aorta. In 
addition, in most athletes with either an abnormal cardiac exam or unexplained 
dyspnea, an electrocardiogram and echocardiogram should be performed. This 
should screen for valvular disease as well as ventricular/atrial septal defects or pat-
ent ductus arteriosus. There are no large prospective studies evaluating the progres-
sion of valvular disease in athletes; thus, consensus guidelines have been created 
using data from the nonathletic population. Please see Chap. 6 for a detailed discus-
sion on valvular disease in the athlete. In general, athletes should be monitored 
regularly with echocardiogram as well as exercise stress testing to evaluate progres-
sion. Athletes with symptoms should refrain from competitive sports but maintain 
an active lifestyle which should include 20–30 minutes of moderate cardiovascular 
exercise below their symptom threshold at least 5 times each week [45].

Those with bicuspid aortic valve should be screened for aortic enlargement. 
Those with bicuspid valve and aortic enlargement should be seen by a cardiologist 
trained in adult congenital disease in conjunction with the sports cardiology team to 
determine what, if any additional genetic testing should be done to look for connec-
tive tissue disease. Sports participation limitations in this group are based on aortic 
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size as well as bicuspid aortic valve function [46]. Please refer to the chapter on 
exercise recommendations in congenital heart disease for a more detailed discus-
sion and recommendations for athletes.

 Anemia

Acute or chronic anemia should be within the differential for an athlete who pres-
ents with shortness of breath but without specific signs of airway disease. As an 
essential player in the delivery of oxygen to exercising muscles, a decrease in 
hemoglobin level may lead to compensatory mechanisms such as tachycardia or 
tachypnea [47]. Profound fatigue is also a common presenting complaint. These 
symptoms frequently mimic those caused by airway disease and can lead to a 
decrease in performance. Iron deficiency, which if left untreated can lead to ane-
mia, is present in about 3% of athletes though may be more common in long dis-
tance runners [48]. The causes of anemia are broad, but within the athletic 
population, it is most commonly due to menstrual loss, gastrointestinal bleeding, 
or hemolysis due to repetitive impact of foot strikes during running/marching [49]. 
Diagnosis should begin with physical exam looking for generalized or conjunctival 
pallor. Laboratory studies should include a complete blood count (CBC) as well as 
iron studies (Ferritin, Transferrin, and total iron binding capacity). Treatment is 
dictated by addressing any identifiable cause of anemia and oral iron 
supplementation.

 Pulmonary Embolism

Pulmonary embolism (PE) is a life-threatening cause of dyspnea in the athlete that 
was previously felt to be uncommon. The incidence in children and adolescents is 
particularly low (53/100,000) though there are an increasing number of case reports 
describing deep vein thrombosis (DVTs) and PE in otherwise healthy adult athletes 
[50, 51]. Unfortunately, the traditional algorithms often used when suspecting PE in 
the nonathletic population perform inadequately when applied to athletes. In fact, in 
a recent review of previously published case reports, the Wells Score performs strik-
ingly poorly in the endurance athlete subpopulation [52]. Diagnosis still relies on a 
combination of clinical assessment, D-dimer measurement, lower extremity ultra-
sound, and computed tomography scan (CT). In addition to the potential life- 
threatening nature of the disease, thromboembolism can have a significant impact 
on an athlete’s career with the average professional athlete losing 6.7 months of play 
after the diagnosis and treatment is made [53]. Moreover, there are also care reports 
of subjective loss of performance following total resolution of initial symptoms of 
PE [54].
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 Pneumothorax

While uncommon, primary spontaneous pneumothorax (PSP) is a serious condition 
which should be considered in any athlete presenting with pleuritic chest pain. 
Pneumothorax should be divided into traumatic or spontaneous. PSP is defined as a 
nontraumatic pneumothorax in the absence of prior lung disease. While most often 
occuring as a complication from rib fracture, traumatic pneumothorax should be 
suspected in athletes with difficulty breathing after a collision involving the chest, 
abdomen, or even flank [55]. Athletes may present in a delayed fashion and have 
trouble associating a specific trauma as the inciting event for symptoms. Though a 
rare event, PSP has been reported in numerous sports including weightlifting, 
SCUBA diving and running [56]. Typical presenting symptoms include pleuritic 
chest pain, dyspnea, and tachycardia. In severe cases, one may see asymmetric chest 
wall expansion, diminished breath sounds, deviation of trachea from midline and 
shifted cardiac apical impulse [57]. Initial decompression of a tension pneumotho-
rax may be necessary in patients presenting with tenuous vital signs. In cases of less 
dramatic presentation, in addition to thorough lung auscultation, a chest x-ray is 
often necessary for diagnosis. Treatment depends on the size of the pneumothorax. 
In patients with their initial episode of PSP who are clinically stable and the pneu-
mothorax is less than 3  cm, supplemental oxygen and observation typically are 
appropriate [58]. Those with large and symptomatic pneumothorax may require 
aspiration or chest tube placement [59]. The estimated recurrence rate of PSP is 
significant (23–50% over a 5 year period); thus, patient should be educated as to the 
elevated risk [60].Serial monitoring with x-rays to determine resolution should be 
done in 2–4 weeks. Return to play guidelines remains unclear though it is generally 
felt that athletes with either spontaneous or traumatic pneumothorax can return to 
their sport once symptoms resolve [61].

 Chest Wall Abnormalities

Pectus excavatum is a common congenital deformity affecting 1:300 births. It is 
more common in males than females with a ratio of about 4:1 [62]. The deformity 
is characterized by an inward depression of the sternum relative to the ribcage and 
often worsens during late adolescence and early adulthood corresponding with dete-
riorating symptoms [63]. Exercise limitation is at least partially due to impaired 
augmentation of cardiac preload with exercise and restrictive pulmonary physiology 
with a reduction in total lung capacity [64]. The Haller Index or Pectus Severity 
Score is calculated using tomographic imaging, usually CT chest, and correlates 
well with reduction in exercise capacity [65]. CPET is usually required to define the 
cause and extent of cardiopulmonary limitation with severe limitations often man-
dating surgical intervention with the goal of alleviating mechanical obstruction and 
improving exercise capacity [66].

D. C. Peritz and J. J. Ryan



307

Scoliosis or curvature of the spine is relatively common in the general population 
with a prevalence ranging from 0.3–15% [67] and, like pectus excavatum, can cause 
restrictive lung physiology. In severe cases, there may be lung hypoplasia [68]. 
Breathing patterns in scoliosis tend to be altered as well with patients often demon-
strating tachypnea and shallow breathing while relying heavily on accessory mus-
cles [69]. These changes are often exacerbated during exercise where reduced 
respiratory system compliance, increased work of breathing, and blunted respira-
tory drive lead to lower performance [70]. Like patients with pectus excavatum, 
definitive treatment frequently involves consultation with orthopedic surgery.

 Infectious Diseases

Infectious diseases including pneumonia, bronchitis, and systemic viral illnesses 
can cause shortness of breath in the athlete. Athletes tend to present with other more 
nonspecific complaints such as fatigue, muscle soreness, and upper respiratory 
symptoms. Upper respiratory illness (URI) is the common among athletes account-
ing for 35–65% of noninjury-related medical presentations. There remains an ongo-
ing debate among exercise immunologists as to whether exhaustive exercise itself is 
immunosuppressive and accounts for the observed high incidence of URI or whether 
this is more likely related to other lifestyle issues that may increase exposure to 
infection (travel to competition, crowds at sporting events) or cause immunosup-
pression (poor sleep, anxiety, poor nutrition) [71].

 Chest Pain

In the USA, chest pain affects nearly 70 million patients and accounts for almost 5% 
of all emergency room evaluations [72]. In athletes, the incidence is thought to be 
about 15/1000 participants, but that figure is likely an underestimate [73]. During 
initial evaluation of an athlete with chest pain, a physician’s chief concern is to 
determine whether the pain is cardiac in nature and thus places the athlete at risk for 
sudden cardiac death (SCD). Although the vast majority of chest pain symptoms in 
both young and old athletes are noncardiac, the risk of cardiac disease increases 
with age [74]. Assessment should begin with a thorough history and physical exam 
as a significant proportion of noncardiac causes of chest pain can be delineated by a 
careful history and exam (Fig. 18.2). On symptom review, there are several high 
yield questions for predicting coronary disease which include the presence of exer-
tional pain or radiation of pain to the arms or shoulder [75]. Lightheadedness during 
exercise along with palpitations or syncope may suggest arrhythmia. Positional 
pleuritic pain following a recent viral illness may suggest pericarditis. On the other 
hand, pain with palpation, certain movements, or pain at night while lying supine 
may shift the differential toward noncardiac causes.
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A complete family history is also essential, especially as it relates to SCD or 
unexplained death. Any unexplained death in a family member under 50 years of 
age should increase a clinician’s suspicion for genetic causes of chest pain such as 
hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomy-
opathy (ARVC), or a connective tissue disorder. Lastly, a detailed history of medi-
cations (both prescribed and nonprescribed), supplements and illicit drug use should 
be gathered. Drugs which activate the sympathetic nervous system, including those 
for attention deficit disorder, can cause palpitations and chest pain [76].

 Cardiac

 Coronary Disease

Regular exercise is associated with a reduced morbidity and mortality from coro-
nary artery disease (CAD); however, exercise should not be perceived as a panacea 
against the development of CAD. Autopsy results suggest that atherosclerotic dis-
ease is the most common cause of sudden cardiac death in the athlete over 35 years 
of age [77]. The exercise paradox highlights that while vigorous exercise increases 
the likelihood of short-term cardiac events by a factor of 5–7, habitual exercises are 
at lower overall risk compared to sedentary controls [78]. While it may seem coun-
terintuitive, recent studies have suggested a higher burden of coronary artery cal-
cium in long-term endurance athletes, though the clinic impact of this remains 
uncertain [79]. In any athlete over the age of 35 presenting with chest pain, specifi-
cally “warm-up” angina, a thorough evaluation for CAD is warranted. Workup 
should include a maximal exertion stress test. This may require an adjustment of the 
standard Bruce protocol for those of very high fitness. In those with a normal stress 
test and low cardiac risk profile, further testing can be avoided. In those with bor-
derline or abnormal stress tests, CT angiogram can be helpful in confirming the 
extent of CAD and guiding further intervention [80]. Management should focus on 
aggressive risk factor modification and intervention when necessary. Statin-related 
muscle fatigue may be more common in the athletic population, but treatment with 
lipid lowering agents should remain a priority. Data on PCSK9 inhibitors in the 
athletic population are currently lacking but may present a helpful alternative to 
statin therapy.

Presenting often with both chest pain and pre-syncope, anomalous aortic origin 
of the coronary artery is a potentially life-threatening diagnosis. Occurring in 
0.1–0.7% of the population, anomalous coronary arteries (ACA) can follow several 
different patterns, the most concerning of which involves the left coronary artery 
passing between the aorta and pulmonary artery (interarterial) and within the wall 
of the aorta (intramural) [81, 82]. Autopsy reports from collegiate athletes in the 
USA identified interarterial coronary artery anomalies as the second leading cause 
of sudden cardiac death [83]. SCD risk is difficult to determine but remains 
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significantly higher in those with interarterial course of the left coronary artery 
(6.3%) as compared to the RCA (0.2%) [84]. Ischemia-induced malignant arrhyth-
mias are related to vessel compression which is compounded by acute take-off 
angle and slit like orifice of the affected coronary artery as it runs within the wall of 
the aorta [85]. Diagnosis can often be made with echocardiography. If there is sus-
picion of an ACA, the athlete must be restricted from activity until further evalua-
tion is made often in the form of cardiac computed tomography angiography 
(CCTA) or cardiac magnetic resonance imaging (cMRI). Stress testing is useful in 
determining whether there is inducible ischemia. All athletes with a left from right 
anomaly running an interarterial course should undergo surgery irrespective of 
symptoms or ischemia. Surgery is also recommended for those with a right from left 
anomaly running an interarterial course in the presence of symptoms or ischemia; in 
the absence of symptoms or demonstrable ischemia, competitive sports may be per-
mitted after extensive shared decision making [86].

 Myocarditis

Myocarditis is a nonischemic inflammatory process which affects the myocardium. 
The inflammation often leads to chest pain, myocardial dysfunction, and increased 
risk for arrhythmias [87]. The causes of myocarditis are often related to infectious 
etiologies, autoimmune, or toxic insults, with viral myocarditis being the most 
common. Clinical presentation can vary from mild chest pain or exertional dys-
pnea to decompensated heart failure and cardiogenic shock [88]. Initial evaluation 
should start with a detailed history including questions about recent illnesses, par-
ticularly viral symptoms as well as drug use. ECG findings are variable and include 
ST elevation or depression, conduction disturbances, and sustained arrhythmias. 
Transthoracic echocardiography will often show a decreased ejection fraction 
with/without wall motion abnormalities [89]. While the gold standard remains 
endomyocardial biopsy, the clinical use of this invasive procedure has waned due 
to the risks of complications and its limited sensitivity due to patchiness of the 
inflammation. Thus, cardiac MRI with demonstration of delayed gadolinium 
enhancement (DGE) in conjunction with elevated cardiac enzymes as well as clini-
cal history of viral prodrome and chest pain is the more common method of diag-
nosis [90].

Myocarditis is a risk factor for SCD, an effect that appears to be compounded by 
exercise. In several SCD studies in those 40 years of age or younger, autopsy data 
demonstrated that myocarditis accounted for approximately 10% of the cases. Of 
those, about one-quarter of them were associated with exercise [91]. In the athletic 
population, once the diagnosis of myocarditis has been established, the chief con-
cern is when is it safe to return to play. Currently, guidelines in the USA and Europe 
suggest that patient should refrain from exercise, while ongoing inflammation is 
present even in the face of normal LV function. Prior to returning to play, the 
patient should undergo exercise ECG, Holter monitor, echocardiogram, and 
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biomarker testing to demonstrate resolution of inflammation and absence of 
arrhythmias. This should be done some time between 3 and 6 months after initial 
episode [92].The role of serial cMRI to monitor for scar formation and aid in risk 
stratification is unclear though there is strong evidence to suggest that presence of 
DGE portends a higher risk for malignant arrhythmias [93]. While data remain 
sparse and guidelines are not yet established, each of the major cardiology associa-
tions has developed return-to-play recommendations for those diagnosed with the 
novel Coronavirus disease 2019 (COVID-19) [94]. Early observations suggest 
COVID-19 can have a significant impact on the heart though myocarditis reports 
are scarce. We expect these recommendations for athletes with a history of 
COVID-19 to evolve as more is learned about the disease and the long-term 
sequelae. Understanding the virus’s specific effects on the myocardium remains an 
area of significant research.

 Pericarditis

Acute pericarditis is the most common of the pericardial diseases with an inci-
dence of about 27.7 cases per 100,000 people each year [95]. In addition, acute 
pericarditis is identified in approximated 5% of emergency room visits for chest 
pain and about 0.1% of hospital admissions [96]. In the western world, the most 
common etiology is viral [97], while in the developing world, the most common 
cause remains tuberculosis [98]. Many patients will have a prodromal viral illness 
but present with abrupt onset characteristic precordial chest pain which worsens 
when lying flat or deep inspiration but improves with sitting and leaning forward. 
Radiation of pain to the trapezius ridge is considered pathognomonic [99]. ECG 
changes can vary but often show diffuse concave ST segment elevation with PR 
depression though in some cases only PR depression is present [100]. Cardiac 
exam may demonstrate a pericardial friction rub and tachycardia. In the case of a 
large pericardial effusion, an examiner may also note elevation in jugular venous 
pressure, muffled heart sounds and hypotension (Beck’s Triad) suggestive of tam-
ponade physiology. The diagnosis is based on the presence of at least two of the 
following signs and symptoms: chest pain consistent with pericarditis, a larger 
than trivial pericardial effusion, a pericardial friction rub or a characteristic ECG 
as described above. It is important to emphasize that friction rubs and ECG changes 
may be transient. Thus, repeating both may be necessary during the evaluation of 
a symptomatic patient. The use of steroids is limited to chronic or recurrent cases 
and should be avoided whenever possible [101].

Current recommendations state that competitive, high-intensity sports should be 
avoided until there is no longer any evidence of disease [102]. This includes resolu-
tion of symptoms, normalization of inflammatory markers and absence of pericar-
dial effusion. These recommendations are based on the supposition that heavy 
physical activity may increase circulation of inflammatory markers and therefore 
increase the risk, development of pericardial effusion, refractory pericarditis, or 
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progression to myocarditis. This evolution to myocarditis would then put the athlete 
at greater risk of SCD [103]. For recreational athletes, it may be reasonable to con-
tinue low-intensity exercise until symptoms resolve.

 Aorta Dissection

Spontaneous aortic dissection is a rare but serious cause of death in the athlete most 
commonly associated with heavy weightlifting or other highly static exercises 
[104]. This is particularly important for those with identified connective tissue dis-
eases who are at greater risk for aortic root dilation and possible rupture. Studies 
reporting larger aortic root dimensions in athletes as compared to controls are not 
longitudinal in nature and therefore cannot be used to determine if these minor dif-
ferences are clinically relevant in those without genetic connective tissue disorders 
[105]. Efforts are underway to better understand normal aortic dimensions in larger 
professional athletes specifically American Football and Basketball players with the 
hopes better being able to screen those at higher risk for rupture [106, 107]. For a 
more in-depth discussion on this topic, please refer to Chap. 15.

 Palpitations

Symptomatic variations in heart rhythm are usually benign [108]. However, because 
cardiac arrhythmia is often the trigger leading to SCD, any complaint of irregular 
rhythm or inappropriate tachycardia warrants further evaluation. Evaluation should 
involve a 12 lead ECG, as well as a detailed history and physical. Echocardiogram 
to rule out structural abnormalities is appropriate in most cases. If the resting ECG 
is normal, it becomes critical to try and capture symptomatic episodes using wear-
able rhythm monitors. Over the last few years, this task has become more easily 
achieved given the prevalence of smartphone-enabled monitors as well as long-term 
implantable recorders [109]. If the symptoms occur with exercise, exercise stress 
testing is indicated to eliciting symptoms and arrhythmia. If an abnormal rhythm is 
documented, treatment can be dictated based on the abnormality.

 Gastrointestinal Causes

Gastroesophageal reflux (GERD) is common during exercise with the prevalence 
estimated to be as high as 50%. The exact mechanism by which GERD occurs dur-
ing exercise is unknown, but it is believed to be in part due to decreased gastrointes-
tinal blood flow and delayed gastric emptying as well as increased intra-abdominal 
pressure [110]. Food intake immediately prior to exercise as well as high-intensity 
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exercise appears to be risk factors. Inquiring about use of nonsteroidal anti-inflam-
matory drug use as well as anorexic behaviors is important [111]. Patients often 
present with retrosternal burning or throat discomfort in addition to shortness of 
breath. GERD may also exacerbate symptoms of asthma. Treatment with activity 
modifications including reduction in high-intensity exercise, smaller meals with a 
longer delay prior to exercise and proton-pump inhibitors should be attempted prior 
to invasive diagnostics. If symptoms do not resolve, it is reasonable to consider 
endoscopy [112].

 Chest Wall Pain

Musculoskeletal chest pain can occur in the ribs, sternum, or articulation of these 
structures. While more obvious causes include chest wall trauma or muscle strain, 
overuse injuries such as stress fractures have been reported in several sports. There 
is an increased risk associated with amenorrhea and low bone density. Stress frac-
ture of the first rib more commonly occurs in sports with repetitive overhead move-
ment and is likely due to a point of relative weakness where the subclavian artery 
passes underneath the first rib [113]. Patients usually present with a dull aching 
pain. Physical exam may reveal tenderness to palpation over the affected area. 
Radiographs are often negative in detecting stress fractures of the first rib; thus, if 
clinical suspicion is high, CT or MRI may be needed [114]. In the case of first rib 
stress fractures, treatment is conservative and involves biomechanical and strength 
training. A gradual return to overhead activity should be dictated by pain. Stress 
fractures of other ribs tend to involve ribs 4–8 and are associated primarily with 
rowing with one study reporting occurrence in 8–16% of elite rowers [115]. 
Treatment again involves rest, analgesia, and strengthening, but recovery tends to be 
more rapid and return to full training is often possible in 8–10 weeks [116].

Slipping rib syndrome often goes under-recognized and can be caused by repeti-
tive trunk motion in sports such as running or swimming. It is felt to be caused by 
the sliding of floating ribs (8–12) under the adjacent ribs causing irritation of nerve 
cartilage and surrounding muscle [117]. Patients typically present with a sharp stab-
bing pain in the lower chest or back during activity followed by dull pain at rest that 
may last up to a few days. Pain can also be elicited by pressure over the ribs or by 
hooking one’s fingers under the ribs and pulling anteriorly which causes a clicking 
sensation [118]. Imaging does not aid in the diagnosis. Treatment options include 
rest and reassurance although there are reports of anterior rib excision in some 
severe cases [119].

Costochondritis is commonly diagnosed in the general population as the cause of 
atypical chest pain. Though prevalence in the athlete is not well defined, one study 
reported that 30% of all patients who presented to the hospital with atypical symp-
toms were diagnosed with costochondritis [120]. Costochondritis most often occurs 
in the 2–5th costal cartilages and should be suspected in an athlete with dull anterior 
chest tenderness which does involve erythema or swelling which would be 
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indicative of Tietze’s Syndrome [121]. While there are reports of elevations in 
inflammatory markers as well as abnormalities on x-ray, CT or bone scan workup 
typically does not require imaging or laboratory testing. Treatment should focus on 
analgesia, reassurance, and rest [122].

 Psychiatric

Psychogenic causes of chest pain are more commonly seen in children and adoles-
cents. One study suggested that approximately 20% of chest pain in adolescents was 
due to hyperventilation or anxiety [123]. This should be a diagnosis of exclusion 
and involves a careful history including a discussion of life stressors or other associ-
ated symptoms.

 Conclusion

Both chest pain and dyspnea are common presenting symptoms in athletes of all 
ages. While the vast majority of causes are benign, it is imperative that the manag-
ing physician keep a wide differential in mind. Noncardiac etiologies are far more 
prevalent in younger athletes who complain of chest pain, whereas in older athletes, 
cardiac concerns should be higher on the differential. In athletes of all ages present-
ing for evaluation of shortness of breath, the most common airway-related causes 
are EIB and EIA. Workup should focus on a detailed history and physical. Further 
testing, if any is required, should be dictated by the results of the initial evaluation 
as well as pretest probabilities based on the age of the athlete. While it remains a 
priority to limit the amount of time lost from sport, treating physicians should be 
prepared to hold an athlete with high-risk symptoms out of activity until workup is 
complete.
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Chapter 19
The Evaluation of Palpitations 
and Dizziness in the Athlete

Brad Witbrodt and Jonathan H. Kim

 Palpitations

Palpitations are best described as the gradual or sudden onset of the awareness of 
one’s heartbeat [5]. Because of the profound subjectivity within this definition, ath-
letes with palpitations may present to clinicians with a variety of symptoms that 
occur in a wide variety of clinical scenarios. For example, a sizable portion of cases 
will be identified during preparticipation sports screening exams, while others result 
from athletes seeking medical consultation due to symptomatic palpitations that 
occur during exercise [6]. Similar to the general population, the incidence of signifi-
cant underlying cardiac disease varies with respect to risk factors for cardiac dis-
ease, with age representing the strongest predictor of risk [7, 8]. While also 
nonspecific, a personal history of cardiac disease or a family history of cardiac dis-
ease is also important risk factors that should be considered during the evaluation 
[4, 8]. Given the wide differential for palpitations in athletes, a thorough history and 
physical examination are the essential first step in directing the course of diagnosis 
and management.

 History

A detailed history is critical in determining whether key descriptive variables are 
present that may be indicative of pathology. It is important to appreciate that the 
term “palpitations” may not be understood by all athletes or consistent with the 
athlete’s interpretation of this nonspecific symptom. Practitioners should appreciate 
the variety of sensations that athletes may use to describe this symptom. As such, 
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we believe it is important to characterize palpitations using lay terms. Patients may 
indicate that they feel “skipping beats,” “their heart beating out of their chest,” “rac-
ing,” “fluttering,” or other nonspecific sensations in their chest. Occasionally, 
patients may describe odd sensations in their neck, throat, generalized weakness, or 
unease, all of which could be consistent with palpitations. In our practice, we ques-
tion for the presence of palpitations followed by lay descriptions in order for the 
athlete to completely comprehend the line of questioning.

While obtaining the initial history, it is important to capture the athlete’s general 
level of stress that coincide with symptoms. Understanding the athlete’s level of 
concern is valuable when forming an initial treatment plan, particularly when the 
history supports etiologies that are more benign. For some athletes, the sensation of 
palpitations may be a simple annoyance, while for others, there may be significant 
lifestyle-limiting symptoms or an associated deterioration in athletic performance. 
These distinctions are important when determining best management approaches, 
as benign palpitations that typically require no medical treatment, such as noninces-
sant atrial (APC) or premature ventricular contractions (PVC), could still lead to 
significant functional limitations or performance issues for which further medical 
therapy could be considered.

The most critical aspect of the history is determining whether the palpitations are 
happening at rest or with exertion. The majority of malignant arrhythmias associ-
ated with sudden cardiac death occur during exertion [9]. Episodes of palpitations 
that lead to abrupt syncope during vigorous physical exertion (practice, training, 
competition) warrant an in-depth evaluation and immediate restriction of physical 
activity [4]. These palpitations that occur abruptly during exercise or out of propor-
tion to the athlete’s level of effort should be differentiated from palpitations that 
occur at rest. With exercise-induced palpitations, it is important to record the inten-
sity of exertion associated with the onset of palpitations. It is also important to 
determine whether the palpitations are simple “skipped beats” versus potential sus-
tained tachycardia. This distinction differentiates the presence of incident supraven-
tricular tachycardia (SVT), including atrial fibrillation, atrioventricular nodal 
reentry tachycardia (AVNRT), atrioventricular reentrant tachycardia (AVRT), and 
ventricular tachycardia from normal ectopic APCs or PVCs. In addition, second- 
degree AV block Type I (Wenckebach) may present as nonpathologic palpitations in 
athletes (Table 19.1).

It is important to inquire about mechanisms of symptom termination or other 
factors associated with relief or cessation of palpitations. Common responses often 
include deep breathing while supine or vagal-type maneuvers (bearing down, cough, 
cold compress). Sustained palpitations that respond to vagal maneuvers typically 
indicate an AV nodal-dependent arrhythmia. Tachyarrhythmias that are not readily 
terminated using Valsalva typically indicate arrhythmias that are not completely AV 
node-dependent such as atrial tachycardia, atrial fibrillation, or ventricular arrhyth-
mias. Other useful termination questions include whether the patient feels a “strong 
beat” after a short pause. This sensation may be indicative of a postrecovery pause 
in the setting of benign ectopy. Finally, supplement use, particularly energy supple-
ments, and caffeine intake should be recorded.
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 Physical Exam

The physical exam should focus on excluding underlying structural heart disease. 
Cardiac auscultation should include assessment for the presence of murmurs, gal-
lops, or rubs and for carotid bruits. Clinicians should utilize provocative maneuvers 
to exclude signs of dynamic left ventricular outflow tract obstruction as could be 
present in hypertrophic cardiomyopathy (HCM) [10]. Specific examples of provoca-
tive maneuvers include auscultation with and without Valsalva and auscultation with 
squatting and standing. With these maneuvers (Valsalva and immediate standing), 
there is a dynamic decrease in left ventricular preload, which can enhance murmurs 
of dynamic outflow tract obstruction [11]. Radial pulse should be checked to assess 
for the presence of ectopy. Finally, the American Heart Association (AHA) athlete 
preparticipation screening guidelines recommend assessment of simultaneous radial 
and femoral pulses [12, 13]. A significant delay in femoral pulses could indicate 
aortic coarctation, which accounts for 4–6 percent of all congenital heart defects [14].

 Evaluation

Risk stratification is the primary directive when formulating a diagnostic and treat-
ment plan for palpitations. Low-risk athletes, based on the findings of history, physi-
cal, and sometimes 12-lead electrocardiogram (ECG) may require little to no 
additional testing. However, any high-risk features require further investigation. 
Athletes with affirmative answers to the AHA 14-point athletic screen (Table 19.2) 
[13] and abnormal ECG findings based on International Consensus Criteria 
(Table  19.3) [15] warrant further evaluation that should include further cardiac 

Table 19.1 Common etiologies of palpitations

Common Etiologies Historical Key Features

Benign 
Ectopy

Atrial premature contractions
Premature ventricular 
contractions
Wenckebach conduction
Ectopic atrial rhythms

Sensation of “skipped beats”
Pauses with “strong beats”
Usually no association with physical activity

Arrhythmias Supraventricular tachycardia
Atrial fibrillation
Atrial tachycardia
Atrioventricular nodal reentry 
tachycardia (AVNRT)
Atrioventricular reentry 
tachycardia (AVRT)

Sudden onset and termination
Irregularity
Heart rate out of proportion to activity
May be self-terminated by vagal maneuvers 
(AVNRT/AVRT)

Ventricular tachycardia More likely associated with underlying 
structural heart disease
Suspect if there is a family history of sudden 
cardiac death or inherited channelopathy
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Table 19.2 American Heart Association 14-point athletic cardiovascular screening questionnaire

Personal History

1. Exertional chest pain/discomfort
2. Exertional syncope or near syncope
3. Excessive exertional and unexplained fatigue/fatigue associated with exercise
4. Prior recognition of a heart murmur
5. Elevated systemic blood pressure
6. Prior restriction from participation in sports
7. Prior testing for the heart ordered by a physician
Family history

8.  Premature death sudden and unexpected before age of 50 years due to heart disease in one or 
more relatives

9. Disability from heart disease in a close relative <50 years old
10.  Specific knowledge of certain cardiac conditions in family members: hypertrophic or dilated 

cardiomyopathy, long QT syndrome or other ion channelopathies, Marfan syndrome, or 
clinically important arrhythmias

Physical exam

11.  Heart murmur—exam supine and standing or with Valsalva, specifically to identify 
murmurs of dynamic left ventricular outflow tract obstruction

12. Femoral pulses to exclude aortic coarctation
13. Physical stigmata of Marfan syndrome
14. Brachial artery blood pressure (sitting, preferably taken in both arms)

Adapted from Maron et al. [13]

Table 19.3 International Criteria for Electrocardiographic Interpretation in Athletes

Normal ECG Findings
Borderline ECG 
Findingsa Abnormal ECG Findings

Increased QRS voltage for LVH or RVH
Incomplete RBBB
Early repolarization/ST segment elevation
ST elevation followed by T wave inversions 
in V1–V4 in black athletes
T wave inversions in V1–V3 in ≤16 years 
old
Sinus bradycardia or sinus arrhythmia
Ectopic atrial or junctional rhythm
1st degree AV block
Mobitz Type 1, 2nd degree AV block 
(Wenckebach)

Left axis deviation
Left atrial 
enlargement
Right axis 
deviation
Right atrial 
enlargement
Complete RBBB

Abnormal T wave inversions
ST segment depression
Pathologic Q waves
LBBB
QRS >140 ms
Epsilon wave
Delta wave
QT interval prolongation
Brugada pattern
Resting heart rate < 30 bpm
PR interval > 400 ms
Mobitz II or 3rd degree AV 
block
≥2 PVCs per 10 sec tracing
Any atrial or ventricular 
tachyarrhythmia

Adapted from Drezner et al. [15]
AV atrioventricular, bpm beats per minute, LBBB left bundle branch block, LVH left ventricular 
hypertrophy, PVC premature ventricular contraction, RBBB right bundle branch block, RVH right 
ventricular hypertrophy
aOne borderline finding is normal; 2 borderline findings require further evaluation
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imaging and assessment modalities such as echocardiogram, cardiac magnetic reso-
nance imaging (CMR), stress testing, and extended heart rhythm monitoring. In clini-
cal situations where no high-risk features are identified, ambulatory rhythm 
monitoring can still be considered to try to identify the etiology of the palpitations. In 
patients with symptomatic palpitations, prior data demonstrate that ambulatory Holter 
or cardiac event monitoring yields a diagnosis 33–35% and 72–80% of the time, 
respectively [16]. Ruling out the presence of structural cardiac disease is mandatory 
for athletes with high-risk features [9, 15]. A summary of our clinical approach to the 
evaluation of palpitations in the athlete is discussed later in this chapter (Fig. 19.1).

Basic Clinical Algorithm Concerning Clinical Features

• Exertional symptoms?
• Syncope / unheralded syncope?
• Family history of inherited cardiac 
 disease / sudden cardiac death?
• Abrupt onset and resolution?

• Pathologic murmurs / bruits?
• Abnormal blood pressure?
• Abnormal pulses?

• Abnormal findings or 2 borderline 
 findings?

Low Risk High Risk

• No concerning clinical 
 features; benign history, 
 physical exam, and ECG
• Reassurance
• Educate / counsel for 
 high-risk symptoms

• Imaging (echocardiography ± CMR)
• Maximum exercise testing
• Ambulatory rhythm monitoring (Holter, 
 event monitor, ± ILR

Shared Decision Making

History

Physical
Exam

12-lead
ECG

Risk Stra�fy

Treatment Plan Sports Eligibility

YesNo

Fig. 19.1 Proposed clinical algorithm for the evaluation of dizziness and palpitations in the athlete. 
CMR cardiac magnetic resonance imaging, ECG electrocardiogram, ILR implantable loop recorder
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 Prognosis

Palpitations that are nonsustained and occur only at rest are common and are usually 
benign in athletes [4]. Most benign resting palpitations are related to high resting 
vagal tone, common in highly conditioned athletes [7]. As previously described, 
common etiologies include APCs, PVCs, Wenckebach, ectopic atrial rhythms, and 
junctional rhythms (Table 19.1) [15]. In particular, PVCs have been shown to occur 
in 40–75% of healthy individuals during 24-hour Holter monitoring [17, 18]. Small 
studies among athletes have demonstrated that PVCs occur at a higher incidence in 
endurance athletes with 70% of endurance athletes versus 55% of nonathletes 
exhibiting ventricular ectopy and 25% of endurance athletes versus 5% of nonath-
letes exhibiting complex ventricular ectopy [19].

 Dizziness

Similar to palpitations, dizziness is a relatively common symptom reported by 
athletes [20], but some experiences of dizziness can cause significant discomfort 
in athletes and prompt further medical evaluation. The differential diagnosis for 
dizziness is broad and requires detailed and specific historical questioning to 
direct the appropriate evaluation. As such, the approach to dizziness in athletes is 
heavily reliant on an accurate history as the most important first step in the 
evaluation.

 History

Dizziness may equate to a variety of sensations that manifest from different organ 
systems. Thus, it is essential to accurately scrutinize symptoms and differentiate 
whether a primary cardiac workup is necessary. While definitions and classifica-
tions of dizziness vary, the commonly accepted categories based on history include 
presyncope, vertigo, disequilibrium, and nonspecific dizziness (Table 19.4) [20, 21]. 
Careful classification of symptoms into one of these categories is critical in focusing 
the physical exam and forming a more precise differential diagnosis. Most cardiac 
causes of dizziness will include symptoms consistent with presyncope, however 
symptoms of vertigo do not exclude cardiac etiologies [22]. A history and physical 
exam that is solely consistent with vertigo or disequilibrium should be triaged to the 
appropriate specialist for further care. Nonspecific dizziness may be the most chal-
lenging clinical presentation that requires in-depth questioning and a detailed physi-
cal exam in order to exclude cardiac etiologies.
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 Physical Exam

A comprehensive physical exam is required, in combination with the detailed his-
tory, for the athlete who reports symptoms of dizziness. Provocative maneuvers to 
assess for structural heart disease, as previously discussed, represent a necessary 
component of the exam. To accurately evaluate autonomic tone and postural hemo-
dynamic responses, orthostatic blood pressures should be recorded [23]. A drop in 
systolic blood pressure of ≥20 mmHg or ≥10 mmHg for diastolic blood pressure 
within 3 minutes of standing up from a supine position is considered an orthostatic 
response [23]. Patients may demonstrate supine hypertension, which is a risk factor 
for autonomic dysfunction, with an increase in blood pressure of 30 mmHg from 
standing to supine generally accepted as abnormal [23]. The heart rate response to 
standing should additionally be documented to evaluate for positional tachycardia, 
in which an increase of 30 beats per minute over 10 minutes is classified as abnor-
mal [23, 24].

Table 19.4 Common accepted categories of dizziness

Historical Clues Physical Exam Clues Key Differential

Presyncope Sensation and 
prodrome of near 
fainting (orthostasis)
Prodrome of 
diaphoresis, nausea 
(vasovagal)
Palpitations 
(arrhythmia)

Orthostatics: SBP 
decrease of 20 mmHg; 
DBP decrease of 
10 mmHg; pulse increase 
of 30 bpm
Pathologic murmurs

Orthostasis
Cardiovascular etiologies: 
arrhythmias, valve 
disease, structural heart 
disease, vascular disease
Autonomic dysfunction

Vertigo Sensation of spinning
Sensation of 
movement extraneous 
to the patient
History of hearing 
loss

Nystagmus
Positive Dix-Hallpike 
maneuver

BPPV
Labyrinthitis
Meniere’s disease
Vestibular neuritis
Acoustic neuroma
Migraines

Disequilibrium Unsteadiness of gait
Paresthesia or 
decreased sensation in 
lower extremities
Symptoms are 
minimal or not 
present when sitting 
or supine

Decreased sensation in 
lower extremities
Shuffling gait, positive 
Romberg sign, or poor 
balance

Diabetes
TIA/CVA
Parkinson’s disease

Nonspecific 
Dizziness

Vague symptoms of 
mental “cloudiness,” 
“heaviness,” or other 
nonspecific 
descriptions

Normal neurologic exam
Reproducibility with 
hyperventilation

Anxiety
Depression
Substance abuse
Iatrogenic
History of concussion
Hyperventilation

BPPV benign paroxysmal positional vertigo, CVA cerebrovascular accident, SBP systolic blood 
pressure, TIA transient ischemic attack
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A basic neurologic exam should include cranial nerve testing, assessment for gait 
abnormalities, and testing for cerebellar signs. The exam should also assess for the 
presence of tremors, focal weakness, or peripheral neuropathy. In patients with clas-
sic vertigo, a basic otolaryngology evaluation is necessary including otoscopic 
examination, assessment of extraocular movements, and evaluation for nystagmus 
utilizing the Dix-Hallpike maneuver [25].

 Noncardiac Dizziness

The ability to differentiate symptoms of dizziness that may arise from a cardiac 
versus noncardiac origin is the most crucial aspect of the clinical history. Dizziness 
that occurs spontaneously at rest, or after a physical maneuver such as standing up, 
rolling over, or lying down, is more likely to be vertiginous in etiology. Dizziness 
that presents as vertigo will typically be described as feeling “off-balance” or as 
“spinning” akin to riding a roller coaster or merry-go-round. Etiologies are often 
due to underlying oculomotor or vestibular (inner ear) pathology or other neuro-
logic conditions [26–29]. From a cardiovascular perspective, vertigo can represent 
the initial presenting sign of cerebrovascular disease such as transient ischemic 
attack, stroke, or carotid artery stenosis. Similar to vertigo, disequilibrium is pri-
marily a disease of either the peripheral or the central nervous system that is best 
managed by neurology or otolaryngology specialists. However, disequilibrium can 
also be a manifestation of cerebrovascular or peripheral vascular disease because of 
the strong association with diabetes mellitus [26, 30–32]. Thus, within cases of 
noncardiac dizziness, there is opportunity to screen for underlying cardiovascular 
disease and initiate appropriate primary prevention when necessary [33].

In challenging cases, the history and physical includes signs and symptoms of 
both cardiac and noncardiac conditions. For example, athletes who experience clas-
sic vertigo may also endorse palpitations during symptomatic episodes. In these 
cases, treatment options may require a multidisciplinary approach. It remains criti-
cal in these scenarios to balance the concern for underlying cardiac disease with the 
likelihood of benign noncardiac etiologies. This overarching philosophy holds true 
for the evaluation of both dizziness and palpitations.

 Cardiac Dizziness

The majority of cases of cardiogenic dizziness fall into the presyncope category 
(Table 19.5). The athlete will typically indicate that they are going to “faint” or 
“pass out,” as opposed to experiencing vertigo or disequilibrium. In clear cases of 
presyncope, it is mandatory to determine if symptoms are occurring at rest, during 
exertion, or immediately following the termination of exercise. Exertional presyn-
cope is pathologic until proven otherwise and requires a more detailed cardiac eval-
uation. Among athletes who present with presyncope or frank syncope, 39% are due 
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to cardiovascular causes, while 36% have no identifiable etiology [34, 35]. Among 
cases with no known etiology, 30% are typically orthostatic in nature or reflex/auto-
nomic mediated episodes [35]. Autonomic dysfunction, discussed in detail in the 
following section, is more common in older athletes but can also occur in younger 
athletes [36]. It is felt that elevated parasympathetic tone present among highly 
conditioned athletes increases the risk for neurogenic mediated episodes of presyn-
cope/syncope observed in this population [37, 38]. Despite the significant anxiety 
and discomfort that vagal episodes incur, it is a benign condition and thus reassuring 
from the sports cardiology perspective [35].

 Reflex (Vasovagal) Dizziness and Autonomic Dysfunction

Similar to vertigo, dizziness that stems from autonomic dysfunction may be posi-
tional in nature. When the history indicates that vasovagal origins of the patient’s 
symptoms are most likely, it is reasonable to forgo further diagnostic testing [35].

Autonomic dysfunction encompasses a variety of different conditions that result 
in orthostasis, due to inappropriate pooling of blood in the lower extremities leading 
to a drop in cerebral blood flow, cerebral hypoperfusion, and corollary symptomatic 
dizziness [39]. There are three primary variants of autonomic dysfunction:

 1. reflex or vasovagal episodes
 2. postural tachycardia (POTS) syndrome
 3. (rare) pure autonomic failure syndromes include multisystem atrophy seen 

almost exclusively in elderly patients [23].

Reflex or vasovagal dizziness (neurocardiogenic dizziness) is extremely com-
mon in the general population, including in athletes, and constitutes approximately 
33% of all cases of dizziness [35, 40]. The underlying physiology of a vasovagal 
episode is the initiation of an autonomic reflex resulting from a sudden stimulus to 
the parasympathetic nervous system, leading to the abrupt onset of hypotension and 
bradycardia. This autonomic reflex can be triggered in a variety of ways including 

Table 19.5 Differentiating cardiac versus noncardiac dizziness by history and physical exam

Cardiac Dizziness Noncardiac Dizziness

History Presyncope
Vasovagal prodrome
Associated with palpitations
Associated with exertion
History of prior cardiac disease

Vertigo/disequilibrium/atypical 
dizziness
Associated with head movements or 
laying down
History of prior neurological disease
Hearing loss/tinnitus

Physical 
Exam

Pathologic murmurs
Carotid bruits
Abnormal pulses
Orthostatic blood pressures
Heart rate increase of >30 beats per 
minute with standing

Neuropathy
Nystagmus
Abnormal gait
Hearing or visual acuity 
abnormalities
Tremors/ataxia
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prolonged standing, the site of blood or other perceived disturbing visual stimuli, or 
profound emotional stressors [41, 42]. Although minimal data exist, it is thought 
that athletes may have a higher propensity for vasovagal reflex reactions due to the 
baseline increased resting parasympathetic tone inherently present in highly condi-
tioned athletes [43–45]. Importantly, vasovagal reactions are typically diagnosed 
via history alone, with the classic presentation inclusive of a noticeable prodrome of 
diaphoresis, plus a feeling of generalized warmth and nausea accompanying the 
symptoms of presyncope. Upon resolution of the initial symptoms, it is common for 
postepisode generalized fatigue and/or malaise to persist for several minutes.

The POTS syndromes are generally described as mild, less severe forms of pure 
autonomic dysfunction with the hallmark presentation characterized by excessive 
increases in heart rate (≥30 bpm) after 10 minutes of standing in the absence of an 
orthostatic drop in blood pressure [23]. POTS encompasses two known variants, 
peripheral and centrally mediated POTS [46]. Peripherally mediated POTS is 
thought to be related to failure of the peripheral vasculature to adequately maintain 
systemic vascular resistance in response to either sudden or prolonged changes in 
orthostatic stress. This lack of peripheral vascular tone leads to increased heart rate 
and cardiac contractility that can be felt as dizziness, fatigue, visual disturbance, or 
exercise intolerance [39, 47]. Centrally mediated POTS is associated with similar 
symptoms, but is caused by abnormal feedback to central baroreceptors [37–39, 47, 
48]. It is noteworthy that patients with POTS tend to have daily symptoms as the 
underlying pathophysiology is inherently present at all times [39, 47]. POTS con-
trasts with reflex-mediated autonomic dysfunction in which patients typically 
describe long periods of quiescent symptoms. Some studies suggest that POTS may 
be an earlier presentation of more severe autonomic dysfunction and rare patients 
(≤10%) may progress to pure autonomic failure [47].

Occasionally, the athlete’s symptoms will be difficult to classify or significant 
functional debilitation will be present as part of the underlying history. In these 
cases, proceeding with a heads-up tilt table test may be considered for risk stratifica-
tion and prognostication. In our opinion, the decision to obtain a tilt table test should 
be approached with caution as a negative tilt study does not necessarily exclude the 
presence of autonomic dysfunction. Moreover, the management of many of these 
conditions lacks robust, evidenced-based practice guidelines [40, 49]. Unique to 
sports cardiology, there may also be psychological undertones present in the athlete 
as part of the clinical presentation that may be exacerbated by repetitive and undue 
medical testing. In complex cases, we favor a multidisciplinary approach, which 
may include specialists in autonomic dysfunction, if clinically appropriate.

 Exertional Cardiac Dizziness

Exertional dizziness in an athlete is a high-risk finding that warrants further evalua-
tion to exclude underlying structural heart disease or a primary arrhythmic disorder 
[34, 50–54]. Despite the relative infrequency of primary inherited cardiac condi-
tions, the increased risk of sudden cardiac death associated with these diseases 
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prioritizes identifying symptomatic athletes that harbor these conditions. In the 
evaluation of the athlete with exertional dizziness, there are three primary categories 
to consider diseases of the myocardium, coronary artery anomalies, and conduction 
system abnormalities (Table  19.6) [55, 56]. It is important to acknowledge that 
while manifestations of these diseases can be precipitated by strenuous activity, 
sometimes clinical presentations may be subtle. Exertional presyncope and unher-
alded syncope are always pathologic until proven otherwise and require a careful 
and thorough diagnostic approach.

 Postexertional Dizziness

In general, dizziness that occurs postexertion, such as following the completion of a 
competitive endurance event, is less concerning and often related to peripheral 
vasodilation postexercise [57]. During dynamic exercise, arterial vasodilatation is 
present and systemic vascular resistance is reduced that allows shunting of oxygen-
ated blood to exercising skeletal muscle [58]. Postexertional orthostatic episodes 
are common in endurance athletes and classically occur close to or immediately 
after the termination of prolonged exercise [50]. The mechanism underlying these 
episodes is related to the abrupt loss of skeletal muscle contraction (i.e., musculove-
nous pump) and decreased heart rate in an athlete whose peripheral vasculature 
remains vasodilated. This situational physiology leads to a drop in cerebral perfu-
sion and presyncopal orthostasis [59]. These episodes can be exacerbated by dehy-
dration, fatigue, and potentially environmental (i.e., hot and humid) conditions.

Table 19.6 Underlying cardiac etiologies associated with exertional dizziness and palpitations in 
athletes

Diseases of the Myocardium

Myopericarditis
Genetic cardiomyopathy (e.g., hypertrophic cardiomyopathy, arrhythmogenic right ventricular 
cardiomyopathy, dilated cardiomyopathy, noncompaction cardiomyopathy)
Hypertensive heart disease
Coronary Artery Anomalies

Anomalous Aortic Origin of the Coronary Arteries
Conduction System Abnormalities

Atrial fibrillation
Atrial flutter
Atrial tachycardia
Other supraventricular tachycardia (e.g., AVNRT, AVRT)

Ventricular tachycardia
Atrial premature 
contractions
Premature ventricular 
contractions
2nd degree AV block Type 
1 (Wenckebach)
2nd degree AV block 
Type 2

AVNRT AV nodal reentrant tachycardia, AVRT AV reentry tachycardia
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 Diagnostic Approach to Palpitations and Dizziness 
in the Athlete

Our general approach toward palpitations and/or dizziness in athletes is described in 
this section. First, it is imperative to determine if the palpitations and/or dizziness 
are manifestations of a serious underlying cardiac condition and to differentiate 
low-risk versus high-risk athletes. This requires an in-depth history and physical 
exam in combination with appropriate and focused diagnostic testing. Second, rec-
ommendations for ongoing or cessation of athletic training need to be determined 
throughout the diagnostic evaluation. Finally, once the diagnosis is made, counsel-
ing, treatment, and, if applicable, shared decision making for return to play and 
sports eligibility represent the final steps. Figure 19.1 shows a proposed clinical 
algorithm for the evaluation of dizziness and palpitations in the athlete.

 Low-Risk Athletes

Athletes deemed to have low-risk symptoms should be reassured with avoidance of 
further diagnostic testing. The athlete should be counseled that their symptoms are 
benign and not indicative of an underlying malignant cardiac issue. Patients in this 
low-risk category generally have the following characteristics:

 1. no exercise-induced or “red-flag” symptoms
 2. infrequent symptoms
 3. absence of high-risk findings on ECG
 4. normal physical exam.

Athletes in this low-risk category may report symptoms consistent with APCs, 
PVCs, vasovagal symptoms, and milder presentations of orthostasis or autonomic 
dysfunction. Patients with benign ectopy will generally notice symptoms occurring 
at rest. In addition, symptoms are not noticed or will dissipate completely during 
exercise. Similarly, patients with a classic history of vasovagal, postexertional, or 
orthostatic dizziness are typically diagnosed based on historical clues. Rarely, fur-
ther in-depth evaluations may be necessary when the history is unclear, or when 
other high-risk findings are discovered that may or may not be related to the patient’s 
presenting complaint. More commonly, it is appropriate to educate the athlete on 
red-flag symptoms to watch for that would trigger future concerns.

 High-Risk Athletes

High-risk athletes are classified based on data gathered from the history and physi-
cal exam. These athletes will require further diagnostic testing. Decisions regarding 
ongoing exercise/athletic participation during the evaluation should be 
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individualized based on the initial concerns from the sports cardiologist. Even at 
this stage, embracing a shared decision-making approach may be appropriate, par-
ticularly for nonsanctioned recreational athletes. With shared decision making, the 
clinical judgment of the sports cardiologist in concert with the beliefs of the patient 
is both accounted for in prescribing physical activity levels during the diagnostic 
evaluation. Athletes with a clear family history of sudden cardiac death, unheralded 
syncope, or a documented ventricular arrhythmia should be considered high risk, 
and cessation of strenuous activity should be strongly recommended until the diag-
nostic evaluation has been completed.

It is important to assess specific historical features of symptoms in the athlete’s 
presentation. For example, the characteristics of symptoms (such as prodrome or no 
prodrome), the timing of symptoms (rest, exercise, or both), and the presence of any 
exacerbating or relieving factors should be scrutinized. Palpitations that occur at 
maximum intensity (such as during high-intensity interval training or at the end of 
competitive racing) should impact the design of specific exercise protocols per-
formed as part of the diagnostic evaluation. The AHA 14-point questionnaire pro-
vides a useful framework outlining key historical questions for athletes presenting 
with palpitations and/or dizziness (Table 19.2) [13]. High-risk athletes require addi-
tional testing beyond a detailed physical exam and 12-lead ECG. This evaluation 
usually includes, at minimum, imaging by transthoracic echocardiography (TTE) 
and ambulatory rhythm monitoring (Holter, event monitor, or mobile cardiac 
telemetry).

 12-Lead ECG

There are numerous findings detected by 12-lead ECG that can indicate underlying 
structural cardiac pathology, arrhythmia, or an arrhythmia syndrome. As detailed in 
Table 19.3, normal athletic variants must also be recognized [15]. Specific to palpi-
tations and/or dizziness, the presence of a delta wave or short PR interval is consis-
tent with preexcitation (Wolff-Parkinson-White pattern) [60]. The corrected QT 
interval should be measured [15, 61, 62]. The presence of ectopy, either APCs or 
PVCs, should be noted. While single PVCs on a standard 12-lead ECG are not clas-
sified as pathologic, if ≥2 PVCs are detected on any standard 10-second ECG strip, 
this typically warrants further evaluation. With frequent PVCs, subsequent 24-hr 
Holter monitoring would be appropriate to determine the aggregate PVC burden. 
Finally, the presence of significant repolarization abnormalities, ST depressions, 
pathologic Q waves, or abnormal T wave inversions (2 or more contiguous leads) in 
young athletes elicits concern for a potential underlying genetic cardiomyopathy 
and warrants further evaluation.
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 Transthoracic Echocardiography (TTE)

TTE is a core cardiac diagnostic imaging test utilized in the evaluation of athletes 
given the information gleaned from the test, technical ease, portability, and cost- 
effectiveness [63]. Pertinent elements taken from TTE include differentiation of 
adaptations due to exercise-induced cardiac remodeling from cardiomyopathies and 
excluding significant valvular pathology [64, 65]. With congenital sonographers or 
with general sonographers appropriately trained, TTE can also exclude the presence 
of anomalous aortic origin of the coronary arteries (AAOCA) [66–69], which can 
potentially spare the need for coronary CT angiography (CTA) and intravenous con-
trast administration and radiation. CTA, however, remains the diagnostic test of 
choice if the suspicion for AAOCA is high on the differential [70]. Some studies 
have cited TTE as being a poor test for identifying coronary ostia, with 62% missing 
images [71], while other experienced labs have cited >90% reliability in identifying 
each of the primary coronary ostia [72]. In our practice, we utilize congenital TTE 
as our first-line imaging study and reserve CTA for cases in which the ostia cannot 
be readily identified by TTE.

 Ambulatory Rhythm Monitoring

Ambulatory rhythm monitoring by Holter or event monitoring remains the gold stan-
dard methodology in the workup of symptomatic palpitations and/or dizziness with 
concern for underlying arrhythmias. There are pros and cons of the differing meth-
odologies of remote cardiac rhythm monitoring, balancing the likelihood of identify-
ing the rhythm abnormality while also minimizing patient inconvenience. In most 
cases, a 2- to 4 -week event monitor is best to increase yield, particularly if symptoms 
are occurring relatively frequently [16]. Moreover, most modern event monitors uti-
lize a nonintrusive patch and are water-resistant. This is especially useful in the 
sports cardiology clinic as most athletes can wear the device and continue exercise 
training with the exception of water immersion sports. 24- to 48-hour Holter moni-
toring is best for quantifying the burden of arrhythmia or ectopy, or if symptoms are 
incessant in frequency. In certain high-risk patients, such as those in whom ventricu-
lar arrhythmias are suspected, mobile cardiac telemetry can be considered given the 
ability to notify physicians expeditiously if a malignant arrhythmia is detected [73].

 Exercise Testing

Maximum exercise testing is necessary for risk stratification in athletes presenting 
with symptoms of palpitations or dizziness. In these cases, exercising with 12-lead 
ECG monitoring may elicit and identify arrhythmias that are triggered by exertion. 
As previously discussed, it is imperative to customize exercise protocols to ensure 
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that the exercise intensity associated with symptoms is achieved and to ensure that 
the test concludes with volitional fatigue rather than basic heart rate thresholds. In 
circumstances where symptoms are provoked during sprint drills or intervals, we 
routinely proceed with start–stop intervals on the treadmill, rather than a gradual 
ramp protocol, in attempt to elicit symptoms.

While not mandatory as part of a sports cardiology practice, we find that the 
additional physiologic data obtained from cardiopulmonary exercise testing (CPET) 
are valuable in providing information regarding exercise performance. CPET 
includes respiratory gas exchange for measurement of peak oxygen uptake (VO2) 
during exercise [74]. For those athletes in which a tailored exercise prescription is 
requested, data from CPET provide appropriate heart rate thresholds that can aid in 
this process [75, 76]. CPET can also exclude psychogenic etiologies of exercise- 
induced symptoms [74].

 Additional Diagnostic Testing

Certain clinical situations necessitate the need for more expansive testing. Examples 
include situations where a final diagnosis requires further risk stratification and/or 
prognostication, or situations where high-risk features are present, but no definitive 
diagnosis is made after the initial evaluation. In cases of palpitations and/or dizzi-
ness, cardiac MRI (CMR) and invasive electrophysiologic (EP) studies may be 
employed as part of the clinical algorithm.

 Cardiac MRI

CMR allows more detailed characterization of the myocardium and/or valvular 
apparatus beyond traditional cardiac imaging [77–79]. CMR also provides struc-
tural and hemodynamic assessments that can add to the clinical information obtained 
by the echocardiogram [77]. With the addition of IV gadolinium contrast, CMR can 
detect myocardial inflammation and scarring (delayed gadolinium enhancement), in 
cases of myocarditis, genetic cardiomyopathy (HCM and arrhythmogenic right ven-
tricular cardiomyopathy), and coronary artery disease [80].

 EP Studies and Implantable Monitors

Invasive EP testing allows for in-depth assessment of the electrical activity of the 
heart. While safe, it remains typically reserved in athletes for cases in which abla-
tion would be indicated or cases in which arrhythmia (SVT) is highly likely, but 
elusive from the prior diagnostic workup [81, 82]. Athletes diagnosed with classic 
SVT are generally best managed by confirmatory testing with an EP study followed 
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by ablation given the successful cure rate in experienced centers [83–85]. An early 
invasive strategy for SVT may be preferred by athletes because it provides a high 
likelihood of definitive treatment, while simultaneously avoiding medications and 
risk of side effects from antiarrhythmic and beta blocker therapy. Provocative test-
ing for high-grade AV block and induction of ventricular arrhythmias in high-risk 
patients are other clinical scenarios in which an EP study may be indicated [86].

The use of implantable loop recorders (ILR) is increasing in frequency and 
becoming extremely helpful in cases where the etiology of dizziness, palpitations, 
or syncope remains elusive. These devices are small (USB sized) and are implanted 
under the skin in the left upper chest wall. The specific benefits of ILR in the diag-
nostic algorithm stem from the ability to perform continuous monitoring for an 
extended period, usually up to 3 years, without the need of any external apparatus 
[16, 87, 88]. In our practice, in cases of syncope or recurrent sustained/symptomatic 
palpitations in which the comprehensive evaluation is negative, we find use of ILR 
for ongoing ambulatory monitoring clinically useful, particularly when the athlete 
is allowed back to full sports participation.

 Shared Decision Making

Within medicine, respecting core patient values in treatment decisions and proceed-
ing with a shared decision-making approach has evolved as a fundamental tenet in 
clinical practice. Within sports cardiology, as it relates to sports participation for 
patients who harbor cardiovascular risk or disease, involving the athlete and other 
potential stakeholders in the decision-making process has become a point of empha-
sis. Athletes with cardiovascular disease are educated and counseled on the risks 
and benefits of ongoing exercise and sport participation [89]. The sports cardiolo-
gists’ mandate is to provide as accurate and best possible risk assessment based on 
individualized diagnostic data and the scientific evidence available [4, 12, 90]. The 
athlete and other stakeholders are able to contribute their own core beliefs prior to 
making the best decisions for the athlete. This approach, the avoidance of physician 
paternalism and sole reliance on expert opinion, has garnered momentum in recent 
years [89, 91, 92]. In addition, there are new evidenced-based data demonstrating 
sports safety in previously deemed high-risk conditions [93–95]. The shared 
decision- making process relies heavily on education and close and frequent com-
munications between all parties involved.

 Conclusions

Palpitations and dizziness that present among athletes have numerous and often 
overlapping etiologies and the diagnostic pathways and treatment plans can be com-
plex. An accurate and thorough history is essential and provides the key differentiat-
ing factors between low versus high-risk processes. The physical exam and 12-lead 
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ECG should be used to augment the history and guide the extent of the subsequent 
diagnostic evaluation. From an athletic standpoint, the primary objective of the 
sports cardiologist is to risk stratify, treat, and attempt to guide a safe return for the 
athlete back to training and competition. Similar to other arenas within sports cardi-
ology, shared decision making between the treatment team and the athlete has 
become an integral aspect of any treatment plan provided to the athlete.
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Chapter 20
The Collapsed Athlete

Justine S. Ko and George Chiampas

Introduction

Sideline management involves the ability to assess an athlete’s symptoms and sud-
den changes in health. Injuries can vary from musculoskeletal to cardiovascular to 
neurologic in nature. The collapsed athlete is defined as an athlete who experiences 
sudden loss of postural tone that results in the inability to continue with event par-
ticipation [1]. Athletic collapse, while frequently benign, can result in significant 
harm to the athlete and therefore requires immediate medical attention. Overall, 
fatal events are rare. In the most recent 2017 Annual Report, the National Center for 
Catastrophic Sport Injury Research (NCCSIR) noted 862 nontraumatic catastrophic 
injuries since 1982, with 44 fatal injuries at the collegiate level over that time 
period [2].

With the progression of sports medicine and expansion of sideline management, 
the quick assessment and early intervention in the collapsed athlete has become a 
crucial component of athlete care. While there can be many causes for athletic col-
lapse, there is a limited differential for severe and potentially life-threatening condi-
tions that should guide initial diagnosis and management. These main causes 
include cardiac arrest, hyponatremia, exertional heat stroke, hypothermia, respira-
tory distress, hypoglycemia, trauma, and exertional sickling. The evaluation and 
management of each topic will be reviewed in this chapter.
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 Approach to the Collapsed Athlete

An algorithmic approach should be utilized in the collapsed athlete in the absence 
of obvious trauma. The following algorithm, used in the Chicago Marathon, can be 
used as a guide for the management of the collapsed athlete (Fig. 20.1) [3]. In the 
initial assessment, the patient’s pulse should be palpated for no more than 10 sec-
onds. If a palpable pulse is not obtained, sudden cardiac arrest is presumed. CPR 
and advanced cardiovascular life support (ACLS) should be initiated, with emphasis 
on hands-only CPR as described below. For the patient with a pulse, further workup 
and history is warranted to evaluate the patient.

The athlete’s medical history, including diabetes, sickle cell trait, cardiac abnor-
malities, should be considered when differentiating possible causes. In a hemody-
namically stable and awake patient, further historical pieces of information, 
including symptoms, prior history, and trauma, can be obtained from the patient to 
guide diagnosis. Witness accounts will also help with differentiating trauma, indi-
rect causes of collapse, and seizure. If resources allow, a rectal temperature, cardiac 
monitoring, and early metabolic evaluation with point-of-care glucose and sodium 
levels should be obtained in an altered patient.

 Cardiac Arrest

Sudden cardiac death is the most common cause of atraumatic deaths in athletes. 
While rare, with an estimated incidence of approximately 1:43,700  in collegiate 
athletes and 1:200,000 in high school athletes per academic year, this scenario is the 
most feared and should always be assessed for first [4]. A large proportion of these 
fatalities are linked to cardiac conditions, including arrythmias, congenital cardiac 
conditions such as hypertrophic cardiomyopathy, and atherosclerotic coronary 
artery disease. In the young athlete, the most common cause of sudden cardiac death 
has been linked to hypertrophic cardiomyopathy, which can predispose an athlete to 
ventricular dysrhythmias [5].

In the event of cardiac arrest, immediate CPR, automated external defibrillator 
(AED) application, and activation of emergency medical response teams should be 
done as soon as possible [6]. Early bystander resuscitation, access to AED, and 
early defibrillation have been shown to improve outcomes given the predisposition 
to ventricular dysrhythmias as described above [7, 8]. Recent CPR guidelines 
shifted their focus from A-B-C (Airway-Breathing-Circulation) to C-A-B 
(Circulation-Airway-Breathing). These recommendations were re-emphasized in 
the 2015 AHA Guidelines to highlight compression-only CPR, with adequate depth 
and rate of compressions, and the importance of limiting interruptions [9]. While 
there may be an innate desire to transport these patients immediately, it is important 
to perform on-site resuscitation and application of the AED to assess the patient’s 
rhythm. Early CPR and defibrillation within 3–5 minutes of collapse has correlated 
with higher survival rates [10, 11]. Cardiac arrest as a cause of the collapsed athlete 
will be discussed in more detail in a later chapter.
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 Exercise-Associated Hyponatremia

Exercise-associated hyponatremia (EAH) is defined as a low serum sodium concen-
tration, generally a sodium level <135 mmol/L, during or after exercise. EAH first 
came to the forefront in the 1980s after multiple reports surfaced in runners at the 
Comrades Marathon in South Africa [12]. In recent years, EAH has continued to 
interest medical personnel due to its potential for significant morbidity and mortal-
ity. The reported prevalence of this condition varies, likely due to underreporting in 
asymptomatic individuals; however, it has been cited to be as high as 50% in ultra- 
runners [13].

In a prospective study on Boston Marathon runners, risk factors for development 
of EAH included excessive fluid intake, longer race times, and significant weight 
gain during the race [14]. The cause of EAH is thought to be related to an increase 
in total body water caused by overconsumption of fluids by the athlete and an 
increase in vasopressin secretion [15–17]. The exact mechanism for vasopressin 
secretion in this setting is not well defined, but is thought to be related to inflamma-
tory cytokines, and nonspecific stressors [15].

 Presentation & Diagnosis

The presentation for exercise-associated hyponatremia varies significantly. 
Symptoms range from asymptomatic to seizures and severe encephalopathy. The 
majority of symptomatic athletes will present with complaints of headache, dizzi-
ness, or weakness [17]. Notably, these symptoms overlap with other common syn-
dromes in athletes such as exertional heat exhaustion and dehydration. Prompt 
diagnosis with rapid sodium levels is optimal. In the Statement of the Third 
International Exercise-Associated Hyponatremia Consensus Development 
Conference, it was recommended that on-site evaluation of sodium levels be avail-
able if resources allow [16].

 Treatment

Once EAH has been diagnosed with a serum sodium level, treatment involves fluid 
restriction in mild to moderate cases and hypertonic saline in more severe cases. In 
patients who are asymptomatic but with a serum sodium level <130 mmol/L, oral 
hypertonic solutions can be considered to prevent development of symptomatic 
hyponatremia [16]. In the absence of a sodium level in a collapsed and altered ath-
lete, oral hypotonic hydration and intravenous administration of normal saline 
should be deferred as to avoid exacerbating symptoms of possible EAH. In the pres-
ence of seizure or severe mental status changes, hypertonic saline is recommended 
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in the form of a 100 mL 3% hypertonic saline bolus. Importantly, the initial postrace 
serum sodium level may be significantly overestimated due to retained fluid in the 
gastrointestinal tract that has yet to be absorbed or a delayed effect of an elevated 
vasopressin level. As such, continued monitoring should be pursued, especially in a 
symptomatic patient [17].

 Prevention

Given that EAH has been linked to overconsumption of fluids, prevention of this 
condition centers around athlete education. Education on drinking to thirst and the 
dangers of overdrinking has been shown to reduce the incidence of EAH [16]. 
Sodium-containing sports drinks, however, have not been shown to prevent EAH 
due to their low sodium content and hypotonicity [17]. Athletes should also be edu-
cated on the importance of monitoring their pre- and post-workout weights as a 
surrogate for fluid consumption. In general, athletes who gain weight after exercise 
are drinking too much. Athletes who lose greater than 2–3% of their body weight 
are drinking too little. Optimizing their fluid consumption during training months 
can improve performance and prevent EAH [15, 18].

 Exertional Heat Stroke

Exertional heat stroke (EHS) is the most severe illness along the spectrum of exer-
tional heat illnesses. It is the third leading cause of death in athletes [19]. EHS is 
generally associated with a core body temperature ≥40.5 °C and is caused by an 
increase in heat production or a decrease in heat loss [20, 21]. The human body 
regulates an elevated temperature based on four main mechanisms: radiation, con-
vection, conduction, and vaporization. The most efficient of the four mechanisms is 
vaporization, which is seen with sweating and evaporation of the sweat at the skin 
surface [19, 22].

Multiple factors contribute to the rise in temperature in exertional heat stroke. 
During intense exercise, skeletal muscle use generates heat at significantly higher 
levels compared to rest. This heat is transferred through the blood and to the capil-
laries at the surface of the skin, where the blood is then cooled. During exercise, 
EHS occurs when regulatory heat dissipation via sweat and radiant heat loss can no 
longer match the heat production, and a resultant rise in temperature occurs. 
Environmental changes, such as an increase in humidity, can contribute to EHS by 
decreasing the heat gradient between the body and its surroundings and limiting 
evaporative heat [19]. Furthermore, decreased cardiac function and dehydration can 
also affect cooling, as it impedes the ability of the blood to be transported to the 
body surface [22].
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 Presentation & Diagnosis

Early symptoms of EHS can include dizziness, vomiting, and fatigue. More severe 
symptoms include altered mental status, loss of consciousness, and even seizures. 
Risk factors for development of clinically significant EHS include lack of heat 
acclimatization, hot and humid exercise environment, and poor physical fitness 
[23]. Morbidity associated with EHS has been linked to duration of hyperthermia 
rather than the degree of hyperthermia. As such, rapid diagnosis with a core (rectal) 
temperature and immediate on-site treatment is warranted [24].

 Treatment

The mainstay of treatment for EHS is rapid cooling, which can be done through 
several methods such as conductive cooling via immersion or evaporative cooling 
via sprayed water and fanning. For EHS, cooling via immersion in an ice-water bath 
is the most effective and can decrease temperatures by nearly 1  °C/min. In the 
absence of an ice-water bath, conductive cooling via ice packs to the axilla, neck, 
and groin is a reasonable alternative. This can be facilitated by evaporative methods, 
which involves spraying the body with water and cooling with fanned air [25]. In a 
2016 meta-analysis on cooling methods, cold water immersion (CWI) demonstrated 
faster cooling and lead to better outcomes compared to passive recovery. Based on 
the meta-analysis, a cold water temperature of ≤10 °C is recommended [26].

Timing of treatment in EHS is critical  – reduction of temperature to <40  °C 
within 30 minutes has been shown to limit fatality rates to near zero [24]. In the 
recent consensus statement on prehospital EHS management, treatment with on-site 
cooling is recommended to ensure rapid temperature reduction and to decrease 
organ damage and morbidity from hyperthermia [27]. Once a patient is immersed, 
continuous core temperature monitoring should be performed and patients should 
be removed when the core temperature reaches 38–39 °C or ~102 °F to avoid hypo-
thermia [25, 28].

 Prevention

Given the environmental impact on the risk of developing EHS, prevention involves 
a keen awareness of the weather prior to partaking or starting events. The wet bulb 
globe temperature (WBGT) is an index that factors in ambient temperature, relative 
humidity, and radiant heat load from the sun. This index has been used by several 
event coordinators and associations to determine necessity for event modifications 
[29]. For instance, in the Bank of America Chicago Marathon, an event alert system 
(EAS) that was developed in 2008 with recommended WBGT cutoffs is utilized to 
warn medical personnel and participants regarding possible dangers (Table 20.1).
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In the U.S. Soccer Recognize to Recover website (recognizetorecover.org), 
WBGT cutoffs are further separated based on geographic location. Higher 
WBGT cutoffs are allowed for warmer climates due to heat acclimatization by 
athletes. Overall, it is recommended that hydration breaks become longer and 
more frequent as the WBGT rises, with the consideration of shortening or even 
canceling events and practices when extreme conditions are present [30]. 
Importantly, medical directors and trainers should also factor in medical person-
nel, treatment resources, and prior event history into their event modification 
decisions [29, 31].

 Hypothermia

In contrast to EHS, hypothermia is defined as a core temperature <35 °C and occurs 
when heat loss exceeds that of heat production [32]. Although a less common cause 
of athletic collapse, hypothermia must be considered, especially during colder 
weather conditions. Normally, in response to the cold, the body will try to preserve 
core body temperature by increasing metabolic heat production, which arises 
through involuntary shivering or increased voluntary activity. The body will also 
reduce heat loss by inducing peripheral vasoconstriction to preserve core body tem-
perature and increase insulation provided by the body shell [32].

Hypothermia in an athlete usually involves excessive heat loss related to clothing 
that is wet. Water exposure, such as rain, sleet, snow, swimming, increases the risk 
for hypothermia as there is a higher amount of heat loss via convection [33]. 
Additional risk factors for hypothermia include age >60 years old, lower percentage 
body fat, and participation in shorter or lower intensity activities [32].

Alert level Event conditions Recommended actions Temperature

Extreme Event cancelled/ 
extreme and dangerous 
conditions

Participation stopped/ follow 
event official instruction 

WBGT > 82˚F

High Potentially dangerous 
conditions

Slow down/observe course 
changes/follow event official 
instruction/consider stopping

WBGT 73-82˚F

Moderate Less than ideal 
conditions

Slow down/be prepared for 
worsening conditions

WBGT 65-73˚F

Low Good conditions
WBGT=Wet bulb globe temperature

WBGT 40-65°FEnjoy the event/be alert

Table 20.1 Bank of America Chicago Marathon Event alert system

WBGT wet bulb globe temperature

20 The Collapsed Athlete
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 Presentation and Diagnosis

Hypothermia presents with a range of symptoms, which often correlates with the 
athlete’s core temperature. It is separated into three categories – mild, moderate, and 
severe hypothermia – as detailed in Table 20.2. In mild hypothermia, athletes will 
present with shivering and may become more aloof with behavioral changes. In 
moderate to severe hypothermia, the body’s shivering response declines and the 
core temperature drops further. As temperatures fall below 32 °C, athletes experi-
ence more extensive CNS changes such as confusion, stupor, and loss of conscious-
ness. Furthermore, severe bradycardia and cardiac arrhythmias can develop and the 
risk of cardiac arrest increases. As with EHS, diagnosis involves a core rectal 
temperature.

 Treatment

Rapid warming is the mainstay of treatment for hypothermia and its associated 
sequelae. In contrast to EHS, which requires rapid onsite cooling, rewarming these 
patients may require equipment and techniques that are not available onsite. Transfer 
to a medical facility should be initiated as soon as possible. Extra care needs to be 
provided during transport as large movements can induce cardiac arrhythmias in a 
cold and irritable heart.

Passive external rewarming (PER) is the warming modality of choice for mild 
hypothermia. In these patients, any wet clothes should be removed first, the patient 
should be brought into a warm and dry environment, and warm blankets and heating 
packets should be applied. PER can increase core temperature by approximately 
0.5 °C/h [35]. For moderate to severe hypothermia, active external rewarming is 
implemented. It requires a higher level of care at a medical facility and utilizes a 
Bair Hugger or external heating device to facilitate warming. More aggressive care 
with internal rewarming strategies should be considered for temperatures below 

Table 20.2 Classification of hypothermia [33, 34]

Core 
temperature Symptoms Shivering

Cardiac 
abnormalities

Field 
interventions

Mild 
hypothermia

32–35 °C Behavior change, 
dysarthria, apathy

Present Tachycardia PER, warm 
PO fluids

Moderate 
hypothermia

28–32 °C Dilated pupils, 
stupor

Decreased Bradycardia, 
cardiac 
arrhythmias

PER, warm 
IV fluids

Severe 
hypothermia

<28 °C Unconsciousness Absent Bradycardia, 
ventricular 
fibrillation

PER, warm 
IV fluids

PER = Passive external rewarming
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28 °C. Warm IV fluids at 4 °C can be infused. Additionally, more invasive extracor-
poreal rewarming with hemodialysis or extracorporeal membrane oxygenation 
(ECMO) can be utilized in severe cases [36, 37].

In the setting of cardiac arrest in a hypothermic patient, cardiac resuscitation 
should not cease until the patient has been fully rewarmed given the significant 
myocardial irritation that occurs with hypothermia. In a retrospective study in 
Norway, it was noted that patients with accidental hypothermia survived tempera-
tures as low as 13.7 °C and required as long as nearly 7 hours of CPR during the 
rewarming process prior to return of spontaneous circulation [38].

 Prevention

Prevention of hypothermia, similar to EHS, entails event modifications based on 
weather and environmental conditions. Similar to WBGT, the wind chill tempera-
ture (WCT) index can be used to assess risk for hypothermia and guide event modi-
fications. This index factors in wind speed and temperature. The U.S.  Soccer 
Recognize to Recover website recommends limiting skin exposure and providing 
frequent rewarming opportunities based on the WCT (Table 20.3) [30].

In cold weather, athletic clothing also plays a big role in preventing hypothermia 
and it is recommended that patients dress in layers. The bottom layer should be a 
thin, moisture-wicking material that allows moisture to move away from the skin 
and to the surface. This prevents conductive heat loss. The middle layer usually 
provides insulation via materials such as fleece, wool, and down. Finally, the outer 
layer should be wind/water-resistant, which allows moisture from the bottom layers 
to cross and evaporate [36].

Table 20.3 Hypothermia alert level

Alert 
level

WCT 
(F) Event conditions Recommended action

Black <0 Extreme conditionsa Cancel or attempt to move activities indoors. Frostbite 
could occur

Red 1–15 High risk for 
cold-related illnessa

Consider modifying activity to limit exposure and allow 
for more frequent chances to rewarm

Orange 16–24 Moderate risk for 
cold-related illnessa

Provide additional protective clothing, cover as much 
exposed skin as practical, and provide opportunities and 
facilities for rewarming

Yellow 25–30 Less than ideal 
conditionsa

Be aware of the potential for cold injury and notify 
appropriate personnel of the potential

Green >30 Good conditions Normal activities
aIn wet environments with colder conditions, the following situations are accelerated. Use addi-
tional caution to recognize potential cold injuries. (NOTE: These WCT guidelines were adapted 
from the NATA position statement: Environmental Cold Injuries [39]
Used with permission from U.S. Soccer Recognize to Recover
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 Respiratory Distress (Anaphylaxis, Asthma)

While cardiac causes are the leading cause of sudden death in athletes, respiratory 
distress can also cause collapse. It is important to remember that athletes may have 
chronic medical problems, such as asthma and allergies, despite their overall active 
and healthy appearance. These problems can present themselves acutely during 
exercise and decrease an athlete’s exercise tolerance. Furthermore, there are several 
exercise-associated respiratory conditions that providers should be familiar with 
when caring for athletes.

 Anaphylaxis

Anaphylaxis is a severe hypersensitivity reaction that involves two or more organ 
systems. Fatal injuries from anaphylaxis are cited as 0.63–0.76 per million in adults 
[40]. It results from various stimulants, most commonly a food or drug allergy. 
Environmental exposures, such as bee stings or other insect bites, can also be a 
potential source. Patients present with lip swelling, tongue swelling, rash, shortness 
of breath, and/or gastrointestinal discomfort. Treatment of anaphylaxis requires 
prompt intramuscular epinephrine administration in conjunction with steroids and 
antihistamines.

Exercise-induced anaphylaxis (EIA) is when anaphylaxis occurs after physical 
exercise and is often associated with consumption of a food allergen around the time 
of exercise. The exact mechanism behind this phenomenon is not well known; how-
ever, it has been suggested that the redistribution of blood from the gut during exer-
cise causes ingested allergens to activate mast cells and results in an anaphylactic 
reaction [41]. Treatment for EIA is similar to other anaphylactic reactions – intra-
muscular epinephrine injection.

 Exercise-induced Bronchoconstriction and Asthma

Exercise-induced bronchoconstriction (EIB) and exercise-induced asthma are two 
disease processes in which there is transient narrowing of the airways during or 
after exercise. Exercise-induced asthma occurs in athletes with a history of asthma 
while exercise-induced bronchoconstriction occurs in patients with no prior diagno-
sis [42]. Incidence of EIB has been reported to be as high as 10% in the general 
population [43]. As with normal asthmatic patients, these athletes will present with 
wheezing, cough, and shortness of breath.

Risk factors for EIB include activities that require a higher minute ventilation, 
such as marathon running and soccer, and activities in colder, drier conditions. 
Compliance to medication in athletes with known asthma helps to prevent 
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exercise- associated asthma. Athletes should be counseled on the importance of 
long-term control and the potential dangers of weather changes. Treatment involves 
inhaled beta-agonists for acute symptom management. Inhaled corticosteroids are 
the most effective for long-term prevention of EIB and can be used in conjunction 
with inhaled beta-agonists [42].

 Exertional Sickling

Sickle cell trait (SCT) is a heterozygous condition in which individuals inherit one 
mutated sickle hemoglobin gene from one of their parents, resulting in the HgbAS 
genotype. Normal hemoglobin molecules are made of four subunits, each one con-
taining an oxygen-carrying heme group and a globin molecule. In a normal hemo-
globin molecule, there are two alpha subunits and two beta subunits. In sickle 
hemoglobin (HgbS), two mutated beta subunits are present, which causes polymer-
ization of hemoglobin molecules at the cell membrane surface in the deoxygenated 
state. This change to the cell membrane surface causes the “sticky” nature of red 
blood cells in sickle cell disease patients that leads to vaso-occlusive events [44]. In 
sickle cell trait, one mutant beta subunit is present and leads to an approximate con-
centration of 40% HgbS in each red blood cell [45].

Sickle cell trait affects approximately 8% of the African American population 
and approximately 0.01–0.05% of the remaining population [46]. Individuals with 
SCT are generally asymptomatic; however, HgbAS can still sickle, especially in 
acidotic and hypoxic states. The dangers of exertional sickling in athletes with 
sickle cell trait surfaced after multiple deaths in college football athletes between 
1974 and 2010. Many of these deaths occurred during periods with maximal physi-
cal exertion, such as during conditioning exercises [46].

 Presentation & Diagnosis

Exercise provides the perfect storm for sickling in athletes with SCT – acidosis, 
hypoxia, and dehydration [47]. The vaso-occlusive events that develop under these 
circumstances lead to rhabdomyolysis, renal failure, and severe metabolic derange-
ments that can ultimately result in death [46].

Diagnosis of exertional sickling requires a high clinical suspicion. Athletes can 
present with a wide range of symptoms. They usually present after several minutes 
of maximal exertion with muscle weakness and fatigue. The muscle pain and weak-
ness come on very quickly, unlike the cramping associated with heat illness which 
may present over hours. In addition, the pain associated with exertional sickling is 
milder and athletes will complain of more weakness. Muscles in exertional sickling 
will also not appear to be tense and cramping, as the root cause occurs at the micro-
vascular level and does not cause large contractures of the muscles [48].
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 Treatment & Prevention

After the death of a collegiate athlete in 2010, the National Collegiate Athletic 
Association (NCAA) implemented a mandatory genetic screening for sickle cell trait. 
In a 2012 policy impact analysis, it was estimated that this mandatory screening would 
prevent approximately seven collegiate athlete deaths over the course of a 10-year 
period [49]. Athletes, however, can still refuse to present documentation and choose to 
sign a waiver. As such, a high clinical suspicion should be present, even at the elite 
collegiate level. In athletes with known SCT, they should be coached to build endur-
ance slowly and work at their own pace with frequent rests as needed [46]. These ath-
letes should avoid participating in timed drills to avoid exceeding their tolerated pace.

Treatment of exertional sickling is mainly supportive with supplemental oxygen 
and cooling as needed. In suspected collapse from exertional sickling, the athlete 
should be transferred to a medical facility where the treatment of fulminant rhabdo-
myolysis with parental fluid resuscitation and more aggressive supportive care can 
be initiated [50].

 Hypoglycemia

In any collapsed individual, hypoglycemia should be ruled out. Hypoglycemia is 
defined as a blood glucose level <60 mg/dL and should especially be considered in 
athletes with known diabetes mellitus. It can present with various symptoms, includ-
ing headache, lightheadedness, sweating, and confusion. Prompt point-of-care glu-
cose testing on the sideline is important for diagnosis; however, if onsite testing is 
not available, prophylactic treatment should be started. For athletes with mild hypo-
glycemia, oral glucose supplementation with juice, sugar, or other carbohydrates is 
preferred. In severe hypoglycemia, where the athlete may be altered, intravenous 
dextrose administration or intramuscular glucagon administration should be utilized 
[48]. Repeat serum glucose monitoring must be performed after treatment to ensure 
no refractory or rebound hypoglycemia. Additional observation and treatment may 
be needed if low blood glucose levels persist.

Athletes need to be counseled on the symptoms of hypoglycemia. In diabetic 
athletes, a developed care plan with their physician will help avoid exercise- 
associated hypoglycemia. Additionally, these athletes should eat carbohydrates 
before, during, and after activities and have frequent glucose monitoring [48].

 Exercise-associated Collapse

Exercise-associated collapse (EAC) is defined as an athlete’s inability to stand or 
walk due to lightheadedness or dizziness after exercise. It generally occurs immedi-
ately after exercise or a sudden halt in activity. The etiology of EAC is thought to be 
related to postural hypotension that results from the sudden reduction in the action 
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of skeletal muscles. During exercise, skeletal muscle acts as “the second heart,” 
pumping blood back to the heart from the vasodilated extremity vessels. When exer-
cise ceases, there is a sudden decrease in venous return and pooling of the blood in 
the lower extremities as skeletal muscle contractions decrease. This, coupled with 
skin and muscle vasodilatation, causes a rapid reduction in preload, which then 
results in postural hypotension and collapse [51, 52]. Patients present with light-
headedness, dizziness, or syncope. Mental status is usually preserved, however, and 
patients tend to improve quickly. While EAC is the most common diagnosis in ath-
letic collapse, it is a diagnosis of exclusion. Athletes should be evaluated for the 
life-threatening causes of collapse as described in the prior sections. A rectal tem-
perature, point-of-care glucose, and rapid serum sodium are advised [51].

 Treatment & Prevention

A patient with EAC should be laid down and their legs should be elevated to facili-
tate blood return to the heart and to increase preload. Furthermore, once other causes 
of collapse are excluded, oral or IV rehydration can be started. With oral rehydra-
tion, patients should drink to their thirst. Athletes are also advised to avoid abrupt 
cessation of activity to prevent EAC. For instance, in marathon runners, it is recom-
mended that they continue walking after completion of the race to avoid the sudden 
drop in cardiac preload and collapse.

 Seizures

Seizures should also be considered on the differential. They are defined as an abnor-
mal firing of a group of neurons in the cerebral cortex [53]. There are many forms 
of seizures; however, the most common are generalized tonic-clonic seizures where 
there are rhythmic, repetitive motions of the body. This is associated with an altered 
state during and after the event [54]. Approximately 10% of the US population will 
experience at least one seizure in their lifetime. Most seizures are self-limiting, last-
ing 1–2 minutes. During the seizure, supportive care may be needed in the form of 
airway support, such as a jaw thrust or supplemental oxygen, as patients tend to 
hypoventilate during seizure activity. Patients should be positioned in a way to 
avoid self-harm and airway compromise [55].

Importantly, sudden cardiac arrest can lead to abnormal movements that can be 
mistaken for seizures. In a nontraumatic collapse of an athlete with no known his-
tory of seizures, prompt assessment for cardiac causes is necessary and initiation of 
CPR should be considered. Neuro-cardiogenic syncope (NCS) can also appear like 
seizures. The etiology of NCS is related to a transient loss of consciousness from 
cerebral hypoperfusion [56]. Unlike seizures, movements from NCS are usually 
associated with a prodrome, such as lightheadedness, and is associated with a rapid 
recovery and return to baseline.
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If seizure activity persists, benzodiazepines are the mainstay of treatment. On the 
sideline, where IV access may not be available, intranasal or intramuscular benzo-
diazepine administration can be utilized [55]. Other causes of seizures must also be 
considered, including hypoglycemia and hyponatremia. Metabolic derangements, if 
present, should be corrected to help cease seizure activity.

 Trauma

Traumatic causes of collapse also account for a significant portion of athletic col-
lapse and even death. In a study of 1866 young athlete deaths from 1980 to 2006, an 
estimated 22% were related to traumatic causes, mainly from head or neck injuries 
[57]. In an athlete with collapse of unknown etiology, a provider should search for 
physical signs of trauma. If there is suspicion for trauma, the athlete should be sta-
bilized on the field with cervical spine precautions [34]. Further management should 
follow Advanced Trauma Life Support (ATLS) guidelines.

 Emergency Preparedness

With each of these causes, an important component to management lies in emer-
gency action plans (EAPs) and preparedness with staff and emergency personnel. 
Studies have shown that an EAP, access to an AED, and early defibrillation increase 
survival rates [8]. Early defibrillation is key in cardiac arrest, with survival rates 
decreasing 7–10% with each minute of delay [10]. Emergency action plans help to 
organize and provide a unified approach among medical personnel at a large event. 
These plans enable a practiced response from onsite personnel to initiate early CPR, 
and activation of the EMS system. It is recommended that every institution or orga-
nization have a written EAP for a planned event. Key components to the plan include 
a communication system, training of personnel, adequate equipment and transporta-
tion, and a coordinated plan of action. The EAP should be reviewed and practiced 
with medical providers and trainers each year to limit uncertainty and confusion 
during actual events [58].

 Summary

Management of sideline emergencies is a key component of athlete care. A col-
lapsed athlete requires prompt assessment and diagnosis. Several conditions, as 
described above, can lead to collapse and result in significant morbidity and mortal-
ity if not addressed appropriately. Providers should be familiar with the life- 
threatening causes so that prompt treatment can be initiated when the need arises. 
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An algorithmic approach, as depicted in Fig. 20.1, can be used to guide initial diag-
nosis and management. When available, a core temperature, rapid serum glucose, 
and rapid serum sodium should be obtained. Finally, an established EAP and knowl-
edge on the use and location of an AED can help facilitate an organized process in 
an otherwise chaotic situation.

References

 1. Blue JG, Pecci MA. The collapsed athlete. Orthop Clin North Am. 2002;33(3):471–8.
 2. Reports – National Center for Catastrophic Sport Injury Research [Internet]. [cited 2019 Sept 

17]. Available from: https://nccsir.unc.edu/reports/.
 3. Chiampas G, Jaworski C. Preparing for the surge: perspectives on marathon medical prepared-

ness. Curr Sports Med Rep. 2009;8(3):131–5.
 4. Harmon KG, Asif IM, David K, Drezner Jonathan A. Incidence of sudden cardiac death in 

national collegiate athletic association athletes. Circulation. 2011;123(15):1594–600.
 5. Wasfy MM, Hutter AM, Weiner RB. Sudden cardiac death in athletes. Methodist Debakey 

Cardiovasc J. 2016;12(2):76–80.
 6. Toresdahl B, Courson R, Börjesson M, Sharma S, Drezner J. Emergency cardiac care in the 

athletic setting: from schools to the Olympics. Br J Sports Med. 2012;46(Suppl 1):i85–9.
 7. Drezner JA, Toresdahl BG, Rao AL, Huszti E, Harmon KG. Outcomes from sudden cardiac 

arrest in US high schools: a 2-year prospective study from the National Registry for AED use 
in sports. Br J Sports Med. 2013;47(18):1179–83.

 8. Drezner JA, Rao AL, Justin H, Bloomingdale Megan K, Harmon Kimberly G. Effectiveness 
of emergency response planning for sudden cardiac arrest in United States high schools with 
automated external defibrillators. Circulation. 2009;120(6):518–25.

 9. Neumar RW, Shuster M, Callaway CW, Gent LM, Atkins DL, Bhanji F, et al. 2015 American 
Heart Association Guidelines Update for CPR and ECC: executive summary. Circulation. 
2015;132(Suppl 2):S315–67.

 10. Rao AL, Standaert CJ, Drezner JA, Herring SA. Expert opinion and controversies in muscu-
loskeletal and sports medicine: preventing sudden cardiac death in young athletes. Arch Phys 
Med Rehabil. 2010;91(6):958–62.

 11. Rothmier JD, Drezner JA. The role of automated external defibrillators in athletics. Sports 
Health. 2009;1(1):16–20.

 12. Noakes TD, Speedy DB. Case proven: exercise associated hyponatraemia is due to overdrink-
ing. So why did it take 20 years before the original evidence was accepted? Br J Sports Med. 
2006;40(7):567–72.

 13. Urso C, Brucculeri S, Caimi G. Physiopathological, epidemiological, clinical and therapeutic 
aspects of exercise-associated hyponatremia. J Clin Med. 2014;3(4):1258–75.

 14. Almond CSD, Shin AY, Fortescue EB, Mannix RC, Wypij D, Binstadt BA, et al. Hyponatremia 
among runners in the Boston Marathon. N Engl J Med. 2005;352(15):1550–6.

 15. Hew-Butler T, Loi V, Pani A, Rosner MH. Exercise-Associated Hyponatremia: 2017 Update. 
Front Med [Internet]. 3 Mar 2017 [cited 2019 Sept 19];4. Available from: https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5334560/.

 16. Hew-Butler T, Rosner M, Fowkes-Godek S, Dugas J, Hoffman M, Lewis D, et al. Statement of 
the third international exercise-associated hyponatremia consensus development conference, 
Carlsbad, California, 2015. Clin J Sport Med. 2015;25(4):303–20.

 17. Rosner MH, Kirven J.  Exercise-associated hyponatremia. Clin J Am Soc Nephrol. 
2007;2(1):151–61.

 18. Chang RG, Khan JJ. Hydration Issues in the Athlete and Exercise Associated Hyponatremia – PM&R 
KnowledgeNow [Internet]. PM&R Knowledge Now. 2016 [cited 2019 Oct 27]. Available from: 
https://now.aapmr.org/hydration- issues- in- the- athlete- and- exercise- associated- hyponatremia/.

20 The Collapsed Athlete

https://nccsir.unc.edu/reports/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5334560/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5334560/
https://now.aapmr.org/hydration-issues-in-the-athlete-and-exercise-associated-hyponatremia/


358

 19. Howe AS, Boden BP. Heat-related illness in athletes. Am J Sports Med. 2007;35(8):1384–95.
 20. Casa DJ, DeMartini JK, Bergeron MF, Csillan D, Eichner ER, Lopez RM, et  al. National 

Athletic Trainers’ Association position statement: exertional heat illnesses. J Athl Train. 
2015;50(9):986–1000.

 21. Navarro C, Casa D, Belval L, Nye N.  Exertional heat stroke. Curr Sports Med Rep. 
2017;16(5):304–5.

 22. Miyake Y. Pathophysiology of heat illness: thermoregulation, risk factors, and indicators of 
aggravation. Jpn Med Assoc J. 2013;56(3):167–73.

 23. Armstrong L, Casa D, Millard-Stafford M, Moran D, Pyne S, Roberts W. Exertional heat ill-
ness during training and competition. Med Sci Sports Exerc. 2007;39(3):556–72.

 24. Casa D, Armstrong L, Kenny G, O’Connor F, Huggins R. Exertional heat stroke: new concepts 
regarding cause and care. Curr Sports Med Rep. 2012;11(3):115–23.

 25. Gaudio FG, Grissom CK. Cooling methods in heat stroke. J Emerg Med. 2016;50(4):607–16.
 26. Zhang Y, Davis J-K, Casa D, Bishop P. Optimizing cold water immersion for exercise-induced 

hyperthermia: a meta-analysis. Med Sci Sports Exerc. 2015;47(11):2464–72.
 27. Belval LN, Casa DJ, Adams WM, Chiampas GT, Holschen JC, Hosokawa Y, et al. Consensus 

statement- prehospital care of exertional heat stroke. Prehosp Emerg Care. 2018;22(3):392–7.
 28. Proulx CI, Ducharme MB, Kenny GP. Safe cooling limits from exercise-induced hyperther-

mia. Eur J Appl Physiol. 2006;96(4):434–45.
 29. Hosokawa Y, Adams WM, Belval LN, Davis RJ, Huggins RA, Jardine JF, et al. Exertional heat 

illness incidence and on-site medical team preparedness in warm weather. Int J Biometeorol. 
2018;62(7):1147–53.

 30. Environmental Conditions [Internet]. Recognize to Recover. [cited 2019 Oct 28]. Available 
from: http://www.recognizetorecover.org/environmental.

 31. Chiampas GT, Goyal AV.  Innovative operations measures and nutritional support for mass 
endurance events. Sports Med Auckl Nz. 2015;45(Suppl 1):61–9.

 32. Castellani J, Young A, Ducharme M, Giesbrecht G, Glickman E, Sallis R. Prevention of cold 
injuries during exercise. Med Sci Sports Exerc. 2006;38(11):2012–29.

 33. Fudge J. Exercise in the cold. Sports Health. 2016;8(2):133–9.
 34. Malik S, Chiampas G, Roberts WO. The collapsed athlete. In:  Sports cardiology in practice: 

evaluation, management, and case studies. New York: Springer-Verlag; 2011.
 35. Taylor EE, Carroll JP, Lovitt MA, Petrey LB, Gray PE, Mastropieri CJ, et al. Active intravascu-

lar rewarming for hypothermia associated with traumatic injury: early experience with a new 
technique. Proc Bayl Univ Med Cent. 2008;21(2):120–6.

 36. McMahon J, Howe A. Cold weather issues in sideline and event management. Curr Sports 
Med Rep. 2012;11(3):135–41.

 37. Darocha T, Kosiński S, Jarosz A, Drwila R. Extracorporeal rewarming from accidental hypo-
thermia of patient with suspected trauma. Medicine (Baltimore). 2015;94(27)

 38. Hilmo J, Naesheim T, Gilbert M. “Nobody is dead until warm and dead”: prolonged resuscita-
tion is warranted in arrested hypothermic victims also in remote areas – a retrospective study 
from northern Norway. Resuscitation. 2014;85(9):1204–11.

 39. Cappaert TA, Stone JA, Castellani JW, Krause BA, Smith D, Stephens BA. National Athletic 
Trainers’ Association Position Statement: Environmental Cold Injuries. J Athl Train. 
2008;43(6):640–58.

 40. Poowuttikul P, Saini S, Seth D. Anaphylaxis in children and adolescents. Pediatr Clin N Am. 
2019;66(5):995–1005.

 41. Hull JH, Ansley L, Robson-Ansley P, Parsons JP. Managing respiratory problems in athletes. 
Clin Med. 2012;12(4):351–6.

 42. Bussotti M, Di Marco S, Marchese G. Respiratory disorders in endurance athletes – how much 
do they really have to endure? Open Access J Sports Med. 2014;5:47–63.

 43. Weder MM, Truwit JD.  Pulmonary disorders in athletes- ClinicalKey. Clin Sports Med. 
2011;30:525–36.

J. S. Ko and G. Chiampas

http://www.recognizetorecover.org/environmental


359

 44. Manwani D, Frenette PS. Vaso-occlusion in sickle cell disease: pathophysiology and novel 
targeted therapies. Blood. 2013;122(24):3892–8.

 45. Blinder MA, Russel S.  Exertional sickling: questions and controversy. Hematol Rep. 
2014;6(4):66–70.

 46. Mitchell BL. Sickle cell trait and sudden death. Sports Med - Open. 2018;4(19)
 47. Loosemore M, Walsh SB, Morris E, Stewart G, Porter JB, Montgomery H. Sudden exertional 

death in sickle cell trait. Br J Sports Med. 2012;46(5):312–4.
 48. Casa DJ, Guskiewicz KM, Anderson SA, Courson RW, Heck JF, Jimenez CC, et al. National 

Athletic Trainers’ Association position statement: preventing sudden death in sports. J Athl 
Train. 2012;47(1):96–118.

 49. Tarini BA, Brooks MA, Bundy DG. A policy impact analysis of the mandatory NCAA sickle 
cell trait screening program. Health Serv Res. 2012;47(1 Pt 2):446–61.

 50. Eichner ER. Sickle cell considerations in athletes. Clin Sports Med. 2011;30:537–49.
 51. Asplund CA, O’Connor FG, Noakes TD.  Exercise-associated collapse: an evidence-based 

review and primer for clinicians. Br J Sports Med. 2011;45(14):1157–62.
 52. Wen DY. Collapsed athlete – atraumatic. Curr Rev Musculoskelet Med. 2014;7(4):348–54.
 53. Bromfield EB, Cavazos JE. Sirven JI. American Epilepsy Society: Basic mechanisms underly-

ing seizures and epilepsy; 2006.
 54. Zupanc ML, Otallah SJ, Goodkin HP.  Sports and epilepsy. In:  DeLee, Drez, & Miller’s 

Orthopaedic sports medicine. 5th ed. Philadephia: Elsevier; 2020. p. 230–4.
 55. Silverman EC, Sporer KA, Lemieux JM, Brown JF, Koenig KL, Gausche-Hill M, et  al. 

Prehospital care for the adult and pediatric seizure patient: current evidence-based recommen-
dations. West J Emerg Med. 2017;18(3):419–36.

 56. Josephson CB, Rahey S, Sadler RM. Neurocardiogenic syncope: frequency and consequences 
of its misdiagnosis as epilepsy. Can J Neurol Sci. 2007;34:221–4.

 57. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young competitive 
athletes. Circulation. 2009;119(8):1085–92.

 58. Drezner JA, Courson RW, Roberts WO, Mosesso VN, Link MS, Maron BJ. Inter-association 
task force recommendations on emergency preparedness and management of sudden car-
diac arrest in high school and college athletic programs: a consensus statement. J Athl Train. 
2007;42(1):143–58.

20 The Collapsed Athlete



361© Springer Nature Switzerland AG 2021
D. J. Engel, D. M. Phelan (eds.), Sports Cardiology, 
https://doi.org/10.1007/978-3-030-69384-8_21

Chapter 21
Cardiac Arrest in Athletes

Brian J. Cross, Shayna Weinshel, and Marc Estes

 Introduction

Sudden cardiac death (SCD) in an athlete brings a paradox of competitive sports 
sharply into focus. Athletics, which typically enhances strength and survivability 
[1], may also be the cause of seemingly unexplainable death. The popular con-
sciousness is often confused by this paradox. Widely reported sports- related deaths, 
from the fabled collapse of Pheidippides in Athens to more recent deaths of sports 
stars such as Reggie Lewis and Hank Gathers, as well as the extremely tragic, unex-
pected losses of athletic children, have led to often sensational and misleading head-
lines in the popular media, such as, “Too much exercise can kill you, scientists have 
revealed” [2].

The medical science at the foundation of this paradox is detailed and complex. 
This chapter will review the incidence and causes of sudden cardiac death in 
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athletes along geographic, racial, gender, and age spectra, as well as the evidence 
regarding the benefits of risk factor screening to prevent sudden cardiac death in 
athletes and the role of emergency response systems and rapid external defibrilla-
tion to abort sudden cardiac arrests.

 Incidence of Sudden Cardiac Death in Athletes

The incidence of sudden death in athletes is an area of some uncertainty, as it has 
been reported to be both higher and lower than the non-athlete population, and esti-
mates of incidence have historically differed geographically and as a function of 
method of research [3]. One constant remains, however, and that is that SCD in 
athletes is a very rare phenomenon globally. Using prospectively acquired data of 
all individuals aged 12–35 years in the Veneto Region of Italy from 1979 through 
1999, Corrado et al. identified a 2.1:100,000 person-year event rate of SCD among 
athletes [4]. Using retrospective data, the incidence often appears lower. A study of 
sudden death in high school and college athletes participating in competitive, orga-
nized sports from data collected by the National Center for Catastrophic Sports 
Injury Research identified an incidence of 0.7 deaths per 100,000 person-years 
among male high school and college athletes and 0.1 deaths per 100,000 person- 
years among female high school and college athletes in the USA [5]. Death due to 
cardiac causes among high school students in Minnesota competing in organized 
sports was identified by Maron et al. as 0.5:100,000 person-years [6]. This assess-
ment made use of data acquired retrospectively from catastrophic insurance claims. 
Other retrospective studies from Denmark, using death certificate and hospital 
record reviews, and from Israel, using media accounts, have shown incidences of 
1.2:100,000 and 2.6:100,000 athlete-years, respectively [7, 8].

These differences among SCD incidence assessments using retrospectively and 
prospectively acquired data may be partly explained by study methodology. 
Retrospective studies based on commonly-used sources of SCD data, including 
media reports of SCD events and catastrophic insurance claims, miss 5–56% and 
80–90% of SCD occurrences, respectively [9]. Estimating the incidence of sports-
related SCD is further complicated by the evidence that within the same nationality 
and age range, differences exist related to gender, race, and sport. A retrospective 
study of National Collegiate Athletic Association (NCAA) athlete deaths, using 
data from NCAA and Parent Heart Watch databases, media reports, and catastrophic 
insurance claims, identified an overall incidence of SCD of 2.3:100,000 athlete-
years. However, higher incidences were seen in male and African-American ath-
letes, competitors in Division I play, and among basketball players, swimmers, 
lacrosse players, and cross-country runners. In this study, the highest risk was seen 
in Division I male basketball players, who had a 32:100,000 athlete-year SCD inci-
dence, while female NCAA athletes in total had a SCD incidence that was more 
than 95% lower (1.2:100,000 athlete-year) [10].

There is conflicting evidence regarding the risk of SCD in athletes compared to 
non-athletic cohorts. Multiple studies have shown that, compared to the 0.5 to 2 per 
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100,000 person-year incidence range of SCD in athletes in the USA, non-athletes in 
populations that include American military recruits [11] and individuals under the 
age of 35 in Denmark [7], Norway [12], and the USA and Canada [13], among oth-
ers, showed higher SCD incidences, ranging from 0.9 to 10 per 100,000 person- 
years [14]. Conversely, in the Veneto Region of Italy, the incidence of SCD among 
competitive athletes was observed to be higher (2.1:100,000 person-years) com-
pared with non-athletes (0.7:100,000 person-years). As seen in other studies, there 
was a higher incidence of sudden death in males than females, both for athletes (2.6 
vs. 1.1 per 100,000 person-years, respectively) and non-athletes (1.3 vs. 0.5 per 
100,000 person-years, respectively), while the non-athlete population overall had a 
lower incidence of SCD than reported in other studies [4].

Given the range of incidences of SCD identified in these epidemiological stud-
ies and the allusiveness of a single, identifiable rate of occurrence, it may be help-
ful to put all of these data into a larger social and clinical context of risk. Maron 
et al. reviewed the US National Registry of Sudden Death in Athletes and data-
bases of NCAA athlete deaths from 2002 to 2011. Among the young athletes who 
died suddenly, a majority (65%) died due to non-cardiovascular causes, including 
suicide (17%) and drug use (12%), and all of these causes were vastly less fre-
quent than deaths causes by motor vehicle accidents in the same age group. While 
this does not disguise the importance of understanding the risk of SCD in athletes, 
it reveals the spectrum of risks to the safety of athletes, of which athletic competi-
tion itself occupies a relatively small space [15]. Note should be made of older 
athletes (age over 35 years), who are rarely included in SCD incidence studies. 
Prospectively acquired data from the Oregon Sudden Unexpected Death Study 
identified an SCD incidence of 2.2:100,000 person-years among athletes aged 
35–65. While this incidence does not markedly exceed most assessments of SCD 
in younger athletes, the incidence of SCD in men exceeded that of women to a 
greater extent than seen in younger populations, with a relative risk 18.68 (95% 
CI, 2.50–139.56) [16].

 Causes of Sudden Cardiac Death in Athletes

The majority of athletes who die suddenly of suspected cardiovascular causes show 
evidence of structural heart or arterial disease on postmortem analysis. Autopsy- 
based studies of the US athletes who died suddenly have noted hypertrophic cardio-
myopathy (26.4% of cases) and anomalous coronary anatomy (13.7% of cases) to 
be the most common causes of SCD due to structural heart disease, along with 
nonspecific left ventricular hypertrophy, myocarditis, ruptured aortic aneurysm due 
to Marfan syndrome, arrhythmogenic right ventricular cardiomyopathy, tunneled 
coronary artery anatomy, aortic valve stenosis, and atherosclerotic coronary artery 
disease, among others. A notable exception to the presence of underlying structural 
heart disease is commotio cordis, identified as the second most common cardiac 
cause of sudden death in athletes [17].
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 Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a heritable, mainly autosomal dominant, 
and relatively common structural cardiac disease with an estimated prevalence of at 
least 1 in 500 people [18]. Phenotypically, HCM is characterized on a cellular level 
by cardiac myocyte disarray, resulting in asymmetric hypertrophy of the left ven-
tricle (commonly at the ventricular septum) with occasional LV outflow tract 
obstruction and a predisposition for unstable ventricular arrhythmias and 
SCD. Evidence of HCM may appear on an electrocardiogram (ECG) nonspecifi-
cally as left ventricular hypertrophy (LVH), though non-pathologic or fully normal 
ECGs have been acquired in 10% of patients with known diagnoses of HCM [19].

While major risk markers help to identify patients with HCM at increased risk of 
ventricular arrhythmias and SCD and guide appropriateness of primary prevention 
implantable cardioverter-defibrillators (ICDs) [20–22], rigorous physical activity 
may promote unstable ventricular arrhythmias even in the absence of these major 
risk factors [23]. For this reason, current American College of Cardiology (ACC)/
American Heart Association (AHA) guidelines state that all patients with HCM, 
regardless of SCD risk factors, should not participate in competitive sports, with the 
exception of “low-static/low-dynamic” sports classified as 1A, such as billiards, 
bowling, and golf. It should be noted that this recommendation is independent of 
most demographic or clinical features including age, gender, magnitude of LVH, 
history of LV septal surgical myectomy or alcohol ablation, presence or absence of 
LV outflow obstructive physiology, cardiac symptoms, or intramural myocardial 
fibrosis as evidenced by late-gadolinium enhancement on cardiac magnetic reso-
nance imaging. It is additionally not recommended to introduce therapies such as 
anti-arrhythmic medicines or primary prevention ICDs for the sole or primary pur-
pose of permitting participation in competitive athletics [24].

 Anomalous Aortic Origin of a Coronary Artery

Anomalous aortic origin of a coronary artery (AAOCA) occurs when, during 
embryologic development, coronary arteries originate abnormally from the wrong 
sinus of Valsalva. The most concerning of these anatomic anomalies is the left main 
coronary artery (LMCA) or left anterior descending artery (LAD) originating from 
the right sinus of Valsalva, and the right coronary artery (RCA) originating from the 
left sinus of Valsalva or the LAD. Pathologic studies of these hearts show acute- 
angle arterial take-offs resulting in “slit-like” coronary lumens. In addition, the 
proximal segment of the arteries often courses between the great vessels of the aorta 
and the pulmonary trunk. These anatomic characteristics can allow the anomalous 
arteries to be kinked or compressed, particularly during times of increased cardiac 
output, with resulting distal myocardial ischemia. Ventricular arrhythmias and sud-
den death in association with AAOCA may be due to an acute ischemic episode as 
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well as, or in addition to, chronic ischemia with patchy, arrhythmogenic myocardial 
scarring [25].

Of note, pre-SCD exertional symptoms including angina and syncope may occur 
in some patients with AAOCA, specifically those with anomalous LMCA origins. 
Baseline ECGs acquired during both rest and stress are unreliable for detecting 
anomalous coronary anatomy. Suspicion for AAOCA based on prior symptoms 
should favor noninvasive imaging or coronary angiography to guide both diagnosis 
and possible cardiac surgical correction. All athletes with LMCAs originating from 
the right sinus of Valsalva and athletes with RCAs originating from the left sinus of 
Valsalva who have symptoms, arrhythmias, or ischemic findings on stress myocar-
dial perfusion imaging should be restricted from athletic competition before surgical 
repair. After 3 months following surgical repair, athletes may return to competition 
if they are free of symptoms, arrhythmias, or ischemia on stress imaging [26].

 Arrhythmogenic Right Ventricular Cardiomyopathy

The regional disparity of cardiovascular etiology of sudden death in athletes was 
made clear by a prospective study of all young athletes (age 12–35 years) participat-
ing in organized sports requiring regular training and competition in the Veneto 
Region of Italy from 1979 to 1999. In this study, the most common cause of SCD in 
athletes was arrhythmogenic right ventricular cardiomyopathy (ARVC), followed 
by atherosclerotic coronary artery disease, myocarditis, and mitral valve prolapse. 
HCM, the most common cause of SCD in American athletes, was the attributable 
cause in only 1 of 55 SCD cases in an Italian study. Hypotheses to explain the higher 
incidence of ARVC and lower incidence of HCM as the cause of SCD in athletes in 
northern Italy include regional genetic factors and the possible exclusion of indi-
viduals with HCM from competitive athletics as a product of mandatory pre- 
participation screening (discussed further below), as well as the influence of 
prospective data acquisition in the Italian study compared to retrospective data 
acquisition in the US. studies [4].

ARVC is a genetic disease characterized phenotypically by fibrofatty replace-
ment of cardiac myocytes in both right ventricular (typically inferior, apical, and 
infundibular) and left ventricular (typically posterolateral subepicardial) myocar-
dium, due to abnormal cell adhesion proteins, leading to wall thinning and aneu-
rysm formation. Manifestations of ARVC on resting ECG include right bundle 
branch block, QRS duration >110 ms in the right precordial leads (V1-V3), T-wave 
inversions or epsilon waves in the right precordial leads, and left-bundle-type ven-
tricular premature depolarizations (VPDs). Ambulatory cardiac monitoring or stress 
ECG may show left-bundle-type ventricular tachycardia or VPDs (more than 500 in 
a 24-hour period) [27]. Clinical manifestations of ARVC include palpitations, syn-
cope, and cardiac arrest, and less commonly symptoms of clinical heart failure [28]. 
Additionally, ARVC can be familial, following a mainly autosomal dominant inher-
itance pattern, and syncope or sudden death in a family member may also be an 
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alerting signal to the presence of ARVC [29]. Clinical or ECG findings concerning 
for ARVC should favor further evaluation with echocardiogram and cardiac mag-
netic resonance imaging. Criteria for the diagnosis of ARVC are based on quantita-
tive variables from the clinical, family, ECG, and imaging data [30].

Athletes identified as having definitive, borderline, and possible diagnoses of 
ARVC should not participate in competitive sports, with the possible exception of 
low-static, low-dynamic class 1A sports. As in the case of HCM, prophylactic ICD 
placement for the sole or primary purpose of allowing competitive sports participa-
tion is not recommended [24]. In addition to the increased risk of ventricular 
arrhythmias and sudden death during exercise in ARVC patients, evidence from 
both a murine model [31] and retrospective human data [32] indicate that the cumu-
lative amount and intensity of exercise over time increase the likelihood of ARVC 
genotype-positive patients developing phenotypic ARVC and its manifestations, 
including ventricular arrhythmias and heart failure.

 Atherosclerotic Coronary Artery Disease

Advancing athlete age is an important factor in the cause of sudden death. The 
prevalence of coronary artery disease (CAD) increases in both athlete and non- 
athlete populations with advancing age, and CAD is the overwhelmingly most com-
mon cause of sudden cardiac arrest (SCA) in older athletes. Among athletes over the 
age of 35, atherosclerotic coronary artery disease was identified as an attributable 
cause of SCA in 84% of cases. Acute myocardial infarction was identified in 33% 
of these cases of CAD-associated SCA [16].

 Commotio Cordis

Sudden cardiac death in athletes without structural heart disease occurs most com-
monly in cases of commotio cordis, the second most common cause of sudden death 
in young athletes in the USA, as well as, much less commonly, long QT syndrome. 
Commotio cordis (CC) describes an episode of immediate conversion from a stable 
cardiac rhythm to ventricular fibrillation (VF) that occurs due to chest wall impact. 
Specific features of chest wall impact are required for this phenomenon to occur; 
these include highly compliant chest walls, impact with the chest within a 20 ms 
window during the upslope of the T wave, and items of impact of particular size, 
hardness, density, and velocity of travel at the time of impact [33]. Small and hard 
objects [34, 35] traveling at 40 miles per hour [36] are the most likely to cause VF.

Historically, athletes sustaining cardiac arrest due to CC had only a 10–15% 
likelihood of survival despite administration of cardiopulmonary resuscitation 
(CPR) within 3 min in most cases [37], though experimental evidence reveals that 
automated external defibrillators (AEDs) identify CC-related VF with very high 
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sensitivity (98%) and specificity (100%) and are efficacious in terminating VF [38]. 
Accordingly, in more recent years and as AED availability and use has increased, 
survival from CC has increased to 58%. Unfortunately, however, these improve-
ments in survival are not uniform across races. African-American victims of CC 
have <5% survival, possibly due to longer rescue response time and decreased avail-
ability of AEDs at sites of athletic practice and competition [39].

 Pre-competition Screening of Athletes to Prevent Sudden 
Cardiac Death

While there is not conclusive evidence that athletic competition increases the risk of 
sudden cardiac death above the risk in the non-athlete population, there are struc-
tural cardiac diseases that are clearly associated with exercise-associated cardiac 
arrest and sudden death. This fact can very reasonably lead to a directive to identify 
potential athletes with these conditions prior to participation and, when appropriate, 
to prohibit higher-risk individuals from participation as a means of primary preven-
tion of sudden death. Despite the soundness of this logic in theory, available evi-
dence has fomented debate internationally about the practical appropriateness of 
specific screening approaches to identify higher-risk cardiac conditions in athletes, 
as well as the effectiveness of any pre-participation screening at various levels of 
competition [40].

Three countries – the USA, Italy, and Israel – have instituted some form of pre- 
participation screening at all levels of competition, though the approaches among 
the countries differ. In the USA, practice guidelines recommend screening of all 
high school and college athletes with the AHA 14-point history and physical exami-
nation screening guidelines in the primary care setting, but without noninvasive 
testing in the absence of detected abnormalities [41]. In Italy [42] (where pre- 
participation screening is enforced by law) and Israel [8], routine screening ECGs 
are added to history and physical examinations. The European Society of Cardiology 
recommends routine pre-participation ECG screening as well [43], though in many 
European countries, it is only Olympic, professional, and other elite athletes who 
are routinely screened.

While clearly no one argues over the individual and societal benefits of prevent-
ing cardiovascular deaths, the disparity of approaches to pre-participation screening 
and the debate over the appropriateness of routine ECGs, in particular, stem largely 
from differing interpretations of the available data on sensitivity, specificity, and 
cost-effectiveness of these diagnostic modalities. In Denmark, for example, policy 
makers point to a review of all deaths over a 7-year period, which showed that SCD 
in athletes was not only very rare (1.21:100,000 person-years) but also lower than 
the non-athlete population (3.76:100,000 person-years), and that wide-scale cardio-
vascular screening of any manner prior to athletic participation would not have suf-
ficiently high value and is not recommended [7]. Italian officials have taken a very 
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different view of the evidence. Prospectively collected data starting in 1979 showed 
a 3.6:100,000 person-year incidence of SCD in athletes. After mandatory nation-
wide pre-participation screening based on 12-lead ECG assessment was initiated in 
1982, the incidence of SCD in athletes was seen to decrease to 0.4:100,000 person-
years. An interpretation of this data in favor of the role of ECG screening can point 
to the 2% of potential athletes who were excluded from athletic competition based 
on their screening and the subsequent (and possibly consequential) absence of HCM 
as a leading cause of SCD in contemporary Italian athletes [42].

Opponents of routine widespread ECG screening identify several areas of clini-
cal and practical limitations of ECG screening, including false-positive results rang-
ing from 5% to 20% [44] and a lack of human and financial resources available in 
large population countries such as the USA to screen millions of ECGs annually, 
among others [45]. Additionally, there is the potential for deleterious effects on the 
long-term health of younger individuals prevented from participating in physical 
activity due to false-positive screening, as well as the potential for adverse conse-
quences to athletes with false-negative ECGs, who might be persuaded to ignore 
subsequent warning symptoms of cardiovascular disease in the wake of a falsely 
reassuring non-pathologic screening ECG.

The results of a recent meta-analysis of studies on the efficacy of screening with 
both history and physical exam and ECG identified clear strengths of ECG as a 
screening tool, favoring the use of ECGs in pre-participation screening. In this 
study, the sensitivity of ECGs was found to be 94%, compared to 20% for clinical 
history and 9% for physical exam, and the false-positive rate of ECGs was found to 
be lower than both history and physical exam [46]. The clinical impact of these find-
ings, though, is not clear. The most commonly identified ECG abnormality in this 
meta-analysis was ventricular pre-excitation, or Wolff-Parkinson-White (WPW) 
pattern (42%), to which only 1% of SCD cases in athletes have been attributed [47], 
while HCM, which has been reported to be the leading cause of SCD in athletes in 
the USA, was detected in only 2 of 11,104 American athletes.

Targeted, non-universal ECG screening in demographically higher-risk athletes, 
such as male basketball players and African-American athletes, has been proposed 
as an alternate approach to systematic exclusion of ECGs in the screening process. 
Further, improved athlete-specific ECG interpretation criteria, such as the 
International Recommendations, may improve sensitivity to further favor the use of 
the ECG as a screening tool [48].

 Management of Sudden Cardiac Arrest in Athletes

Rapid identification of cardiac arrest and initiation of an emergency response system 
that includes early CPR and external defibrillation are the central components of 
decreasing mortality from sudden cardiac arrest (Fig. 21.1). Athlete victims of sud-
den cardiac arrest therefore have an invaluable feature favoring their survival, which 
is that sports-related episodes of cardiac arrest are often witnessed, such as by team 
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members, trainers, medical staff, and spectators, some of whom may have training in 
basic life support (BLS) and any of whom are likely to be able to contact emergency 
medical services (EMS). Despite this, data from several studies have shown that 
athlete victims of sudden cardiac arrests have poor survival outcomes, which, at an 
average survival rate of 11%, is only marginally better than out-of- hospital cardiac 

Athlete with witnessed collapse

Check responsiveness
Tap shoulder and ask. “Are you all right?”

Lone Rescuer
Activate EMS (phone 911).

Obtain AED, if readily available.
Return to victim to use AED and begin CPR.

Multiple Rescuers
Rescuer 1: Begin CPR

Rescuer 2: Activate EMS (phone 911).
Rescuer 2 or 3: Obtain AED, if available.

Open AIRWAY and CHECK BREATHING
Head tilt-chin lift maneuver

Look, listen, and feel
Is normal breathing present?

Give 2 RESCUE BREATHS
Produce visible chesr rise

Begin CHEST COMPRESSIONS
Push hard, push fast (100/minute).

Depress sternum 1½ to 2 in.
Allow completed chest recoil.

Give cycle of 30 compressions and 2 breaths.
Continue until AED/defibrillator arrives.

Health care providers only:
Check pulse (<10 seconds)

Give 1 breath every 5 to 6
seconds

Recheck pulse frequently

Give 1 shock and resume immediate CPR
beginning with chest compressions
Recheck rhythm every 5 cycles of CPR.

Minimize interruptions in chest compressions.
Continue until advanced life support providers take

over or victim starts to move.

Resume immediate CPR

Recheck rhythm every 5 cycles of CPR.
Minimize interruptions in chest compressions.

Continue until advanced life support providers take
over or victim starts to move.

AED/defibrillator arrives
Apply and check rhythm

If unresponsive, maintain high suspicion of SCA

Apply AED and turn on for rhythm analysis as soon as possible
in any collapsed and unresponsive athlete.

Normal breathing NOT detected, assume SCA

Definitive
pulse No pulse

Shock advised No shock advised

Minimize interruptions in chest compressions.

Fig. 21.1 Management of sudden cardiac arrest. (Reproduced with permission from Elsevier [56])
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arrests in the general population [49–51]. Athletes with cardiac arrests occurring in 
the facilities of schools with athletic programs that adopted on- site AED programs 
had far better outcomes, with a 64% survival rate to hospital discharge [52].

The Inter-Association Task Force sponsored by the National Athletic Trainers’ 
Association and the AHA and ACC have recommended that coaches and athletic 
trainers receive training to recognize cardiac arrests, initiate CPR, and apply and use 
AEDs, while schools and other hosts of athletic competitions or training should 
have emergency action plans (EAPs) inclusive of BLS, AED availability and use, 
and EMS activation. While the use of AEDs has shown mixed results for young 
athletes [53–55], early defibrillation is critically important in aborting cardiac arrest 
physiology, and for this reason, it is recommended that athletic programs design 
EAPs that would allow for an AED shock to be delivered within 3–5 min from the 
time of an athlete’s initial collapse [56–58]. The Inter-Association Task Force rec-
ommends specific features of EAPs. These include the following:

 1. Establishing communication systems (such as with cellular telephones or other 
readily usable technology)

 2. Training of individuals who are likely to become first responders, such as train-
ers and coaches, in CPR and AED use

 3. Acquiring necessary resuscitation equipment, including the AED
 4. Planning and practicing the emergency response and coordination with EMS to 

ensure that time from collapse to EMS contact and CPR initiation is less than 
1 min and time to external defibrillation is less than 3–5 min [56, 57]

 Conclusion

Structural heart disease, followed closely by commotio cordis, is the leading cause 
of sports-related cardiac arrest among athletes. At the present time, there is not uni-
form agreement on the optimal strategy or tools that should be utilized to detect 
underlying cardiac conditions that pose risks for athletic individuals, and debate 
remains regarding the efficacy and impact of pre-participation athlete screening 
itself. Further refinement of data on the epidemiology of sudden cardiac death in 
athlete cohorts will influence the future role and practice of pre-participation screen-
ing. In spite of its rarity, rapid identification of cardiac arrest, implementation of 
emergency action plans and emergency response system protocols, and the use of 
automated external defibrillators are critical components of management strategies 
to improve survival and outcomes from such events.
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Chapter 22
Commotio Cordis in Athletes

Mohita Singh and Mark S. Link

 Introduction

Blunt, non-penetrating chest trauma can trigger ventricular fibrillation (VF) that is 
unassociated with structural damage to the sternum or heart itself and cause sudden 
cardiac death [1]. This condition is known as commotio cordis and it has been asso-
ciated with up to 3% of deaths in young athletes in the United States [2]. Commotio 
cordis primarily occurs in children, adolescents, and young adults and is most com-
mon during participation in sports [3].

 Epidemiology

Although described as far back as the eighteenth century [4], the first series report-
ing 25 cases of commotio cordis was published in 1995 [5]. Since then, over 200 
cases in the United States and 60 international cases of commotion cordis have been 
described [6]. Commotio cordis occurs predominantly in young people, with a typi-
cal age of 15–19 years, and almost exclusively (up to 95%) in male subjects. The 
majority of the victims are white [1]. Very few cases have been described in patients 
over the age of 20 years [7]. Although observed most commonly during baseball, 
followed by soccer, cricket, and hockey, deaths by sudden blow to the chest have 
been described during a variety of many recreational and competitive sports. About 
25% of cases have been reported to occur during routine activities unassociated 
with sports [6].

M. Singh (*) · M. S. Link 
Department of Medicine, Cardiology Division, Cardiac Electrophysiology,  
UT Southwestern Medical Center, Dallas, TX, USA
e-mail: Mohita.singh@phhs.org; mark.link@utsouthwestern.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69384-8_22&domain=pdf
https://doi.org/10.1007/978-3-030-69384-8_22#DOI
mailto:Mohita.singh@phhs.org
mailto:mark.link@utsouthwestern.edu


376

 Proposed Mechanism of Action

Insights into the proposed mechanisms of commotio cordis came from an experi-
mental swine model developed at Tufts Medical Center [8]. Investigators induced 
instantaneous ventricular fibrillation (Fig. 22.1) with low impact blows to the chest 
when the impact occurred in a narrow 20-msec window during cardiac repolariza-
tion (immediately prior to the peak of the T wave) (Fig. 22.2). When the trauma was 
delivered during ventricular depolarization (QRS complex), no ventricular fibrilla-
tion was observed, but subjects were occasionally noted to have transient complete 
heart block followed by ST-segment elevation and, in some, left bundle-branch 
block [8].

Another study with the same model noted that impacts directly over the cardiac 
silhouette were necessary to induce ventricular fibrillation [9] and impacts directly 
over the center of the heart (over the left ventricular anterolateral papillary muscle) 
were the most lethal. Furthermore, chest blows at a speed of 40 mph were most 
likely to induce VF (~ 70% of the time) versus lower or higher impact velocities. 
Blows of less than 20 mph did not produce VF, suggesting a minimal threshold of 

Fig. 22.1 Six-lead electrocardiogram showing the electrophysiologic and hemodynamic conse-
quences of an impact to the chest by an object at 30 miles per hour, timed to occur 16 msec before 
the peak of the T wave in a 9-kg pig. Ventricular fibrillation began immediately (within one cardiac 
cycle) after the chest impact, which was associated with instant loss of effective left ventricular 
(LV) pressure. (Reprinted with permission from Link et al. [8], Massachusetts Medical Society)
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25–30 mph. Paradoxically, higher impact velocities of 50–70 mph caused less VF 
than 40-mph blows and more mechanical trauma, arguing that the model at these 
velocities was not consistent with commotio cordis [10, 11]. The shape of the object 
also contributes to the likelihood of inducing VF with smaller diameter objects 
being more likely to cause ventricular fibrillation [12]. In another study, smaller 
animals (weights  <  40  kg) were more susceptible to ventricular fibrillation than 
their larger counterparts [7].

On a cellular level, it is hypothesized that the chest wall impact likely triggers 
activation of mechanosensitive KATP

+ channel during a vulnerable time window 
which in turn leads to inhomogeneous depolarization, thereby creating an arrhyth-
mogenic substrate. In the experimental model, inhibition of the KATP

+ channel led to 
a reduction in the incidence of VF and the magnitude of ST elevation [13]. There is 
marked variability in individual susceptibility to ventricular fibrillation. In a study 
of 1274 total impacts in 139 swine, 360 impacts (28%) resulted in ventricular fibril-
lation; however, in 38 animals, none of the impacts resulted in ventricular fibrilla-
tion, and only 7 swine (5%) had >80% occurrence of ventricular fibrillation with 
chest impacts [14]. This variability may be explained by individual differences in 
repolarization reserve or distribution of ion channels susceptible to wall stretch/
ventricular pressures, but definitive answers are pending.

Fig. 22.2 Incidence of ventricular fibrillation (VF) and nonsustained polymorphic ventricular 
tachycardia (NSPMVT) relative to the timing of the cardiac cycle. Impacts were at 30 and 40 mph. 
VF was observed in approximately 30% of impacts that occurred in cardiac repolarization 30 to 
10 ms before the T-wave peak. Nonsustained polymorphic ventricular tachycardia was predomi-
nantly observed during this time window but occasionally was seen with strikes during the QRS 
and ST segments. (Reprinted with permission from Link and Estes [19], Elsevier)
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 Outcome/Resuscitation

Survival rates in patients with commotio cordis initially have been reported to be 
low, although over the last decade, the survival numbers have improved from 15% 
in the 1990s to up to 35% in the 2000s (Fig. 22.3) [1, 3]. Early resuscitation with 
chest compressions and defibrillators within 3 minutes of the event has been associ-
ated with a statistically significant increase in survival (25% versus 3%, P = 0.007) 
[15]. Standard, commercially available chest barriers have not been associated 
within an improvement in survival [16, 17].

 Prevention of Commotio Cordis

Commotio cordis can be prevented to some degree with the following strategies. 
More pliable and elastic T-balls, known as safety balls, are associated with a lower 
risk of ventricular fibrillation compared to regulation baseballs in the swine model 
[7% versus 35% at 30 mph (P < 0.0001) and 11% versus 69% at 40 mph (P < 0.01)] 
(Fig.  22.4) [8]. Standard, commercially available chest barriers have not been 

Fig. 22.3 Commotio cordis-related survival and mortality over time in the US Commotio Cordis 
Registry. (Reprinted with permission from Maron et al. [3], Elsevier)
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associated with a decrease in commotio cordis [16, 17]. Experimental models dem-
onstrate that thicker chest protectors composed of less compressible and denser 
materials are able to provide increased protection against development of ventricu-
lar fibrillation than some of the commercially available chest protectors [18]. A 
mechanical surrogate composed of a chest model and sensors (similar to the 3-rib 
dummy model used for testing in automobile accidents) is now available to access 
the ability of chest wall protectors to lower the risk of commotio cordis (https://
nocsae.org/wp- content/uploads/2018/05/1521576393ND20018CommotioCordisTe
stMethod.pdf).

 Conclusion

Commotio cordis is a rare but tragic event that typically occurs in adolescent boys 
when they are struck in the chest. An experimental model has provided us with 
increased understanding of the factors required to induce ventricular fibrillation and 
the cellular mechanisms behind sudden cardiac death in commotion cordis 
(Fig.  22.5). Timely cardiac resuscitation remains the cornerstone of therapy. 
Improved recognition of the disease appears to have aided in the survival rate, but 
mortality associated with commotion cordis remains unacceptably high in other-
wise young healthy adolescents.

Fig. 22.4 Incidence of ventricular fibrillation (VF) in % with chest wall impacts to 8- to 12-kg 
swine by baseballs differing in hardness. RIF 1 are safety T-balls meant for use by youth under age 
7. RIF 5 is a slightly harder ball mean for use by youth 8–10 years old and RIF 10 is even harder, 
but not as hard as a standard baseball, mean for use in youth 11–13 years old. (Reprinted with 
permission from Link et al. [20], American Academy of Pediatrics)
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Chapter 23
The Impact of COVID-19 on Sports 
Cardiology

Bradley Lander, David J. Engel, and Dermot M. Phelan

 Background

The coronavirus disease-19 (COVID-19) is caused by the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) and spread predominantly by respiratory 
droplets. COVID-19 garnered international attention as it rapidly developed into a 
global pandemic in early 2020 and its dramatic morbidity and mortality necessitated 
the implementation of public health measures designed to limit close contact and 
large public gatherings. To achieve that goal, organized sports from the recreational 
level to the Olympic Games were postponed, altered, or canceled altogether. As we 
gradually make progress in the fight against COVID-19 and our society focuses on 
the means to restore and restart all facets of normal life, including the resumption of 
organized athletics, sport and health organizations continue to face significant chal-
lenges designing and implementing safe return-to-play (RTP) strategies.
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 Cardiac Considerations

Early data from critically ill and hospitalized COVID-19 patients demonstrate the 
common association between COVID-19 and myocardial injury, defined as a car-
diac troponin level greater than the 99th percentile upper reference limit [1–4]. 
Several mechanisms of myocardial injury have been proposed and include direct 
viral myocardial injury, microvascular injury, cytokine and stress mediated cardio-
myopathies, acute coronary syndromes, pulmonary emboli, and systemic hyperin-
flammatory responses [5, 6] (Fig. 23.1). SARS-CoV-2 is thought to enter the body 
through the angiotensin-converting enzyme 2 (ACE2) receptor, a receptor present in 
the lungs, myocardium, and on vascular endothelial cells [5, 7]. As such, direct viral 
myocardial injury is a potential mechanism for myocarditis and has been supported 
by autopsy data demonstrating viral presence, progeny, and shedding in cardiac tis-
sue [6]. Other theoretical mechanisms of direct viral injury include infection- 
mediated vasculitis, as the ACE2 receptor is expressed in arterial and venous 
endothelial cells, or an indirect immunological response and resultant hypersensi-
tivity reaction [5, 8]. Microvascular injury is also a proposed mechanism for 

Fig. 23.1 Potential mechanisms of myocardial injury in COVID-19. (Reprinted with permission 
from Atri et al. [5] (Elsevier))
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myocardial injury given the significant proportion of patients with severe COVID-19 
meeting criteria for disseminated intravascular coagulation (DIC) [9]. Immune acti-
vation as a result of severe COVID-19 is thought to trigger DIC, microvascular 
dysfunction, and subsequent myocardial injury [5].

COVID-19 myocarditis has emerged as a critical issue in the discussions regard-
ing RTP strategies for athletes [3, 10, 11]. Because myocarditis is a prominent etiol-
ogy of sudden cardiac death (SCD) among athletes, accounting for approximately 
4–7.5% of SCD in athletes [12], current guidelines addressing myocarditis recom-
mend against competition or strenuous training for 3–6 months after diagnosis [12–
16]. Recent studies of cardiac magnetic resonance imaging (CMR) in patients 
recovering from COVID-19 have demonstrated findings suggestive of residual 
myocardial inflammation, and as such, highlighted concerns about COVID-19- 
related myocarditis [17, 18]. Additionally, after several media reports of athletes 
diagnosed with presumed COVID-19 myocarditis, widely publicized discussions 
arose regarding the feasibility of continuing or resuming athletic training and com-
petition in the midst of the pandemic [19].

While inflammatory heart disease, including pericarditis and myocarditis, poses 
an enhanced risk to athletes on resumption of training and competition, the true 
incidence and prevalence of COVID-19-related subclinical inflammatory heart dis-
ease, particularly among athletes who were asymptomatic or mildly symptomatic, 
remain unknown and existing data are limited to small observational case series [18, 
20–22]. Current studies evaluating the incidence of myocardial injury in asymptom-
atic or mildly symptomatic athletes provide highly variable findings [18, 21, 22, 
23]. Adding to the diagnostic difficulty in detecting potential subclinical COVID-19 
cardiac injury in athletes is the fact that certain abnormalities described in associa-
tion with myocarditis, such as troponin elevation, ECG abnormalities and imaging 
findings including increased left ventricular (LV) wall thickness, increased chamber 
size, and mild reduction in ventricular ejection fraction, can be seen as attributes of 
the athlete’s heart [24–26].

Recognizing these challenges, the American College of Cardiology Sports and 
Exercise Cardiology Council, and other organizations, generated RTP recommen-
dations for athletes recovering from COVID-19 [10, 20, 27–31]. While many ath-
letes will be asymptomatic or minimally symptomatic, some may have experienced 
more pronounced viral symptoms such as prolonged fever with myalgias, chest 
pain, reduced exercise tolerance, or shortness of breath. Ascertained symptom bur-
den should guide the next steps in the evaluation of the athlete, with an assumption 
of a correlation of potential risk of cardiac sequelae of COVID-19 with the severity 
of initial COVID-19 viral illness [31]. Although there has been some variation 
between published RTP cardiovascular screening recommendations, a conservative 
approach consisting of the combination of an electrocardiogram (ECG), transtho-
racic echocardiogram (TTE), and cardiac biomarker evaluation (troponin evalua-
tion) was initially put forth by the ACC Sports and Exercise Cardiology Council in 
May 2020 for all athletes with prior mild to severe COVID-19 viral illness [10, 20, 
27–29, 31, 32]. RTP without additional cardiovascular risk stratification was deemed 
reasonable in asymptomatic athletes who test positive for COVID-19, as long as 
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clinical observation is available and there is stepwise and pragmatic training inten-
sification [31].

The decision to pursue additional downstream testing, including CMR, should 
be based on concerns raised on the initial screening exams. The widespread use of 
advanced imaging methods, such as CMR, as part of the initial pre-participation 
screening process of athletes has not been recommended. There remain valid con-
cerns that increased testing will lead to increased sensitivity, but will invariably 
decrease specificity for detecting clinically relevant cardiac pathology, especially 
given the challenges in distinguishing potential COVID-19 cardiac pathology from 
adaptive remodeling in athletes [31]. The initial RTP recommendations were put 
forth with the understanding that the screening approach will evolve as more data 
on the prevalence of COVID-19 cardiac involvement and the diagnostic perfor-
mance of screening measures become available.

 Practical Use of Cardiac Testing for COVID-19 Myocarditis

In the assessment for potential COVID-19 cardiac pathology, it is important to 
understand the strengths and limitations of the cardiac tests currently recommended 
in RTP cardiac screening algorithms. Appropriate use and interpretation of the 
results will help enhance detection of disease and athlete protection while minimiz-
ing false-positive results that could adversely affect athletes by causing unnecessary 
delays in RTP or disqualification. The four tests that have been addressed in the 
most detail in the evaluation of athletes in the RTP screening algorithm include 
cardiac biomarkers (troponin), ECG, echocardiography, and CMR.

 Troponin

Several COVID-19 RTP documents have recommended measuring high-sensitivity 
cardiac troponin (hs-cTn) levels to assess for the biochemical presence of myocar-
dial injury and diagnose subclinical myocarditis [20, 27, 31, 32]. However, strenu-
ous exercise may also cause an elevation in troponin that peaks and returns to 
baseline approximately 24–48 hours after exercise [26, 31, 33, 34]. As such, hs-cTn 
testing should not be done within this timeframe and testing should be repeated fol-
lowing an isolated abnormal result [10]. Persistently elevated troponin levels should 
prompt characterization of the myocardium with echocardiography and CMR [10]. 
It is important to note that the data linking elevated hs-cTn to worse outcomes in 
COVID-19 was derived from hospitalized patients. The full implications of elevated 
hs-cTn among younger, asymptomatic, or mildly symptomatic athletes is currently 
not known [10, 35]. Because there are no established reference ranges for hs-cTn in 
athletes, results need to be incorporated with other clinical data obtained in the 
screening process to properly interpret and act on the result.
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 Electrocardiography

The 12-lead ECG is simple, inexpensive, and useful in detecting conditions associ-
ated with SCD. While myocarditis, or myopericarditis, may manifest on an ECG in 
the form of premature ventricular contractions, arrhythmias, ST and T wave abnor-
malities, pseudoinfarction pattern (Q waves and ST elevation), bundle branch and 
atrioventricular (AV) blocks, the sensitivity of the ECG for detecting myopericardi-
tis remains less than 50% [31, 36]. Moreover, many of the physiological, adaptive 
electrical changes commonly seen on athletes’ ECGs, such as repolarization abnor-
malities and tall T waves, could be misinterpreted as myopericarditis [31] (Fig. 23.2). 
The specificity of ECG changes for diagnosing myocarditis is expected to be low 
but comparison with previous ECGs is of paramount importance [31].

 Echocardiography

Given their relative accessibility compared with other forms of advanced cardiac 
imaging, and excellent diagnostic capabilities, echocardiograms have been recom-
mended as first-line imaging exams in several RTP strategies for symptomatic 
COVID-19-positive athletes [27–29, 31, 32]. The presence of left or right ventricu-
lar systolic or diastolic dysfunction, or more than a trivial pericardial effusion, are 
important findings on echocardiography, especially if the findings are new in com-
parison with available prior studies. These abnormalities should prompt consider-
ation of additional imaging to exclude COVID-19-related inflammatory heart 
disease. Occasionally, elite endurance athletes may demonstrate a low normal to 
mildly reduced resting left and right ventricular systolic function [37–39]. In this 

a b

Fig. 23.2 Challenges with ECG screening in athletes post COVID-19. ECGs performed on two 
athletes highlighting challenges with differentiating normal changes associated with athletic train-
ing and pathology. Panel A is a normal healthy endurance athlete’s ECG showing diffuse ST seg-
ment elevation due to early repolarization (arrows). Panel B is an ECG from a 23-year-old soccer 
player presenting with positional pleuritic chest pain, elevated high-sensitivity troponin (> 
5000 ng/l) with confirmed myopericarditis on MRI; the ECG also shows diffuse ST segment eleva-
tion (blue arrows) but also subtle PR depression (red arrows). (Reprinted with permission from 
Phelan et al. [11], Elsevier)
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instance, stress echocardiography demonstrating normal augmentation of left ven-
tricular wall segments and normal exercise hemodynamics is a useful tool to help 
distinguish features of the athlete’s heart from potential cardiac pathology. However, 
in the context of concern for COVID-19 myocarditis, this should only be under-
taken after a CMR has ruled out active myocardial inflammation. Implementation of 
echocardiography may be limited by cost and access in areas of high disease preva-
lence [31].

 Cardiac Magnetic Resonance Imaging

The important diagnostic role of CMR for the detection myocarditis and pericarditis 
in patients with high clinical suspicion is well established. CMR should only be 
performed during the acute illness if needed for immediate patient management 
decisions, otherwise, it should be performed >10 days after initial diagnosis in order 
to limit exposure to hospital and MRI staff [31, 40]. Some small CMR-specific stud-
ies demonstrated a significant prevalence of cardiac involvement in patients who 
recovered from COVID-19. In a cohort of 26 patients in Wuhan, China, recovering 
from moderate to severe COVID-19 pneumonia, 31% had late gadolinium enhance-
ment (LGE), and there were additional markers of myocardial inflammation in a 
high prevalence of patients including increased global native T1, T2, and extracel-
lular volume [41]. Puntmann et  al. studied a German cohort of 100 middle-age 
patients recovering from COVID-19 illness and reported that 78% of this cohort had 
evidence of myocardial injury on CMR (median 71  days post-diagnosis) [17]. 
Importantly, the cohort had a mean (SD) age of 49 (14) years and a clinically signifi-
cant burden of preexisting conditions (hypertension 22%; diabetes 18%; intrinsic 
lung disease 21%), and 36% had ongoing symptoms at the time of CMR. It is evi-
dent that this cohort may not be generalizable to younger, healthier athletes. Notably, 
a revised manuscript was ultimately published because of inaccurate data analysis 
and inconsistencies within the data.

Athlete-specific CMR studies have reported highly variable rates of cardiac 
abnormalities in athletes who recovered from COVID-19. In one single-center study 
of 26 athletes (mean age 19) with prior asymptomatic or mildly symptomatic 
COVID-19 illness, and with normal ECG, hs-cTn, and echocardiogram, CMR dem-
onstrated that 46% of these athletes had LGE and 15% had CMR findings sugges-
tive of myocarditis [18]. Another observational case series of 46 collegiate athletes 
(mean age 19) who recovered from COVID-19 and underwent a screening CMR 
demonstrated 41% of athletes had pericardial hyperenhancement, suggesting peri-
carditis. Only 1 athlete had myocardial LGE and no athletes had abnormal native T2 
values [22]. In contrast to these studies, a third CMR study evaluating 12 Hungarian 
athletes recovering from COVID-19 (median age 23) showed no evidence of myo-
cardial or injury [21], and a CMR-based study of 145 collegiate athletes recovered 
from COVID-19 showed that the prevalence of detected myocarditis was 1.4% [43]. 
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Given the variability associated with the results of these three small-cohort studies, 
it is clear that large, multicenter, controlled, and blinded CMR studies are needed.

At present, there are insufficient data to recommend CMR for all athletes with 
confirmed or suspected COVID-19 or for those without clinical suspicion for myo-
carditis [10]. As learned during the introduction of ECG screening for athletes, 
widespread CMR-based screening without standardized measurements and norma-
tive data may lead to high false-positive rates, unnecessary subsequent testing, and 
needless medical disqualifications [10, 42].

 Clinical Experience

Clinical experience gained in 2020 through widespread performance of COVID-19 
RTP cardiac testing and gradual return of organized sports has fortunately yielded 
very few cases of relevant cardiac pathology in young athletes thus far. The major 
US professional sporting leagues were among the first sporting organizations to 
return to full-scale sport activity in the setting of the COVID-19 pandemic, with 
provision of extensive health and safety measures as recommended by public health, 
infectious disease, and cardiac consultants. A program for pre-participation RTP 
cardiac testing, in alignment with the initial May 2020 ACC recommendations, was 
implemented by each of these leagues for all athletes that tested positive for 
COVID-19. A study of the collective results of the systematic cardiac RTP 
COVID-19 screening program utilized by these professional leagues demonstrated 
that the prevalence of clincally detectable inflammatory heart disease in profes-
sional athletes who underwent RTP cardiac screening was 0.6% [43]. Safe return to 
professional sporting activity has been achieved thus far with no cardiovascular 
events occurring within these professional leagues during and on completion of 
competitive play in 2020. The implementation of RTP cardiac screening by the 
professional leagues has provided a large-scale practical paradigm demonstrating 
the clinical efficacy of the ACC expert consensus-generated screening recommen-
dations in achieving safe return to intensive sport activity. In parallel to the experi-
ence with professional athletes, a registry of National Collegiate Athletic Association 
(NCAA) athletes is planned to assess the impact of COVID-19 on cardiovascular 
pathology and the risk of myocardial injury for collegiate athletes afflicted with 
COVID-19.

 Updated Expert Consensus Recommendations

Based on the data and clinical experience generated after publication and practice of 
the initial RTP screening algorithm, members of the American College of 
Cardiology’s Sports and Exercise Cardiology Council published updated RTP 
screening recommendations in October 2020. These recommendations do not 
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advocate for cardiovascular (CV) risk stratification among athletes with prior 
asymptomatic or mild COVID-19 viral illness (defined as nonspecific and self-lim-
ited fatigue, anosmia or ageusia, nausea, vomiting, diarrhea, headache, cough, sore 
throat, and nasopharyngeal congestion), who remain asymptomatic after comple-
tion of appropriate self-isolation [10].

For high school athletes younger than 15  years recovering from moderate to 
severe COVID-19 illness (defined as persistent fever [temperature 100.4  °F] or 
chills, myalgias, severe lethargy, and hypoxia or pneumonia and/or CV symptoms 
such as dyspnea and chest pain, tightness, or pressure at rest or during exertion), 
evaluation by a pediatrician or pediatric cardiologist has been recommended to 
determine the need for further CV risk stratification [10]. For high school athletes 
older than 15 years following asymptomatic to mildly symptomatic COVID-19 ill-
ness, the updated ACC recommendations do not advocate for CV risk stratification. 
However, for high school athletes who had systemic or CV specific symptoms, a 
similar approach to symptomatic older athletes is recommended [10].

For masters-level athletes, routine RTP CV assessment is not recommended con-
sidering the logistics required for widespread screening and the low risk of clini-
cally significant cardiac injury after mild infection. However, risk stratification may 
benefit master’s athletes older than 65 years, particularly individuals with preexist-
ing CV disease and those with moderate to severe prior COVID-19 infection 
(Fig. 23.3).

Fig. 23.3 American College of Cardiology October 2020 COVID-19 Return-to-Play Algorithm 
for recreational masters athletes. (Reprinted with permission from Kim et  al. [10], American 
Medical Association)
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In line with the Centers for Disease Control and Prevention (CDC) recommenda-
tion to reduce self-isolation from 14 to 10 days from the time of documented infec-
tion, the updated RTP algorithm reduced the time period recommended for complete 
exercise abstinence from 14 days to 10 days from the date of the positive test result 
for asymptomatic COVID-19 infection [10]. A graded resumption of exercise 
remains recommended after this 10 day period. Furthermore, given the available 
data suggesting that RTP CV risk stratification appears to be low yield in competi-
tive athletes with mild, self-limited disease, competitive athletes with mild 
COVID-19 illness may resume training in a graded fashion without pre- participation 
RTP testing after 10 days of symptom resolution. However, CV risk stratification is 
appropriate for competitive athletes with prior moderate or severe COVID-19 ill-
ness [10] (Fig. 23.4).

 Conclusions

The sporting world has been heavily impacted by the COVID-19 pandemic. 
Concerns of potential COVID-19 cardiac pathology have driven the formation of 
expert consensus RTP algorithms designed to protect the athletic heart. While early 
experience suggests that implementation of targeted cardiac screening can promote 

Fig. 23.4 American College of Cardiology October 2020 COVID-19 Return-to-Play Algorithm 
for adult athletes in competitive sports. (Reprinted with permission from Kim et al. [10], American 
Medical Association)
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safe return to sport, the collection of large-scale and prospective clinical and imag-
ing data is essential to enhance our understanding of the short- and long-term car-
diac sequelae of COVID-19, and to provide data-driven approaches to the counseling 
and screening of competitive athletes and highly active people. The inclusion of 
sports cardiologists with expertise in the performance and interpretation of athlete 
cardiac testing will remain essential in the COVID-19 RTP process to optimize and 
streamline downstream testing and to minimize the potential for unnecessary dis-
qualification or delays in return to play.
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