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Electrophysiology and Sudden Cardiac Death

The evidence supporting the beneficial effects of physical activity 

on health is compelling. Regular exercise reduces cardiovascular 

mortality by 35  % and all-cause mortality by 33  %1 and confers an 

average of 7 years greater longevity.2 Most professional athletes, 

however, undertake doses of exercise that far exceed those 

recommended by the current evidence, which has been adopted by 

national and international health authorities. This is of relevance, as 

recently published data suggest that, similar to most pharmacological 

interventions, exercise has an optimal dose above which there is little 

additional benefit or there may even be harm.3,4

Occasionally athletes die suddenly and these highly publicised, tragic 

instances generate considerable attention from the community at large, 

given the widely held perception that these individuals are the epitome 

of fitness and health. In the majority of cases, exercise acts as the trigger 

of the fatal arrhythmic event rather than being the primary cause. The 

majority of sudden cardiac deaths (SCDs) in athletes are secondary to 

quiescent cardiac disease that can potentially be detected during life, 

galvanising discussions relating to primary and secondary prevention 

of similar catastrophes. Primary prevention involves the identification 

of those at risk of sudden cardiac arrest (SCA), through population 

screening or targeted screening of high-risk individuals with symptoms or 

family history suggestive of cardiac disease. Implementation of lifestyle 

interventions and appropriate clinical care can prevent SCA. Secondary 

prevention relates to improving the probability of survival when an SCA 

occurs, through the implementation of an effective emergency response 

plan, with high-quality cardiopulmonary resuscitation (CPR) and prompt 

use of automated external cardiac defibrillators (AEDs) at its core.

Incidence of Sudden Cardiac Death in Athletes
The scale of the problem of SCD in athletes is difficult to define, as 

calculating the precise number of cases (numerator) and defining 

the exact reference population (denominator) is challenging in the 

absence of compulsory national or international registries. Studies 

have arrived at vastly different estimates varying from 1 per 300,000 

per year5 to 1 per 23,000 per year.6 Differences in methodology and 

selection biases are largely responsible for this variation with available 

sources for case identification ranging from registries, sporting 

organisations, parent organisations, media reports or a combination of 

these. In addition, the estimate of 1 per 23,000 per year included both 

cases of SCD and survivors of sudden cardiac arrest (SCA),6 which is a 

more reasonable strategy as both SCD and SCA should be targeted by 

potential preventative strategies.

One large prospective study by Corrado et al. systematically assessed 

the incidence of SCD in young athletes.7 The study is unique as it 

prospectively studied a well-defined population of athletes and 

non-athletes in the Veneto region of Italy for 25 years. In contrast to 

all other studies, owing to the highly organised referral network, all 

deaths in young (aged 12–35 years) individuals considered to be of 

cardiac cause were referred for post-mortem evaluation to a single 

centre and underwent detailed cardiac histopathological evaluation by 

a small number of expert cardiac pathologists. Moreover, the unique 

pre-participation screening programme (PPS), which is enforced by 

law in Italy, ensures that athletes participating in formal competition 

are subjected to annual medical reviews. Based on the results of this 

study the incidence of SCD in young athletes was estimated at 1 per 
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24,000 per year prior to the initiation of the PPS,8 which is similar  

to that estimated by Drezner et al. in high school student athletes  

in the US.6

A consistent finding across all studies is that male athletes carry a 

higher risk of SCD than female athletes. The reasons for this are poorly 

understood. Although higher male participation rates in the most 

popular sports may partly account for this, gender-specific influences 

in disease expression are likely to contribute, as similar trends are 

observed in the general population.9 Black athletes also appear to 

suffer a disproportionately higher incidence of SCD. The National 

Collegiate Athletic Association in the US reported a three-fold higher 

risk in African-American athletes compared with Caucasian athletes 

(1 per 17,000 versus 1 per 58,000), with the highest incidence of SCD 

in male African-American athletes at 1 per 13,000 per year.10

By comparison, it is more difficult to investigate SCD rates in 

recreational and veteran athletes, as the reporting of these deaths 

is less consistent and in many cases unlikely to be witnessed. As a 

result, there are relatively fewer studies evaluating the incidence of 

SCD in older athletes. A comprehensive, prospective 5-year study  

of sports-related SCD in the French general population revealed that 

the overwhelming majority of sports-related SCD occurred among 

those aged ≥35 years and was greatest in the fifth decade of life.  

In this study, the overall burden of sports-related SCD was 4.6 deaths 

per million population per year, with only 6  % occurring in young 

competitive athletes.11 In a more recent study by the same group 

the incidence of sports-related SCA increased to 21.7 per million 

population per year when focusing on middle-aged individuals (aged 

35–65 years).12

Aetiology of SCD in Athletes
Causes of Sudden Cardiac Death in Young Athletes
The causes of SCD in athletes are divided based on the age of the 

athlete; the age of 35 years is used as the cut-off point. In athletes  

≤35  years of age, inherited or potentially inherited cardiac diseases 

account for most SCDs. There is, however, disparity across different 

registries as to the most common cause of SCD.1 In the US registry 

from the Minneapolis Heart Institute Foundation, hypertrophic 

cardiomyopathy (HCM) was the most common cause of death, 

accounting for 36  % of SCDs in this population. Coronary artery 

anomalies of abnormal origin were next in frequency at 17  % 

and arrhythmogenic right ventricular cardiomyopathy (ARVC) was 

responsible for only 4  % of deaths. Other causes of SCD such as 

myocarditis, ion channelopathies, coronary artery disease (CAD), 

dilated cardiomyopathy, mitral valve prolapse, aortic stenosis and 

aortic rupture each accounted for ≤6 % of SCDs (see Figure 1).14

In comparison, the results of the registry in the Veneto region of Italy place 

ARVC as the most common cause of SCD (23 %), followed by atherosclerotic 

CAD (19 %).7 Anomalous origin of the coronary arteries accounted for 13 % 

of SCDs, with mitral valve prolapse contributing 12 %, myocarditis 10 % 

and conduction system disease 8 % (see Figure 1).7 Although the Italian 

registry is smaller in scale compared with the US registry, the accuracy of 

diagnoses by specialist cardiac pathologists give additional credibility to the 

results. Variations between the findings in each registry may be explained 

in part by the differences in the population, differences in methodology 

relating to data collection and interpretation of autopsy findings  

and the fact that systematic PPS of athletes in Italy may have prevented 

SCDs due to HCM through the disqualification of affected athletes.

Contemporary Studies of Causes of SuddenCardiac 
Death in Athletes
Contemporary studies have further added to the diversity of SCD causes 

in athletes and highlighted the complexity of the subject. Post-mortem 

examination of 89 young athletes in the UK suffering SCD revealed a 

normal heart as the most common finding, implicated in almost a third 

(29 %) of deaths.15 Other novel entities included idiopathic left ventricular 

hypertrophy (LVH) and idiopathic fibrosis accounting for 25 % and 7 % 

of SCDs, respectively. Established cardiomyopathies such as HCM and 

Figure 1: Comparison of Causes of Sudden Cardiac Death

Figure 2: Yield of Genetic Cardiovascular Conditions  
from Familial Evaluation Following Sudden Arrhythmic  
Death Syndrome 
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Right: Pie chart showing the causes of sudden cardiac death in 89 sports deaths in young 
athletes referred to a tertiary cardiac centre in the UK over a duration of12 years. Left: 
Bar chart showing the yield of genetic cardiovascular conditions from familial evaluation 
series following sudden unexplained death and/or SADS. ARVC = arrhythmogenic 
right ventricular cardiomyopathy; BrS = Brugada syndrome; CPVT = catecholaminergic 
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MI = myocardial infarction; SADS = sudden arrhythmic death syndrome.  
Data taken from de Noronha et al.,15 Behr et al.17 and Van der Werf et al.45
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ARVC accounted for 22 % of cases, while coronary artery pathology was 

present in 8 % of deaths (see Figure 2).15 Although the high prevalence 

of autopsy-negative SCDs in the UK study may be in part attributed to 

significant referral bias, further studies have reported similar results.  

Of the 45 SCDs in US college athletes, a structurally normal heart was 

the most common finding at post-mortem accounting for 31 % of cases, 

while idiopathic LVH was present in 8 %.13 Similarly, a 25-year review of 

deaths in young military recruits in the US, identified autopsy-negative 

sudden unexplained death in 30 % of cases (see Figure 1).16

Recognition of a normal heart on autopsy, also referred as sudden 

arrhythmic death syndrome (SADS), is of paramount importance 

given its association with inherited ion channelopathies.17 Studies on 

familial evaluation after a SADS death have demonstrated evidence 

of an ion channelopathy or cardiomyopathy in up to 50  % of families 

(see Figure  2).17 In addition, the significance of idiopathic LVH and 

idiopathic fibrosis remains uncertain and postulated theories include 

being innocent bystanders, pathological variants of physiological LVH  

in genetically predisposed individuals or part of the HCM spectrum.18 In 

athletes with normal hearts or autopsy findings of uncertain significance 

the contribution of severe metabolic or electrolyte disturbances and 

heatstroke must also be taken into consideration as potential causes 

of sudden death. One study examining life-threatening and fatal events 

occurring during endurance races in Israel over a 6-year period found 

that heatstroke was responsible for the majority of events.19

Causes of Sudden Cardiac Death in Older Athletes
The predominant cause of SCD in athletes aged >35 years is 

atherosclerotic coronary artery disease (CAD), identified in more than 

80 % of cases.20 Acute exercise can lead to transient activation of the 

coagulation system, which promotes a pro-thrombotic environment.21 

Additional metabolic and haemodynamic changes during exercise 

may contribute to stress-related plaque rupture observed in sports-

related victims of SCD.22 On post-mortem examination, coronary 

atheroma with significant luminal obstruction (>75  %) may be 

present,23,24 with associated features indicative of acute or chronic 

myocardial infarction. However, plaque rupture, thrombosis, acute 

infarction and fibrosis are not prerequisites for the cause of death to 

be attributable to CAD. In such cases, the presumed mode of SCD is 

sudden ventricular arrhythmia due to myocardial perfusion-demand 

mismatch and resultant ischaemia.25 

Prevention and Management of SCD in Athletes
The steady trickle of SCD in athletes galvanises discussions relating 

to potential prevention measures in order to avert such tragedies. 

Proposed strategies include targeted evaluation of high-risk 

individuals, pre-participation cardiac evaluation of all athletes to 

identify quiescent conditions predisposing to exercise-related SCD, 

comprehensive evaluation of both the victim of SCD or SCA and 

most importantly of the family relatives who may harbor the same 

condition, and emergency response planning to ensure prompt 

resuscitation of cardiac arrests.

Primary Prevention Strategies
Targeted Evaluation of High-risk Individuals
Athletes with symptoms suggestive of cardiac disease or a family 

history of potentially inherited conditions or SCD should receive 

comprehensive evaluation. Of particular concern are new-onset 

exertional symptoms such as chest pain, shortness of breath, pre-

syncope and syncope. This strategy in isolation is of limited value 

as the majority of victims of SCD are asymptomatic and SCD/SCA is 

commonly the first presentation.15,26

Pre-participation Cardiac Evaluation of Young Athletes
Pre-participation cardiac screening using the 12-lead ECG remains a 

controversial issue. Data from the Italian national screening programme 

in young athletes reported a 90 % reduction in SCD.8 In contrast, Israel’s 

introduction of mandatory PPS did not appear to alter the incidence of 

SCD in athletes.27 However, a possible explanation for the discrepancy is 

the difference in data collection methods between the two studies. The 

Israeli study collected mortality data from Israel’s two main newspapers 

and estimated the number of athletes in the population (denominator) 

for the earlier years of the study period.27 By comparison, the Italian study 

had well-defined population data and a robust national reporting system 

of SCD cases.8 Additional concerns centre on the inability of screening  

to identify a considerable proportion of conditions predisposing athletes 

to SCD, the false-positive ECGs, feasibility and cost-effectiveness. 

The Italian PPS programme is mandatory for all young competitive 

athletes aged 12–35 years. The first tier of evaluation involves 

history (including family history), physical examination and 12-lead 

ECG. If no abnormalities are detected, the athlete is eligible for 

competition. Those with positive findings suggestive of possible 

cardiac disease are investigated further based on local protocols and 

the condition suspected. If this second tier of targeted evaluation 

reveals no evidence of cardiovascular disease, the athlete is eligible for 

competition. Where a cardiovascular disease is diagnosed, the athlete 

is managed according to established protocols (see Figure 3A).28

The ECG is likely to raise suspicion of quiescent cardiac disease in 

the majority of individuals with cardiomyopathies and is the primary 

diagnostic tool for ion-channelopathies and ventricular pre-excitation. 

However, up to 10  % of patients with HCM,29 20  % with ARVC30 and 

25 % with long-QT syndrome31 may exhibit a normal ECG. In addition, 

the resting ECG will not detect the vast majority of individuals with 

coronary artery anomalies.

The false-positive ECG rate using the European Society of Cardiology (ESC) 

criteria has been reported to be as high as 40 % in certain athletic cohorts, 

which raises concerns relating to the burden of unnecessary investigations 

or erroneous disqualification. Recent studies in large cohorts of young 

athletic individuals have resulted in refinement of the ECG criteria 

considered to denote an abnormal result, with a considerable improvement 

of the ECG specificity.32,33 Further research is necessary, particularly 

in athletes of non-Caucasian ethnicity, as the false positive ECG rate  

in athletes of African-Caribbean descent remains over 15 % and limited 

data exist on other ethnicities.34

Widespread adoption of PPS is also hindered by the lack of expertise 

and facilities. With the exception of Italy, where a mandatory, National 

screening programme has been in place since 1980, in most other 

countries screening of athletes is fragmented and dependent on 

the availability of local expertise and individual sporting organisation 

mandates. Finally, studies on the cost-effectiveness of PPS are fairly 

limited and most rely on theoretical projection models and arbitrary 

assumptions relating to the life years saved by identifying a potentially 

life-threatening condition. In most countries where the health 

service is already burdened by limited finances and resources, the 

implementation of a state-funded, national screening programme to 

identify silent cardiac diseases in young athletes seems unattainable. 
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There are, however, convincing arguments for alternative funding 

sources, with charitable organisations subsidising the screening of 

young athletes who wish to be screened for self-protection.35

Pre-participation Cardiac Evaluation of Older Athletes
The rapidly expanding population of older veteran or amateur athletes 

who compete in high-intensity events underscores the importance of 

preventing SCD in this age group. The resting 12-lead ECG is of limited 

value in screening senior athletes, as CAD is the main cause of SCD.36  

The Sports Cardiology section of the European Association of 

Cardiovascular Prevention and Rehabilitation published recommendations 

relating to screening practices, which take into account the burden of 

cardiovascular risk factors, pre-existing fitness levels and intended level 

of exercise.37 The assessment of athletes undertaking high intensity 

physical activity incorporates the assessment of cardiovascular risk 

factors, symptoms and family history; physical examination; resting 

12-lead ECG; and the Systematic Coronary Risk Evaluation (SCORE) to 

assess the 10-year risk of a fatal cardiovascular event. Any abnormalities 

arising from this initial assessment, including a SCORE 10-year risk 

of ≥5  %, requires maximal exercise ECG testing. However, it is well 

recognised that the sensitivity of exercise ECG stress testing in a 

screening setting with predominantly asymptomatic individuals is poor 

(25  %)38 and the false-positive rates are high, particularly in women.39 

Nevertheless, a negative maximal exercise ECG stress test provides 

eligibility for moderate/high exercise training and a positive test result 

will require further investigation for underlying CAD, the gold standard 

test being invasive coronary angiography (see Figure 3B). 

An area deserving further consideration is whether computed 

tomography coronary artery calcium scoring (CACS) can provide a 

better risk prediction of serious cardiovascular events, as high calcium 

scores appear to predict increased risk for cardiovascular events in the 

general population,24 including asymptomatic individuals.40 Obstacles to 

the wider implementation of CACS as a screening tool include radiation 

exposure (though minimal at 1.5–3.0 mSv), availability and cost.

Evaluation of the Patient and the Family
The inherited nature of most conditions predisposing to SCD in young 

athletes highlights the importance of comprehensive post-mortem 

evaluation of the index case as well as cardiovascular screening of 

first-degree relatives.

The importance of a histopathological examination by a cardiac 

pathologist with expertise in the morphological adaptations of the 

athletic heart and disease phenotypes implicated in SCD in athletes 

cannot be overstated, as false conclusions may misguide familial 

evaluation or offer false reassurance to surviving relatives and 

EMB = endomyocardial biopsy; EPS = electrophysiological study; PA = physical activity; SCORE = Systematic Coronary Risk Evaluation. Reproduced with permission from Corrado et al.46  
and adapted from Borjessen et al.37

Figure 3: Pre-participation Screening Protocols for Young Competitive Athletes (A) and Older Adults (B) Undertaking  
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dissuade physicians from initiating familial screening. When comparing 

the cause of death attributed to a series of SCDs, there was a disparity 

in 41 % of cases between the referring pathologists and the specialist 

pathologist41. Referring pathologists were more inclined to diagnose 

cardiomyopathy than morphologically normal heart, with only 63  % 

of normal hearts being described correctly (see Figure 4). Examples 

of misdiagnoses can include post-mortem coronary artery collapse 

with mild atheroma being mislabelled as CAD; overdiagnosis of ARVC 

where right ventricular fatty infiltration is related to obesity, alcohol 

misuse or other causes; and overdiagnosis of HCM in hypertrophied 

hearts despite the absence of myocyte diasarray.18 A guideline has 

been developed by the Association for European Cardiovascular 

Pathology to reduce variation in practice and to provide a minimum 

standard, ensuring accurate, systematic examination and sampling in 

the autopsy investigation of SCD.42

The retention at post mortem of blood or splenic tissue allows for 

genetic testing, which is referred to as molecular autopsy. Genetic 

mutations can be identified and may be highly relevant and potentially 

informative as to the possible cause of SCD, and can facilitate clinical 

and genetic screening of family members to identify those at risk. 

Molecular autopsy opens the possibility to investigate ion-channel 

disorders such as long-QT syndrome, catecholaminergic polymorphic 

ventricular tachycardia and Brugada syndrome at post mortem, where 

the heart is unlikely to demonstrate any structural abnormality, also 

referred to as SADS.

Complementary to the process of establishing an accurate cause of 

death is the process of investigating first-degree family members (see 

Figure 5). Where a clear cause of death is established by histopathological 

examination or molecular autopsy, targeted investigations suited to the 

detection of that condition can be applied to the relatives of the SCD 

patient. In cases where no clear cause has been found at autopsy, or 

the autopsy revealed a morphologically normal heart, investigations 

are used sequentially to assess for the presence of cardiomyopathy 

or an inheritable arrhythmogenic condition. First-line assessment 

includes history, physical examination, resting 12-lead ECG, transthoracic 

echocardiography, exercise tolerance testing and 24h-Holter ECG 

monitoring. The use of further tests is predicated upon the findings 

of the first-line assessment. Up to 25 % of relatives of patients with 

SADS are diagnosed with a previously unsuspected inherited cardiac 

condition17 and interventions ranging from simple lifestyle modification 

advice to the implantation of a prophylactic implantable cardioverter-

defibrillator can reduce the risk of further fatalities.

Secondary Prevention Strategies
Emergency Response Planning
A comprehensive medical action plan that is rehearsed on a regular basis 

is essential to ensure the best possible outcome in the context of SCA 

in sports arenas.43 The importance of an effective emergency response 

plan is underscored by studies that have demonstrated that prompt 

CPR and defibrillation of athletes (within 5 minutes) resulted in survival 

rates in excess of 60 %.6 The same message is reiterated by studies of 

sports-related SCA in the general population, where a witnessed event, 

prompt CPR and the use of a cardiac defibrillator ventricular fibrillation 

were associated with higher survival to hospital discharge.11,12 

The Fédération Internationale de Football Association (FIFA) support 

and promote a standardised and consistent level of advanced life 

support and emergency medical care on the football field, including 

a FIFA universal medical emergency bag and an ‘11-step plan to 

prevent SCD’. The ‘FIFA 11 steps’ include primary prevention with 

PPS, training of personnel on CPR, availability of AEDs, rehearsal of 

the emergency medical plan on an annual basis, equipment checks, 

logistical planning and protocols designed to enhance the resuscitation 

team’s performance.44

Conclusion
Exercise confers substantial health benefits to the vast majority of 

individuals but may serve as a trigger for arrhythmic death in a small 

minority who harbor an occult pathological substrate. Currently, PPS 

of young competitive athletes is recommended and supported by 

many societies, associations and sporting bodies around the world. 

Groups, arguably at greater risk of SCD, not receiving as much attention 

and having less access to screening include school children playing 

sport, senior athletes and those undertaking grassroots, amateur and 

recreational sports. The aspiration is that future research in this area 

will improve prediction tools for SCD risk in athletes and institute 

tailored management, including individualized exercise prescription, 

to prevent fatalities. However, there will always be a need to ensure 

that, in the event of SCA, an appropriate emergency response plan is 

in place and a defibrillator is readily accessible. Finally, the SCA or SCD 

of a young individual should instigate comprehensive evaluation of 

the patient and the family to ensure that relatives at potential risk are 

identified and treated appropriately. n

Figure 5: Principles of Managing SCD 
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