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Outline

What is Sports Cardiology?
Core Competencies
•  Pre-Participation Screening
•  Athlete’s Heart vs Pathology
•  Return to Play
Masters Athlete
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What is Sports Cardiology?
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What is Sports Cardiology?

Cardiovascular Care for 
Competitive Athletes and Highly Active Patients

4



9/27/23

3

Spectrum of Sports Cardiology Patients
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Competitive Athletes & Highly Active Patients 

Common Features:
• Competitive Mindset: “Type A”
• Exercise = Identity, Community
• Technology Avid
• Multiple Stakeholders
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Core Competencies

Pre-Participation Screening

Athlete’s Heart vs Pathology 

Return to Play / 
Return to Exercise

Pre-Participation Screening

7

Case 1: The Ultra Workup

Heart Rate: 30 bpm

32 yo M 
Caucasian 

Ultra-Marathon Runner
Asymptomatic

Next Step?
A. Check Serum Troponin
B. Order Echocardiogram
C. Refer for Pacemaker Implantation
D. Reassurance
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Pre-Participation Screening: Why?

Sudden Cardiac Death (SCD) in Young Athletes

Incidence:
  ~1/46,000 to ~1/917,000 athlete-years (AY)

Subgroups:
  UK Adolescent Soccer Players: ~1/15,000 AY
  Male African-American                                                                  

Collegiate Basketball Players: ~1/2,000 AY

Reggie Lewis, Boston Celtics
SCD on July 27, 1993

1:500 players will have SCD 
over 4-yr college career

Malhotra et al, NEJM 2018; Peterson et al, BJSM 2020
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Pre-Participation Screening: Why?

January 3, 2023
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Pre-Participation Screening: Why?

Corrado et al, JAMA 2006

Veneto Region, Italy

Implemented Pre-Participation 
Screening in 1982

(with ECG)

years). In 50 cases (91%), sudden death
occurred during sports activity (44 cases)
or immediately afterward (6 cases).

Number and rates of sudden cardio-
vascular death in young competitive
athletes decreased during the 26-year
period (FIGURE). The annual rate of
death was 3.6 per 100 000 person-

years in 1979-1980 (8 sudden deaths)
and 4.0 per 100 000 person-years in
1981-1982 (9 sudden deaths). Subse-
quently, the annual rate of death
steadily decreased over time and in the
2001-2004 period, it was 0.43 per
100 000 person-years (1 sudden death
each period), which is approximately

a tenth of that recorded 2 decades be-
fore (P for trend! .001).

The overall changes in total inci-
dence rates of sudden cardiovascular
death in athletes in relation to the 3
screening periods are shown in TABLE 1.
The decrease of sudden cardiovascu-
lar deaths in the athletic population
started after the introduction of prepar-
ticipation screening and persisted to the
late screening period. During the pre-
screening period, there were 14 deaths
(13 males and 1 female; mean [SD] age,
22.9 [6] years), 12 of which were
sports-related; during the early screen-
ing period, there were 29 deaths (26
males and 3 females; mean [SD] age,
23.7 [5] years), 27 of which were
sports-related; and during the late
screening period, 12 deaths (11 males
and 1 female; mean [SD] age, 23.5 [6]
years), 11 of which were sports-related.

The average incidence of sudden car-
diovascular death in young competitive
athletes in the prescreening period was
4.19 (95% CI, 1.78-7.59) per 100 000
person-years. The average incidence de-
creased to 2.35 (95% CI, 1.94-2.75) per

Figure. Annual Incidence Rates of Sudden Cardiovascular Death in Screened Competitive
Athletes and Unscreened Nonathletes Aged 12 to 35 Years in the Veneto Region of Italy
(1979-2004)
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During the study period, the annual incidence of sudden cardiovascular death decreased by 89% in screened
athletes (P for trend!.001). In contrast, the incidence rate of sudden cardiovascular death did not demon-
strate consistent changes over time in unscreened nonathletes.

Table 1. Number and Annual Incidence Rates of Total and Cause-Specific Sudden Cardiovascular Death in Screened Athletes and Unscreened
Nonathletes in Relation to 3 Screening Periods*

Periods

P for
Trend

RR
(95% CI)†

Prescreening
(1979-1981)

Early Screening
(1982-1992)

Late Screening
(1993-2004)

No. of
Events

Incidence Rate
(95% CI)

No. of
Events

Incidence Rate
(95% CI)

No. of
Events

Incidence Rate
(95% CI)

Total sudden deaths in athletes 14 4.19 (1.78-7.59) 29 2.35 (1.94-2.75) 12 0.87 (0.46-1.28) .001 0.21 (0.09-0.48)
Cardiomyopathies 5 1.50 (0.21-2.78) 7 0.57 (0.26-0.87) 2 0.15 (0-0.36) .002 0.10 (0.01-0.59)
Coronary artery disease 3 0.90 (0-3.12) 5 0.41 (0.09-0.72) 3 0.22 (0-0.47) .08 0.24 (0.03-1.81)
Cardiac conduction disease 1 0.30 (0-1.56) 2 0.16 (0-0.40) 1 0.07 (0-0.23) .29 0.24 (0.01-19.02)
Myocarditis 1 0.30 (0-1.56) 4 0.32 (0.02-0.63) 2 0.15 (0-0.36) .40 0.48 (0.02-28.61)
Congenital coronary anomalies 1 0.30 (0-1.56) 4 0.32 (0.02-0.63) 2 0.15 (0-0.36) .40 0.48 (0.02-28.61)
Mitral valve prolapse 1 0.30 (0-1.56) 4 0.32 (0.02-0.63) 1 0.07 (0-0.23) .19 0.24 (0.01-19.02)
Other‡ 2 0.60 (0-1.87) 3 0.24 (0-0.52) 1 0.07 (0-0.23) .06 0.12 (0.01-2.33)

Total sudden death in nonathletes 29 0.77 (0.26-1.26) 110 0.79 (0.69-0.88) 126 0.81 (0.68-0.94) .80 1.05 (0.69-1.64)
Cardiomyopathies 8 0.21 (0.10-0.33) 35 0.25 (0.17-0.33) 40 0.26 (0.19-0.33) .76 1.21 (0.56-2.99)
Coronary artery disease 7 0.19 (0.07-0.30) 23 0.17 (0.12-0.22) 25 0.16 (0.12-0.21) .81 0.87 (0.36-2.37)
Cardiac conduction disease 3 0.08 (0-0.28) 8 0.06 (0.02-0.10) 12 0.08 (0.03-0.13) .66 0.97 (0.26-5.36)
Myocarditis 4 0.10 (0-0.34) 15 0.11 (0.06-0.16) 20 0.13 (0.08-0.18) .58 1.21 (0.41-4.88)
Congenital coronary anomalies 2 0.05 (0-0.17) 5 0.04 (0.01-0.06) 7 0.05 (0.01-0.08) .87 0.85 (0.16-8.37)
Mitral valve prolapse 2 0.05 (0-0.17) 9 0.06 (0.03-0.11) 8 0.05 (0.02-0.09) .72 0.97 (0.19-9.38)
Other‡ 3 0.08 (0-0.28) 15 0.11 (0.07-0.15) 14 0.09 (0.05-0.13) .79 1.13 (0.32-6.15)

Abbreviations: CI, confidence interval; RR, relative risk.
*Incidence rates are shown as events per year per 100 000 athletes aged 12 to 35 years. Number of events represent the actual number of events.
†Reported for the rates of sudden cardiovascular deaths during the late screening period (1993-2004) using prescreening (1979-1981) rates as the baseline.
‡Includes myocardial bridge, aortic stenosis, aortic rupture, and pulmonary thromboembolism.

PARTICIPATION SCREENING AND SUDDEN DEATH IN ATHLETES

1596 JAMA, October 4, 2006—Vol 296, No. 13 (Reprinted) ©2006 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a University of California - Los Angeles User  on 06/14/2022

Screening 
Implemented
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Pre-Participation Screening: Screening for…?

Peterson et al, BJSM 2020

4 Peterson DF, et al. Br J Sports Med 2020;0:1–9. doi:10.1136/bjsports-2020-102666

Original research

1:37 960 to 1:69 285), respectively. The incidence rate of SCA/D 
was higher in male vs female athletes at both the high school 
(1:43 932 AY (95% CI 1:38 101 to 1:50 907) vs 1:203 786 AY 
(95% CI 1:145 251 to 1:293 794); IRR 4.6 (95% CI 3.1 to 7.2)) 
and NCAA (1:34 906 AY (95% CI 1:25 385 to 1:49 173) vs 
1:123 278 AY (95% CI 1:66 078 to 1:249 853); IRR 3.5 (95% 
CI 1.5 to 9.5)) levels.

Among the sports analysed at the high school level with five 
or more cases in male athletes, ice hockey (1:23 550 AY; 95% CI 
1:12 110 to 1:50 207), basketball (1:39 811 AY; 95% CI 1:31 076 
to 1:51 761) and football (1:82 587 AY; 95% CI 1:64 189 to 
1:107 900) had the highest incidence rates of SCA/D (figure 3). 
In female high school athletes, only soccer (n=6) had greater 
than five cases with an incidence rate of 1:256 005 AY (95% CI 
1:131 641 to 1:545 783).

The incidence of SCA/D in male high school athletes was 
also analysed in states with five or more SCA/D cases (figure 4). 

Three states had an incidence less than 1:25 000 AY (range 
1:17 290–1:23 011); 10 states had an incidence between 
1:25 000 and 1:50 000 AY (range 1:25:548 – 1:47 969); and two 
states had an incidence between 1:50 000 AY and 1:100 000 AY 
(range 1:56 899–1:60 646). Incidence rates for 25 states were 
not included as each had less than five cases reported during the 
study period. In nine states, no case of SCA/D in a high school 
male athlete was reported or identified during the 4- year study 
period.

In NCAA athletes, the incidence rate appeared higher in 
African American (1:18 413 AY; 95% CI 1:11 226 to 1:31 921) 
vs Caucasian (1:38 641 AY; 95% CI 1:25 554 to 1:60 802) male 
athletes (IRR 2.1; 95% CI 0.9 to 4.6), although this difference 
was not statistically significant (figure 5). Basketball players had 
the highest incidence among both African- American (1:4810 AY; 
95% CI 1:2578 to 1:9 748) and Caucasian (1:15 098 AY; 95% CI 
1:5420 to 1:48 808) male athletes (IRR 3.1, 95% CI 0.6 to 31.0) 

Figure 1 Aetiology acquisition for cases of sudden cardiac arrest and death in competitive athletes: 1 July 2014–30 June 2018 (n=331).

Figure 2 Aetiology of sudden cardiac arrest and death (n=209).
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Causes of Sudden Cardiac Arrest/Death in Young Athletes in USA

71% etiologies associated 
with ECG abnormalities

12
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AHA/ACC 14-Point Pre-Participation Evaluation

Personal History Family History Physical Exam

Exertional CP, discomfort, tightness Premature death (<50 years old 
from heart disease) 

Heart Murmur

Exertional syncope or near-syncope Disability from heart disease in 
close relative <50 years old

Femoral pulses 
(Aortic coarctation)

Excessive or unexplained 
fatigue/dyspnea with exercise

Specific knowledge of certain 
cardiac conditions (HCM, DCM, 
LQTS, Marfan, arrhythmias)

Physical stigmata 
of Marfan 
syndrome

Prior heart murmur Brachial BP

Elevated SBP

Prior restriction from sports participation

Prior heart testing ordered by physician

Maron et al, Circulation 2014

(+) screen = 
Further evaluation + ECG
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Cardiac Adaptation in Athletes

Ozo & Sharma, Eur Cardiol Rev 2020

EUROPEAN CARDIOLOGY REVIEW

Expert Opinion

athletes, male adolescent athletes show a greater LVWT compared to 
female athletes of similar age. However, the degree of LV cavity increase 
in adolescent athletes is smaller compared to adult athletes.19 Changes 
in LV volume are mirrored in the right ventricle.20 A very small proportion 
of athletes show an aortic root diameter >40 mm.21

Black Athletes
Electrical Adaptation
Athletes of African and Afro-Caribbean (black) origin have a higher 
prevalence of voltage criteria for left ventricular hypertrophy (LVH), 
right ventricular hypertrophy (RVH) and atrial enlargement compared to 
white athletes. Black athletes also reveal a higher prevalence of 
repolarisation anomalies affecting the J point, ST segments and 
T  waves.22,23 According to the 2010 ESC recommendations, black 
athletes are 2.5 times more likely to exhibit an abnormal ECG suggestive 
of pathology than white athletes (40.4% and 16.2%, respectively).24 
These data prompted researchers to refine ECG criteria for ECG 
interpretation in athletes.25,26

Early Repolarisation Pattern and  
ST-segment Morphology
Early repolarisation (ER), defined as J point elevation ≥0.1 mV in the 
inferior and/or lateral leads, is more prevalent in black athletes 
compared to non-black athletes (34% versus 28%, respectively).27 Most 
black athletes reveal the ER in the lateral lead where the accompanying 
ascending concave ST-segments (Figure 3). The J point elevation may 
be >0.2 mV. Among athletes the ER pattern is frequently associated 
with increased voltage criterion for LVH, LV mass and relative wall 
thickness (RWT).28

In 2008, Haïssaguerre et al. reported that ER in the inferolateral 
leads was associated with idiopathic VF. However, few participants 
were athletes or black.29 Noseworthy et al. investigated 879 college 
athletes and showed that among athletes of all ethnicities, the ER 
pattern was more prevalent in male black athletes and – in 
multivariate analysis – was also associated with increased QRS 
voltage and slower heart rate, both markers of intensive physical 
training.30 Athletes frequently demonstrate an upsloping or 
ascending ST-segment type that is benign.31,32 One hypothesis 
proposes that parasympathetic modulation increases regional 
electrophysiological differences and repolarisation dispersion 
leading to ST-elevation.33 However, the ER pattern in the inferior, 
associated with higher J wave amplitudes (≥0.2  mV) and 
demonstrating horizontal or down sloping ST-segment after the 
J wave are associated with an increased risk of arrhythmic death in 
athletes and the general public.29,30,34

ST elevation is more common in black athletes than white athletes.22 
Over 60% of black athletes reveal ST-segment elevation compared 
with 25% of white athletes. The ST-segments show a convex pattern in 
the anterior leads and a concave pattern in the inferior and lateral 
leads. Indeed, 40% of black athletes demonstrate convex anterior ST 
elevation in leads V1–V4.22,35 This pattern can be differentiated from 
the type 1 Brugada ECG pattern by measuring the amplitude at the 
J point (STJ) and 80 ms after (ST80). Athletes have ST-segment elevation 
after the J point whereas the ST-segment comes down after the J point 
in Brugada syndrome, therefore a STJ/ST80 ratio <1 suggests early 
repolarisation whereas a ratio >1 characterises a type one Brugada 
pattern. ST-segment depression is exceedingly rare in athletes 
irrespective of ethnicity and warrants further investigation to exclude 
structural cardiac disease.22

Anterior T Wave Inversion
Anterior T wave inversion in leads V1–V4 on 12-lead ECG is common in 
the black population, with a prevalence of 12.7% of athletes and 4.2% 
in black controls compared with 1.9% in white athletes.22 Moreover, 
black male endurance athletes have an even higher prevalence of 
anterior T wave inversion – affecting one in five athletes – and is 
predicted by maximum LVWT.22 

Anterior T wave inversion in black athletes is classically associated with 
J point elevation and convex ST elevation. T wave inversion is usually 
asymmetric with a steep downward slope, as illustrated in Figure 4. 
Detailed investigation of black athletes with anterior T wave inversion 
preceded by J point and convex ST segment elevation, including 
imaging studies, exercise stress test and prolonged ECG monitoring, 

Figure 1: Cardiac Adaptation in Athletes

AV = atrio-ventricular; LVH = left ventricular hypertrophy; RBBB = right bundle branch block; 
RVH = right ventricular hypertrophy; TWI = T-wave inversion. Source: Sharma et al. 2015.10 
Adapted with permission from Oxford University Press.

Structural changes
• Increased left ventricular
   wall thickness
• Increased left and right
   ventricle cavity
• Bi-atrial enlargement 

Functional changes
• Increased diastolic !lling
• Increased augmentation
   of stroke volume

Electrical changes
• Sinus bradycardia
• Sinus arrhythmia
• First degree AV block
• Voltage criteria LVH and RVH
• Incomplete RBBB   

Table 1: Common and Uncommon ECG Findings in Athletes

ECG Changes Related to Exercise Uncommon ECG Changes Requiring Further Investigation

• Sinus bradycardia 

• Sinus arrhythmia 

• Isolated voltage criteria for left ventricular hypertrophy 

• Incomplete right bundle branch block

• Early repolarisation

• First-degree heart block 

• Wenckebach phenomenon (second-degree heart block Mobitz type 2)

• T wave inversion 

• ST segment depression

• Pathological Q waves

• Left atrial enlargement

• Right ventricular hypertrophy

• Complete left or right bundle branch block 

• Long or short QT interval 

• Brugada-like early repolarisation 

• Ventricular arrhythmias

Source: Sharma et al. 2017  3 Reproduced with permission from Elsevier.

Article Provided By LAMC Medical Library

14



9/27/23

8

Evolution of Athlete ECG Criteria

3 of 8Malhotra A, et al. Br J Sports Med 2020;54:739–745. doi:10.1136/bjsports-2017-098528

Original research

Figure 1 Abnormal ECG rates in white and black adolescent athletes 
according to the four criteria. White athlete depicted by grey figure; 
black athlete depicted by black figure. ESC, European Society of 
Cardiology.

Figure 2 Pie charts demonstrating the distribution of abnormalities among athletes with an abnormal ECG according to the four criteria. ESC, 
European Society of Cardiology; LBBB, left bundle branch block; RBBB, right bundle branch block; RVH, right ventricular hypertrophy; WPW, Wolff–
Parkinson–White pattern. *Borderline ECG finding according to the specific guideline. **Right ventricular hypertrophy in the Seattle criteria included 
voltage criteria and right axis deviation.

Specific ECG abnormalities in relation to the four criteria
An abnormal QTc interval accounted for 26% of abnormalities 
in accordance with the ESC criteria (figure 2). The less conser-
vative QT limits in the Seattle, refined and international criteria 
reduced the prevalence of an abnormal QT interval by 89%. 
Consideration of left or right axis deviation as normal variants 
when present in isolation was responsible for the greatest reduc-
tion in abnormal ECGs between the Seattle criteria versus refined 
criteria and the Seattle criteria versus international recommen-
dations (figure 2). Abnormal TWI was more prevalent with the 
ESC recommendations (3.0%) compared with the Seattle (1.3%) 
and refined criteria (2.1%). The international criteria revealed 
the lowest prevalence of abnormal TWI (1.1%) primarily because 
the juvenile pattern of TWI in V1–V3 in subjects aged <16 years 
is considered a normal variant in asymptomatic athletes without 
a family history of cardiomyopathy or premature SCD.17

Ethnic differences in ECG patterns
Black athletes revealed a higher prevalence of abnormal TWI 
compared with white athletes with the ESC recommendations 
(11.7% vs 2.2%, p<0.0001), the Seattle criteria (2.2% vs 1.2%, 
p=0.012) and the international recommendations (2.2% vs 
0.9%, p=0.0005). The refined criteria regarded TWI beyond V1 
as abnormal in white athletes, which led to a similar prevalence 
of abnormal TWI as black athletes (2.2% vs 2.1%, p=0.8029). 
Black athletes also demonstrated a higher prevalence of voltage 
criterion for left and right atrial enlargement and RV hyper-
trophy than white athletes. In contrast, voltage criterion LV 
hypertrophy was more common in white athletes (table 1).

A juvenile ECG pattern (TWI V1–3) was present in 25 (1.8%) 
white athletes aged <16 years compared with 26 (0.3%) white 
athletes ≥16 years old (p<0.0001).

Sex differences in ECG patterns
Male athletes demonstrated a higher prevalence of sinus brady-
cardia, sinus arrhythmia and longer PR intervals than female 
athletes (table 1). Voltage criterion LV hypertrophy was four 
times more common in male athletes compared with female 
athletes (24.8% vs 6.3%; p<0.0001). There were no sex differ-
ences in the prevalence of atrial enlargement or axis deviation. 
Female athletes demonstrated a longer QTc interval than male 
athletes. Anterior TWI was also more common in females than 
males in leads V1–V3. Lateral TWI was rare in all white adoles-
cent athletes, being present in just 0.3% males and none of the 
females.

Interobserver and intraobserver variability between ECG 
findings
A random selection of 1000 ECGs (every 10th ECG) were 
selected to assess intraobserver variation in ECG interpreta-
tion of the first author (AM). The same 1000 ECGs were read 

Article Provided By LAMC Medical Library

Criteria:

% abnormal:

Malhotra et al, BJSM 2020

False Positive: 1.5%

False Positive: 12.9%

False Positive: 4%

False Positive: 2.6%

Sensitivity for All Four Criteria:
86%
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Introduction

Cardiovascular-related sudden death is the leading cause of mortality
in athletes during sport and exercise.1–3 The majority of disorders asso-
ciated with an increased risk of sudden cardiac death (SCD) are sug-
gested or identified by abnormalities on a resting 12-lead ECG.
Whether used for the evaluation of cardiovascular-related symptoms,
a family history of inheritable cardiac disease or premature SCD, or for
screening of asymptomatic athletes, ECG interpretation is an essential
skill for all physicians involved in the cardiovascular care of athletes.

The 2015 summit on ECG interpretation
in athletes
Over the last decade, ECG interpretation standards have undergone
several modifications to improve the accuracy of detecting potentially
life threatening cardiac conditions in young athletes while also limiting
false positive results.4–15 In February 2015, an international group of
experts convened in Seattle, Washington, to update contemporary
recommendations for ECG interpretation in asymptomatic athletes
aged 12–35 years. The goals of the summit meeting were to: (i)
update ECG interpretation standards based on new and emerging
research and (ii) develop a clear guide to the appropriate evaluation
of ECG abnormalities for conditions associated with SCD in athletes.
In the presence of cardiac symptoms or a family history of inherited
cardiovascular disease or premature SCD, a normal ECG should not
preclude further assessment.

This document provides the most updated evidence-based recom-
mendations developed with thoughtful attention to balance sensitiv-
ity and specificity, while maintaining a clear and practical checklist of
findings to guide ECG interpretation for physicians and the appropri-
ate evaluation of ECG abnormalities. A summary of the consensus
recommendations is presented in Figure 1, Tables 1 and 2.

Limitations
While ECG increases the ability to detect underlying cardiovascular
conditions associated with SCD, ECG as a diagnostic tool has limitations
in both sensitivity and specificity. Specifically, ECG is unable to detect
anomalous coronary arteries, premature coronary atherosclerosis, and
aortopathies. In some instances patients with cardiomyopathies, particu-
larly arrhythmogenic right ventricular cardiomyopathy (ARVC), may
also reveal a normal ECG. Thus, an ECG will not detect all conditions
predisposing to SCD. Furthermore, inter-observer variability among
physicians remains a major concern,16–18 despite studies demonstrating
that using standardized criteria improves interpretation accuracy.19,20

Normal ECG findings in athletes

Physiological cardiac adaptations to
regular exercise
Regular and long-term participation in intensive exercise (minimum
of 4 h per week) is associated with unique electrical manifestations

Figure 1 International consensus standards for electrocardiographic interpretation in athletes. AV, atrioventriular block; LBBB, left bundle branch
block; LVH, left ventricular hypertrophy; RBBB, right bundle branch block; RVH, right ventricular hypertrophy; PVC, premature ventricular contrac-
tion; SCD, sudden cardiac death.

International recommendations for electrocardiographic interpretation 1467

D
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Sharma et al, Eur Heart J 2018

Athlete
ECG

Normal Abnormal

Improved Specificity
Retains High Sensitivity
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Case 1: The Ultra Workup

32 yo M 
Caucasian 

Ultra-Marathon Runner
Asymptomatic

Transthoracic Echocardiogram: 
- Biatrial enlargement
?  Right atrial mass

Cardiac CT with contrast:
- Unable to visualize mass, but 

suboptimal contrast bolus timing

Cardiac MRI:
- No cardiac mass identified

“Diagnostic Creep”

• Anxiety
• Resource 

Utilization
• Sports 

Restriction / 
QOL

PD Thompson, ACC.org 2019

17

Core Competencies

Pre-Participation Screening

Athlete’s Heart vs Pathology 

Return to Play / 
Return to Exercise
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Case 2: The Upper Limits 

• Height 6’11”
• No known personal or family cardiac history
• No cardiopulmonary symptoms
• TTE (team protocol):

• Aortic root 4.4cm (Z-score 3.1)
• LVEF 68%, LVEDD 6.2cm

• Aortic root size confirmed on CTA chest

25 yo M Caucasian Professional Basketball Player

OK to Play?
ACC Care of the Athletic Heart 2022

19

Imaging the Athlete’s Heart

GRAYPhysiological
Remodeling 

Pathological 
Remodeling 

20
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Cardiac Adaptation in Athletes

Ozo & Sharma, Eur Cardiol Rev 2020

EUROPEAN CARDIOLOGY REVIEW

Expert Opinion

athletes, male adolescent athletes show a greater LVWT compared to 
female athletes of similar age. However, the degree of LV cavity increase 
in adolescent athletes is smaller compared to adult athletes.19 Changes 
in LV volume are mirrored in the right ventricle.20 A very small proportion 
of athletes show an aortic root diameter >40 mm.21

Black Athletes
Electrical Adaptation
Athletes of African and Afro-Caribbean (black) origin have a higher 
prevalence of voltage criteria for left ventricular hypertrophy (LVH), 
right ventricular hypertrophy (RVH) and atrial enlargement compared to 
white athletes. Black athletes also reveal a higher prevalence of 
repolarisation anomalies affecting the J point, ST segments and 
T  waves.22,23 According to the 2010 ESC recommendations, black 
athletes are 2.5 times more likely to exhibit an abnormal ECG suggestive 
of pathology than white athletes (40.4% and 16.2%, respectively).24 
These data prompted researchers to refine ECG criteria for ECG 
interpretation in athletes.25,26

Early Repolarisation Pattern and  
ST-segment Morphology
Early repolarisation (ER), defined as J point elevation ≥0.1 mV in the 
inferior and/or lateral leads, is more prevalent in black athletes 
compared to non-black athletes (34% versus 28%, respectively).27 Most 
black athletes reveal the ER in the lateral lead where the accompanying 
ascending concave ST-segments (Figure 3). The J point elevation may 
be >0.2 mV. Among athletes the ER pattern is frequently associated 
with increased voltage criterion for LVH, LV mass and relative wall 
thickness (RWT).28

In 2008, Haïssaguerre et al. reported that ER in the inferolateral 
leads was associated with idiopathic VF. However, few participants 
were athletes or black.29 Noseworthy et al. investigated 879 college 
athletes and showed that among athletes of all ethnicities, the ER 
pattern was more prevalent in male black athletes and – in 
multivariate analysis – was also associated with increased QRS 
voltage and slower heart rate, both markers of intensive physical 
training.30 Athletes frequently demonstrate an upsloping or 
ascending ST-segment type that is benign.31,32 One hypothesis 
proposes that parasympathetic modulation increases regional 
electrophysiological differences and repolarisation dispersion 
leading to ST-elevation.33 However, the ER pattern in the inferior, 
associated with higher J wave amplitudes (≥0.2  mV) and 
demonstrating horizontal or down sloping ST-segment after the 
J wave are associated with an increased risk of arrhythmic death in 
athletes and the general public.29,30,34

ST elevation is more common in black athletes than white athletes.22 
Over 60% of black athletes reveal ST-segment elevation compared 
with 25% of white athletes. The ST-segments show a convex pattern in 
the anterior leads and a concave pattern in the inferior and lateral 
leads. Indeed, 40% of black athletes demonstrate convex anterior ST 
elevation in leads V1–V4.22,35 This pattern can be differentiated from 
the type 1 Brugada ECG pattern by measuring the amplitude at the 
J point (STJ) and 80 ms after (ST80). Athletes have ST-segment elevation 
after the J point whereas the ST-segment comes down after the J point 
in Brugada syndrome, therefore a STJ/ST80 ratio <1 suggests early 
repolarisation whereas a ratio >1 characterises a type one Brugada 
pattern. ST-segment depression is exceedingly rare in athletes 
irrespective of ethnicity and warrants further investigation to exclude 
structural cardiac disease.22

Anterior T Wave Inversion
Anterior T wave inversion in leads V1–V4 on 12-lead ECG is common in 
the black population, with a prevalence of 12.7% of athletes and 4.2% 
in black controls compared with 1.9% in white athletes.22 Moreover, 
black male endurance athletes have an even higher prevalence of 
anterior T wave inversion – affecting one in five athletes – and is 
predicted by maximum LVWT.22 

Anterior T wave inversion in black athletes is classically associated with 
J point elevation and convex ST elevation. T wave inversion is usually 
asymmetric with a steep downward slope, as illustrated in Figure 4. 
Detailed investigation of black athletes with anterior T wave inversion 
preceded by J point and convex ST segment elevation, including 
imaging studies, exercise stress test and prolonged ECG monitoring, 

Figure 1: Cardiac Adaptation in Athletes

AV = atrio-ventricular; LVH = left ventricular hypertrophy; RBBB = right bundle branch block; 
RVH = right ventricular hypertrophy; TWI = T-wave inversion. Source: Sharma et al. 2015.10 
Adapted with permission from Oxford University Press.

Structural changes
• Increased left ventricular
   wall thickness
• Increased left and right
   ventricle cavity
• Bi-atrial enlargement 

Functional changes
• Increased diastolic !lling
• Increased augmentation
   of stroke volume

Electrical changes
• Sinus bradycardia
• Sinus arrhythmia
• First degree AV block
• Voltage criteria LVH and RVH
• Incomplete RBBB   

Table 1: Common and Uncommon ECG Findings in Athletes

ECG Changes Related to Exercise Uncommon ECG Changes Requiring Further Investigation

• Sinus bradycardia 

• Sinus arrhythmia 

• Isolated voltage criteria for left ventricular hypertrophy 

• Incomplete right bundle branch block

• Early repolarisation

• First-degree heart block 

• Wenckebach phenomenon (second-degree heart block Mobitz type 2)

• T wave inversion 

• ST segment depression

• Pathological Q waves

• Left atrial enlargement

• Right ventricular hypertrophy

• Complete left or right bundle branch block 

• Long or short QT interval 

• Brugada-like early repolarisation 

• Ventricular arrhythmias

Source: Sharma et al. 2017  3 Reproduced with permission from Elsevier.
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Sports Classification SystemFIGURE 1 The Interplay Between Exercise Physiology and EICR
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with permission from Levine et al. [5]), and (B) the anticipated structural cardiac adaptations that develop as a function of these underlying
physiological stressors. *Danger of bodily collision. †Increased risk if syncope occurs. EICR ¼ exercise-induced cardiac remodeling; LV ¼ left
ventricular; LVH ¼ left ventricular hypertrophy; RV ¼ right ventricular.
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Exercise-Induced Cardiac Remodeling

FIGURE 1 The Interplay Between Exercise Physiology and EICR
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Exercise-Induced Cardiac Remodeling: Aorta?

Table 2. Distribution of Aortic Dimensionsa

Variable

Men Women

P ValueMean (SD)
95th
Percentile Mean (SD)

95th
Percentile

Raw values, mm

Aortic annulus 22.5 (2.2) 26.0 19.8 (1.6) 22.3 <.001

Sinus of Valsalva 37.8 (3.9) 44.7 33.2 (3.2) 38.7 <.001

Sinotubular junction 32.9 (3.6) 39.7 29.3 (2.5) 33.3 <.001

Ascending aorta 36.5 (3.7) 43.5 33.3 (3.3) 39.0 <.001

Abdominal aorta 20.7 (3.1) 26.0 19.5 (2.9) 24.0 <.001

Normalized by height, mm/m

Aortic annulus 12.5. (1.1) 14.4 11.9 (1.0) 13.5 <.001

Sinus of Valsalva 21.0 (2.0) 25.0 19.9 (2.0) 23.4 <.001

Sinotubular junction 18.3 (1.9) 21.5 17.6 (1.5) 20.3 .001

Ascending aorta 20.3 (1.9) 23.3 20.0 (2.1) 23.3 .11

Abdominal aorta 11.5 (1.7) 14.4 11.7 (1.7) 14.7 .40

Normalized by body surface area, mm/m2

Aortic annulus 11.4 (1.1) 13.4 11.7 (1.2) 13.9 .005

Sinus of Valsalva 19.1 (2.0) 22.8 19.6 (2.4) 24.2 .03

Sinotubular junction 16.7 (1.8) 19.6 17.4 (1.9) 21.6 .001

Ascending aorta 18.5 (1.9) 21.8 19.6 (2.5) 24.3 <.001

Abdominal aorta 10.5 (1.6) 13.1 11.4 (1.6) 14.0 <.001

a All measurements made using the
leading edge–to–leading edge
convention.

Figure 1. Distribution of Aortic Sizes by Sport and by Sex
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Distributions of aortic size at both the sinuses of Valsalva and the ascending aorta, measured leading edge–to–leading edge, are shown for men and women, with
separate distributions presented for rowers and runners. Among men, 25% (66 of 267) measured 40 mm or larger at the sinuses of Valsalva and 18% (45 of 249) in
the ascending aorta. Aortic sizes among rowers exhibited a rightward shift compared with that of runners (P < .01) in all cases except the ascending aorta in women,
where the distribution was similar.
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Association of Ascending Aortic Dilatation and Long-term Endurance
Exercise Among Older Masters-Level Athletes
Timothy W. Churchill, MD; Erich Groezinger, MS; Jonathan H. Kim, MD; Garrett Loomer, MS; J. Sawalla Guseh, MD; Meagan M. Wasfy, MD;
Eric M. Isselbacher, MD, MHCDS; Gregory D. Lewis, MD; Rory B. Weiner, MD; Christian Schmied, MD; Aaron L. Baggish, MD

IMPORTANCE Aortic dilatation is frequently encountered in clinical practice among aging
endurance athletes, but the distribution of aortic sizes in this population is unknown. It is
additionally uncertain whether this may represent aortic adaptation to long-term exercise,
similar to the well-established process of ventricular remodeling.

OBJECTIVE To assess the prevalence of aortic dilatation among long-term masters-level male
and female athletes with about 2 decades of exercise exposure.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study evaluated aortic size in
veteran endurance athletes. Masters-level rowers and runners aged 50 to 75 years were
enrolled from competitive athletic events across the United States from February to October
2018. Analysis began January 2019.

EXPOSURES Long-term endurance exercise.

MAIN OUTCOMES AND MEASURES The primary outcome was aortic size at the sinuses of
Valsalva and the ascending aorta, measured using transthoracic echocardiography in
accordance with contemporary guidelines. Aortic dimensions were compared with age, sex,
and body size–adjusted predictions from published nomograms, and z scores were calculated
where applicable.

RESULTS Among 442 athletes (mean [SD] age, 61 [6] years; 267 men [60%]; 228 rowers
[52%]; 214 runners [48%]), clinically relevant aortic dilatation, defined by a diameter at
sinuses of Valsalva or ascending aorta of 40 mm or larger, was found in 21% (n = 94) of all
participants (83 men [31%] and 11 women [6%]). When compared with published
nomograms, the distribution of measured aortic size displayed a rightward shift with a
rightward tail (all P < .001). Overall, 105 individuals (24%) had at least 1 z score of 2 or more,
indicating an aortic measurement greater than 2 SDs above the population mean. In
multivariate models adjusting for age, sex, body size, hypertension, and statin use, both elite
competitor status (rowing participation in world championships or Olympics or marathon
time under 2 hours and 45 minutes) and sport type (rowing) were independently associated
with aortic size.

CONCLUSIONS AND RELEVANCE Clinically relevant aortic dilatation is common among aging
endurance athletes, raising the possibility of vascular remodeling in response to long-term
exercise. Longitudinal follow-up is warranted to establish corollary clinical outcomes in this
population.

JAMA Cardiol. doi:10.1001/jamacardio.2020.0054
Published online February 26, 2020.
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The NBA Athlete Heart: What is Normal?
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Athletic Cardiac Remodeling in US Professional
Basketball Players
David J. Engel, MD; Allan Schwartz, MD; Shunichi Homma, MD

IMPORTANCE The incidence of sudden cardiac death is higher in US basketball players
compared with other athlete groups. However, the recognition of the risk for sudden cardiac
death among basketball players is challenging because little is known regarding athletic
cardiac remodeling in these athletes or athletes of similarly increased size.

OBJECTIVE To perform a comprehensive cardiac structural analysis of National Basketball
Association (NBA) professional athletes.

DESIGN, SETTING, AND PARTICIPANTS Echocardiographic observational study of NBA players
on the active rosters for the 2013-2014 and 2014-2015 seasons was performed from
December 16, 2013, to December 12, 2014. The policy of the NBA mandates annual preseason
stress echocardiograms for each player. The NBA has sanctioned Columbia University Medical
Center to conduct annual health and safety reviews of these echocardiograms. Data were
analyzed from January to May 2015.

MAIN OUTCOMES AND MEASURES Cardiac variables assessed included left ventricular (LV)
size, mass, wall thickness, and hypertrophy patterns and function; left atrial volume; and
aortic root diameter. All dimensions were biometrically scaled.

RESULTS Of the 526 athletes included in the study, 406 (77.2%) were African American and
107 (20.3%) were white, with a mean (SD) age of 25.7 (4.3) years. Mean (SD) athlete height
was 200.2 (8.8) cm; mean body surface area, 2.38 (0.19) m2. Left ventricular size and mass in
NBA athletes were proportional to body size, extending to the uppermost biometrics of the
cohort. Left ventricular hypertrophy was present in 144 athletes (27.4%). African American
athletes had increased LV wall thickness (unadjusted mean, 11.2 mm; 95% CI, 11.1-11.3 mm)
and LV mass (unadjusted mean, 106.3 g/m2; 95% CI, 104.6-108.0 g/m2) compared with LV
wall thickness (unadjusted mean, 10.5 mm; 95% CI, 10.3-10.7 mm; P < .001) and LV mass
(unadjusted mean, 102.2 g/m2; 95% CI, 99.0-105.4 g/m2; P = .029) in white athletes. The
maximal aortic root diameter in the cohort was 42 mm. Aortic root diameters reached a
plateau at the uppermost biometric variables. Five athletes (1.0%) had an LV ejection fraction
of less than 50%, and all ventricles augmented normally with exercise.

CONCLUSIONS AND RELEVANCE This study provides normative cardiac data for a group of
athletes with greater anthropometry than any previously studied athlete group and for a
group known to have elevated rates of sudden cardiac death. These data can be incorporated
into clinical assessments for the primary prevention of cardiac emergencies in basketball
players and the athletic community at large.

JAMA Cardiol. 2016;1(1):80-87. doi:10.1001/jamacardio.2015.0252
Published online February 24, 2016.
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athletes with smaller aortic roots. Aortic root diameter in-
dexed to the height and BSA in athletes with aortic roots of
40 mm or greater remained significantly higher in compari-
son with those of the other athletes (aortic root per unit of
height, 0.197 [95% CI, 0.195-0.200] mm/cm and 0.167 [95%
CI, 0.165-0.168] mm/cm, respectively; P < .001). Aortic root per
unit of BSA was 16.1 (95% CI, 15.6-16.6) mm/m2 for athletes
with aortic roots of 40 mm or greater vs 14.1 (95% CI, 14.0-
14.2) mm/m2 for those of other athletes (P < .001), suggesting
that body size was not the determining factor to explain the
increased aortic root diameter in these athletes with the larg-
est aortic roots. We also observed a higher proportion of mi-
tral valve prolapse in the athletes with aortic root diameters
of 40 mm or more (4 of 24 [17%]) compared with the athletes
with smaller aortic roots (20 of 502 [4.0%]).

Left Ventricular Function
The mean LVEF (measured by the biplane modified Simpson
rule, 81%; by visual estimation, 19%) was 59.6% (95% CI, 59.3%-
59.9%) for this athlete group (range, 45%-72%). We found that
5 of the 526 athletes (1.0%) had an LVEF of less than 50%. All
ventricles were observed by stress echocardiography to aug-
ment normally with exercise. Stroke volume was calculated
in 247 of 526 athletes (47.0%), and the mean stroke volume
was 111.3 (95% CI, 108.3-114.3) mL, which was increased in the
NBA cohort compared with the mean in normal male individu-
als (73 [17] mL).20 We observed that athletes with the lowest
LVEFs (<50%) did not differ compared with the other athletes
with respect to height, BSA, age, blood pressure, or heart rate.
We observed that athletes with an LVEF of less than 50% had
larger LVEDDs at 62.4 (95% CI, 59.8-65.0) mm vs 56.8 (95%
CI, 56.4-57.2) mm (P = .005) and increased LVMI at 121.0 (95%
CI, 98.7-143.3) g/m2 vs 105.2 (95% CI, 103.8-106.7) g/m2 (P = .04)
than athletes with LVEF of greater than 50%.

Left ventricular diastolic function using pulsed-wave and
tissue Doppler analysis was measured in 213 of 526 athletes
(40.5%) and was normal in all participants (E/E′, 4.8; 95% CI,
4.6-5.0). No difference in diastolic function was observed
between those athletes with increased LVM or increased LA
volume vs those athletes with normal indices.

Reproducibility
For intraobserver variability, the intraclass correlation coeffi-
cients were 0.99 for LVEDD and 0.98 for aortic root diameter.
The mean intraobserver difference was 0.6 mm for LVEDD and
0.7 mm for aortic root diameter.

Discussion
The distinction in an individual athlete between expected ath-
letic cardiac remodeling and cardiac pathologic change that pre-
disposes to SCD can be challenging, given the wide range of he-
modynamicdemandsinvolvedintrainingandcompetitionindif-
ferent sports and the varied baseline characteristics of athletes
engaged in these sports. Because much of the literature on the
structural features of the athlete’s heart is derived from European
centers where comprehensive cardiac screening of all elite ath-
letes is performed, far less has been known about cardiac struc-
ture and function in elite US athletes, for whom these mandatory
screening policies do not exist. In 2006, the NBA adopted a policy
of annual screening of athletes with stress echocardiography to
supplement the requirement that players undergo a screening
stress echocardiogram before entrance into the league. The NBA
is the only US professional sports league to develop and operate
such a cardiac program. The large contingent of NBA athletes
forming our study represent an athletic group with more ethnic
diversity and significantly greater height and BSA than any ath-
letic group that has been studied on this scale. We have included
an eTable in the Supplement for reference that contains all mea-
sured raw and indexed cardiac variables for the NBA cohort.

We found that LV cavity sizes in NBA players were larger than
in normal adults, but that LV size was proportional to body size.
This finding is comparable to those of series of other athlete
groups, including Olympic athletes followed up at the Institute
of Sports Science in Rome, Italy,24-26 smaller series of elite ath-
letes in mixed sports,2,27-29 and 1 cohort of National Football
League athletes.30 The LV cavity sizes were not as large as those
reported in professional cyclists31 in which LV dilation was more
pronounced than in any other published athlete group. The re-
sults of our study reinforce the concept that scaling LV size to

Figure 3. Aortic Root Diameters at the Sinuses of Valsalva in National Basketball Association Athletes
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Results are shown for all 526 athletes included in the study. BSA indicates body surface area (calculated as the square root of [height in centimeters × weight in
kilograms]/3600); solid lines, association of the 2 characteristics (B and C); and dotted lines, 95% CIs.
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Core Competencies

Pre-Participation Screening

Athlete’s Heart vs Pathology 

Return to Play / 
Return to Exercise
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Case 3: The Save

• No known cardiac history
• Collapses on field mid-match with cardiac arrest
• Successfully resuscitated on field
• Underwent ICD placement 

29 yo M Professional Soccer Player

OK to Return to Play?
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Euro Cup 2020

June 12, 2021

29

Return to Play

2021

Consensus statements from the American College of 
Cardiology and European Society for Cardiology1–3 

advise against sports participation more vigorous than bowl-
ing or golf for patients with implantable cardioverter-defi-
brillators (ICDs). The bases for these recommendations are 
postulated risks of failure to defibrillate, injury resulting 
from loss of control caused by arrhythmia-related syncope 
or shock, and damage to the ICD system. However, the fre-
quency with which these adverse events might occur has not 
been investigated.

Clinical Perspective on p 2030
In a 2006 retrospective survey of Heart Rhythm Society 

physician members,4 >40% reported having at least 1 ICD 
patient in their practice participating in vigorous or competitive 
sports despite existing recommendations. No serious adverse 
events related to sports participation were reported. Although 
limited by its retrospective design and possible selection and 
recall biases, these results suggested that a prospective registry 
of athletes with ICDs was feasible, ethical, and necessary.

Background—The risks of sports participation for implantable cardioverter-defibrillator (ICD) patients are unknown.
Methods and Results—Athletes with ICDs (age, 10–60 years) participating in organized (n=328) or high-risk (n=44) sports 

were recruited. Sports-related and clinical data were obtained by phone interview and medical records. Follow-up occurred 
every 6 months. ICD shock data and clinical outcomes were adjudicated by 2 electrophysiologists. Median age was 33 
years (89 subjects <20 years of age); 33% were female. Sixty were competitive athletes (varsity/junior varsity/traveling 
team). A pre-ICD history of ventricular arrhythmia was present in 42%. Running, basketball, and soccer were the most 
common sports. Over a median 31-month (interquartile range, 21–46 months) follow-up, there were no occurrences of 
either primary end point—death or resuscitated arrest or arrhythmia- or shock-related injury—during sports. There were 
49 shocks in 37 participants (10% of study population) during competition/practice, 39 shocks in 29 participants (8%) 
during other physical activity, and 33 shocks in 24 participants (6%) at rest. In 8 ventricular arrhythmia episodes (device 
defined), multiple shocks were received: 1 at rest, 4 during competition/practice, and 3 during other physical activity. 
Ultimately, the ICD terminated all episodes. Freedom from lead malfunction was 97% at 5 years (from implantation) and 
90% at 10 years.

Conclusions—Many athletes with ICDs can engage in vigorous and competitive sports without physical injury or failure 
to terminate the arrhythmia despite the occurrence of both inappropriate and appropriate shocks. These data provide a 
basis for more informed physician and patient decision making in terms of sports participation for athletes with ICDs. 
(Circulation. 2013;127:2021-2030.)

Key Words: defibrillators, implantable ◼ sports
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• N = 372 Athletes; 31 months follow-up (median)
• Ages 10-60 years old, 33% Female
• 20% Long QT, 17% HCM, 14% ARVC

• No death during/after sports participation 
or shock-related severe injury

• 121 shock episodes in 77 athletes (21%)
• 48 athletes (13%) appropriate shock,     

40 athletes (11%) inappropriate shock
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AHA/ACC SCIENTIFIC STATEMENT

Eligibility and Disqualification
Recommendations for Competitive Athletes
With Cardiovascular Abnormalities:
Task Force 9: Arrhythmias and
Conduction Defects
A Scientific Statement From the American Heart Association and American College of Cardiology

Douglas P. Zipes, MD, FAHA, MACC,
Chair*

Mark S. Link, MD, FACC*
Michael J. Ackerman, MD, PHD,
FACC*
Richard J. Kovacs, MD, FAHA, FACC*

Robert J. Myerburg, MD, FACC*
N.A. Mark Estes III, MD, FACC*

A broad range of variations in heart rates and rhythms,
specific cardiac arrhythmias, and atrioventricular (AV)
and intraventricular conduction disturbances are
observed in athletes. Although most are common
among nonathletes as well, the special circumstances
and pressures related to athletic performance demand
a high level of attention. The distinction between
normal variants, often exaggerated by the specific
physiology of the conditioned athlete, and arrhythmias

that may be symptomatic or life-threatening may be
significant challenges.

BRADYCARDIA

Sinus Bradycardia

Sinus bradycardia, defined as a sinus rate <60 beats
per minute (bpm), is common in the athlete (1).
Generally, it is attributed to enhanced vagal tone

*On behalf of the American Heart Association Electrocardiography and
Arrhythmias Committee of the Council on Clinical Cardiology, Council on
Cardiovascular Disease in the Young, Council on Cardiovascular and
Stroke Nursing, Council on Functional Genomics and Translational
Biology, and the American College of Cardiology.
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2398–405; 2406–11; 2424–8; 2429–33; 2434–8; 2439–43; 2444–6; and
2447–50).
This statement was approved by the American Heart Association
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Recommendation Strength
Class IA sports with ICD reasonable (if no 
ICD shocks x3 months)

Class Iia, Level of 
Evidence C

>Class IA sports with ICD may be 
considered (if no ICD shocks x3 months), 
with appropriate counseling

Class Iib, Level of 
Evidence C

Desire to continue competition should not be 
primary indication for ICD

Class III, Level of 
Evidence C
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February 27, 2022

March 26, 2022
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Return to Play: Special Caution

Hypertrophic 
Cardiomyopathy

Arrhythmogenic 
Cardiomyopathy

Catecholaminergic 
Polymorphic VT

Long QT
Syndrome
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Return to Play: Emerging Data

Lampert et al, JAMA Cardiology 2023

Risks of Vigorous Exercise in 
Hypertrophic Cardiomyopathy

Mean age 39 years, 60% male

         Vigorous Exercise:
Participation in 1 activity >6 METs for 
at least 60 hours / year

propriate ICD shocks, or arrhythmic syncope compared with
individuals engaging in low- to moderate-intensity physical ac-
tivity. Individuals who were participating in high-intensity
competitive sports were also not at heightened associated risk
of death. Overall absolute event rates were low, with fewer than
5% reaching the composite outcome over 3 years of follow-
up. Post hoc analysis limited to those with overt HCM showed
a similar HR; however, noninferiority was not demonstrated
based on the prespecified boundary. In neither the primary pa-
tient population nor any subgroup comparison was vigorous
or nonvigorous exercise shown to be safer (ie, superior). Most
life-threatening adverse events occurred during activities of
daily living. Among the subgroup of 42 younger, highly com-
petitive athletes with overt HCM, there was 1 adverse event
(nonfatal), which did not occur during competitive exercise.
In total, these findings do not support universal restriction of
vigorous intensity exercise in patients with HCM.

These prospective data challenge long-held beliefs that
vigorous and competitive exercise increase the likelihood of
arrhythmia for individuals with HCM,4,25 which has driven
guideline recommendations for 4 decades. These conservative
recommendations were based on early observational series
showing that HCM was a common cause of SCD among athletes
and that most events occurred during exercise.3 Subsequent
studies26-28 of SCD in athletes have suggested that HCM is ac-
countable for a smaller proportion of events and that few epi-
sodes of SCD occur during exercise. Recent series of athletes with
HCM who continue to participate in sports have shown no ad-
verse events,29-31 with the exception of 1 report including 2 ath-
letes with HCM who died during high-intensity exercise after
returning to play.32 In a prior study33,34 of athletes with ICDs,
including 77 with HCM, the athletes were equally likely to ex-
perience ventricular arrhythmias during non–sports-associated
activity as during a sports-associated activity. A retrospective
cross-sectional study35 of individuals with HCM did not show
increased ventricular arrhythmias in those with higher cumu-
lative hours of exercise. These studies have been limited, how-
ever, by small sample size, older patient populations, their ret-
rospective nature, and/or lack of a control group of less-active
individuals.

The safety of highly competitive athletics, such as varsity
high school and college competition for individuals with HCM,
has been debated.36 In this study, the 42 high school and var-
sity college athletes with overt HCM had a lower rate of ad-
verse events than individuals of a similar age in the moderate/
sedentary groups. This age group is too small for meaningful
statistical analysis with or without controlling for potential con-
founding differences. However, it is reassuring that the over-
all event rate was low and that the single event was nonfatal
and did not occur during competition. Despite these limita-
tions, these data will inform shared decision-making as en-
dorsed by recent guidelines.7 Ongoing and future studies of
highly competitive athletes will also be informative in guid-
ing these decisions.

In the general population, exercise can increase the im-
mediate risk of SCD, even in habitual exercisers, yet habitual
exercise lowers the lifetime risk of SCD and mortality com-
pared with those who do not exercise regularly; this is termed

the paradox of exercise.37 This is consistent with the role of the
autonomic nervous system in arrhythmogenesis. Catechol-
amines are arrhythmogenic, whereas vagal tone, which in-
creases with regular exercise, is protective against ventricu-
lar arrhythmia.38 In the current study, 3 individuals had SCA
during vigorous exercise. However, SCA and SCD occurred
predominantly at other times, regardless of engagement in vig-
orous exercise. One national claims database analysis sug-
gested an association of vigorous exercise with lower mortal-
ity in an older population of individuals with HCM, although
detailed exercise and clinical data were not available.39 The cur-
rent study did not show graded improvement in mortality with
increasing exercise as shown in the general population. How-
ever, there was no increase in mortality or total arrhythmic end
points seen, and the relatively young age and short time frame
may not have allowed for demonstration of the longer-term
benefits of exercise.

Whether there is an optimal duration, frequency, and/or in-
tensity of exercise for individuals with HCM cannot be deter-
mined from these data, as the purpose of the study was to pro-
vide information on risk for those wishing to exercise, and the
study was not powered to show superiority in any exercise clas-
sification group. In the general population, most studies show
a graded benefit with increasing intensity of exercise,40,41 al-
though some show a J-shaped curve with higher mortality at
highest levels of intensity.42 More than one-third of partici-
pants were instructed by physicians to perform no exercise at
all or only light-intensity activities. These data do not support
this overly conservative approach. However, future studies will
be needed to determine what exercise volume and intensity will
be most beneficial for patients with HCM.

The rationale for including the genotype-positive/
phenotype-negative groups in the prespecified primary analy-
sis group was lingering uncertainty about risk in these indi-
viduals, which our data suggest significantly impacts patient

Figure 1. Kaplan-Meier Survival Curve for Freedom From Composite
End Point (Death, Cardiac Arrest, Appropriate Implantable Cardioverter
Defibrillator Shock, or Arrhythmic Syncope) by Exercise Group
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Return to Play: Emerging Data

CENTRAL ILLUSTRATION Return-to-Play Among Elite Athletes With Genetic CVD

Martinez KA, et al. J Am Coll Cardiol. 2023;82(8):661–670.

A multicenter, retrospective review of 76 athletes (National Collegiate Athletic Association [NCAA] Division I/professional level) with a
genetic heart disease (GHD) (53% hypertrophic cardiomyopathy [HCM], 26% long QT syndrome [LQTS]) and cleared for return-to-play
(RTP) (28% women, mean age 19.9 ! 5 years). Most were asymptomatic (48 of 76, 63%) with their GHD detected during routine
preparticipation screening. 55 of 76 athletes (72%) were initially disqualified. Most athletes (55 of 76, 72%) were initially disqualified from
sport but subsequently opted for unrestricted RTP after comprehensive clinical evaluation and shared decision making (SDM). There were
only 1 exercise-related (1.3%) and 2 nonexercise-related adverse cardiac events, and no deaths (mean follow-up 7 ! 6 years).
þBCE ¼ breakthrough cardiac event, follow-up 7 ! 6 years.

J A C C V O L . 8 2 , N O . 8 , 2 0 2 3 Martinez et al
A U G U S T 2 2 , 2 0 2 3 : 6 6 1 – 6 7 0 Return-to-Play of Elite Athletes

667

Martinez et al, JACC 2023

New data on outcomes of elite 
athletes with genetic heart disease 
who return-to-play

Ongoing registries will help 
provide more data to inform      
risk communication 
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Return to Play: Emergency Action Plan

and emergency response for young athletes.86,87 For example, a

recent study was conducted in a youth soccer league where an EAP

was implemented through a nurse‐led intervention. Anonymous

pre‐ and postintervention surveys indicated that participant knowl-

edge, confidence, and willingness to respond to SCA significantly

improved following the intervention.86 A similar study found that

following two 30minute training videos regarding EAP implementa-

tion and CPR/AED initiation, youth soccer participants had dramati-

cally improved knowledge, perceptions, and decreased fear.87

The effectiveness of an EAP has also been demonstrated on the

professional level on multiple occasions. The most well‐known example

came during the 1996 Summer Olympics in Atlanta, Georgia, when a

visiting country's sports delegate suffered from an episode of SCA soon

after the games began. Within minutes, athletic trainers and medical staff

began CPR on the field and a secondary response team arrived with an

AED soon thereafter. The individual was then promptly transported to

the stadium medical area where he was successfully intubated and

administered cardiac medications before being transported to a nearby

hospital.88 The rapid and thorough response to the cardiac emergency is a

testament to the Olympic organization medical staff's preparedness

through the utilization of an EAP. Similar effective responses attributable

to the EAP can be seen in the cases of Damar Hamlin and Christian

Eriksen. These high profile cases highlight the importance of continuous

training on CPR to reduce SCA response time.89,90

10 | CALL TO ACTION: INCREASE
TRAINING IN CPR/AED USE FOR TEAM
PERSONNEL/COACHES/ATHLETES

A crucial element of an EAP for SCA involves communication

between three rescuers: the first begins CPR, the second retrieves

the nearest AED, and the third contacts emergency medical services.

Administering CPR and providing prompt defibrillation, if necessary,

F IGURE 4 Emergency action plan (EAP) checklist. Checklist for creating a personalized EAP in the event of a sudden cardiac arrest.
This includes requirements for on‐site personnel, off‐site personnel, emergency equipment, and rehearsal of the EAP. These are general
recommendations following an SCA; site‐specific changes can be made to ensure proper emergency response. SCA, sudden cardiac arrest.

MALIK ET AL. | 7
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• SCD events will 
continue to occur

• Emergency Action 
Planning (EAP) for SCD 
is critical for all sporting 
organizations
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The Masters Athlete
37

Case 4: The Ironman Amount of Physical 
Activity and CAC

<25       25-50      >50
Physical Activity (MET-hr/wk)

CAC (top) and LGE in 
Marathon Runners

Breuckmann et al.  Radiology 251 (1) 2009

49-yoM, CAC 1200 AU
Ex-HTN, Ex ↓FMDGoel R, Am J Cardiol 2007;99:743-4

DeFina LF et al, JAMA Cardiol, January 30, 2019
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Coronary Artery Calcification
(CAC)

45 yo M Ironman Triathlete

• Competitive >10 years
• COVID-19 Pandemic:

• Decreased training intensity
• Palpitations à Dx AFib

• AFib Ablation workup:
• CTA chest à +CAC

• Successful AFib ablation
• Now asymptomatic
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Masters Endurance Athletes: CAC

Aengevaeren et al, Circ 2017
Merghani et al, Circ 2017

Physical Activity Guidelines: 500-1000 MET-min/week
MET-min/week

Merghani et al

July 11, 2017 Circulation. 2017;136:126–137. DOI: 10.1161/CIRCULATIONAHA.116.026964132

(≥300 Agatston units) CAC scores (11.3% versus 0%), 
a greater number of atherosclerotic plaques (44.3% 
versus 22.2%), including multivessel plaques, and a 
greater proportion showed coronary luminal narrowing 
≥50% (7.5% versus 0%).

Possible Mechanisms for Increased 
Coronary Plaque Burden in Masters 
Athletes
The precise mechanisms for these observations in mas-
ters athletes are unknown. Endothelial damage from 
increased shear stress forces during exercise because of 
a hyperdynamic coronary circulation, mechanical bend-
ing of the coronary arteries during vigorous cardiac 
contraction, exercise-induced spasm of the coronary 
arteries producing nonlaminar flow, exercise-associated 
hypertension, generation of oxidative free radicals,30 
and a systemic inflammatory response from repeated 
bouts of intensive exercise31 have been suggested as 
possible factors. It is also conceivable that acutely high 
parathyroid hormone concentrations produced by ex-
ercise may accelerate coronary calcification in masters 
athletes.32 The absence of increased CAD in female 
athletes has also been reported in a recent smaller 
study27 and may be attributable to the protective effect 
of estrogens or the fact that atherosclerosis in general 
appears in females older than the female athletes as-
sessed in this study.33,34 Female athletes were 2 years 
younger than male athletes, whereas CAD generally oc-
curs 10 years later in females compared with males.28

Differences in Plaque Composition Between 
Male Masters Athletes and Controls
Although male athletes had a higher burden of coronary 
plaques compared with male controls, the morphology 

Table 3. Coronary Artery Calcium Score and Computerized Tomographic Coronary Angiography Results in 
Masters Athletes and Controls

Parameter

Men Women

Controls Athletes P Value Controls Athletes P Value

N 54 106  38 46  

Overall median CAC score 0 0 1 0 0 1

Median CAC score in individuals with coronary calcium 3 86 0.02 7 7 0.67

>50th percentile 12 (22.2) 29 (27.4) 0.57 12 (31.6) 10 (21.7) 0.53

>70th percentile 8 (14.8) 16 (15.1) 0.5 10 (26.4) 9 (19.6) 0.79

CAC >0 Agatston units 22 (40.7) 51 (48.1) 0.4 12 (31.6) 10 (21.7) 0.33

CAC >10 Agatston units 10 (18.5) 44 (41.5) 0.0045 8 (21) 5 (10.9) 0.24

CAC ≥100 Agatston units 4 (7.4) 20 (18.9) 0.06 4 (10.5) 3 (6.5) 0.62

CAC ≥300 Agatston units 0 (0) 12 (11.3) 0.009 2 (5.2) 2 (4.3) 1

CAC ≥400 Agatston units 0 (0) 8 (7.5) 0.05 1 (2.6) 1 (2.2) 1

≥1 plaque 12 (22.2) 47 (44.3) 0.009 8 (21.1) 7 (15.2) 0.57

≥2 plaques 2 (3.7) 25 (23.6) 0.0014 2 (5.3) 3 (6.5) 1

≥2 vessels with plaques 2 (3.7) 23 (21.7) 0.0024 2 (5.3) 2 (4.3) 1

>50% luminal stenosis 0 (0) 8 (7.5) 0.05 0 (0) 0 (0) 1

Vessel wall calcification without luminal stenosis 10 (19.2) 4 (3.8) 0.005 4 (10.5) 3 (6.5) 0.7

Values are n (%). CAC indicates coronary artery calcium.

Figure 1. Tukey Box-and-whisker plot of coronary artery 
calcium (CAC) scores in male athletes and relatively 
sedentary healthy males with CAC ≥1 Agatston units.  
*Control outliers 226 to 570. **Athlete outliers 723 to 3422.
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Participants could have recently become runners and 
reduced their risk factors; however, that would not 
undo the lifelong process of atherosclerosis. Support 
for this hypothesis is that 52% of the runners were for-
mer smokers. We quantified lifelong exercise patterns 
to account for changes in exercise volume throughout 
the lifetime (Figure 1) and therefore can determine the 
dose-response relationships between exercise exposure 
and coronary atherosclerosis more accurately. Athletes 
in the least active group performed an equivalent of 
≈1 h/wk of running throughout their entire lives (669 
MET-min/wk [405–802 MET-min/wk]), whereas athletes 
in the most active group performed an equivalent of ≈4 
h/wk of running (2724 MET-min/wk [2295–3526 MET-

min/wk]). Our findings support a consistent pattern of 
an increased prevalence of CAC and CAC scores in ath-
letes with high exercise volumes.

CAC and Plaque Characteristics
Atherosclerotic plaque characteristics can differ, which 
has an important effect on the risk of cardiac events. 
The CAC score is a multiplication of area and density, 
whereby an increase in area increases the risk of cardio-
vascular events and an increase in density lowers the 
risk of cardiovascular events.19 We hypothesized that 
athletes would have similar or higher CAC scores be-
cause of a higher density of their plaques. Analysis in 
participants with CAC>0 showed that there was no dif-
ference in density across exercise volume groups. These 
findings emphasize that CAC characteristics (ie, area, 
density, regions of interest, and location) were compa-
rable between exercise volume groups, despite a higher 
CAC prevalence in the most active athletes.

Our CTCA data revealed additional information on 
plaque composition. Among participants with plaques, 
we found a lower prevalence of mixed plaques and 
a higher prevalence of only calcified plaques in the 
>2000 MET-min/wk group. A previous study estimated 
the 3-year probability of major adverse cardiac events 
at 6% for calcified plaques, 23% for noncalcified 
plaques, and 38% for mixed plaques in a cohort of 
patients suspected of having coronary artery disease.3 
Therefore, plaque composition (fewer mixed, more 
only calcified) seems to be more benign in the most 
active athletes, which is supported by the lower preva-
lence of CVD in athletes4,5 and the superior life expec-
tancy of elite athletes.6

Influence of Exercise Intensity
We found a significant association between hours of 
very-vigorous-intensity exercise and presence of CAC 
and plaque and an inverse association between vigor-
ous exercise intensity and presence of mixed plaque. 
These observations are in line with findings from previ-
ous studies because extreme exercise appears to be re-
lated to cardiac troponin release,33 myocardial fibrosis,34 
and atrial fibrillation.35 It is therefore possible that it is 
not the duration of exercise that is most important in 
the development of coronary atherosclerosis but the in-
tensity of exercise. In contrast, epidemiological studies 
have shown that vigorous-intensity exercise is associat-
ed with greater risk reductions in all-cause and cardio-
vascular mortality compared with moderate-intensity 
exercise.36,37 Alternatively, exercise intensity may be a 
proxy for overall lifelong exercise volume because the 
most active exercisers (>2000 MET-min/wk) reported 
the highest volume of very-vigorous-intensity exercise. 
Future (animal) studies exploring the mechanisms of 

Figure 2. Prevalence of coronary artery calcification 
(CAC) and atherosclerotic plaques across lifelong exer-
cise volume groups.  
Data were derived from computed tomography (CT) and CT 
coronary angiography scans for assessment of CAC and ath-
erosclerotic plaques (n=284). A, Comparison of CAC score 
categories across exercise volume groups. A significant dif-
ference in CAC score categories (P=0.006) was found across 
exercise volume groups, with higher CAC scores in the 
>2000 MET-min/wk group. The >2000 MET-min/wk group 
had an adjusted odds ratio of 3.2 (95% confidence interval 
[CI], 1.6–6.6) for CAC scores >0 compared with the <1000 
MET-min/wk group. B, Significant increase of atherosclerotic 
plaque prevalence across exercise volume groups (P=0.013) 
with an adjusted odds ratio of 3.3 (95% CI, 1.6–7.1) for 
the presence of plaque for the >2000– compared with the 
<1000 MET-min/wk group. MET indicates metabolic equiva-
lent of task.
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volume) was significantly lower over the study period in
the exercise group than in the control group (Figure 2C,
left; P = .047), whereas the fold change in total surface
area was similar between the two groups (Figure 2C,
right; P = .15).

Effects of 9-Week-Long Exercise
on Morphology of Aortic Calcium Deposits
by Histochemical Stain

At euthanasia, we analyzed the microarchitecture of
calcium deposits by histomorphometry using Alizarin
red staining of aortic root sections. Deposits appeared to
be somewhat more scattered (‘‘spotty’’) in aortic root
sections from the control group and more coalesced in
those from the exercise group (Figure 3A-B). Quantita-
tive analysis also showed a decrease in the exercise
group of a 2-dimensional index of surface area per
deposit volume, the ‘‘mineral surface area index
(MSI),’’ defined as total perimeter/total cross-sectional
area in each section (Figure 3C; P = .041). This is
consistent with the observed changes in ‘‘18F-NaF
density,’’ another measure of surface area per deposit
volume.

Effect of Aortic Calcification on Exercise
Capacity

Since exercise tolerance varied among the mice, we
determined whether the exercise capacity, measured as
total distance run, depended on the severity of aortic
calcification. In the exercise group, total distance run
correlated inversely with both baseline and final aortic
mineral content as measured by lCT (r = - .76; P =
.017; r = - .78; P = .013, respectively) but was not
correlated with baseline or final 18F-NaF uptake (r = - .15,
P = .70; r = - .23, P = .56, respectively).

Effects of Long-Term Exercise on Femoral
Trabecular Bone

lCT analysis of femoral trabecular bone revealed
that mice in the exercise group also had a lower specific
bone surface compared with mice in the control group
(41.9 ± 1.5 vs 48.2 ± 2.5; P = .046).

Effects of the 9-Week Exercise Regimen
on Serum PTH Levels

In the control group, serum PTH levels were not
significantly different over the 9-week study period

(Figure 4A; P = .47). In the treadmill group, serum PTH
levels increased significantly following the graded
treadmill protocol intervention (Figure 4B; P = .008).

Figure 3. Histological analyses of the effects of exercise on
aortic calcium deposits. (A-B) Alizarin red staining of
representative aortic root sections. Arrowheads indicate small
deposits (‘‘spotty’’) of calcification, and the arrow indicates a
larger coalesced deposit of calcium mineral. Scale bar, 500
lm. (C) Mineral surface area index (MSI) of the control and
exercise groups.
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Thus, we analyzed 18F-NaF tracer uptake to assess
exposed surface area of aortic calcium deposits in two
ways: (1) 18F-NaF density, defined as 18F-NaF uptake as
a % injected dose of tracer normalized to deposit volume

(%ID!cc-1) and (2) total surface area, defined as total
18F-NaF uptake as a percent of injected dose of tracer
(%ID). Results showed that the fold change of the aortic
18F-NaF density (i.e., surface area normalized to

Figure 2. In vivo imaging analyses of the effects of exercise on aortic calcium deposits. (A)
Vascular calcium deposits (white arrows) imaged by microCT and microPET in control and
exercise mice at the start (pre) and end (post) of the 9-week period. (B) MicroCT analysis of total
aortic calcium content (left and middle) and fold change in aortic calcium content (right) over the
intervention period. (C) MicroPET analysis of the fold change in the 18F-NaF density (left) and
total 18F-NaF content (right) over the intervention period.
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volume) was significantly lower over the study period in
the exercise group than in the control group (Figure 2C,
left; P = .047), whereas the fold change in total surface
area was similar between the two groups (Figure 2C,
right; P = .15).

Effects of 9-Week-Long Exercise
on Morphology of Aortic Calcium Deposits
by Histochemical Stain

At euthanasia, we analyzed the microarchitecture of
calcium deposits by histomorphometry using Alizarin
red staining of aortic root sections. Deposits appeared to
be somewhat more scattered (‘‘spotty’’) in aortic root
sections from the control group and more coalesced in
those from the exercise group (Figure 3A-B). Quantita-
tive analysis also showed a decrease in the exercise
group of a 2-dimensional index of surface area per
deposit volume, the ‘‘mineral surface area index
(MSI),’’ defined as total perimeter/total cross-sectional
area in each section (Figure 3C; P = .041). This is
consistent with the observed changes in ‘‘18F-NaF
density,’’ another measure of surface area per deposit
volume.

Effect of Aortic Calcification on Exercise
Capacity

Since exercise tolerance varied among the mice, we
determined whether the exercise capacity, measured as
total distance run, depended on the severity of aortic
calcification. In the exercise group, total distance run
correlated inversely with both baseline and final aortic
mineral content as measured by lCT (r = - .76; P =
.017; r = - .78; P = .013, respectively) but was not
correlated with baseline or final 18F-NaF uptake (r = - .15,
P = .70; r = - .23, P = .56, respectively).

Effects of Long-Term Exercise on Femoral
Trabecular Bone

lCT analysis of femoral trabecular bone revealed
that mice in the exercise group also had a lower specific
bone surface compared with mice in the control group
(41.9 ± 1.5 vs 48.2 ± 2.5; P = .046).

Effects of the 9-Week Exercise Regimen
on Serum PTH Levels

In the control group, serum PTH levels were not
significantly different over the 9-week study period

(Figure 4A; P = .47). In the treadmill group, serum PTH
levels increased significantly following the graded
treadmill protocol intervention (Figure 4B; P = .008).

Figure 3. Histological analyses of the effects of exercise on
aortic calcium deposits. (A-B) Alizarin red staining of
representative aortic root sections. Arrowheads indicate small
deposits (‘‘spotty’’) of calcification, and the arrow indicates a
larger coalesced deposit of calcium mineral. Scale bar, 500
lm. (C) Mineral surface area index (MSI) of the control and
exercise groups.
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mindful of the incomplete understanding of the
epidemiology of exercise-induced AF in counseling
patients about the intensity of physical activity.

PATHOPHYSIOLOGY

Clearly, there are multiple knowledge gaps regarding
the pathophysiological mechanisms that underlie the
development of AF in athletes. Proposed mechanisms
include alterations of autonomic tone, left atrial
enlargement and fibrosis, electrical remodeling, and
increased inflammation (30–47). Although these
mechanisms are complex and likely vary among in-
dividuals, there is a growing consensus that common
elements include autonomic, structural, and electro-
physiological remodeling that predispose to triggered
activity arising from the pulmonary veins or reentry
within the atrial tissue (30–47).

Clinical studies demonstrated that at rest and
during low-intensity physical activity, endurance
athletes have dominant vagal tone compared with
nonathletes (30–32). Recently, the association of

increased vagal tone and low heart rates with the
incidence of AF was demonstrated to be particularly
strong in physically fit men (46). Enhanced vagal ac-
tivity is known to shorten the atrial refractory period
through activation of the iKach channel
(31,33,34,39,42). It was postulated that a vagal-
induced decrease in the refractory period and
slowed atrial conduction velocity could facilitate
reentry. Alterations of autonomic tone, including an
intermittent exercise-related increase in sympathetic
tone in endurance athletes, might also predispose to
AF (40–44). Increased basal vagal activity coupled
with adrenergic activation might precipitate AF
(42,45).

Mechanical and electrophysiological remodeling
was noted in endurance athletes (46–48). Bi atrial
enlargement commonly accompanies competitive
athletic training (46–48). Although echocardiographic
studies showed that left atrial dilatation occurs in up
to 20% of athletes, this finding was not associated
with an increase in AF prevalence in younger athletes
(46,47). In contrast, physical activity, height, and left
atrial size were noted to be independent risk factors
for lone AF in middle-aged healthy individuals (24).
Proposed pathophysiological mechanisms for a dif-
ferential sex response in AF are speculative (28).
These include smaller atria, shorter P-wave duration,
and lower left ventricular mass and wall thickness in
women, as well as differences in autonomic tone
compared with high-intensity male athletes (29).

In many athletes, AF occurs nocturnally when
vagal tone is more pronounced (41). In these in-
dividuals, sinus bradycardia and atrioventricular
block are commonly noted during sleep (41,42). These
observations have advanced the notion of a distinct
clinical syndrome of vagal-induced AF (41). Although
vagal AF has no universal definition, etiology, or
diagnostic criteria, it is believed to be a distinct clin-
ical syndrome (41).

Animal studies also support the notion that
exercise-induced AF results from adverse mechani-
cal, anatomical, and electrophysiological remodeling
(33,34). In a rat model of endurance athletics,
exercise-induced left atrial remodeling with an in-
crease in left atrial fibrosis was noted (34). Among the
signaling pathways potentially involved in this pro-
cess are those associated with transforming growth
factor beta 1, the renin-angiotensin-aldosterone
system, and oxidative stress (35). A role of tissue
necrosis factor in mediating fibrosis has also been
indicated (35). Animal studies have demonstrated
that inflammation plays a role in exercise-induced
atrial collagen deposition (38). High-intensity ath-
letic activity results in elevations of factors associated

FIGURE 1 Association Between Level of Physical Activity and
Risk of AF in Men and Women

A sedentary lifestyle is associated with an increased risk of atrial
fibrillation (AF) for both men and women, whereas moderate
exercise reduces this risk regardless of sex. High-intensity exer-
cise appears to increase risk of AF in men. Reprinted with
permission from Mohanty et al. (29).
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with increased oxidative stress and inflammation,
which can contribute to atrial fibrosis (37,46). The
potential mechanisms through which exercise might
induce AF are shown in the Central Illustration.

CLINICAL EVALUATION AND MANAGEMENT

OF AF IN THE ENDURANCE ATHLETE

One of the fundamental tenets of evidence-based
medicine is that clinical practice is based on robust
data derived from appropriately designed clinical
trials. Although these standards are met with pro-
spective randomized clinical trials that evaluate rate,
rhythm, and anticoagulation strategies for AF, no
clinical trials are available specifically for exercise-
related AF (49–51). Consequently, clinical manage-
ment is based on extrapolation from nonathletic
populations, observational data, and expert opinion
(49–51). With these limitations in mind, the initial

approach is to assess the athlete with a detailed his-
tory, with particular emphasis on the relationship of
AF to exercise and to AF-related symptoms (49–51). A
detailed social history, including the use of illicit and
performance enhancing drugs, is essential. Physical
examination, electrocardiography, and thyroid func-
tion tests should be performed. Echocardiography
and selected use of magnetic resonance imaging can
be useful to assess for structural heart disease,
including dilated cardiomyopathy, ventricular
dysplasia, and hypertrophic cardiomyopathy. In
young patients with AF, inherited channelopathies
and the presence of bypass tracts must be considered.
Ambulatory monitoring to assess the AF burden,
ventricular rate control at rest and with exercise,
and arrhythmia-related symptoms is useful clinical
information (49–51). Stress testing can be selectively
done to assess for AF rates with exercise and func-
tional capacity, and for ischemia, as clinically

CENTRAL ILLUSTRATION Proposed Pathophysiologic Mechanisms of AF in the Endurance Athlete

Estes III, N.A.M. et al. J Am Coll Cardiol EP. 2017;3(9):921–8.

Multiple factors contributing to atrial fibrillation (AF) with intense endurance exercise are shown with color coding according to the strength of the supporting evidence.
PV ¼ pulmonary vein.
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