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Despite major advancements in cardiovascular medicine, sudden cardiac death (SCD) continues to be an enormous 
medical and societal challenge, claiming millions of lives every year. Efforts to prevent SCD are hampered by imperfect 
risk prediction and inadequate solutions to specifically address arrhythmogenesis. Although resuscitation strategies 
have witnessed substantial evolution, there is a need to strengthen the organisation of community interventions and 
emergency medical systems across varied locations and health-care structures. With all the technological and medical 
advances of the 21st century, the fact that survival from sudden cardiac arrest (SCA) remains lower than 10% in most 
parts of the world is unacceptable. Recognising this urgent need, the Lancet Commission on SCD was constituted, 
bringing together 30 international experts in varied disciplines. Consistent progress in tackling SCD will require a 
completely revamped approach to SCD prevention, with wide-sweeping policy changes that will empower the 
development of both governmental and community-based programmes to maximise survival from SCA, and to 
comprehensively attend to survivors and decedents’ families after the event. International collaborative efforts that 
maximally leverage and connect the expertise of various research organisations will need to be prioritised to properly 
address identified gaps. The Commission places substantial emphasis on the need to develop a multidisciplinary 
strategy that encompasses all aspects of SCD prevention and treatment. The Commission provides a critical 
assessment of the current scientific efforts in the field, and puts forth key recommendations to challenge, activate, 
and intensify efforts by both the scientific and global community with new directions, research, and innovation to 
reduce the burden of SCD worldwide. 

Introduction
Sudden death has always generated great interest in the 
medical and scientific communities and in the general 
population. The associated trauma from sudden cardiac 
death (SCD) is particularly difficult for the patients’ 
relatives who seek an explanation for the unexpected and 
unexplained nature of the event and fear the possibility 
of a similar outcome for other members of the family. An 
athlete collapsing suddenly on the field grabs instant 
public and press attention; however, the bulk of sudden 
deaths occur more quietly in the general population, 
unseen and away from the media glare.

Although acute trauma or drug overdose can cause 
sudden death, the focus of this Commission is on 
natural sudden deaths due to cardiac causes, which is 
commonly termed sudden cardiac death. The challenge 
with a sudden cardiac arrest (SCA; covering both SCD 
and people who have survived SCA) is that it gives no 
time to prepare, often occurring unexpectedly and out of 

hospital, and, as a result, carries poor overall survival 
rates (mostly under 10%).1 Such poor survival might 
explain the sense of futility that has usually prevailed 
regarding the problem of SCD. However, thanks to 
many years of persistent efforts by the scientific, 
medical, research, and public health community, we 
have made substantial progress towards improved 
prevention and early response strategies, with SCA 
survival rates reaching up to 80% in some specific 
settings.2,3 Presumed SCD is thought to account for 
roughly half of all cardiac deaths and about 15–20% of 
overall mortality and is therefore a public health 
problem of considerable magnitude.4–6 In approximately 
half of individuals, SCA might be the first manifestation 
of cardiovascular disease, occurring unexpectedly 
without warning.7–9 The epidemiology of SCD is closely 
linked to that of coronary artery disease, which is 
responsible for nearly 70% of SCDs.10 Despite a 
substantial decline in mortality due to coronary artery 
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disease in the second half of the 20th century,6 
prevalence has increased, especially in low-income and 
middle-income countries (LMICs).11

Efforts to reduce the burden of SCD have focused on 
two main areas: prevention and resuscitation. Prevention 
involves trying to accurately predict SCA and instituting 
specific measures for high-risk individuals to pre-empt 
its occurrence. In addition to addressing arrhythmic risk 
specifically among patients known to have underlying 
structural or electrical heart diseases, coronary artery 
disease prevention itself (ie, primordial prevention) will 
probably have a clinically meaningful effect on SCA rates 
at the population level, as it is the main underlying cause. 
By contrast, resuscitation aims to improve survival after 
the event by promoting strategies, such as basic life 
support by lay responders, early activation of emergency 
response, high-quality cardiopulmonary resuscitation 
(CPR), and rapid defibrillation, through public-access, 
automated external defibrillation (AED) programmes.12

For organisational purposes, the different aspects of 
SCA can be broadly considered as those pertaining to 
before the event (ie, pre-SCA), around the event (ie, peri-
SCA), and after the event (ie, post-SCA). However, these 
three categories represent a continuum rather than 
being fully distinct from each other. This categorisation 
can be conceptualised as a circle (figure 1), with one 
aspect merging into the other. For instance, post-SCA 
diagnostic testing and family screening is interwoven 
with pre-SCA prediction, whereas short-term prevention 
of SCA blends into peri-SCA resuscitative procedure.

In addition to these foundational aspects, there are 
additional important facets to consider, such as the 
psychological and economic effect of SCA, genetics, 
ethics, family support, and societal aspects. SCD is akin 
to a complex puzzle with numerous pieces, requiring a 
multidisciplinary approach to ensure substantial effect. 
Although different groups have focused on specific 
aspects of the SCA problem, a unified perspective and a 
clear path forward to reduce SCA-related mortality is 
needed. In this Commission we considered current 
guidelines from professional societies and the broader 
scientific evidence, providing careful appraisal of the 
present state of evidence, important knowledge gaps, 
and a roadmap ahead. While most SCD research to date 
has been carried out in high-income countries (HICs), 
the Commission aims to have a global scope, challenging 
data and practices within this reality. Therefore, we have 
incorporated a specific section on LMICs in which SCD 
poses an increased challenge due to a relative paucity of 
data and scarcity of resources. This Commission, overall, 
encompasses aspects of patient care, research, and 
education at both the individual and population level 
with the aim of ultimately reducing the burden of SCD 
and improving the quality of life for survivors.

Defining SCD: moving from a presumed mode of 
death to a more precise definition
When studying any disease entity, a clear, uniform 
definition is important to ensure consistency in research 
and outcomes assessment. This Commission focuses on 
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Key messages

1 Sudden cardiac death (SCD) involves a complex interplay of factors; therefore, 
an urgent call for a clinical multidisciplinary approach and international research 
collaboration are essential to address this global health issue. The development of 
specialised sudden cardiac arrest (SCA) care teams to ensure care, teaching, 
and research on SCD is required.

2 Well conducted, population-based registries of SCD should be created where possible 
in all parts of the world to drive research and affect public-health policy decisions. 
Long-term consistent growth and success can be easily obtained with the inclusion 
and engagement of policy makers, clinicians, first responders, and community leaders.

3 Beyond the traditional medium-term and long-term approach, additional research 
should be directed towards the development of short-term preventive strategies 
aiming to prevent SCD within the minutes, hours, and days before the event. Focused 
studies in large cohorts of recipients of implantable cardioverter defibrillators, with 
continuous rhythm monitoring from the devices, will provide a unique opportunity to 
understand the dynamic nature of SCD and any changes of impending arrhythmias.

4 Use of big data and deep learning approaches while encompassing emerging 
technologies applied to large-scale populations with rigorously defined SCD endpoints 
should be actively explored to develop novel prediction capabilities.

5 Access to genetic testing has to be expanded and made more affordable at a global 
level for better identification of people at risk and to uncover new disease 
mechanisms. Focused studies in pharmacogenomics and epigenetics among 
populations at risk for SCD will help to identify new targets for therapy and movement 
towards precision medicine.

6 Shifting from a one-size-fits-all approach to a more individualised approach within 
advanced resuscitation-care research, taking into consideration underlying cause and 
characteristics of the SCA and patients’ responses to therapy, would provide 
opportunity for a more comprehensive, patient-centred approach.

7 Regionalised systems of care are imperative to ensure adequate triage of patients at 
the time of the out-of-hospital cardiac arrest to the most appropriate facility for the 
level of care required. The cost-effectiveness of bringing high-level SCA teams and 
technology to the site of the arrest needs further exploration.

8 Accessibility to automated external defibrillators (AEDs), as well as low-dose, high-
frequency training on cardiopulmonary resuscitation (CPR) within the community can 
greatly improve community awareness and response. AEDs should be registered, 
accessible 24 h a day, linked directly to the emergency medical dispatch system, include 
geolocation, transmit the functional status of the device, and wirelessly transmit 
ongoing CPR performance to local paramedics and data systems. CPR training initiatives 
should integrate more innovative strategies, such as apps, large group-based social 
media events, virtual skills practice, and a potential implementation of obligatory 
mandates (eg, a requirement for secondary school graduation, driving licences, and 
when discharged from hospital). 

9 Strengthening current autopsy practices with increased availability and practice in 
suspected SCDs (especially in people <50 years) can provide crucial data for at-risk 
families. Focused research on partial autopsy substitutes, such as post-mortem 
imaging, might better elucidate the value of these methods in identifying arrhythmic 
SCD.

10 Understanding the biological, neurological, and psychological foundation of the 
challenges faced by survivors of SCA must become a priority to facilitate the 
development of effective rehabilitation programmes targeted to survivors and their 
family and allow the best foundation for returning to a normal life.
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SCD in children and adults. Sudden death occurring in 
infants, sometimes known as sudden unexplained death 
in infancy, is a different condition and will not be 
addressed here. Although the term SCD implies a fatal 
outcome, it is often used interchangeably with SCA in 
which both survivors and decedents would be included.

One of the difficult issues in SCD research has been 
the inability to have a clear, consistent phenotype across 
studies. The word sudden in SCD or SCA refers to a 
mode of death rather than a specific cardiac disease. An 
implied assumption by this nomenclature is that a death 
that occurs rapidly is caused by a lethal ventricular 
arrhythmia. Thus, strategies to identify, prevent, and 
treat ventricular arrhythmias should be effective in 
reducing mortality from SCD and SCA. In 
epidemiological and observational studies, deaths 
documented to have occurred within 1 h of being 
witnessed alive, are considered SCD, with a supposed 
high rate of arrhythmic origin.13 However, autopsy-based 
research suggests that more than a third of sudden 
deaths occurring in the field could have a non-arrhythmic 
cause.14 Comparatively, patients who survive to hospital 
admission and discharge are more likely to have had a 
primary arrhythmic cardiac cause (90%).14,15 However, 
restricting studies to survivors introduces some bias, 
given the low survival rates from SCA.

Ideally, to have a clear phenotype of arrhythmic SCD 
and exclude non-arrhythmic causes with a high degree of 
confidence, every person with suspected SCD should be 
monitored at the time of their death and undergo 
comprehensive autopsy. However, this scenario is 
currently unrealistic. Definitions rely on a measure of 
clinical judgement or adjudication, with information on 
timing and the best available clinical information to 
eliminate the individuals that probably have a non-
arrhythmic cause of death (figure 2). Such adjudication is 
prone to error and misclassification,16 which is an 
important gap that needs to be addressed in SCD 
research. The different terms and definitions that have 
been commonly used in the domain of SCD research are 
presented (panel 1). Conventionally, the most frequently 
used definition for SCD is an out-of-hospital, sudden 
natural death presumed to be of cardiac cause (ie, without 
obvious extracardiac cause), occurring with a rapid, 
witnessed collapse within 1 h of symptoms onset, or 
within 24 h of last being seen in the usual state of health if 
unwitnessed.13,17–21 The inclusion of unwitnessed deaths 
up to 24 h, which might help to reduce bias, introduces an 
even greater proportion of non-arrhythmic and non-
cardiac deaths than the 1 h definition.23

The ideal definition of SCD should be a sudden natural 
death where non-cardiac causes have been excluded with 
confidence through use of methods such as compre-
hensive autopsy, toxicology, and cardiac monitoring. In 
the absence of such evaluation, conventionally defined 
SCD should be considered presumed SCD. However, 
most global SCD research uses such presumed SCD, 

which undoubtedly introduces heterogeneity due to the 
potential mix of cardiac and non-cardiac causes, making 
the identification of true risk markers and prediction 
difficult.

Burden of SCD 
Premature death from SCA
The estimated annual burden of SCD worldwide is 
currently 4–5 million cases every year.24 SCD is responsible 
for more than half of all cardiac deaths and could account 
for up to 20% of overall mortality.4,25–27 SCD results in a 
greater burden of premature death than any individual 
cancer in men or women across all age strata, with the 
overall mortality from SCD being second to all cancers 
together.28

In the Framingham Heart Study, SCD occurred in 358 
(6·9%) of 5209 individuals aged 28–62 years over 50 years 
of follow-up.6 In the Paris Prospective Study comprising 
middle-aged policemen, 118 (5·7%) of 2083 deaths were 
as a result of SCD over a period of 23 years.29 The 
incidence rates of SCD range from 50 to 100 per 100 000 
in the general European, Australian, and North American 
populations17,30 and are slightly lower in Asia (data from 
Africa and South America are scarce; figure 3).31–35 A 
substantial part of variations observed in SCD incidence 
arose from inherent differences in registry processes and 
definitions. Other factors, such as the socioeconomic 
status of populations, access to health care, risk factors 
for heart disease, age, sex, and ethnic background might 
also contribute, with a higher incidence observed in Black 
people than in White people.36
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Figure 1: The circle of sudden cardiac death
The different aspects of SCA can be broadly categorised as those pertaining to before the event, during the event, 
and after the event. Importantly, these issues are not distinct from each other, but represent a continuum with 
details from one category often merging with another (eg, post-SCA investigation is key to preventing future SCA 
in relatives, and rehabilitation after SCA is key for returning to a life akin to before the event). Thus, conceiving of 
SCA as a circle appears useful. SCA=sudden cardiac arrest.
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The incidence of SCD increases with age. With a low 
incidence during infancy and childhood (1 per 
100 000 person-years),37–39 the incidence reaches 
approximately 50 per 100 000 person-years in individuals 
aged 50–60 years,27,40 and 200 per 100 000 person-years in 
the eighth decade of life.27 The median age of adult 
patients who have SCD is typically around 65–70 years.41–43

The epidemiology of SCD is closely related to that of 
coronary artery disease, which is responsible for most 

SCD, sharing the same important risk factors. In 
adulthood, men have roughly double the rate of SCD 
compared with women, which persists after adjustment 
for risk factors of coronary artery disease.44–46 SCD most 
often occurs at the individual’s home or residence, with 
cardiac arrests that occur in public places generally 
accounting for less than a third of cases.41,42,47 Overall, 
SCD remains unwitnessed in up to 50% of cases, which 
poses major challenges for early resuscitation and for 
accurate assessment of SCD burden.41,47,48

A progressive decline in the incidence of out-of-hospital 
ventricular fibrillation and cardiac arrest treated by 
emergency medical services (EMS) has been noted in 
some areas, most likely mirroring the decline in deaths 
from coronary artery disease that is potentially 
attributable to improved lifestyle and better management 
of coronary artery disease.48,49 However, because of the 
great increases in the prevalence of coronary artery 
disease in LMICs, there is a strong likelihood that the 
global SCD burden could increase in the near future.

Disparities in outcomes from SCA
Although variations in incidence rates of SCA are, to a 
considerable extent, because of differences in definitions 
and surveillance methods for case ascertainment, 
disparities in outcomes (ie, neurological status and 
survival) after SCA are more certain and less likely to 
result from differences in data collection.

Studying geographical as well as temporal variations 
in SCA outcomes has been useful to realise that there is 
room for improvement (figure 3) and to understand key 
factors influencing survival.47,50 An analysis of out-of-
hospital cardiac arrest registries from 12 countries 
showed an overall survival to hospital discharge ranging 
from 6% to 22%, and survival with cerebral performance 
category of 1 or 2 (ie, good neurological outcomes) 
ranging from 2% to 20%.51 In fact, although the overall 
survival from treated out-of-hospital cardiac arrest has 
improved over the years,47,52,53 the percentage of SCA 
patients that are resuscitated and discharged in a good 
neurological state still differs greatly from country to 
country and even from region to region within the same 
country.41,50,51,54 Survival also differs greatly depending on 
the SCA circumstances, with sports-related SCA getting 
up to 70% rate of survival to hospital discharge in ideal 
conditions,3 but with huge disparities (up to ten-fold) in 
survival rates between geographical locations.55 
Successful resuscitation, especially early CPR, is more 
likely to occur in densely populated communities. 
Greater presence of first responders who can initiate 
immediate CPR, easier access to AEDs, shorter EMS 
and ambulance response times, and shorter distance to 
a hospital with expertise in post-resuscitation care of 
SCA patients all contribute to improved outcomes. 
Population education in basic life support, early 
activation of emergency response, and good lay-
responder CPR have substantial impact on survival after 

Panel 1: Terms and definitions encountered in SCD 
research17–22

Sudden cardiac death (SCD)
Sudden natural death presumed to be of cardiac cause, which 
occurs within 1 h of onset of symptoms when witnessed and 
within 24 h of last being seen alive when unwitnessed. SCD in 
autopsied individuals is defined as the natural unexpected 
death of unknown or cardiac cause.

Sudden cardiac arrest (SCA)*
Sudden cessation of cardiac activity with haemodynamic 
collapse, typically due to sustained ventricular arrhythmia. 

Sudden arrhythmic death syndrome (SADS)†
Unexplained sudden death occurring in an individual aged 
>1 year with negative pathological and toxicological 
assessment at autopsy. 

*SCA covers both SCD and SCA survivors; in most literature to date, SCD includes SCA 
survivors if they are presumed to be of arrhythmic origin. Given potential misclassification 
in clinically defined SCD, the Commission recommends that sustained efforts be made 
worldwide to improve autopsy rates to more precisely identify SCD and develop clinical 
correlates to improve recognition of SCD. † When autopsy and toxicology do not reveal an 
alternative cause of death, SCD is unexplained and is then termed SADS. Molecular 
autopsy or genetic evaluation might reveal positive findings in some of these individuals.

Figure 2: Challenges in differentiating sudden cardiac death from cardiac arrest 
SCDs defined entirely on adjudication could be considered as presumed SCDs because systematic misclassification 
of non-cardiac (eg, pulmonary embolism, acute cerebral haemorrhage, or occult overdose) and non-arrhythmic 
(eg, tamponade or acute pump failure) causes might occur. Comprehensive post-mortem investigation, including 
toxicology and histology, and even molecular autopsy have been proposed to more accurately define SCD by 
excluding non-cardiac and non-arrhythmic conditions. However, this proposal is not feasible in most parts of the 
world. SCA=sudden cardiac arrest. SCD=sudden cardiac death.
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SCA.56 Specific surveillance programmes, monitoring 
both incidence and outcomes of out-of-hospital cardiac 
arrest in the community, should be promoted to 
continuously track trends and evaluate the effect of 
population-level interventions and public health policies, 
as illustrated during the COVID-19 pandemic (panel 2). 

Before the event: predicting and preventing
Although straightforward in concept, knowledge gaps 
exist in accurate SCD prediction and specific preventive 
measures. SCD prevention can be conceptualised as a 
two-step approach: preventing the underlying cardiac 
disease causing the SCD event and preventing the actual 
SCD event itself among those with established heart 
disease. SCD prevention is also rendered difficult by the 
paradox in relative risk versus absolute event numbers. 
Although individuals with overt structural heart disease, 
especially those with a history of malignant ventricular 
arrhythmias, constitute the highest risk subgroup for 
SCD, these people represent a relatively small percentage 
of patients who have SCD in the population per year in 
absolute terms. Most SCD events occur in the general 
population in individuals without known heart disease 
(figure 4). Therefore, population-level approaches to 
studying SCD risk assessment are essential, although, 
in the final assessment, we need markers that are 
specific and unique for SCD risk at an individual level.

Therein lies the complexity of the challenge. Beyond 
the identification of an underlying heart condition, to 
ensure an accurate prediction of SCD risk, a combination 
of risk markers or tests (including genetics) will be 
required as opposed to a single marker or test. This 
requirement contrasts with the current method of relying 
almost exclusively on a single risk marker, left ventricular 
ejection fraction, to identify patients who might benefit 
from an implantable cardioverter defibrillator (ICD). 
Competing risk of alternative modes of mortality is also 
important to consider. The ICD only prevents arrhythmic 
SCD; thus, the mortality benefit from the ICD in any 
population depends not only on the absolute risk of SCD 
itself, but also on the proportion of deaths from SCD. 
Therefore, there is an urgent need to move beyond the 
left ventricular ejection fraction and develop 
multiparametric risk-assessment tools, including new 
markers to identify individuals at high risk of SCD and 
low risk of competing causes of mortality.

Predicting SCD
Pathogenesis: from underlying cardiac disease to arrhythmia
The commonly accepted confluence of factors in the 
occurrence of ventricular arrhythmias encompasses an 
underlying cardiac disease (ie, substrate), a transient 
factor (ie, trigger), and often a modulating role of the 
autonomic nervous system. Usual transient triggers 
include acute ischaemia, electrolyte imbalance, and 
drugs. However, although ventricular tachyarrhythmia is 
the classic mechanism of SCD, a gradual increase in the 

prevalence of patients presenting with initial pulseless 
electrical activity or asystole has been observed over the 
years, with implications for prevention with an ICD.49,70–72

The cause of SCD can be roughly divided into two 
major structural categories of heart disease, ischaemic 
and non-ischaemic, and a smaller non-structural category 
represented by pure electrical disorders, including the 
inherited arrhythmic diseases (figure 5).73,74 Most SCD in 
the general population is attributable to coronary artery 
disease.74 Non-ischaemic heart diseases include genetic 

Panel 2: Dynamic burden of sudden cardiac arrest (SCA) 
and need for real-time surveillance, illustrated by the 
COVID-19 pandemic

An association between the COVID-19 pandemic and 
increased rates of out-of-hospital cardiac arrest have been 
reported in several,43,57–60 but not all61–63 regions of the globe. 
Most studies were conducted in the emergency setting 
without detailed adjudication processes, and thus were 
focused on out-of-hospital cardiac arrest in general and not 
sudden cardiac death specifically. Direct effects of a COVID-19 
infection, such as acute respiratory distress syndrome, can 
result in cardiac arrest if not rapidly treated. Cardiac arrest 
might also occur due to thromboembolism, direct cardiac 
injury, myocarditis, vascular inflammation, and arrhythmias. 
COVID-19 is prothrombotic and patients are at higher risk of 
myocardial infarction, stroke and pulmonary embolism, and 
acute heart failure than uninfected people, all of which can 
lead to SCA.64 Meticulous analysis of patients with 
implantable cardioverter defibrillators during this period has 
not shown any increase, but rather a significant reduction in 
ventricular arrhythmias requiring device therapies, coinciding 
with measures of social isolation.65 This finding, together with 
the relatively low proportion of actual COVID-19-positive 
patients among out-of-hospital cardiac arrest patients during 
the pandemic,43,62,66 suggests that indirect effects of the 
pandemic might have had a considerable contribution to the 
increase in out-of-hospital cardiac arrest incidence. Fear of 
visiting hospitals prevented many patients from presenting 
to emergency departments or calling emergency medical 
services, with resultant delays in treating acute cardiovascular 
conditions, such as myocardial infarctions.67–69 Furthermore, 
overwhelmed health-care and emergency medical services, 
shortages in in-hospital critical care resources, and protocol 
changes mandated by COVID-19 all led to delayed and 
suboptimal patient management, possibly contributing to 
worse survival. The significantly reduced increase in out-of-
hospital cardiac arrest seen during the second wave of the 
pandemic further suggests that issues at the system and 
patient levels contributed more to the out-of-hospital cardiac 
arrest peak rather than the infection itself during the first 
wave.60 Through the pandemic, we have learned that out-of-
hospital cardiac arrest could actually be a valuable surrogate 
for population health and system efficacy in handling 
emerging crises similar to COVID-19 in the future.
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cardiomyopathies, but also congenital heart disease and 
other acquired structural heart diseases, such as 
myocarditis and valvular heart disease (eg, mitral valve 
prolapse).75,76

SCD cause varies depending on sex and age, which 
needs to be kept in mind in prediction and prevention. 
Coronary artery disease is often overlooked as a cause of 
SCD in patients younger than 50 years, but should be 
considered in every case.77–79 Generally, ischaemic cause is 
less prevalent among women compared with men of a 
similar age.10,80 In younger patients (ie, aged <50 years), 
non-ischaemic structural heart diseases and 
channelopathies become more common, whereas left 
ventricular hypertrophy might account for a higher 
proportion of SCD among Black people than White 
people,81,82 highlighting the need to delve deeper into 
causal differences related to age and ethnicity.83

Coronary artery disease-related SCD can occur in two 
ways: (1) acute ischaemia triggering polymorphic 
ventricular tachycardia or ventricular fibrillation; and (2) 
re-entrant arrhythmias related to scar formation 
secondary to previous infarction or chronic ischaemia.80 
There is variable overlap and interaction between these 
two mechanisms, with acute ischaemia acting as a trigger 
on a vulnerable substrate in some patients. SCA remains 
the most frequent fatal complication during the acute 
phase of a myocardial infarction. Additionally, 
population-based studies suggest that up to 40% of 
patients who have SCD have a myocardial infarction scar 
at autopsy without previous knowledge or diagnosis of 
the disease.84 However, coronary-artery-disease-related 
SCD in the absence of myocardial scar does not 
necessarily imply coronary plaque disruption, because in 
a substantial proportion of patients there are no acute 
plaque events, but other myocardial pathology, such as 
hypertrophy and interstitial fibrosis, are found at 
autopsy.85–89 Finally, another possible mechanism related 
to acute ischaemia might be triggered by vigorous 

physical exercise in a patient with severe coronary artery 
disease or coronary vasospasm.78,79,84,90,91

Non-ischaemic cardiomyopathies are partly genetically 
driven. Dilated, hypertrophic, and arrhythmogenic 
cardiomyopathies are the most well known cardio-
myopathies.92 However, hypertrophy is a common feature 
of most non-ischaemic cardiomyopathies and acquired 
conditions, such as hypertension, diabetes, kidney 
disease, and obesity, are the most common causes of 
hypertrophic heart disease leading to SCD rather than 
inherited hypertrophic cardiomyopathy.73 Prominent 
hypertrophy and fibrosis are indeed present in most 
patients of SCD.79,90 Dilated cardiomyopathy, a less 
common cause of SCD, can be because of various 
conditions, including infective, infiltrative, toxic, 
autoimmune, and genetic disorders.93,94 Arrhythmogenic 
ventricular cardiomyopathy is a specific, inherited form 
of non-ischaemic cardio myopathy related to defects in 
major components of the desmosomes.95–97 Mitral valve 
prolapse is another example of non-ischaemic structural 
condition associated with SCD.98

Ion channelopathies, such as the long or short QT 
syndrome, Brugada syndrome, and catecholaminergic 
polymorphic ventricular tachycardia, are rare causes of 
SCD in young adults (ie, aged <30 years) with a negative 
autopsy.99 Idiopathic ventricular fibrillation is usually 
defined as ventricular fibrillation in the absence of any 
identifiable structural or electrical heart disease after 
extensive investigation;100,101 however, diagnostic advances 
are likely to help recognise the cause in many of these 
patients and will reduce the scope of idiopathic 
ventricular fibrillation over time with new advances.101–103

Dynamic nature of SCD risk
Underlying cardiac disease is often seen as a single, 
measurable factor in the mechanistic overview of SCD 
pathology and the currently used strategies for life-long 
prevention of SCD often take risk as a fixed variable. 

Figure 3: Estimated incidence and survival at hospital discharge of paramedic-treated, out-of-hospital cardiac arrest

Only incidence
Only survival
Both
No data available
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However, cardiac disease is not a stable factor in the 
SCD cascade because the underlying substrate evolves 
over time, not only due to the progression or natural 
history of the disease process, but also due to 
modulating factors and therapies that can accelerate, 
reverse, or delay the progression of disease. For 
instance, the regression of electrocardiographic left 
ventricular hypertrophy by angiotensin-receptor blocker 
therapy has been shown to reduce SCD.104 Similarly, in a 
stable cardiac substrate, the risk of arrhythmia could 
vary depending on other dynamic factors, such as 
circadian rhythm and environmental stressors (eg, 
pollution).105

Predicting SCD in the general population
Prediction of SCD in the general population without pre-
existing heart disease has proven to be a daunting 
challenge. SCD is often a manifestation of previously 
undetected heart disease; therefore, strategies to prevent 
SCD in the general population should ideally identify 
people who have subclinical heart disease or 
cardiovascular risk factors for coronary artery disease to 
implement early preventive measures before SCD 
occurrence. Screening the asymptomatic population 
specifically for SCD risk is challenging at present, with 
no strong evidence that screening for cardiovascular 
disease reduces mortality because it is probably too late 
in the natural history to effectively intervene if cardiac 
disease is already established.106 The US Preventive 
Services Task Force recommends against screening 
individuals at low risk in the population with a resting or 
exercise electrocardiogram (ECG) and concludes that, 
even in individuals at intermediate or high risk of 
cardiovascular diseases, there is insufficient evidence for 
screening.107 Screening carries risks of anxiety, labelling, 
possible adverse effects of further invasive testing, and 
downstream effects on health-care systems and 
resources. However, there might be scope to consider 
screening for cardiovascular risk factors, especially 
starting at a younger age (eg, the third and 
fourth decades of life), which might have a long-term 
effect on reducing cardiovascular (including SCD) 
mortality. American College of Cardiology and the 
American Heart Association (AHA) guidelines 
recommend screening for traditional risk factors for 
atherosclerotic cardiovascular disease and apply the race-
specific and sex-specific pooled cohort equations (ie, 
atherosclerotic cardiovascular disease risk estimator) to 
estimate 10-year atherosclerotic cardiovascular disease 
risk for asymptomatic adults aged 40–75 years. There are 
no recommendations from major societies regarding an 
approach to screening young individuals (ie, aged 
18–40 years) at present, other than for hypertension;108,109 
we feel that such a strategy needs to be tested 
systematically in future studies. Although screening 
individuals at intermediate or high risk of cardiovascular 
disease is not unreasonable, further research is needed 

to test this concept. Ensuring that screening approaches 
are as simple and minimally invasive as possible is 
important to minimise potential harms of overtreatment, 
burdening health-care systems, and psychological effect. 
For instance, a simple screening strategy at a young age 
incorporating blood pressure, BMI assessment, and 
smoking status might have the potential to substantially 
impact cardiovascular risk in the long term.

The fact that the usual risk factors associated with 
cardiovascular disease and progressive heart failure are 
also predictors of SCD is not surprising.29 Similarly, 
biomarkers that associate with cardiovascular disease 
associate with SCD, even in patients without clinically 
recognised cardiovascular disease.110 However, the 
accumulation of cardiovascular risk markers does not 
translate into large increments in absolute SCD risk. 
Most of the risk factors, ranging from genetics, clinical 
factors, and electrocardiographic abnormalities, are not 
independently powerful enough to justify the use of 
invasive interventions, such as the ICD.111 Although risk 
scores might be useful to stratify the population, their 
utility for SCD prediction on an individual level is limited 
due to the low absolute risks of SCD, even at the highest 
scores and despite using a combination of multiple risk 
markers.112,113 As such, novel methodologies and markers 
are needed for SCD-risk score development in the general 
population. The advent of big data and AI might confer 
the ability to identify subgroups of individuals at high risk 
of SCD by use of large-scale comprehensive analysis of 
SCD patients from national and administrative databases 
to identify markers and patterns associated specifically 
with SCD, which might enable preventive actions and 
initiatives, such as invitation for further cardiovascular 
screening in selected subgroups. For instance, a study 
showed that consumer smartwatch ECGs, acquired in 
non-clinical environments, can be helpful to identify 
patients with left ventricular dysfunction.114 However, 
given the low prevalence of SCD in the general population, 
big data and artificial intelligence (AI) will not solve the 

Figure 4: The epidemiological paradox in SCD: absolute risk vs absolute numbers
SCD prevention is also rendered difficult by the paradox in risk versus absolute event numbers. Although 
individuals with overt structural heart disease, especially those with history of malignant ventricular arrhythmias, 
constitute the highest risk subgroup for SCD, in absolute terms these cases represent a relatively small percentage 
of patients who have SCD in the population per year. Most SCD events occur in the general population without 
known heart disease. SCA=sudden cardiac arrest. SCD=sudden cardiac death.
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issue of low positive predictive values of risk markers for 
events,115 and large-scale monitoring of individuals 
involves large-scale ethical issues.

Although left ventricular systolic dysfunction is an 
advanced sign of extensive myocardial disease, the risk of 
lethal arrhythmias is increased even before substantial 
systolic dysfunction develops, with many studies showing 
the effect of myocardial fibrosis on the incidence of 
ventricular arrhythmias and SCD.116,117 Myocardial imaging 
methods have greatly improved during the past decade 
and are able to identify even mild myocardial disease. The 
identification of easily obtained markers associated with 
subclinical myocardial disease would allow for targeted 
employment of novel imaging and other diagnostic 
methods to improve SCD risk stratification.

Predicting SCD in patients with established cardiovascular 
diseases
The left ventricular ejection fraction remains the most 
universally used parameter for risk stratification in 
primary prevention for patients with ischaemic or non-
ischaemic cardiomyopathy. However, with limited 
sensitivity and specificity, this parameter does not 
sufficiently capture the detail or the extent and 
characteristics of myocardial disease and is a better 
predictor of overall cardiovascular mortality than SCD 
specifically. Patients at high-risk, identified by the left 
ventricular ejection fraction, are also at high risk of other 
competing forms of cardiovascular death.118 It is 
important to acknowledge that the left ventricular 
ejection fraction represents a continuum of risk and, 
therefore, a continuous risk-stratification approach is 
more appropriate than a dichotomous one.

Use of a cardiac MRI or other advanced imaging 
techniques for the detection of scar burden and type has 
emerged as an important risk marker with the potential 
to reclassify SCD risk more accurately into clinically 
meaningful risk categories compared with left ventricular 
ejection fraction alone. The absence of scar in non-
ischaemic dilated cardiomyopathies identifies patients at 
low risk of sustained ventricular arrhythmias and 
SCD,119–121 whereas scar burden and characteristics (eg, 
grey zone fibrosis representing transition zone between 
scar and viable myocardium) in ischaemic heart disease 
provides additional insight on SCD risk.121–123 Indeed, in 
2022, scar assessment by MRI was incorporated into 
guidelines for SCD risk assessment to delineate the SCD 
substrate at a finer degree beyond the gross assessment 
by left ventricular ejection fraction.111 Randomised studies 
are also required to further assess whether a strategy of 
imaging-guided scar assessment and risk stratification 
can enhance SCD prevention. Indicators of myocardial 
scar from ECG, including newer developments such as 
QRS micro-fragmentation to improve precision beyond 
usual visual assessment, might also help enhance SCD 
risk prediction and deserve further study.124,125 Considering 
cellular-level electrophysiological mechanisms might also 
be of importance. For instance, machine-learning assisted 
analysis of ventricular monophasic action potentials in 
ischaemic cardiomyopathy was seen to be useful in 
predicting sustained ventricular tachycardia and 
ventricular fibrillation.126 The need to move towards a 
better and individualised risk prediction in patients with 
and without severely reduced left ventricular ejection 
fraction is being increasingly recognised and has spurred 
new efforts, such as the EU-funded Personalised Risk 
score for Implantation of Defibrillators (PROFID) project 
(NCT05665608). PROFID is a large European effort 
towards personalised prediction and prevention of SCD 
after myocardial infarction.127

For accurate prediction of SCD risk in patients with 
established heart disease, a combination of risk markers 
or tests are probably required as opposed to a single 
marker or test. Few scores have been introduced to 
identify patients at high risk of SCD. Most share the 
common issue of poor specificity for predicting SCD (ie, 
the inability to predict SCD specifically rather than overall 
mortality). A promising solution to address this issue 
might be the combination of scores designed to optimise 
patient selection for ICD therapy. For instance, the 
combined use of the Seattle Heart Failure Model and the 
Seattle Proportional Risk Model, containing routine 
clinical and laboratory variables, has been shown to better 
partition and quantify the treatment benefit from primary-
prevention ICD therapy in patients with heart failure with 
reduced ejection fraction,128–130 identifying subsets with 
large differences in both relative and absolute risk 
reduction. Other risk scores have also been proposed.131–133

Patients with ventricular tachycardia or ventricular 
fibrillation in the setting of acute ischaemia are typically 

Figure 5: Spectrum of causes in SCD
Causes underlying SCD comprise three main classes: ischaemic heart disease 
(eg, coronary artery disease), structural non-ischaemic heart disease (including 
genetic cardiomyopathies [eg, hypertrophic cardiomyopathy, dilated 
cardiomyopathy, and arrhythmogenic cardiomyopathy], congenital heart 
disease, and other acquired structural heart diseases, such as myocarditis and 
valvular heart disease [eg, mitral valve prolapse]), and electrical non-structural 
disorders (eg, channelopathies), with idiopathic ventricular fibrillation forming a 
small proportion, progressively diminishing with scientific advancements, 
in which SCA remains unexplained after complete investigation. SCA=sudden 
cardiac arrest. SCD=sudden cardiac death. 
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considered as having a reversible cause of SCA, with 
emphasis only on early revascularisation in current 
clinical practice. However, the future risk of SCD in such 
patients, the influence of the underlying substrate, such 
as myocardial fibrosis or hypertrophy and the time lag 
between myocardial infarction onset and ventricular 
fibrillation deserves further study. For instance, advanced 
myocardial imaging or genetic susceptibility might have a 
role in this context. Similarly, in conditions such as 
coronary vasospasm or myocarditis, which have been 
considered as potential indications for ICD implantation 
in European guidelines in 2022, the extent of reversibility 
and recurrence risk in the long-term need careful 
evaluation.111 Additionally, in patients with coronary artery 
disease, great efforts have been made to distinguish 
vulnerable from stable coronary plaques, which could be 
a promising tool to help predict SCA in some patients. 
However, vulnerable plaques are associated with 
increased risk of myocardial infarction, but not necessarily 
SCD. Not all vulnerable plaque ruptures lead to 
myocardial infarction and not all myocardial infarction 
results in primary ventricular tachycardia. Better 
understanding of the mechanistic pathways from the 
vulnerable plaque to arrhythmia vulnerability is needed.

For certain non-ischaemic structural heart diseases, 
such as hypertrophic cardiomyopathy or arrhythmo genic 
right ventricular cardiomyopathy, specific multi-
parametric scores for risk stratification have been 
developed,134–136 which are useful models to strive for in 
terms of improving specificity and individualising risk 
prediction in other conditions, including coronary artery 
disease.

Genetics for prediction of SCD
In mendelian-inherited disorders, genetic testing can 
allow the identification of disease-causing variants, 
permitting the implementation of gene-specific 
preventive and therapeutic strategies and the identifi-
cation and protection of affected family members 
through cascade screening.137–139

Conversely, the role of genetic testing in identifying 
patients at risk of common coronary artery disease-
associated SCD is scarce at present. Having a family 
history of SCD is associated with an increased risk of 
dying suddenly,29 both in the general population overall 
and among people with known coronary artery disease,140,141 
thereby suggesting a genetic predisposition. However, 
specific genetic makers for risk prediction are scarce in 
the setting of coronary artery disease, with some 
exceptions, such as familial hypercholesterolaemia, in 
which genetics has an important role in early diagnosis 
and therapy.142

Most of the studies performed to identify genetic variants 
favouring SCA in the general population assume that a 
sum of common genetic variants (ie, single nucleotide 
polymorphisms, which are alterations in a single base 
pair) with a small effect size is probably responsible for the 

genetic predisposition of SCA (figure 6A). Therefore, 
genome-wide association studies were performed with 
two main strategies: (1) directly looking for single 
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Figure 6: Genetics for prediction of SCD
(A) Very rare variants with a strong effect size cause typical mendelian 
disorders. Such variants are identified with WES, WGS, or targeted NGS panels. 
On the opposite spectrum are polygenic disorders in which genetic 
predisposition is because of a sum of common genetic variants with a mild 
effect size. These common variants are usually identified with genome-wide 
association studies. Between these two extremes are conditions in which the 
phenotype is the result of the sum of rare and common variants. (B) Patient 1 
has a rare variant with a strong effect size that, by itself, is able to cause the 
disease phenotype. In this patient, common genetic variants (SNPs) with a 
modifier role and acquired factors could act to influence the severity of the 
clinical manifestation (eg, a severe long QT syndrome mutation, such as the 
KCNQ1-A341V143 or CALM mutation144). In patients 2 and 3, the patients have a 
rare variant with a strong effect that is, however, not strong enough to cause 
the disease phenotype by itself. The phenotype manifests only when acquired 
(patient 2) or common genetic factors with a small effect size (patient 3) are 
added (eg, a mild long QT syndrome mutation in which corrected QT 
prolongation and arrhythmic events occur only in the presence of 
hypokalaemia or QT-prolonging drugs). In patient 4, the phenotype is 
obtained with a sum of SNPs with small effect size and acquired factors (this 
patient could be a common SCD at the population level). Finally, SNPs could 
also have a protective role; therefore, there could be a patient (not represented 
in the figure) in whom the disease-causing variant could cause the phenotype 
by itself, but in the presence of protective SNPs the patient would not show 
the full phenotype. GWAS=genome-wide association studies. NGS=next-
generation sequencing. SCD=sudden cardiac death. SNP=single nucleotide 
polymorphism. WES=whole-exome sequencing. WGS=whole-genome 
sequencing. 
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nucleotide polymorphisms in populations of patients with 
SCA (ie, cases) and without SCA (ie, controls);145 and (2) 
searching for single nucleotide polymorphisms associated 
with risk markers of SCA and validating those single 
nucleotide polymorphisms in SCA cases versus controls.

The most difficult part of the first strategy is the 
collection of an adequate number of patients with SCA, 
the heterogeneity of the phenotype, and the identification 
of variants specific for SCA, beyond coronary artery 
disease. So far, the second strategy has mainly focused on 
the QT interval as a risk marker. Indeed, a prolonged 
corrected QT interval (QTc) is associated with an 
increased risk of SCA in patients with coronary artery 
disease,146 therefore genetic variants associated with a 
prolonged QTc could favour SCA risk.

There are data regarding the use of genome-wide 
polygenic risk scores to identify individuals at high risk 
for coronary artery disease who can be targeted for 
intensive prevention efforts, which can indirectly 
translate into reduced SCA burden.147,148 Although 
promising, the challenges to clinical translation include 
conclusively proving a significant, specific association of 
a group of variants to SCA, and having a big enough 
effect size for it to be clinically relevant given the 
multifactorial nature of SCA risk.149

In the past decade, the theory that mendelian disorders 
are always caused by very rare variants with a big effect 
size, and complex disorders are always caused by a sum of 
very common variants, each of them with a small effect 
size, has been questioned. Even if it is true that inherited 
channelopathies and cardiomyopathies are mainly 
monogenic, and SNPs might act by influencing clinical 
penetrance and severity (ie, modifier genes),150,151 it has 
been recently described (eg, in Brugada syndrome) how 
the sum of modulating SNPs, included in the so-called 
polygenic risk score, could confer a large effect on disease 
susceptibility (figure 6B).152,153 This observation supports 
the principle that common genetic variation might affect 
the susceptibility to a rare cardiac disorder previously 
assumed to be monogenic.

Just as mendelian disorders causing SCA might have a 
polygenic architecture in some patients,154 it has been 
hypothesised and shown that SCA in the general 
population might occasionally be favoured by rare 
variants.155,156 However, given that few SCA patients carry 
them, these variants can only identify a small proportion 
of at-risk patients.

Genetic data are not only useful to stratify SCD risk in 
certain conditions, but could also highlight new genes and 
pathways crucial to understanding SCD pathophysiology, 
posing the basis for the development of new and more 
effective therapies.17,18,145,157,158

The full picture might be comprehended only through 
a better understanding of all genetic, epigenetic, and 
environmental factors (including drugs) influencing 
SCD risk and their interplay. Genetics might influence 
not only drug response (ie, pharmacogenomics), but also 

the response to several other environmental factors that 
could altogether influence SCD risk. A key point to 
complete the picture is to have enough data from all 
ethnicities, because most ethnicities other than European 
ancestry are under-represented in genetic studies at 
present. Only collection of large-scale population data, 
both genetic and non-genetic, will move the field forward.

Preventing SCD
Similar to prediction, SCD prevention can be envisaged 
in terms of reducing the burden of cardiac disease at a 
global level and specific prevention of SCD in different 
cardiac conditions. Broad interventions at a population 
level, such as smoking cessation and risk-factor 
modification for coronary artery disease, are likely to 
have a major impact on preventing SCD; advanced 
techniques, such as ICD, as currently applied, target only 
a small fraction of the overall population at risk and need 
further refinement (figure 7).

Lifestyle modification on a global level
Standard risk factors for cardiovascular disease are 
potentially modifiable risk factors of SCD.85,87,159,160 Emphasis 
on primordial prevention cannot be stressed enough and 
novel methods for motivating individuals to improve their 
cardiovascular health and fitness are required. SCD is the 
most striking manifestation of cardiac disease and acquires 
even more prominence when a celebrity has SCD. 
However, such tragic events are also opportunities to raise 
awareness among the general public through messages 
and videos in mass and social media to adopt heart-healthy 
lifestyles. A healthy diet, the cessation of smoking, and 
regular exercise can all reduce the risk of SCD. Additionally, 
although the effect of environment on SCD remains to be 
definitively determined, progressive urbanisation is 
associated with accumulation of environmental stressors. 
Heart-healthy city designs to address some of these 
stressors have been proposed. Novel urban concepts 
aiming to reduce private car use, promote public and active 
transportation with increased physical activity, and 
reducing CO₂ emissions have been proposed.161,162 Future 
studies are needed to assess whether environmental 
measures affect SCD risk and how they interact over time 
with biological and traditional risk factors.

The role of drugs
Pharmacotherapy to reduce SCD risk has been applied in 
two ways: those that modify underlying substrate and 
those that directly address arrhythmia. Ensuring 
appropriate use and adherence to therapies that address 
cardiovascular risk factors and coronary artery disease is 
important. Additionally, several drugs commonly used to 
treat heart failure improve cardiac remodelling and have 
shown a favourable effect on SCD that cannot be fully 
explained by any intrinsic antiarrhythmic properties.

Angiotensin-converting enzyme inhibitors, angio-
tensin II receptor blockers, and mineralocorticoid receptor 
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antagonists have been shown to improve left ventricular 
reverse remodelling, prevent heart failure deterioration, 
and improve survival (potentially with decreased SCD risk 
as well). Possible mechanisms include the inhibition of 
myocardial and vascular adverse remodelling, reduced 
collagen deposition and myocardial stiffness, modulation 
of nitric oxide synthesis, and prevention of hypokalaemia. 
The combination of neprilysin inhibition with an 
angiotensin II receptor blocker might further reduce the 
risk of SCD,163 with studies showing that it reduces the 
burden of ventricular tachycardia, appropriate ICD 
shocks, and premature ventricular beats.164

β blockers are also effective in suppressing arrhythmia 
and reducing SCD in a spectrum of cardiac disorders.165 
SGLT2 inhibitors have broad-ranging effects in heart 
failure with both reduced and preserved ejection fraction 
and are associated with lower risk of new-onset atrial and 
ventricular arrhythmias as well as SCD in both diabetic 
and non-diabetic patients with heart disease.166–168 Further 
studies are necessary to support this hypothesis and 
clarify underlying mechanisms. It is thought that statins 
have a modest beneficial effect on SCD, which is most 
likely the result of a reduction of acute coronary events 
complicated by arrhythmia.169 Although it remains 
unclear whether statin therapy reduces the risk of 
arrhythmic death specifically, statin use has been 
associated with a reduction in the risk of appropriate ICD 
therapies in patients with both ischaemic and non-
ischaemic cardiomyopathy.170,171

Antiarrhythmic therapy, such as amiodarone, is 
currently only indicated to treat symptomatic ventricular 

tachycardia, reduce the incidence of ICD shocks, and the 
risk of hospitalisation, but does not improve survival.172,173 
Conversely, the identification and removal of common 
precipitating factors for arrhythmia, such as QT-
prolonging or bradycardia-inducing drugs, is also 
important. Existing antiarrhythmic drugs might find 
newer indications in other conditions, which needs 
further research and efforts to ensure their availability.174,175 
Some sodium-current blockers, such as mexiletine,176 
reduce risk in patients with type 3 long QT syndrome, 
whereas flecainide and ranolazine could potentially be of 
benefit.177,178 Quinidine has specific beneficial effects in 
patients with Brugada syndrome.179 There have been no 
major advances in conventional antiarrhythmic drugs, 
which requires prioritisation in future research. 
Although there has been some progress in therapies that 
prevent ventricular arrhythmias, including identification 
of novel targets, there is still an unmet need in this field.

The role of the ICD
Large randomised trials have shown the benefits of the 
ICD in both primary and secondary prevention 
settings.180–183 However, literature supporting the 
prophylactic use of the ICD in the primary prevention 
setting is worryingly outdated and warrants revalidation 
in the modern clinical context, especially considering 
the remarkable progress in pharmacotherapy of heart 
failure and advent of cardiac resynchronisation 
therapy.184

In the landmark primary-prevention ICD trials 
conducted in the late 1990s and early 2000s,180,181 medical 

Figure 7: Different interventions to prevent SCD and current armamentarium to protect patients at high-risk from SCD
The broadest interventions at the population level, such as global lifestyle measures to prevent coronary artery disease, will have the largest effect for preventing the 
largest number of SCD. As we move up the pyramid, advanced preventive measures (eg, implantable cardioverter defibrillator) target only a small fraction of patients 
at the highest risk. CRT=cardiac resynchronisation therapy. SCD=sudden cardiac death.
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therapy was suboptimal compared with present times 
and resynchronisation was not used. In the 2016 
DANISH trial,184 which did not report an overall survival 
benefit with the ICD in non-ischaemic cardiomyopathy, 
compliance with guideline-directed medical therapy was 
very high and probably contributed to the observed 
absence of mortality reduction with the ICD. A 
progressive decline in the occurrence of SCD over the 
past two decades has been reported in patients with heart 
failure;184 therefore, the absolute effect of ICD therapy has 
probably also diminished over the years. Furthermore, 
resynchronisation has been an important addition in the 
management of heart failure, which also reduces SCD 
risk through reverse left ventricular remodelling. 
Whether adding a defibrillator to resynchronisation 
confers additional mortality benefit is debatable, with no 
randomised comparisons of resynchronisation with and 
without associated defibrillator and cause of death 
analyses suggesting that SCD contributes to only a small 
proportion of the additional mortality observed in 
patients with resynchronisation alone.185 The nature of 
the underlying substrate also matters, with patients with 
ischaemic heart disease more likely to derive additional 
benefit from defibrillation compared with non-ischaemic 
cardiomyopathy.186 Hence, going forward, more work is 
needed to ensure that candidate selection for ICD targets 
those with the highest likelihood of benefit.187

Current selection criteria for the ICD are somewhat 
imperfect—on one hand, most recipients of ICDs never 

receive appropriate therapy, and on the other, many 
patients at high risk of SCD are not eligible for an ICD 
because their left ventricular ejection fraction exceeds 
35% (panel 3).188 This fact is important when considering 
the potential limitations of the ICD for primary 
prevention, including high cost, the inability to prevent 
ventricular arrhythmias, the morbidity and mortality 
associated with shocks, and the risk of device-related or 
lead-related complications.189 Preferential use of the 
subcutaneous ICD to reduce risk of complications 
associated with intravascular leads might be considered 
in the future,190 but more progress is needed for the 
development of novel, cheaper, and safer defibrillation 
devices, allowing concomitant cardiac pacing.191

The other important aspect is the issue of competing 
risks (figure 8), with many risk markers for SCD also 
being equally, or even more, predictive of non-sudden 
death, which might result in reduced benefit of the ICD 
(panel 4).193 The benefit of the ICD also declines with 
increasing comorbidities (with a correspondingly 
increasing proportion of non-SCD mortality); for 
instance, patients in end-stage renal failure are very 
unlikely to derive a clinically meaningful survival benefit 
from the ICD.

Sex is also an important consideration, with studies 
showing that men are more likely to have SCD compared 
with women, because women have a lower susceptibility 
to ventricular arrhythmia and are less susceptible to 
sudden death at any age.194 More research is needed to 
evaluate the magnitude of benefit of the primary-
prevention ICD in women. Current evidence suggests that 
the primary-prevention ICD is most beneficial in relatively 
younger male patients (ie, aged <60 years) with ischaemic 
heart disease and no advanced comorbidities.181,184

Implantable cardioverter defibrillator and other 
cardiac implantable electronic devices have the potential 
to serve as a source of continuous monitoring, which 
could allow new insights into arrhythmogenesis and the 
ability to retest conventional markers of SCD risk in 
large cohorts of patients with implanted devices.195,196 
Longer battery lives or the development of rechargeable 
batteries would vastly improve the cost-effectiveness and 
reduce the risk of infection associated with the need for 
generator replacement. Use of the subcutaneous ICD, 
especially in younger, more physically active patients (ie, 
aged <40 years), is expected to increase over the next 
decade as sensitivity for the detection of ventricular 
fibrillation and ventricular tachycardia is enhanced and 
pacing ability is incorporated via a leadless approach. 
Other innovations for avoiding intravascular leads could 
be of great value in younger patients (ie, aged <40 years) 
in whom the conventional ICD can pose considerable 
morbidity in the long term. The results of an 
extravascular ICD with substernal lead, reported in 
2022, could represent a novel solution in this regard 
while overcoming the limitation of no pacing with the 
subcutaneous ICD.191 Optogenetics is an emerging 

Panel 3: Clinical vignette 1: imperfections of current risk 
prediction

A cardiologist at a tertiary referral hospital sees two different 
patients. The first patient, Mr X, is a 46-year-old man who had 
a myocardial infarction 4 months before, has a left ventricular 
ejection fraction of 48%, and is relatively asymptomatic at 
present. On the basis of guidelines, in view of only mildly 
reduced left ventricular ejection fraction, the cardiologist 
appropriately advises him to continue optimal 
pharmacotherapy and lifestyle measures. The second patient, 
Mrs Y, is a 57-year-old woman with non-ischaemic dilated 
cardiomyopathy, left ventricular ejection fraction of 30%, is on 
heart-failure medications, has New York Heart Association 
class 2 symptoms, and had previously undergone implantation 
of a guideline-indicated primary-prevention implantable 
cardioverter defibrillator (ICD). Mr X collapsed suddenly 
6 months later at a friend’s house and was declared dead on 
arrival to hospital. Autopsy showed a left ventricular scar. Mrs Y 
is on regular follow-up for the past 10 years and has never had 
appropriate therapy from her ICD or documented ventricular 
arrhythmia on device interrogation. These patients illustrate 
the limitations of current guidelines based on left ventricular 
ejection fraction, in which some candidates at risk for sudden 
cardiac death would be missed, whereas some others 
implanted with an ICD would never receive therapy from it.
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technology that enables modulation of electrical cellular 
function, which can be used to directly pace or 
defibrillate the heart with brief blue-light pulses. The 
fact that non-traumatic and pain-free optogenetic 
defibrillation in diseased human hearts is feasible with 
only epicardial illumination holds exciting possibilities 
for future clinical applications.197

Other tools to prevent SCD
Although catheter ablation of arrhythmia is theoretically 
appealing, there are limited circumstances under which 
ablation might prevent SCD. Pre-excitation syndrome, 
known as Wolff-Parkinson-White syndrome, is an 
example of a relatively rare cause of SCD that can be 
treated by catheter ablation. Other potential applications 
include idiopathic ventricular fibrillation triggered by 
premature ventricular complexes originating from the 
Purkinje fibres and premature ventricular complex-
induced cardiomyopathy. Although prophylactic 
ventricular tachycardia ablation in ischaemic or non-
ischaemic cardiomyopathy has not yet been conclusively 
shown to reduce SCD rates, ongoing research has shown 
some promising results in specific settings.198–200

Therapies directly targeting the autonomic nervous 
system might have an important role in the pre-emptive 
management of SCD. Neuromodulatory approaches, 
such as cardiac sympathetic denervation, have been 
proposed as useful adjunctive therapies for arrhythmic 
storms and recurrent ventricular tachycardia or 
ventricular fibrillation. Left cardiac sympathetic 
denervation is currently recognised as an option for the 
treatment of long QT syndrome and catecholaminergic 
polymorphic ventricular tachycardia,111 and might also be 
of benefit in other cardiac conditions associated with a 
high propensity for lethal arrhythmias.201,202 Anecdotal 
reports suggest substantial benefit in patients with 
hypertrophic or arrhythmogenic cardiomyopathy and 
patients after myocardial infarction at high risk for 
ventricular arrhythmias. Given the general safety of the 
procedure and potential cost-effectiveness, further 
studies evaluating the use of sympathetic denervation 
for prevention of SCD have to be pursued.

Newer technologies, such as the biological pacemaker 
to treat bradyarrhythmias, and biological substrate 
modification techniques, such as injecting exosomes to 
reduce ventricular scar, might bring about novel avenues 
for SCD prevention.203 Immunotherapeutic strategies to 
reduce cardiac fibrosis, such as CAR T cells, might also 
be a novel alternative to conventional ablation.204 In 
inherited conditions, genotype-guided risk stratification 
and treatment deserves further research and expansion. 
Genome editing with the CRISPR–Cas9 system is a 
particularly promising technique for targeted gene 
therapy, which could be of use in mendelian disorders.205 
This new technique can undoubtedly help us move 
towards personalised and precision medicine in the field 
of SCD.

Specific preventive measures depending on the 
underlying causes should always be considered in order 
to reduce SCD risk. Examples include the avoidance of 
extreme exertion in arrhythmogenic ventricular 
cardiomyopathy96 and the use of immunosuppressive 
agents in cardiac sarcoidosis.206,207 In channelopathies, 
specific measures, such as β blockers and sympathetic 
denervation for patients with long QT syndrome and 
catecholaminergic polymorphic ventricular tachycardia, 
mexiletine for patients with long QT 3, and 
hydroquinidine and aggressive fever management for 
patients with Brugada syndrome, have been shown to be 
beneficial.174,177,208,209 As underlying mechanisms in specific 
diseases become better understood, new targets for drug 
therapy might emerge. Mavacamten, a myocardial 

Figure 8: Understanding competing risk and the potential effect of SCD 
reduction by ICD on overall mortality by NYHA class in patients with heart 
failure
The importance of considering competing and proportional risks of mortality in 
SCD prevention, illustrated by the 12-month mortality rate in the population of 
people with heart failure. Total mortality (blue bar) comprises non-arrhythmic 
cadiovascular death and non-cardiac death (neither are preventable by ICD). 
With increasing NYHA class, total mortality increases, but the proportion of SCD 
within the total mortality reduces (especially in class 4) due to an increase in 
other competing causes of mortality, such as progressive heart-failure death and 
non-cardiac death. Hence proportionate mortality reduction, achieved by the 
ICD (orange arrows), also reduces. Data obtained from MERIT-HF Study Group.192 
ICD=implantable cardioverter defibrillator. NYHA=New York Heart Association. 
SCD=sudden cardiac death.
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Panel 4: Clinical vignette 2: competing risks

A 68-year-old patient with severe renal dysfunction (on 
dialysis), atrial fibrillation, and ischaemic heart disease with a 
left ventricular ejection fraction of 25% received a transvenous 
implantable cardioverter defibrillator (ICD) for primary 
prevention of sudden cardiac death as indicated by guidelines. 
The patient was admitted to the intensive care unit 3 months 
later with severe sepsis and died after 1 week in the hospital. 
This patient illustrates the importance of competing risks for 
mortality in patients otherwise reaching criteria for ICD. 
Current guidelines recommend that there should be 
reasonable expectation of at least 1 year survival, which is 
rather subjective. These decisions require good clinical 
judgement and a multidisciplinary team approach.
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myosin inhibitor, has shown promise in reducing 
myocardial contractility and left ventricular outflow tract 
obstruction in hypertrophic cardio myopathy and might 
have beneficial effects in reducing arrhythmia and 
SCD.210

In some conditions, such as with myocarditis, SCD risk 
is temporarily increased, but might come down with 
time. Alternatively, one might be in a waiting period, 
such as the early post-myocardial infarction period, 
initiation of medical therapy in a newly diagnosed 
cardiomyopathy, or a patient listed for heart transplant. 
Managing transient SCD risk in such situations is 
challenging because implanting a permanent transvenous 
ICD might be unnecessary in the long term (panel 5).

The wearable cardioverter defibrillator, or life vest, is 
increasingly being used in patients with a transiently 
increased SCD risk profile.211–213 However, compliance is 
an issue with the use of the wearable cardioverter 
defibrillator and high rates of adherence are needed to 
ensure efficacy.214 Smaller, less expensive defibrillation 
devices with enhanced sensitivity to detect ventricular 
fibrillation or ventricular tachycardia, designed to provide 
protection during transient periods of increased SCD 
risk, would be welcome in this context. The use of AEDs 
at home, with training on defibrillation and resuscitation 
provided to carers, needs to be further studied to evaluate 
the effectiveness in specific circumstances.215 The 
potential psychological effect of prescribing a wearable 
cardioverter defibrillator or home AED programme on 
patients and caregivers needs careful consideration. Use 
of wearable cardioverter defibrillators could adversely 
affect mental health and contribute to anxiety and 
depression; however, studies suggest that depressive 
symptoms improve over time and many recipients feel 
safer and more confident with the protection afforded by 
the wearable cardioverter defibrillator.216–218 Similarly, 
families of SCA survivors are generally well accepting of 

a home AED programme,219 although there is some 
concern that it might contribute to persisting increased 
anxiety in caregivers such as spouses.220

An alternative approach: short‑term prevention
Long-term SCD risk prediction has multiple limitations, 
including the difficulty in precisely identifying 
individuals at high risk, the issue of competing risk, and 
the imperfect technologies (eg, ICDs) used for 
prevention. Research efforts have focused on medium-
term to long-term SCD risk on the presumption that 
prevention close to or around the event is not possible. 
However, SCD is not always completely unheralded or 
unexpected.221 Approximately half of patients who have 
SCD report intermittent warning symptoms preceding 
the cardiac arrest in the minutes or hours before the 
actual event.222,223 Most do not call emergency services to 
report these warning symptoms, but those who do show 
vastly improved rates of survival.223 Thus, timely 
identification of individuals at high risk in the minutes, 
hours, or days preceding SCD with immediate pre-
emptive action might be possible, opening up a 
potentially new framework of short-term prediction and 
prevention.224 For instance, multiple clinical parameters 
have been shown to predict patients at high risk of SCD 
relating to ST elevation myocardial infarction before 
hospital admission (eg, younger age [<50 years], absence 
of obesity and diabetes mellitus, and shortness of 
breath),225 which can lead to the identification of a 
subgroup of patients with a high probability of 
experiencing SCD. Such early information can be used to 
urge rapid responses by EMS, increasing the chances of 
a cardiac arrest being witnessed by EMS, or could be 
potentially used in the future to alert nearby lay 
responders via apps designed for that purpose.

We currently have limited knowledge on the exact role 
of transient ECG changes or non-sustained arrhythmias 
before SCA. Innovations in cardiac rhythm evaluation, 
including monitoring with mobile devices, have emerged 
over the past several years and could provide important 
insight into immediate precursors of fatal arrhythmias. 
Wearable ambulatory sensors have the potential to 
provide alerts based on ST segment or T wave changes 
for myocardial ischaemia or infarction,226 and for 
arrhythmic events based on transient tachyarrhythmias 
detected by ECG.227 Mobile devices with geolocalisation 
capability in conjunction with wearable sensors can help 
acquire timely data with immediate triggering of 
emergency intervention.228 Automation of data 
interpretation through artificial intelligence (AI) will be 
crucial to deal with the large amount of information 
generated, but there is already some preliminary 
evidence that such timely data acquisition along with AI-
based interpretation might allow for short-term 
prediction of SCA.229,230 A single centre study showed that 
artificial neural networks generated with 14 parameters 
obtained from heart rate variability and respiratory-rate 

Panel 5: Clinical vignette 3: individualised risk and 
transient risk for sudden cardiac arrest

A 47-year-old woman with urinary tract infection was seen by 
her family physician and prescribed ciprofloxacin. She 
collapsed in a shopping mall 2 days later and was resuscitated 
by paramedics with documented ventricular fibrillation. 
Investigations at hospital admission revealed a potassium 
measurement of 2∙3 mEq/L and QTc prolongation (530 ms) 
on the ECG. After withdrawal of ciprofloxacin and potassium 
correction, QTc normalised to 380 ms. Molecular screening 
was performed and identified KCNE-D85N, a variant 
identified in 1% of the population, typically associated with 
acquired long QT syndrome. Identification of transient risk 
factors for QT prolongation in this case helped the managing 
team decide against implantable cardioverter defibrillator. 
The patient was advised to avoid QT-prolonging medications 
in the future.
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variability analysis could predict ventricular tachycardia 
1 h before occurrence with reasonable sensitivity and 
specificity.230 However, AI and machine learning are 
subject to limitations of overfitting, data imbalance, and 
unreliable performance in the setting of data errors. 
Hence further, carefully conducted studies are required 
to determine the utility of such modern technologies for 
these and other potential scenarios.231

Summary and future directions for better SCD 
prediction and prevention
Preventing SCD requires thorough knowledge of its 
underlying causes and the mechanisms leading to the 
final arrhythmia cascade, which involve a complex 
interplay of the substrate and modifying factors or 
triggers. Major gaps in SCD risk prediction and 
stratification exist, with an urgent need to have robust 
risk markers other than left ventricular ejection fraction. 
Markers, such as myocardial scar burden, scar type, and 
multiparametric risk scores, need further study and 
validation before they can be translated to the clinical 
arena. Additionally, future studies should consider 
dynamic risk and competing risk to identify the best 
high-yield risk indicators. Although genetic assessment 
is effective for monogenic conditions, our understanding 
of genetic risk for common SCD is still poor; large 
registries and multicentre collaborations will help to 
advance and move the field toward a more comprehensive 
approach that combines genotype, phenotype, and 
environment. Although specific risk markers that 
predict SCD beyond coronary artery disease will 
undoubtedly be valuable, SCD prevention begins at a 
global level with emphasis on lifestyle and overall 
cardiovascular disease prevention, which will then 
translate into meaningful reductions in SCD incidence. 
Impressive advances in heart-failure pharmacotherapy 
have reduced mortality, including SCD; however, novel 
therapeutics specifically addressing arrhythmia and 
thereby preventing SCD are an unmet need. The ICD 
has been at the centre of targeted efforts to prevent SCD, 
but gaps exist in selecting the ideal candidate for primary 
prevention and reducing morbidity from this therapy. 
New studies reassessing thresholds for the primary-
prevention ICD in the current era of heart-failure 
pharmacotherapy are required. Catheter ablation and 
autonomic modulation might be valuable to prevent 
SCD in selected circumstances and further studies are 
needed to assess their efficacy for this purpose. Keeping 
in mind the limitations of long-term prediction for SCD, 
alternative frameworks, such as short-term prevention 
aiming to pre-empt SCD immediately before its 
occurrence, need to be systematically researched. 
Emerging technologies in varied disciplines, including 
genetics, AI, wearable sensors, and big data, will need to 
be carefully leveraged in the next decade to achieve an 
effective reduction in SCD burden at the population 
level (panel 6).

During the event: improving resuscitation, 
maximising survival
Patients experiencing SCA continue to have an 
unacceptably low chance of survival. Efforts to improve 
survival should be multidisciplinary. To survive an SCA 

Panel 6: Recommendations for prediction and prevention

• Directed studies on the identification of easily accessible 
surrogates that identify sudden cardiac deaths (SCDs) 
with a high likelihood of having an underlying cardiac 
arrhythmic cause can lead to improved precision of the 
SCD definition in large-scale population-based research.

• Comprehensive evaluation of SCD risk linked to 
myocardial scar, especially the importance of scar burden 
and heterogeneity, including border zones and channels, 
should be explored to further identify a useful risk marker.

• In-depth research into arrhythmia vulnerability in the 
setting of acute ischaemia should be strongly encouraged 
for a better understanding of the pathway from 
vulnerable plaque to myocardial infarction, and 
myocardial infarction to arrhythmogenesis and SCD.

• Testing of new SCD risk markers should consider the 
competing risk from non-SCD mortality and the 
proportional risk from SCD within the total mortality in a 
given population. The ideal SCD risk marker would be one 
that has specific predictivity for SCD and low or no 
association with non-SCD mortality.

• Established multiparametric risk scores combining 
variables encompassing both structural and electrical risk 
markers need to be developed and tested rigorously in 
various populations to increase the probability of 
identifying an adequate SCD risk marker.

• Widespread implementation of genetic analysis will 
provide early diagnosis of monogenic conditions and 
enable active exploration of polygenic risk scores for SCD 
related to coronary artery disease and other common 
heart diseases.

• Identifying and treating modifiable cardiovascular risk 
factors starting at early adulthood to reduce long-term 
SCD risk at individual and population levels should use a 
multidisciplinary approach to ensure full-range solutions.

• Assessing the magnitude of efficacy of the primary-
prevention implantable cardioverter defibrillator (ICD) 
should be priority in the current era of heart failure 
pharmacotherapy, as well as a closer look at biological 
therapies aimed towards reducing myocardial fibrosis.

• Comprehensive research into novel defibrillation devices 
with extending battery longevity or that are rechargeable 
transcutaneously should be prioritised and innovations, 
such as optogenetic technology, should be actively pursued.

• Neuromodulatory approaches for SCD prevention, 
including sympathetic denervation, should be researched in 
well conducted trials to expand their applicability, including, 
as a potential one-time solution, an alternative to ICD 
insertion, especially in resource-constrained settings.
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event and to have the best possible outcome, a person 
needs the involvement of lay responders, tele-
communicators, emergency medical service personnel, 
physicians, nurses, technicians, social workers, 
physiotherapists, family members, caregivers, etc. The 
Utstein Style is a set of guidelines for uniform reporting 
of cardiac arrest, first proposed for EMS in 1991,232 
endorsed by the international resuscitation community, 
to facilitate and structure resuscitation research and 
publication. During the intervening years, resuscitation 
science has advanced considerably and the Utstein Style 
has been revised.

Survival from SCA depends on a sequence of time-
sensitive interventions known as the chain of survival, 
consisting of six interconnected links (figure 9A): (1) 
immediate recognition of SCA and activation of the 
emergency response system; (2) high-quality CPR, 
including telecommunicator-assisted resuscitation; (3) 
rapid defibrillation; (4) advanced resuscitation; (5) post 
cardiac-arrest care; and (6) rehabili tation and recovery.233 
The biggest effect on survival can be seen through the 
first to third links in the chain, affecting the greatest 
number of SCA patients (activation of emergency 
response, high-quality CPR, and early defibrillation; 
figure 9B). However, the research funding does not 
necessarily correlate with effect on survival (figure 9C) 
and focuses primarily on advanced resuscitation care and 
hospital interventions that affect a small number of 
patients.235

There are common epidemiological characteristics of 
SCA patients across countries and regions. Many of 
these characteristics contribute to the challenges faced 
by EMS and governments in implementing interventions 
and strategies aimed at improving outcomes. 
Importantly, the location of SCA is most often the 
patient’s home, with arrests occurring in public places 
in fewer than 30% of events attended by EMS.35,41,42 There 
are well established system factors that contribute to 
improved survival, including lay-responder CPR, rapid 
defibrillation, and short response times by EMS.236 
Individual factors include witnessed arrest, public 
location, younger age, and presence of comorbidities. 
Most survivors are patients found in ventricular 
fibrillation or pulseless ventricular tachycardia, and 
many factors that predict the likelihood of presenting in 
shockable rhythm are strongly aligned with survival.1,237,238 
Although incremental improvements in survival over 
time have been observed,53 it has become clear that to 
substantially improve outcomes, a new multilevel, 
multidisciplinary approach is required. The Utstein 
group, a group of experts in resuscitation science, has 
proposed a formula for survival: medical science × educa-
tional efficiency × local implementation=survival.239 

Medical science includes research in SCA prevention, 
resuscitation, and care after arrest. Educational efficiency 
balances the need for training as many people as possible 
on resuscitation, with the latest technology and high-
frequency, low-dose training methods, while keeping the 
messaging simple and broadly applicable.240 Local 
implementation, which is the most challenging to 
achieve, is translating evidence-based SCA guidelines 
into each area with bespoke strategies. We propose key 
initiatives to improve outcomes after SCA, broadly 
categorised as individual level, resuscitation-health-
system level, and community level, which, if implemented 
equitably and consistently, could lead to transformational 
change in SCA survival globally.

Individual level interventions
Large, pragmatic, multicentre studies have evaluated some 
common SCA practices, from initial resuscitation with 
chest compressions and ventilations,241 to advanced life 
support including intravenous drug administration,242,243 
and in-hospital intensive care comparing different 
temperature-management strategies.244 These trials 
assessed the overall effect we can expect from current 
resuscitation practices when applied to real-life settings 
and show that current SCA interventions are not largely 
effective one-size-fits-all strategies. However, wide 
inclusion criteria in studies, heterogeneous patient 
populations, and large confidence intervals in terms of 
quality and timing of interventions might have hidden 
important yields in specific settings or patient populations. 
Patient-level interventions to improve outcomes for 
patients of SCA need to be tailored to the individual, taking 
into consideration underlying cause and characteristics of 

Figure 9: Evaluation of SCA research funding based on chain-of-survival links
(A) Out-of-hospital cardiac arrest chain of survival with activation of emergency response and lay-responder CPR 
combined into a single first link. (B) The relative effect of the individual links in the chain of survival. The size of 
each link represents the relative odds of survival published for each intervention. (C) National Institutes of Health 
research investment into chain-of-survival links. The size of each link correlates to relative number of grants 
awarded between financial year 2017 and 2021. Adapted with permission from Merchant et al233 and Coute et al.234 
SCA=sudden cardiac arrest. CPR=cardiopulmonary resuscitation.
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the SCA and the patient’s response to therapy. Therapies 
shown to have modest effect in large, pragmatic, 
randomised controlled trials might need to be re-evaluated 
in the setting of titrated and individualised medicine.

For any treatment to be effective for an individual 
having SCA it needs to: (1) be delivered before there is 
irreversible organ damage, (2) reach its intended target 
(ie, a drug needs a functioning route of administration), 
and (3) be supported by other aspects of life support to 
maintain a minimum of organ perfusion and oxygenation. 
During resuscitation, these prerequisites might be hard 
to ensure.

Compressions and ventilation quality
High-quality CPR includes both effective ventilations 
and chest compressions with adequate depth, complete 
recoil, optimal rate, and minimal pauses. The importance 
of high-quality resuscitation is highlighted in 
international consensuses and guidelines, but current 
recommendations are still almost exclusively limited to 
metrics that focus on rescuer performance rather than 
the tailoring of actual technique to the patient being 
resuscitated.245

Mechanical CPR provides standardised support, but 
has not in itself been shown to improve survival 
compared with manual resuscitation in randomised 
controlled trials.246 Despite the absence of evidence that 
these devices increase survival, mechanical devices have 
been widely implemented in many EMS systems. 
Because the quality of manual resuscitation during 
ambulance transport is severely compromised, there is 
an important role for ongoing mechanical CPR during 
transportation to further advance in-hospital treatment 
for some patients.247

Recommending standard compression and ventilation 
rates to all adults without considering important 
variations in patient size, anatomy, or underlying causes 
will inevitably lead to suboptimal resuscitation for every 
non-average patient. In more advanced clinical and 
experimental settings, efforts have been made to explore 
more tailored resuscitation. One example of a strategy 
that has been explored is individualising the hand 
position during chest compressions. Imaging studies 
suggest there might not be one optimal hand position as 
there are important variations in cardiac anatomy with 
sex, obesity, and cardiac disease,248,249 and compressions 
delivered at the standard hand position might compress 
the left ventricular outflow tract in a substantial 
proportion of SCA patients.250 Pilot studies evaluating 
variations in hand position during chest compressions 
by recording concurrent changes in blood pressure or 
end-tidal CO₂, which is considered an imperfect 
surrogate measure for cardiac output in the SCA setting, 
suggest there are clinically relevant variations in optimal 
compression sites between patients.35,251–253

Another example of individualised resuscitation 
that has been extensively tested on animals is 

haemodynamic-directed resuscitation in which the depth 
of chest compression and vasopressor doses are titrated 
to achieve improved coronary-perfusion pressure or 
diastolic blood pressures.254,255 This concept is supported 
by observational data showing a correlation between 
higher diastolic blood pressure and favourable survival in 
a paediatric population resuscitated in cardiac arrest 
centres where haemodynamic-directed CPR was 
practised.256

Although these are preliminary, exploratory studies, 
they might provide important insights into how to 
improve outcomes through improving resuscitation 
quality and individualising resuscitation strategies. New 
technology, pairing traditional quality metrics with organ 
perfusion, might be key to improving patient outcomes 
through improving delivery. Real-time feedback during 
resuscitation, either in the form of audio–visual feedback 
with verbal prompts or a visual indication of compression 
depth and frequency, could also be a useful strategy to 
improve resuscitation quality by lay responders and for 
EMS by increasing cardiac compression fraction and 
decreasing the duration of long non-shock pauses.257,258 
However, currently there is no clear evidence that such 
feedback improves patient outcomes.

Future feedback devices incorporating patient signals 
reflecting general or cerebral perfusion (eg, capnography, 
near-infrared spectroscopy, or electroencephalogram 
[EEG]) could direct rescuer CPR personalised to the 
patient’s physiological response. Personalisation could 
include adjusting hand or body position or compression 
depth and rate. Mechanical resuscitation is currently 
used as an alternative to manual resuscitation in many 
settings. Although these devices have not been shown to 
improve outcomes by providing standardised 
compressions, mechanical resuscitation devices might 
prove to be more effective if guided by individual 
physiological patient responses. Development of novel 
monitoring technology with more precise physiological 
signals could represent important advances in providing 
more effective resuscitation.

New defibrillation strategies
There has been renewed interest in optimising first-
shock success through novel defibrillation techniques 
and several new strategies are being explored. A 
randomised control trial in 2022 showed surprisingly 
high improvement in survival with double sequential 
defibrillation, in which two separate defibrillators are 
used on the same patient delivering rapid sequential 
shocks through both standard and anterior–posterior pad 
positions.259 The trial was stopped early due to COVID-19 
restrictions, but reported more than twice as many 
survivors to hospital discharge in the intervention group 
compared with standard treatment. Although the 
resuscitation community is enthusiastically debating the 
limitations and consequences of the study, there is 
renewed hope that both novel defibrillation strategies 
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and improved focus on optimal defibrillator pad 
placement can have an impact on cardiac arrest 
outcomes.

Chest compressions cause disturbances in the ECG 
signal and standard practice is to pause compressions for 
signal analysis. Development of new signal-filtering 
techniques have allowed for defibrillators to accurately 
analyse the ECG signal without pausing chest 
compressions. Although these filter techniques have been 
implemented into clinical practice, there is scarce 
research evaluating their usefulness. An observational 

before-and-after study in 2021 was the first to observe 
fewer pauses in chest compressions after implementation 
of new defibrillators with filtered rhythm analysis, but the 
study did not report any survival outcomes.260 Although 
the effect of these filtering techniques on cardiac arrest 
survival has yet to be shown, this technological 
advancement could prove useful in future strategies 
exploiting information hidden in the ECG signal to 
develop more individualised approaches to resuscitation.

Signal analysis of the ventricular fibrillation amplitude 
spectral area is an example of a novel defibrillation 

Panel 7: National case studies 

Japan: National Utstein Registry
Japan represents a unique model of a population-based 
national registry of out-of-hospital cardiac arrest (since 2005) 
in combination with continuous improvements of the 
emergency-medical-services system and survival after out-of-
hospital cardiac arrest. Across Japan, all municipal governments 
provide a uniform emergency-medical-services system through 
fire departments that contain a dispatch centre. Dispatched 
emergency medical personnel includes at least one emergency 
life-saving technician who is trained to provide minimum 
advanced measures, such as intravenous access, advanced 
ventilation devices, and defibrillation. Furthermore, the number 
of public-access AEDs increased yearly and reached 
approximately 670 000 (5∙3 per 1000 people) in 2021. 
Nationwide, intensive CPR training and education has been 
implemented by the municipal fire departments, through 
mandatory school CPR and AED training programmes in 
secondary education, and is required when obtaining a driving 
licence. As a result, in public locations, such as stations, schools, 
or sports facilities, approximately 70% of out-of-hospital 
cardiac arrest cases were shocked by public-access AEDs.274,275 
Continuous improvements of the emergency-medical-services 
system, such as shortening the time to defibrillation by 
emergency medical personnel and incremental increases in CPR 
rate and lay-responder shocks with public-access AEDs, led to 
2∙5-times nationwide improvement of favourable neurological 
outcomes (from 10∙1% to 24∙9%) in witnessed ventricular 
fibrillation out-of-hospital cardiac arrest and 2∙1-times (from 
2∙4% to 5∙1%) in witnessed out-of-hospital cardiac arrest of 
medical origin.276,277

The Netherlands: citizen CPR and public-access defibrillation
The Netherlands shows that the response before hospital by the 
public and first responders can make a true difference. With 
continuous public campaigns of traditional classroom CPR 
training, CPR rates before the arrival of EMS in the Netherlands 
have been high for decades (>50% in the late 90s, rising to 
>77% in 2017).41 To shorten the time to defibrillation, 
since 2009, a professional first responder (ie, firefighter or 
police officer) equipped with an AED (known as dispatched 
AED) and qualified to perform basic life support is sent to 
suspected out-of-hospital cardiac arrest cases in addition to 

EMS. Also, since 2010, several regional systems were set up to 
additionally dispatch volunteer responders to either go to the 
patient directly or to a publicly accessible AED in the vicinity of 
the patient to initiate resuscitation—a system that was 
deployed nationwide in 2018.278 Being the first to bring the 
defibrillator to the patient has now become a friendly 
competition between police, firefighters, dispatched volunteer 
responders, and EMS. A striking result of these efforts is 
the increasing use of AEDs: nowadays, in 60% of resuscitations 
for out-of-hospital cardiac arrest, an AED was attached before 
the arrival of EMS, which has proved to be highly effective. 
Survival in patients with a shockable initial rhythm had 
increased from 29% to 41% during a 7-year period, at least 
partly explained by the increased use of AEDs from 
21% to 59%.279 Implementation of the volunteer responder 
system is associated with reduced time to first defibrillation, 
increased lay-responder CPR (to 91%), and increased overall 
survival for out-of-hospital cardiac arrest patients in residences 
found in ventricular fibrillation.280

Singapore: technology to save lives
In Singapore, the technology used to alert responders is taken 
one step further. The myResponder app that was launched as 
part of the Save-a-Life initiative in 2015 not only notifies 
community lay responders of suspected SCAs and AED 
locations within 400 m,281 but also allows users to activate EMS. 
This notification can reduce response time because geolocation 
data of the SCA can be sent directly to EMS. Volunteers are 
equipped with a device known as a CPRcard for feedback on CPR 
quality, which is placed on the chest and uses lights to indicate 
when the correct compression depth and rate are reached. 
Further enhancement of the initiative involved partnerships 
with taxi companies to equip taxis with AEDs. Drivers of AED-
equipped taxis are notified via the myResponder app of 
suspected SCAs within 2 km of their location. 4 years after the 
initiation of Save-a-Life there had been 125 145 downloads 
with 46 689 registered responders. The number of registered 
responders in 2022 was over 111 000. The proportion of 
community responders who accepted notification showed an 
increasing trend from 11∙2% in 2015 to 45∙8% in 2019, and the 
proportion of responders who arrived at the scene of the SCA 
increased from 5∙7% in 2015 to 24∙1% in 2019.282
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strategy in which new filtering techniques allow 
continuous signal-morphology analysis during chest 
compressions. Amplitude spectral area is predictive of 
whether an electrical shock can terminate ventricular 
fibrillation and prompt return of spontaneous 
circulation, offering an opportunity to tailor defibrillation 
therapy to individual response.261 Current practice is to 
continue to shock ventricular fibrillation at set time 
intervals with the goal of terminating this highly energy-
demanding rhythm. Tailoring defibrillations to patient 
responsiveness to therapy accomplishes two things: 
avoiding unnecessary shocks and the accompanying 
pauses in chest compressions, and avoiding delays in 
defibrillation when the patient is likely to respond earlier 
in the prescribed 2-min cycles. An ongoing clinical trial 
(NCT03237910) is underway to determine whether the 
ability of amplitude spectral area to predict successful 
defibrillation can be translated into improved outcomes 
for patients having cardiac arrest.

Drugs for cardiac arrest
Adrenaline is used to increase the perfusion of the heart 
and brain by redirecting blood flow and increasing the 
pressure gradient for coronary perfusion during SCA. 
Amiodarone and lidocaine are antiarrhythmics used as 
adjuncts in SCA in refractory ventricular fibrillation or 
tachycardia. Although there is theoretical rationale for 
their use, a 2016 clinical trial questions their effect on 
patient survival.242 There are continuous efforts to identify 
new drugs that might be useful in cardiac arrest, most 
recently trials evaluating calcium, vasopressin, and 
steroids, but findings remain underwhelming with 
negative or neutral results.262,263 Explorative studies 
assessing drug trials have underlined the importance of 
patient selection as well as timing and route of drug 
administration by observing potentially important 
differences in effectiveness depending on how and when 
the drugs are delivered. Intravenous administration 
might be more effective than intraosseous administration 
for some drugs, whereas early compared with late 
administration might have an impact for others.264–266

Care after SCA and prognostication
Most patients who have SCA and are admitted to hospital 
after initial successful resuscitation remain comatose 
and in need of care. Hypothermia was believed to be our 
only proven therapy to improve functional survival for 
these patients; however, its effectiveness has been 
questioned.267 Similarly, although immediate angiography 
is necessary for ST-elevation myocardial infarction, the 
relevance of early angiography in other situations post-
SCA has been called into question by randomised trials 
in 2019 and 2021.268,269 In addition, randomised controlled 
trials on different mean arterial blood pressure and 
restrictive or liberal oxygen target of a PaO₂ did not result 
in different percentages of patients dying or having 
severe disability or coma after out-of-hospital cardiac 

arrest.270,271 However, there is a signal towards titrated 
oxygen being detrimental to survival in key subgroups, 
such as those in a shockable rhythm.272 Again, there is a 
suggestion that a more differentiated approach might be 
needed to ensure treatment is provided to those who 
need it, not as a one-size-fits-all approach. The theoretical 
benefit from hypothermia to mitigate brain injury might 
be offset by exposing patients without brain injury to 
unnecessary sedation and critical care, and procedural 
risks associated with urgent angiography in critically ill 
patients might outweigh the benefit when only a 
proportion have abruptly occluded coronary arteries. As 
clinical trials become larger and more sophisticated in 
their designs, there is hope that they will not only provide 
one-size-fits-all assessments, but also evolve into research 
capable of exploring and identifying specific subgroups 
or phenotypes of SCA that might benefit from specific 
treatments or treatment targets.

One of the most important interventions to improve 
SCA outcomes in intensive care is not to withdraw 
treatment too early. A comprehensive review identified 
bad prognosis predictors in four domains that would 
help in assessing when to withdraw life-sustaining 
therapies in catastrophic brain injury following SCA: 
(1) clinical examination (eg, absent pupillary and corneal 
reflex or presence of status myoclonus), 
(2) neurophysiological testing (eg, absent 
somatosensory-evoked potentials or presence of 
pathological EEG), (3) blood biomarkers (eg, elevated 
neuron-specific enolase during the first 72 h), and (4) 
brain imaging (eg, diffuse and extensive anoxic injury 
on brain CT or MRI). Although we have sound data to 
suggest poor prognosis after 72 h of unconsciousness in 
survivors with bad prognosis criteria within at least two 
of the four domains, clinicians are still challenged to 
assess potential residual effects from sedation and rule 
out any other possible reversible causes of 
unconsciousness. The prognostication process is often 
difficult and time consuming, putting considerable 
strain on families and health-care resources. New 
diagnostic tools to provide additional information on 
the magnitude of brain injury during the early post-
cardiac arrest phase would have major therapeutic and 
prognostic implications. Although still imperfect as a 
prognostic tool, machine learning and deep learning of 
EEG patterns look promising and might add value in 
clinical decision making in predicting both good or poor 
neurological outcomes.273 However, the careful con-
sidera tion of the use of machine learning is extremely 
important to ensure poor or biased practices and self-
fulfilling prophecies are not reinforced by developed 
algorithms. In addition, although having a rigorous 
process for withdrawal of life-sustaining therapy is 
important, the identification of patients likely to benefit 
from expensive and invasive organ support might 
become equally important as therapeutic options 
increase with time.
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Personalisation versus simplification
Cardiac arrest is a time-critical event in which patient 
survival is dependent on immediate action, 
predominantly by lay responders. The perfusion 
generated during standard CPR will not be optimal for 
all patients, and personalisation of resuscitation could 
lead to improved outcomes for individuals. However, 
there remains an important trade-off between keeping 
immediate resuscitation simple for lay responders and 
providing targeted, optimised, but potentially delayed 
complex care. Future technology might offset some of 
the complexity, with devices providing easy to follow, 
personalised feedback based on physiological signals 
during resuscitation. As the resuscitation and treatment 
of cardiac arrest progresses, there is an increased 
opportunity for personalisation. Whereas a lay rescuer 
needs very straightforward simple instructions, 
intensive care and rehabilitation provided by specialised 
health-care personnel will be increasingly personalised 
and guided by the patient’s response and needs 
(figure 10).

Resuscitation research has evolved with increasing 
evidence from large, multicentre, randomised controlled 
trials. Yet out-of-hospital health-care providers are still 
struggling to translate the findings from these large 
multicentre studies to local guidance for treating their 
individual patients. Large, pragmatic, randomised 
controlled trials help us predict how system-level 
interventions might lead to system-level changes in 
outcomes, but remain a crude tool in the quest for 
personalised medicine tailored to each individual. We 
need to move away from a one-size-fits-all approach to a 
more refined set of strategies based on patient phenotypes 
to substantially advance the improvement of outcomes 
after SCA. However, we lack much of the mechanistic 
insights into cardiac arrest and our current therapies to 
achieve this goal.

For any treatment to be effective during cardiac arrest it 
needs to be delivered before there is irreversible organ 
damage (ie, within the therapeutic window), reach its 
intended target (ie, a drug with a functioning route of 
administration), and all other aspects of life support need 
to be adequate and consistent (ie, high quality of care 
without premature withdrawal of life-sustaining 
therapies). During a chaotic cardiac arrest resuscitation, 
these prerequisites might be as hard to ensure as they are 
to document, and the variations in quality of care might 
dwarf any intervention in the setting of a large, 
multicentre, pragmatic, randomised controlled trial. It is 
imperative that future interventions are explored in high-
quality phase 2 trials that confirm whether the 
intervention is reaching the intended target within the 
therapeutic window before progressing to large, definitive 
phase 3 trials. Continuing to design phase 2 trials without 
any measurement of the intended target mechanism and 
progressing to large, one-size-fits-all phase 3 trials will 
ultimately halt the progression of resuscitation science.

Moving from static cardiac arrest registries to real‑time 
multisource data
Although correct and reliable data are needed to 
understand causes, treatment, and outcome after an SCA, 
most countries do not collect data on SCA or SCD 
incidence and outcome (figure 3). In addition, data in 
established registries are often inconsistently collected 
with heterogeneity in how SCA, SCD, and resuscitation 
are defined.283 To address the inconsistencies in SCA 
registration and outcome reporting, uniform terms and 
definitions for the registering the SCA resuscitation 
process were introduced as early as 1990 (ie, the Utstein 
Resuscitation Registry Template) and updated in 2019.232,284 
Furthermore, the Core Outcome Set for Cardiac Arrest 
initiative identified consensus core-outcome set domains 
for cardiac arrest for effectiveness trials, recommending 
that SCA trials should, as a minimum, include survival, 
neurological function, and health-related quality-of-life 
measurements.285

Still, the data collected rarely include all relevant 
sources (information from the dispatch centre, lay 
responders, AEDs, ambulance records, hospital records, 
personal health information, follow-up visits, patient-
reported outcome measures, etc). Combining all relevant 
data into a high-level, secure registry is challenging and 
is likely to demand multidisciplinary-tailored approaches 
to obtain data from the entire patient trajectory—from 
the initial emergency call to rehabilitation and long-term 
quality of life among SCA survivors, while safeguarding 
patient privacy. However, regional resuscitation platforms 
or hubs that could integrate, synchronise, and analyse 
individual-level data in real-time would provide novel 
precision data to optimise quality of care at the various 
levels of health-care systems, provide insights to 
communities and policy makers responsible for public 
health, and provide high-granularity data to support 

Figure 10: Opportunities for the personalisation of care after cardiac arrest
At the earliest points in the chain of survival, a simple universal approach emphasising lay-rescuer 
cardiopulmonary resuscitation and public-access automated external defibrillators is needed. As we move up the 
chain to expert care after SCA, there is a greater scope for the personalisation of care to the individual.
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further clinical research. Each regional resuscitation 
platform could serve as a hub for working upwards 
towards the larger community, policy, and national levels, 
and downwards feeding back processed data at 
institutional, departmental, and individual levels. 
Developing a resuscitation network in which key 
stakeholders can interact and collaborate within and 
across their own institutions and regions or hubs is 
crucial to develop effective and sustainable strategies to 
reduce SCD.

The development of regional resuscitation platforms or 
hubs and effective networks between these regional hubs 
will also provide unique opportunities for research. High 
quality, multisource, granular resuscitation data will not 
only be available for novel big data or AI approaches, but 
will also provide prompt and reliable evaluations of 
interventions or changes in practice meant to reduce 
SCD. Established stakeholder networks and continuous 
high-quality data collection will also provide solid 
platforms for conducting randomised clinical trials, 
lending itself to pragmatic and adaptive trial designs that 
can answer clinically important questions in relevant 
real-word settings at a reasonable cost.

Health-care system and community interventions
Since 1992, professional resuscitation organisations 
worldwide have come together in the International 
Liaison Committee on Resuscitation (ILCOR) to critically 
evaluate resuscitation science and to promote, 
disseminate, and advocate international implementation 
of evidence-informed resuscitation science. On the basis 
of these ILCOR reviews, international and regional 
resuscitation councils, such as the AHA and European 
Resuscitation Council (ERC), provide evidence-based 
resuscitation recommendations highlighting important 
research questions and substantial opportunities for 
enhancing each element of the resuscitation chain to 
improve survival chances.233,286

Although survival from SCA depends on each of the 
links in the chain of survival (figure 9), these links are 
themselves affected by complex system-level factors that 
might aid or detract from a successful resuscitation effort, 
such as strong EMS leadership, a culture of excellence, 
continuous resuscitation training, and quality improve-
ment programmes designed to provide feedback and 
debriefing after SCA events. These elements developed by 
the Global Resuscitation Alliance are termed the frame of 
survival, which highlights elements that are often missing 
in systems, including political commitment and supportive 
legislation. The ten-step, evidence-based principles to 
increase SCA survival are combined with practical training 
sessions and access to a global network of health-care 
personnel implementing this approach.287 These principles 
include: (1) establish a cardiac arrest registry; (2) implement 
resuscitation; (3) deliver high performance CPR; (4) begin 
rapid emergency medical dispatch; (5) measure 
professional resuscitation efforts with defibrillator 

recordings; (6) implement first-responder AED 
programmes, including police, firefighters, and security 
personnel; (7) use smart technologies to notify volunteer 
responders to provide early lay-responder CPR and 
defibrillation before the arrival of EMS; (8) make CPR 
training mandatory in schools and the community; (9) 
work towards accountability (eg, provide a publicly 
available annual report); and (10) work towards a culture of 
excellence.

Improving the recognition of SCA by the public and 
telecommunicators
SCA can be difficult for members of the public to 
recognise, leading to delays in care. Given that most SCA 
events occur at home and are unwitnessed,288 new 
wearable items, such as ECG finger rings or smart 
watches capable of communicating various biometric 
signals (eg, heart rate, respiration rate, blood saturation, 
skin temperature, capillary perfusion, activity, and body 
posture) by use of electrocardiography monitoring and 
photo plethysmography, could trigger an automated call 
to the EMS under prespecified conditions,289 allowing the 
citizen to get help even before the SCA occurs.280 Machine 
learning could potentially be used to ensure these 
algorithms are refined by the use of large volumes of data 
to decrease false triggers and the overload of information 
of EMS and health-care professionals.224 Identifying 
imminent SCA by machine learning algorithms will 
prove to be challenging because good-quality training on 
unrecognised SCAs to train AI algorithms scarcely exist. 

Additionally, smartphones and smart speakers have 
been documented to accurately identify SCA-associated 
agonal breathing with high sensitivity and specificity.290 
The widespread adoption of such devices presents 
another opportunity to identify unwitnessed SCA in 
domestic settings and transmit an alarm directly to the 
emergency dispatch centre. In addition, the use of social 
media to educate the public about the non-typical 
presentation of a cardiac arrest, such as agonal breathing 
and seizure activity, might improve public recognition of 
SCA.

In most SCA emergency calls, lay-responder CPR is 
not initiated before instructions from the tele-
communicator.291,292 To improve the recognition of SCA 
and the quality of resuscitation guidance for the lay 
responder, each telecommunicator needs ongoing 
training in early SCA recognition and personalised 
feedback on the provision of resuscitation instructions 
given in emergency calls for SCA. For quality-
improvement purposes, telecommunicator audio 
recording can be linked with EMS data and hospital 
outcomes to identify training needs.293,294 In addition, 
telecommunicators could be enrolled in repeated, short-
duration, high-quality improvement sessions with 
simulation scenarios replicating real-world calls. AI in 
the dispatch centre could aid in minimising language 
barriers295 and can also be used to listen to live emergency 



The Lancet Commissions

904 www.thelancet.com   Vol 402   September 9, 2023

calls and recognise SCA, thereby improving the 
sensitivity and diminishing the time for SCA 
recognition,296 leading to earlier telecommunicator-
assisted lay-responder CPR and the earlier dispatch of 
appropriate EMS. However, call-taker acceptance and 
meaningful integration of AI decision-support advice is 
crucial to implementation success. To date, such 
programmes have not shown clinical significance.

Improving early CPR and defibrillation before ambulance arrival
There has been little innovation in AED devices to the 
point that their communication and tracking technology 
is outperformed by most mobile phones, toys, and 
everyday household appliances. Public-access defibrillator 
programmes are dependent on manual steps to locate the 
devices, keep track of when they are moved, and check 
whether they are ready for use (sufficient battery, pads 
within expiration date, etc). Important resuscitation data 
from these AEDs are often not stored, and when 
theoretically available, the data are difficult to extract and 
convert to uniform formats. AEDs should include 
geolocation, communicate their functionality status, and 
offer automated wireless transmission of key data to the 
EMS in real time. Furthermore, the resuscitation 
community and consumers of AEDs should demand 
better functionality from manufacturers.

Targeted placement of AEDs in locations with a high 
incidence of out-of-hospital cardiac arrest, as 
recommended by the ERC and AHA,233,286 with the 
flexibility of redeploying the AEDs when population 
movement patterns and epidemiological profiles 
change, are more likely to be cost-effective.297–299 Although 
mathematical optimisation models for AED deployment 
have shown to be theoretically beneficial for the coverage 
of high-risk SCA,300 translating these modelling results 
into real-world, improved AED coverage and survival 
gain has yet to be shown. In practice, most AEDs are 
bought by individuals or companies for local use, not by 
health-care authorities or communities for optimal SCA 
coverage to ensure more equitable access. Public-access 
defibrillation programmes should be complemented 
with public-awareness campaigns, CPR and AED 
training, and AED maps linked to EMS for 
telecommunicators to direct lay responders to the 
nearest AEDs.301,302 In addition, ensuring that publicly 
available AEDs are registered and accessible 24 h a day, 7 
days a week, and linked directly to the emergency 
dispatch centre increases the chance of defibrillation 
before the arrival of EMS and improves survival.303

Availability of AEDs has mainly focused on public 
locations, despite most SCA events occurring at home.288 
The randomised Home Automated External Defibrillator 
Trial, testing AED placement in the home of patients at 
increased risk of SCA, did not find any survival benefits 
compared with conventional resuscitation methods.215 
An alternative approach of placing AEDs inside selected 
private homes is to deploy publicly accessible AEDs in 

the streets of high-risk residential areas covering many 
people who are at risk. Activating nearby volunteer 
responders by text messages or smartphone apps is 
becoming widespread304 and has shown the potential to 
increase lay-responder CPR, defibrillation, and survival, 
even in private homes.280,305,306 Common for all volunteer 
responder programmes is a crucial mass of volunteer 
responders, publicly available AEDs, and continued 
engagement with the EMS. These app-based solutions 
also have considerable potential to increase public 
awareness, engagement, and continuous education 
through targeted messaging on social media.

Delivering the AED by mobile units (eg, taxi cabs with 
an AED on board or unmanned drones) offers the 
possibility to cover a larger area, increasing the chances 
of prompt delivery of an AED to the scene.307 These AED 
delivery systems should be integrated with existing 
volunteer first-responder programmes, increasing the 
chance of early defibrillation before the arrival of EMS 
by local lay responders. The use of live video streaming 
from the lay responder’s smartphone to a medical tele-
communicator could improve correct hand position, 
compression rate, and compression depth. A simple-to-
use and easy-to-carry CPR feedback device for laypersons 
(eg, a CPR card containing a built-in accelerometer)308 or 
a smartphone app that uses the video camera to provide 
information on compression rate and depth could 
provide ongoing feedback on CPR quality to the lay 
responder and simultaneously transmit real-time data 
on hand placement, compression, and ventilation rate to 
the emergency dispatch centre. However, the likelihood 
of lay responders to use such devices in an emergency 
and the translation to improved outcome is yet to be 
shown.

During the past decade, AED deployment has spread 
immensely throughout most communities, whereas 
AED functionality has essentially stagnated. To save 
more lives from SCA, AEDs should be redesigned with 
core functionality. For example, they could alert the 
emergency dispatch centre and activate first-responder 
and volunteer-responder programmes automatically 
when used. AEDs could also be activated directly from 
the emergency dispatch centre, alerting random lay 
responders to retrieve the AED and bring it to the SCA 
location for early defibrillation while transmitting GPS 
data during transport. Importantly, AEDs should also be 
able to transmit AED data directly to the emergency 
dispatch centre and the retrieving hospital because this 
information is imperative to guide patient treatment 
decisions and is most often absent in current systems. 
Self-tests and the functional status of the device should 
be transmitted automatically not only to the owner of the 
device, but also to the regional AED register and 
emergency dispatch centre, because deployed but non-
functional AEDs are an increasing challenge.309 AEDs 
able to perform filtered real-time rhythm analysis hold 
the potential to guide more precise timing for effective 
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shock delivery and improve outcomes, although clinical 
trials documenting the effect are scarce. Different 
technological solutions to improve early CPR and AED 
use as well as improving CPR quality through feedback 
systems or guidance from the dispatch centre are 
illustrated (figure 11).

Delivering high‑quality CPR in EMS
SCA survival depends not only on early recognition and 
immediate activation of the emergency response system, 
but also on the quality of CPR delivered.310 However, the 
quality of prehospital CPR, either by laypersons or 
professional responders, is often outside guideline 
recommendations,311,312 hampering the chance of survival. 
On a system level, ongoing quality-improvement 
programmes should provide performance feedback to 
involved personnel after every cardiac arrest. Such 
programmes can be facilitated through initiatives such 
as the Resuscitation Academy, helping communities 
worldwide to learn how to develop and implement a plan 
of action to improve survival. The use of regional 
resuscitation platforms or hubs that could integrate and 
synchronise individual-level, real-time resuscitation data 
could fundamentally change instructions from simple 
CPR-metrics guidance to a dispatch centre being part of 
a so-called virtual resuscitation team. Merging real-time 
data from defibrillators and video streaming from the 
cardiac arrest scene would allow for online connection of 
resuscitation experts and treating physicians from the 
receiving hospital, delivering ongoing feedback for lay 
responders and paramedics, further improving high-
performance CPR.

Increasing access to regionalised systems of care
Similar to stroke and trauma care, SCA is a time-sensitive 
condition in which matching the level of care to the type 

of patient will be most impactful. Regionalised systems 
of care, which can adequately triage patients at the time 
of arrest to the most appropriate facility for the level of 
care needed, will be imperative. Deploying resource-
intensive, specialised care teams to the site of SCA and 
integrating appropriate interfacility transfers to 
specialised SCA centres with the capability to organise 
post-resuscitation care, including 24 h access to 
mechanical circulatory support, invasive treatment, 
neuroprognostication, and evidence-based rehabilitation 
of survivors, could improve patient outcome beyond 
what is possible in smaller centres.313 Technologies, such 
as resuscitative endovascular balloon occlusion of the 
aorta, is feasible and might be beneficial for survival 
from cardiac arrest.314 Likewise, extracorporeal membrane 
oxygenation for refractory cardiac arrests appears 
promising, but is highly dependent on careful patient 
selection, is costly, benefits fewer patients than early 
basic life-support interventions, and requires more 
research into which patients will benefit most from these 
interventions.315

Roles of government, policy, public education, and 
engagement
Laws and legislation to assist in protecting volunteer and 
lay responders include the SCA Survival Act and the 
Community Access to Emergency Defibrillation Act in 
the USA,316 the duty-to-rescue laws in Europe,317 and the 
Good Samaritan laws in Australasia.318 Government 
support, sound policy making, and supportive legislation 
are key conditions that governments should facilitate to 
ensure that education, implementation, and resuscitation 
research is possible. Access to emergency health care is 
an essential priority. However, it is not given in low-
resource settings where an estimated 35–45% of 
morbidity and mortality can be averted if time-sensitive 

Figure 11: Technological solutions for improved resuscitation
AED=automated external defibrillator. CPR=cardiopulmonary resuscitation. OHCA=out-of-hospital cardiac arrest.
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medical conditions can be rapidly attended to.319 There is 
currently good evidence for the effectiveness of 
prehospital systems, lay-responder CPR, AEDs, tele-
communicator-assisted CPR, and other interventions for 
SCA, but they are insufficiently implemented and require 
more governmental, political, and financial support. 
There is also a need for education and protection of 
professional providers and lay responders and support 
for emergency research.

Currently, the bulk of research funding is directed to 
advanced resuscitation and care after cardiac arrest, in 
which decreasing numbers of patients will be affected. 
Figure 9C highlights the out-of-hospital cardiac arrest 
chain-of-survival sequence needed for survival in 
comparison with the allocation of research funding 
issued by the National Institutes of Health (NIH) in fiscal 
years 2017–21. Of the US$47·4 million distributed to 
chain-of-survival-related research, nearly 69% 
($32·5 million) was awarded to advanced life-support 
treatment and care after cardiac arrest, leaving less than a 
third available for prevention and early emergency 
response.234 Without proper allocation of funding, high-
quality, meaningful research cannot happen; conversely, 
without such research output and visible, impactful 
results, further funding allocation is unlikely. With 
updated practices, appropriate steps to improve equality, 
and a policy shift in priorities and spending, we need to 
reduce the gap and provide more focus to prevention and 
early response. This focus will ultimately decrease the 
investments needed in high-tech but low-yield care after 
SCA and greatly reduce the burden of SCD overall. 
However, research funding should not be a zero-sum 
process, taking from one area to fund another. Instead, 
funding should be increased throughout all links in the 
chain of survival to achieve the goals of saving more lives 
globally.

Many countries do not yet have appropriate or 
comprehensive legislation or funding provision for EMS 
or emergency care systems. Appropriate legislation for 
EMS provides medical oversight of the essential elements 
in an EMS system: management of human resources 
(staffing, capacity building, etc), communication 
channels, community education, access to timely care, 
patient transportation and transfer, links to facility-based 
organisations, patient record keeping, emergency and 
preparedness response plans, and disaster manage-
ment.320 However, legislation without adequate funding 
for emergency services results in gaps in the provision of 
essential services.

Good evidence is key to driving improvements. However, 
research in emergency situations faces major barriers, 
with many countries having tight regulations regarding 
obtaining consent from patients to participate in research. 
There might also be an inconsistency across jurisdictions 
in the interpretation of the relevant legislation pertaining 
to research in emergency situations. Although concepts 
such as a waiver of informed consent for emergency 

clinical research have been legislated in some countries, 
there are still challenges related to data protection and 
privacy concerns.321,322 In addition, barriers regarding data 
sharing across institutions and nations hinder scientific 
advancement and need to be legally resolved.

Community CPR and AED training
In SCA, health inequities persist on for whom an event 
will be recognised, when and if emergency response is 
activated, CPR provision, and application of an AED. 
These inequities vary between countries, but also at the 
micro level within communities, with differences in 
treatment and outcome between men and women and 
across ethnic or socioeconomic groups.253,323–325 Also, most 
countries do not have legislation mandating CPR or AED 
training at a population level. Surveys have shown that 
the proportion of the population within communities 
who have ever been trained in CPR varies substantially 
and can be as low as zero.326,327 There are gaps in how the 
community is currently activated to perform CPR, and 
without proper and repeated education, training, and 
awareness, existing health inequities will be magnified. 
A shift to a culture of action is needed to ensure that not 
only is training available to all residents of a community, 
but also that they will act in the event of an SCA. Some 
suggestions related to CPR training include legislation to 
improve training rates, targeted training for key 
communities where CPR and AED awareness is low, and 
innovative ways of delivering training to improve 
engagement and mitigate the decay of skills.

Increased community CPR training has been achieved 
through numerous initiatives, ranging from grass-roots 
community programmes and annual awareness 
campaigns to mandating training in some settings. 
Countries around the world have launched national CPR-
awareness campaigns, such as the Restart a Heart Day328 
and Resuscitation Week in Europe,329 Shocktober in 
Australia and New Zealand, CPR and AED Awareness 
Week in the USA, and the National Life Saving Day in 
Singapore.330

Mandatory CPR training via the school curriculum, the 
application process for a driving licence, industry, and 
the military has also been implemented in numerous 
countries.308,331–334 An evaluation of the implementation of 
CPR training in Denmark, where legislation made CPR 
training mandatory in schools, was introduced in 2005 
and highlighted important lessons. Despite legislation, 
many schools had not implemented training. The 
completion of CPR training was associated with factors 
such as awareness of the legislation, a belief that other 
schools were implementing training, and having a 
dedicated coordinator.335 Hence, in the absence of a 
framework for how the training should be conducted (eg, 
training materials, proficiencies of instructors, delivery 
modes, and funding mechanisms), there is a high risk 
that effective, systematic implementation of CPR training 
could fail.335
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Increasing community awareness and knowledge of 
CPR training needs to be innovative and multifactorial. 
There should be a shift in how training is delivered to 
ensure a continuous increase in lay-responder CPR 
rates and quality in the community. Implementing 
innovative training methods in addition to didactic 
classroom training is likely to appeal to a broader 
population and improve access overall. The use of 
virtual CPR training is yet to be fully explored, but the 
disruption of the COVID-19 pandemic has shown a 
global shift towards virtual learning. By shifting to a 
mastery-learning model with deliberate and repeated 
practice we can reduce skills decay, which can affect the 
likelihood of performing CPR and confidence in 
performance and quality. The use of innovative modes 
of educational delivery and instruction (eg, virtual 
reality, gamification, and CPR kiosks in public locations) 
will help bring in new learners and engage learners in 
different ways.336

There are many barriers that have been identified as 
to why a person chooses not to learn or perform CPR,337 
such as the financial cost of training, paucity of 
information, and fear of litigation. Some of these 
barriers can be addressed by increasing tele-
communicator provision of CPR, with specific training 
for motivating lay responders to use innovative training 
delivery methods.338 Working with community leaders 
and organisations can help create a culture of action. 
Working globally to increase CPR awareness through 
various modalities (eg, national strategies, apps, social 
media, and large events) can be another strategy to 
improve survival after SCA.339 In addition, out-of-
hospital cardiac arrest registry data can be used to 
identify high-risk neighbourhoods with a high incidence 
of SCA and low rates of lay-responder CPR.340 These 
high-risk neighbourhoods can be targeted for focused, 
culturally sensitive, and tailored education and training. 
Reducing health inequities for SCA survival will require 
a multidisciplinary approach with key stakeholders and 
will need to adapt to the changing needs of the 
communities in which we are seeking to make an 
impact.

There are many global examples involving the public, 
national registries, and technological solutions showing 
how steps to increase survival can be implemented. 
Regional context determines how these different 
strategies can be prioritised and implemented (panel 7).

Summary and future direction to improve SCA survival
Although incremental improvements in survival have 
been observed over past decades with some particularly 
encouraging case studies, mortality remains unacceptably 
high.

There remains a substantial gap in resuscitation 
science with respect to interventions, with most large, 
pragmatic trials unable to show effects on survival. 
Therapies shown to have marginal clinical effects in 

large, pragmatic, randomised controlled trials might 
need to be re-evaluated in the setting of titrated and 
individualised medicine. This re-evaluation would 
require consideration of the underlying cause of the 
SCA and the individual response to therapy, which could 
include individual response to novel CPR and 
defibrillation strategies and new drugs, taking into 
consideration patient factors and patient response to the 
delivery mode, dose, and timing. In addition, 
uncertainties remain in treating critically ill patients 

Panel 8: Recommendations for improving resuscitation 
and maximising survival

• Drugs given during resuscitation should be tested 
according to time of drug delivery and route of 
administration in an experimental setting. The main 
outcome for drug trials should be directed at improving 
the return of spontaneous circulation and neurologically 
intact survival.

• Given that precise prognostication of out-of-hospital 
cardiac arrest is extremely challenging, an inappropriate 
early withdrawal of care could contribute to low survival 
rates and should be avoided. Development of new 
strategies, including machine learning and artificial 
intelligence (AI), to assist clinicians with decision making 
in care after resuscitation has promise but needs to be 
explored further.

• In addition to the traditional chain of survival, use of the 
inner frame of survival (ie, factors within the health-care 
system, such as quality feedback, a culture of excellence, 
and strong leadership within the emergency medical 
services [EMS]) and outer frame (ie, factors outside the 
health-care system, such as legislation, political 
commitment, and a basic state of preventive health) will 
greatly benefit efforts for systems improvement.

• Novel technologies, including wearables or smartphones 
that can record and transmit important biometrics 
directly to the EMS, should be tested for the improvement 
of early recognition and treatment of unwitnessed 
sudden cardiac arrest (SCA).

• Emergency medical dispatch centers should explore how 
to use AI to identify SCA on live emergency calls and use 
virtual resuscitation teams with the involvement of 
resuscitation experts with access to real-time 
resuscitation data, which would allow high-performance 
feedback to paramedics and lay responders.

• Current research funding is disproportionally spent on 
advanced life support and care after cardiac arrest, but 
more funding is needed for prevention and early-
response research to save more lives.

• To support research and allow for advancements in 
science, rational regulations for the waivering of informed 
consent for emergency clinical research and data sharing 
across institutions and international borders should be 
created and implemented globally.
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after the return of spontaneous circulation and research 
around the importance of temperature, blood-pressure 
management, oxygenation, ventilation, and prognosti-
cation during care after SCA is essential.

Survival from SCA depends on a sequence of time-
sensitive interventions and the first links in the chain of 
survival are likely to have the largest effect on survival on 
the greatest number of people. The Utstein formula for 
survival means that not only is broad education and new 
science important, but equally important is implementing 
what we already know for improved survival after SCA. 
Improvements in all the chain-of-survival links requires 
investment, activating communities, and leveraging 
emerging technology. The system also requires strong 
EMS leadership, and continuous quality improvement 
programmes designed to provide feedback and debriefing 
post-SCA events.

A current gap in resuscitation research is the 
availability of granular, patient-specific data across 
services, systems, and regions. Consensus-based Utstein 
parameters help to standardise data and provide the 
basics for research, quality improvement, and reporting. 
However, the data collected are often absent of the 
granularity needed to affect practice on the individual 
health-care provider level and rarely include all relevant 
sources. Investment in multisource data platforms is 
essential to allow the collection and synthesis of 
meaningful data to inform policy makers, researchers, 
services, and clinicians.

High-quality clinical care, integrated health systems, 
supportive legislation, and sound policy making are 
important to improve survival from SCA. Community 
partnership, education, and smart technology are 
promising ways to save more lives, but need to be 
delivered as part of a comprehensive strategy that focuses 
on equitable and consistent implementation of best 
practices (panel 8).

After the event: management of decedents, 
survivors, and relatives
Establishing the phenotype in the index case, whether by 
post-mortem evaluation after SCD or through diagnostic 
evaluations in survivors of SCA, is crucial for the 
prevention of recurrent events and for the subsequent 
assessment of SCD risk in family members. Trying to 
identify the cause of SCA in the index case involves 
comprehensive diagnostic tests, including appropriate 
use of genetic testing. Rehabilitation, quality of life of 
survivors, and psychological support of relatives are 
important additional aspects that have been an 
underappreciated area of research and clinical care.

Evaluation after SCD
The role of autopsy in ascertaining a cause of sudden death
To distinguish SCD from other causes of sudden death 
with a high degree of certainty, a comprehensive post-
mortem investigation, including autopsy and ancillary 
examinations, is required because more than a third of 
patients dying suddenly could have an underlying non-
cardiac cause, such as occult overdose, neurological 
catastrophes, and underlying infections (figure 12).14,341 
Determining whether a sudden death is cardiac in origin, 
and the exact underlying cardiac cause, has major 
implications in terms of providing a cause of death, 
which is important in aiding closure, and clarifying 
future risk to family members. Preventive measures can 
be implemented when a cause is determined to be 
heritable and reassurance provided in individuals with 
non-heritable conditions (eg, myocarditis) with no 
perceived risk to relatives.

Although some people survive an initial SCA, fewer 
survive to discharge. In-hospital evaluations in initially 
resuscitated patients of cardiac arrest might reveal a 
cause in some patients, although caution is needed to 
infer whether a detected abnormality is truly causal or 
associated. For individuals who do not survive a cardiac 
arrest, the consensus of professional societies is that an 
autopsy that uses a sequential approach to evaluating the 
causes of death should be performed ideally in all cases 
of sudden death and always in people younger than 50 
years (figure 13).19,22,111,342 The full autopsy includes the 
macroscopic and microscopic examination of all internal 
organs, with a precise protocol for heart examination and 
sampling, post-mortem laboratory tests (eg, toxicology 
and biochemistry), and the storage of adequate samples 
for genetic testing.22 Currently, more than half of young 
people dying of SCD in the ICU remain aetiologically 
unexplained due to early investigations not being 
performed.343 Excluding overdose in sudden deaths is 
important. Rigorous toxicological analyses combine a 
drug-screening analysis with liquid chromatography 
tandem mass spectrometry methods344 and an analytical 
method accounting for a drug’s post-mortem degradation, 
redistribution, neoformation, or artefactual formation.345 
In individuals for whom a cardiac implantable electronic 

Figure 12: Autopsy-defined causes of presumed SCD: composite data from 
three population-based studies
Composite data from three autopsy-based studies of presumed SCD studies: 
cardiac deaths N=1423 (N=315 Tseng et al;14 N=355 Haukilahti et al;10 
N=753 Risgaard et al341); non-cardiac deaths N=734 (N=210 Tseng et al;14 
N=238 Haukilahti et al;10 N=286 Risgaard et al341). SCD=sudden cardiac death.
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device is present, a complete interrogation helps identify 
the terminal rhythm and rare instances of device failure 
(ie, battery and hardware) that can potentially guide 
future improvements in design and refinements to 
programming.346

Circumstances and medical history should also be 
carefully considered in the interpretation of post-
mortem findings. With a comprehensive post-mortem 
examination, underlying causes are usually unequivocal 
and readily identifiable. However, a conclusion of 
arrhythmic death is one of exclusion in which no other 
non-arrhythmic causes of sudden death are found, and 
in some individuals an autopsy after sudden death can 
be completely negative or give only non-specific 
findings, such as myocardial fibrosis. In such findings, 
past medical history is crucial and might affect 
conclusions of causes of death.347 For example, sudden 
unexpected death in epilepsy can occur in some 
individuals with high-risk epilepsy who present with 
unwitnessed sudden death.348,349 Typically, autopsy 
findings are negative or only non-specific myocardial 
fibrosis can be found. With no past medical history and 
no, or only minor, non-diagnostic findings at autopsy, a 
genetic analysis of the deceased and clinical assessment 
of the relatives might reveal disease in primary electrical 
diseases or cardiomyopathies in up to 40% of 
individuals.111,347,350,351

Despite the importance of autopsy being recognised 
for many years, autopsy rates in most high-income 
countries have greatly declined over the past 50 years 
(figure 14).353 The decline in autopsy rates has been 
observed in several studies in all age groups (18–39 years, 
40–59 years, and 60–79 years), including the young (ie, 
aged <50 years).354,355 Depending on the country, autopsies 
conducted in cases of sudden death are either clinical or 
forensic and their aims differ. The clinical autopsy, 
which typically includes histological analyses, is 
performed at the request of the physician or the family 
of the deceased to uncover the underlying cause of death 
and can often be partial or focused on specific organs. 
Toxicological analyses are often omitted in these 
evaluations, leading to uncertainties on the actual cause 
of sudden death. Conversely, the forensic autopsy is 
requested by a magistrate, public prosecutor, official 
death investigator, coroner, or the police to assist in 
determining the cause and manner of death (ie, 
attributable to an underlying disease, homicide, or self-
inflicted). However, whether the condition causing 
sudden death might be inherited is of minor legal 
importance in forensic autopsies. Whatever the legal 
framework of the autopsy, a systematic, complete 
autopsy, including histological and toxicological 
analyses, and a multidisciplinary approach is crucial to 
establish the cause of death with highest certainty.22

Figure 13: Evaluation of patients who have sudden unexpected death aged <50 years or with possible inherited cause
SADS=sudden arrhythmic death syndrome. SCD=sudden cardiac death. *Including death after rescucitation. †Including toxicological and histological analyses with 
examination of the heart and storage of adequate samples. ‡Based on all available information. §Primary electrical disease genes and consider cardiomyopathy genes.
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The decline in autopsy rates in high-income countries 
is principally the consequence of low rates of clinical 
autopsies,8,10 whereas forensic autopsy rates have been 
stable or even increasing in some countries.356 
Multifactorial causes for this decline have been identified 
and include psychological and religious barriers to 
autopsy, governmental policies, and law making, and 
economic restrictions in many cases (table).357 

Understanding the underlying mechanisms behind the 
declining autopsy rates is crucial to help change our 
practices in the future.358 To increase the proportion of 
both forensic and clinical autopsy in sudden death, care 
physicians who recommend the medical autopsy or 
magistrate who request the medicolegal autopsy need to 
be educated on the diagnostic value of autopsy and when 
it should be requested.

Challenges in autopsy
The accurate interpretation of gross and histological 
findings constitutes a real challenge in SCD for two main 
reasons: the pathologist’s experience and autopsy findings 
of uncertain or borderline significance. Considerable 
variability in the interpretation of histopathological 
findings between general and specialist cardiac 
pathologists has been reported.359 General pathologists are 
likely to overestimate the significance of some post-
mortem findings, such as fatty infiltration of the right 
ventricular wall, isolated left ventricular hypertrophy, and 
focal myocardial disarray without hypertrophy, and to 
attribute deaths to cardiomyopathy in the presence of a 
morphologically typical heart.359 Moreover, even if the 
histology is performed by an expert cardiac pathologist, 
some findings, such as left ventricular hypertrophy, 
myocardial fatty infiltration, myocardial fibrosis or 
inflammation, and minor coronary artery disease, could 
have uncertain significance.360,361 Given the worldwide 

shortage of cardiac pathologists, there is an urgent need 
to educate additional experts and investigate ways that 
technology could be used to assist and support this work. 
For example, developing an AI system with expert-level 
grading performance could contribute a second opinion 
and provide pathology expertise in parts of the world 
where it does not exist.362 Another approach could be the 
introduction of core laboratories and telepathology for 
highly specialised expert assessment and knowledge 
dissemination in cardiac pathology. The availability of 
heart specimens for second opinion or, as an alternative, 
extensive photographic documentation is essential, and at 
least one transverse section of the heart including the left 
and right ventricle beside all other relevant lesions should 
be sampled. Comprehensive toxicological screening is 
crucial to reveal occult overdose as the cause of presumed 
SCD, requiring access to appropriate laboratories and 
good quality samples. To overcome these challenges, new 
methods must be developed.

The storage and testing of DNA samples also remain 
challenging, even when a medical examiner applies a 
rigorous conventional autopsy protocol for unexplained 
sudden death. Forensic departments often do not have 
adequate facilities for long-term storage, such as ultra-
low temperature freezer or liquid nitrogen. At the 
conclusion of an inquest or final certification of death, 
the coroner’s office might request the destruction of the 
samples, although communication and protocols 
developed with expertise from medical examiners, 
genetic counsellors, and cardiologists allow DNA 
samples or other biological samples to be stored in 
repositories with appropriate consent.363 Guidelines and 
legislation regarding consenting parties and 
reimbursement vary between countries and are common 
barriers to adequate genetic testing of individuals who 
have sudden death and their relatives.

Improving the yield of genetic testing by resolving 
uncertain or apparently negative genetic results is a 
priority. Collection of quality samples allowing genetic 
testing, with options for future functional studies of 
identified genetic variants, is important.364 For example, 
when a genetic variant with potential effect on splicing is 
identified, evaluation of the RNA and expression analysis 
has shown to be helpful provided RNA is not degraded. 
To enable this process, the banking of cardiac tissue for 
possible future RNA tissue-specific expression analysis 
would be necessary.

Alternatives to autopsy
Acknowledging the difficulty and inconsistency in 
obtaining gold-standard autopsy in cases of sudden death, 
other alternatives will have to be considered whenever 
comprehensive autopsy is not possible. Although not 
meant to replace the conventional autopsy, post-mortem, 
non-invasive imaging, including whole-body CT and 
MRI, could be more acceptable to populations that have 
philosophical or religious objections.365 In addition, 

Figure 14: Yearly global autopsy rate (95% CI) of all deaths in west European countries from 1991 to 2018 
according to WHO
The yearly autopsy rate for all deaths in Austria, Finland, the Netherlands, Portugal, Switzerland, Denmark, Iceland, 
Luxembourg, Norway, Sweden, and the UK from 1991 to 2018 without distinction between clinical or medicolegal 
autopsy.352 
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minimally invasive methods (eg, imaging-guided biopsy) 
could be used to obtain tissue for histological examination 
and molecular analyses. In practice, each technique has 
strengths and weaknesses and is adapted to specific 
circumstances. CT, most frequently used in forensic 
investigations, is relatively inexpensive, widely available, 
and can often reveal non-cardiac causes of sudden death 
(eg, cerebral haemorrhages, pulmonary embolism, and 
dissections). CT can also visualise calcified plaques, 
valves, and haemopericardium, but cannot characterise 
the myocardial structure.366,367 Post-mortem MRI, used 
essentially as a research tool, has sufficient soft-tissue 
contrast necessary for the diagnosis of acute myocardial 
infarction, but is more expensive, has longer scanning 
time, and less availability than CT.368 In MRI, images 
might also be substantially affected by changes in body 
temperature, particularly cooling.369

Large-scale studies with uniform post-mortem imaging 
and reporting protocols compared with a gold-standard 
complete autopsy are necessary to further elucidate the 
diagnostic performance of post-mortem imaging in 
sudden-death investigations.370 The large amount of data 
from non-autopsy investigations, such as digital images, 
histology from biopsies, immunohistochemistry, genetic 
data, electron microscopy analyses, and biomolecular 
analyses, could be used to develop advanced technologies 
to improve the accessibility of post-mortem analysis and 
AI algorithms, allowing a better understanding of the 
pathophysiology of SCD.

Another approach to further understand the cause of 
death when an autopsy has not been performed might be 
to use available characteristics before death (eg, 
demographics, family history, cardiac rhythm, and 
circumstances of cardiac arrest). Using these data, 
perhaps in combination with imaging, building 
prediction models to better specify the actual cause of 
death is conceivable.23 The overall goal is to identify 
people with possible inherited cardiac disease to prevent 
future SCD in the family.

Management of sudden cardiac arrest survivors
In‑hospital investigations
Upon post-mortem evaluation more than a third of 
sudden deaths are because of non-cardiac causes and 
two-thirds of SCAs surviving to hospital admission 

have underlying cardiac causes. This proportion 
increases to 92% in SCAs surviving to hospital 
discharge, suggesting that the proportion of cardiac or 
arrhythmic causes progressively increases as we move 
along the survival chain.15 This distribution of 
underlying causes probably represents a degree of 
selection bias because SCA due to cardiac arrhythmias 
is more likely to have successful resuscitation. Early 
identification of non-cardiac sudden deaths, such as 
neurologic causes, will help modify management 
strategies or allow early triage to appropriate specialty 
centres to improve survival rates.

Attempts to establish a diagnosis after SCA begin in the 
field before the patient arrives in the hospital. In every 
SCA, trying to document the primary or presenting 
arrhythmia (ie, bradycardia, asystole, pulseless electric 
activity, ventricular tachycardia, or ventricular fibrillation) 
is important. Documentation can come from multiple 
sources, such as ambulance emergency equipment, 
public AEDs, wearable monitors (eg, smartwatch), and 
data from cardiac implantable electronic devices. With 
increasing use of AEDs, the data stored in their memory 
assumes greater importance in subsequent management, 
especially when only AED shocks suffice to restore 
circulation. Unfortunately, rhythm data from AEDs are 
unavailable in most cases. The first presenting rhythm 
during cardiac arrest is insufficient to implicate an 
underlying cardiac or arrhythmic cause, because 
ostensibly lethal arrhythmias can be secondary to non-
cardiac causes and the natural outcome of ventricular 
fibrillation with time is asystole. Documentation of the 
details of the actual event is important (ie, circumstances, 
the presence and testimony of eyewitnesses, the patient’s 
medical history, and family history39,82,371,372) with the goal to 
identify a probable explanation and influencing factors 
for the SCA, including the potential trigger, that can allow 
optimal treatment and preventive strategies for the future.

As already mentioned, most SCAs are caused by either 
acute or chronic coronary artery disease. The difficulty in 
clearly differentiating between these two scenarios and 
the role of acute ischaemia represents an important area 
of research in the future. Other causes, such as non-
ischaemic cardiomyopathies and primary electrical 
diseases, can be uncovered after a structured assessment 
programme as proposed in figure 15. Even so, 

For autopsy For cardiac screening of family members For genetic testing

Patient and family Perceived to be little or no benefit; not enough 
information provided about why an autopsy is 
needed; fear of disfigurement; concerns about 
funeral delays; religious or cultural objections

Perceived to be little or no benefit; not enough 
information provided about why cardiac screening 
is needed; wish to move on; fear of having disease

Perceived to be little or no benefit; not enough 
information provided about why genetic testing 
is needed; wish to move on; fear of having variant

Physician and health-care system Challenges with access; insufficient knowledge of 
importance; logistical issues; financial issues

Challenges with access; insufficient knowledge of 
importance

Challenges with access; insufficient knowledge of 
importance; fear of results that are difficult to 
interpret

Public health policies Little or no reimbursement; not mandatory; 
inconsistency in forensic policies

Little or no reimbursement; limited and unequal 
access

Little or no reimbursement; limited and unequal 
access

Table: Potential barriers to autopsy, cardiac screening, and genetic testing
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comprehensive examinations cannot provide an 
explanation in all cases. The sensitivity, specificity, and 
interpretation (ie, causality) of some cardiac investigations 
are also debatable. For instance, deciding whether 
ventricular ectopy during an epinephrine stress test is 
suggestive of catecholaminergic polymorphic ventricular 
tachycardia, or whether a positive ergonovine or 
acetylcholine test for coronary spasm explains an SCA, 
remains challenging.

In an estimated 10–20% of survivors of SCA, no clear 
cause is identified after the initial evaluation, including 
ECG, echocardiogram, and invasive or non-invasive 
coronary imaging.82,373 In this context, initiating causal 
investigations as soon as possible within the ICU once 

the patient is admitted is important because about half of 
patients die during admission. Although early 
investigations within the first 24 h can be difficult to 
interpret (ie, QT prolongation or left ventricular 
function), they should still be performed because they 
can allow for targeted intervention and, in the unfortunate 
event of the patient dying, potentially allow for 
appropriate screening and intervention for family 
members who are at risk when a definitive diagnosis is 
available. Obtaining and storing blood or tissue samples 
for future analysis is also crucial when possible.

In patients for whom diagnosis remains unclear after 
initial evaluation, further tests, such as exercise stress 
testing, cardiac MRI, signal-averaged ECG, and sodium 

Figure 15: Management of the patient initially resuscitated after cardiac arrest
CPVT=catecholaminergic polymorphic ventricular tachycardia. ECG=electrocardiogram. LQTS=long QT syndrome. SCA=sudden cardiac arrest. SQTS=short QT 
syndrome.
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channel blocker provocation, can provide further 
diagnostic information in nearly half of patients and 
should be systematically considered.111,373,374 Overall, 
around 5–10% will remain unexplained after thorough 
evaluation and are termed idiopathic ventricular 
fibrillation (figure 5).45,82,375

Unexplained SCA, or just not yet explained?
The fact that some idiopathic ventricular fibrillation are 
caused by new or currently unrecognised diseases is 
probable, potentially explaining a proportion of 
idiopathic ventricular fibrillation, as has been the case 
with Brugada syndrome, short QT syndrome, and more 
recently the widespread ST-segment depression 
syndrome, and the identification of microstructural 
epicardial abnormalities.100,376–378 Some patients might 
develop phenotypic traits later in life pointing towards a 
specific diagnosis, whereas some might only be 
explained if cardiac screening of family members is 
initiated because occasionally the phenotype might be 
more evident among asymptomatic relatives.379 This area 
requires further research.

Treatment considerations in survivors of SCA
Survivors of SCA with a good neurological outcome and 
no reversible cause of arrhythmia, such as acute 
ischaemia, should receive an ICD.380 The notion of a 
reversible cause of SCA is sometimes difficult to interpret 
and implement in clinical practice. In this regard, the 
new European guidelines indicate a more aggressive 
approach, considering severe ventricular arrhythmias 
related to coronary vasospasm (ie, with a reported high 
risk of recurrence and issues because of non-adherence to 
pharmacological therapy in the long term) and acute 
myocarditis as being reasonable candidates for ICD.111 
The guidelines also mentioned that despite a possible 
correctable cause for ventricular arrhythmias, the need 
for an ICD should be carefully considered on the basis of 
an individual evaluation of the risk of subsequent 
ventricular arrhythmias and SCD. Although the ICD is 
potentially lifesaving, adverse events and other 
implications should also be considered and weighed, 
albeit in the scenario of secondary prevention, risk–
benefit ratio is mostly favourable.

Understanding disease mechanisms for better treatment 
options
The utility of catheter ablation with secondary-prevention 
ICDs and a recurrence of ventricular arrhythmias has 
been established. By contrast, pharmacotherapy in SCA 
survivors is an emerging area in which few data currently 
exist, given the disappointing progress in antiarrhythmics 
over the past 4 decades. For instance, although it is known 
that β-blocker therapy is effective in patients with long QT 
syndrome, different β blockers vary in their degree of 
effectiveness. In Brugada syndrome, quinidine might be 
a useful drug to consider for some patients, but is 

unavailable in many countries and is well known for its 
potential side-effects, especially gastrointestinal. No 
pharmacological treatments are proven for patients with 
idiopathic ventricular fibrillation, despite approximately 
30% receiving appropriate therapy from their ICD within 
3 years.375 A more in-depth understanding of the disease 
mechanisms and causes will allow new therapies that 
directly target specific pathways. Although large clinical 
trials might not be feasible in this setting, especially in 
rare diseases causing SCA, ascertaining whether genotype 
can influence medical therapy could allow better tailoring 
of effective treatments. This area requires work because 
current recommendations are based on very small and 
often outdated case series.

Rehabilitation
Survival rates after SCA are increasing.47,381 SCA causes a 
period of cerebral hypoperfusion consequently resulting in 
varying degrees of anoxic brain injury.382 The cerebral 
hypoperfusion and the concomitant brain injury after 
cardiac arrest remains the primary cause of death in the 
ICU among patients with SCA who survive to hospital 
admission. The extent of the anoxic brain injury depends 
on the severity and duration of the reduction of blood 
supply to the brain, which is determined by the quality of 
resuscitation.383,384 Moreover, after partial or complete 
restoration of blood flow, persistent or recurrent inadequate 
delivery of oxygen to the brain can cause secondary brain 
injury.385 Remission of the brain injury is expected, to some 
extent, within the first 3 months after SCA.

Follow-up assessment, as recommended by the ERC 
guidelines,384 several months after hospital discharge has 
revealed persisting mild to moderate neurocognitive 
impairment in 30–50% of survivors of SCA.386 Memory 
for novel information and delayed recall, attention, 
executive functioning (ie, planning and organisation), 
and visual–spatial abilities are mostly affected.387 Whether 
these effects are because of anoxic brain damage, post-
traumatic stress symptoms, or both is more difficult to 
assess. High rates of psychological issues, including 
anxiety, depression, post-traumatic stress disorder, and 
long-term fatigue, have also been reported among 
survivors of SCA.82 These factors will negatively affect 
quality of life, mental and behavioural function, and the 
ability to return to work.387,388

It has been shown that the outcome after SCA, measured 
as quality of life and societal participation, can be improved 
by an early intervention providing various support in case 
of identified cognitive disruption.389 Current observational 
literature suggests that effective return-to-work 
interventions for patients with acquired brain injury are a 
combination of work-directed interventions, coaching and 
education, and skills training, orchestrated by a 
multidisciplinary team consisting of relevant medical 
specialties, physio therapists, occupational therapists, 
social workers, psychologists, and others that collectively 
work closely together around the patient. These 
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interventions have been found to facilitate sustained 
return to work in patients with brain-related effects.390 
Findings in 2022 have stressed the importance of 
screening for health problems in all SCA survivors to 
identify those in need of professional support and 
rehabilitation, independent of neurological outcome.391

Rehabilitation of survivors of SCA
The SCA recovery journey is different from survivor to 
survivor, and a holistic approach is needed to create 
personalised rehabilitation care plans that are iterative, 
consider the complex needs for the survivor and caregivers, 
and ensure equitable access for all (figure 16). SCA 
survivorship is increasingly recognised as an important 
research field, yet investment in and the acknowledgment 
of the need for an evidence-based, comprehensive, 
coordinated rehabilitation pathway for survivors of SCA 
has been scarce. This paucity is particularly evident when 
compared with other critical conditions, such as stroke 
and injury to the spinal cord. However, the gaps in current 
knowledge of rehabilitation of SCA survivors are extensive 
and cover almost all spectra from the understanding of the 
pathophysiology, how and when to intervene, duration of 
support, and the outcomes that should be measured. 
Quantifying the problem is another challenge because 
there are no patient-reported outcome measures specific 
to survivors of SCA and generic quality-of-life measures 
are unlikely to address the aspects of life most important 
to them.392 Hence, future research should focus not only 
on developing specific indices for measuring the effect of 
different rehabilitation programmes, but also on better 
understanding the biological, neurological, and 
psychological foundation of the challenges survivors of 
SCA experience, including in the long term.

The role of genetics
Genetic testing the proband and family
Genetic testing can be a powerful tool in the investigation 
of SCD and survivors of SCA when an inherited condition 

is suspected.77,393 Therefore, all efforts towards a complete 
clinical investigation focused on identifying a specific 
cause for SCA should be made.363 With the decedents, a 
comprehensive autopsy is essential if a potential 
inherited cause is identified or suspected (ie, cardio-
myopathies or channelopathies in the case of a negative 
autopsy), and genetic testing should be performed in the 
appropriate set of genes.363

Post-mortem genetic testing (ie, proband genetic testing 
that is performed on a DNA sample collected after death—
either a blood or tissue sample suitable for DNA extraction) 
relies on the retention and storage of an appropriate 
sample.394 Regulations and protocols for collecting samples 
when a heritable cause of SCD is suspected vary widely, 
and access to DNA of sufficient quality to perform genetic 
testing is one of the biggest challenges in this setting.363,395 
Another difficult challenge is the absence of funding 
support to perform a post-mortem genetic investigation in 
most countries: a gap that should be filled through the 
recognition that the deceased individual is the proband of 
a family wherein future events could be preventable.

Genetic testing for monogenic conditions is a two-step 
process. The first involves proband genetic testing to 
identify the underlying genetic cause of disease. If a 
causative variant is identified, the second step can start 
with cascade genetic testing (in parallel with the usual 
phenotypic screening) to first-degree relatives, evaluating 
the specific variant. Relatives found to have the variant 
will continue clinical surveillance and, importantly, their 
own first-degree relatives, including children, should 
undergo genetic and clinical screening. Conversely, 
relatives who test negative can be released from lifelong, 
periodic clinical surveillance and their children are no 
longer at risk.

The likelihood of a causative variant being identified in 
those with an established clinical diagnosis is disease 
dependent, ranging from around 20% for Brugada 
syndrome, around 40% for hypertrophic cardiomyopathy, 
and around 75% for long QT syndrome. By contrast, 

Figure 16: Holistic overview of key aspects after SCA or SCD
SCA=sudden cardiac arrest. SCD=sudden cardiac death.
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when a clinical cause of death is not established after 
autopsy and toxicological testing (eg, sudden arrhythmic 
death syndrome), the current yield of genetic testing in 
adult survivors is much lower, around 10–15% at best, 
although might be higher in children.77,393,396,397 Although 
this yield is low, the value of identifying a causative variant 
in a given index patient is immense, providing a cause of 
death and answers for the family and allowing cascade 
genetic testing for relatives at risk (figure 17).

Challenges with variant classification
Rare variants are often encountered and distinguishing 
between causative and circumstantial variants is a 
challenge.398 Classification of variants is guided by the 
American College of Medical Genetics and Genomics 
standards for variant interpretation.399 If sufficient 
supportive evidence for causation exists then a variant 
will be considered pathogenic or likely pathogenic and 
can be used for family screening. When the evidence is 
conflicting or insufficient, it will be considered a variant 
of uncertain significance. Poor representation of diverse 
ancestral groups among both SCA research cohorts and 
genomic reference databases makes interpreting genetic 
variants more challenging, especially for individuals with 
diverse ancestries. Hence, interpreting genetic variants 
can be challenging in ancestry groups without 
population-specific reference datasets.400 There can be 
many inherent challenges with achieving more inclusive 
representation in research, but strong community 
engagement and partnership are key.

Misclassification of variants has potential for 
substantial harm and psychological distress to families 
already dealing with trauma and grief; therefore, efforts 
to ensure balanced and careful interpretation of variants 
in experienced centres400 and the correct communication 
of the genetic result and its implications through genetic 
counselling are essential.

The future of genetic testing
For patients with inherited heart diseases, variants of 
uncertain significance have no utility for the family. 
When clinical genetic testing has been unable to identify 
a causative genetic variant, in patients for whom a 
monogenic cause is strongly suspected, genomic 
research with a focus on novel gene discovery should be 
prioritised. Public sharing of candidate variants and 
robust phenotype information has potential to inform 
identification of new disease mechanisms and genetic 
causes of disease. The number of variants classified as 
variants of uncertain significance could be vastly reduced 
by a greater use of worldwide, publicly available databases 
merging genetic and phenotypic data, with opportunity 
for machine-learning approaches to improve variant 
classification.401 However, access to genetic testing is 
scarce in many countries and partnerships should be 
developed to support health systems with more limited 
resources, which would also ensure that diverse ancestry 

groups could be represented. Many studies have shown 
the potential application of dried blood spots for 
molecular epidemiology studies, drug monitoring, 
diagnostic screening, and genetic analysis studies in low-
income or remote areas.396,402,403 The method of dried blood 
spots has offered several advantages in areas without the 
appropriate infrastructure for sample storage, processing, 
and cold-chain transportation, substantially reducing the 
costs and improving sample accessibility for future 
molecular analysis, such as whole-genome amplification.

Family screening and support
SCD is a condition with a particularly profound, two-fold 
impact on the patients’ family, namely the psychological 
trauma engendered by the event and the possibility that 
they could also be at risk due to a heritable condition. In 
management after SCD, a specific focus on the 
immediate family is essential. Broad goals of family 
screening include identification of relatives with the 
similar cardiac pathology as the index patient or, 
conversely, to aim to identify the cause when unknown 
through systematic assessment of first-degree relatives. 
Ongoing surveillance and psychological support and 
rehabilitation are the other main aspects of helping 
families afflicted by SCD and SCA.

Overall, family members of young people (ie, aged 
<50 years) who have SCD have a higher incidence of 
cardiovascular conditions than the general 
population.29,140,141,404 This fact highlights the importance of 
performing systematic evaluation of first-degree family 
members of a young SCD patient and in the case of a 
documented or suspected inherited cardiac disease.

When a probable or definite inherited cardiac disease 
in a patient who had SCD is diagnosed by post-mortem 

Figure 17: Challenges and opportunities in genetic testing
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evaluation, family screening should be initiated to 
identify first-degree relatives at risk.21 If a genetic variant 
is identified in the person who had SCD, family screening 
can include targeted genetic testing; otherwise, 
phenotype-guided cardiac evaluation alone, which can 
include genetic testing based on the diagnosed 
phenotype, is indicated to identify affected family 
members (figure 17). In the absence of genetic testing, or 
when the genetic variant is not considered as causative, 
family members should undergo periodic clinical 
investigation.

When an autopsy is not performed, family screening 
remains challenging. A wide variability in the yield of 
family screening (10–50%) in identifying an inherited 
cardiac disease (mostly primary arrhythmia syndromes) 
has been reported. This variability might be explained by 
the relatively small sample sizes of studies, differences in 
age ranges and characteristics of the decedents and 
relatives included, the extent of referral bias, the cardiac 
evaluation protocol, and the diagnostic criteria that were 
applied.378,393,405–407 Hence, whenever an inherited condition 
is considered probable, especially in unexplained SCD of 
a young person, family screening should be strongly 
considered.

In survivors of SCA, family screening is much more 
straightforward and its value usually high when there is 
an established phenotype of an inherited cardiac disease 
in the proband.408 In monogenic diseases with a high 
penetrance, half of the relatives are likely to be affected. In 
survivors of unexplained SCA with only limited diagnostic 
testing, detection yield is only 30–60% in the proband and 
consequently lower in the relatives.409,410 In patients with 
idiopathic ventricular fibrillation, for whom a full 
diagnostic test has been completed, the diagnostic yield of 
family screening is reported to be much lower 
(approximately 4%).379 Family members of patients with 
idiopathic ventricular fibrillation generally have a 
favourable prognosis with a low rate of events at follow-
up.411 Hence family screening can serve to reasonably 
assuage family members’ fears regarding the future. 
However, some patients of idiopathic ventricular 
fibrillation might harbour cardiomyopathy-related genetic 
variants, in which the incident cardiac arrest might in fact 
be the first manifestation of a later cardiomyopathy. For 
these patients, reassessing the family would be 
important.351

Screening protocol
Family members of SCD of a young person should be 
screened in dedicated outpatient clinics by cardiologists 
who are experienced in recognising and managing 
patients with inherited cardiac diseases. However, this 
need might not always be possible because of the non-
existence or insufficient capacity of such dedicated 
outpatient clinics in some areas. Although some general 
cardiologists might be able to get expert advice through 
existing networks, in the future this ability might become 

more broadly scalable to many more parts of the world 
via online networks of experts in specific disease settings. 
The differences seen in quality and yield of family 
screening by specialised versus non-specialised clinics 
and physicians and the benefit of online expert consulting 
has not been studied.

Various family-screening protocols have been applied 
and at least partly explain the differences in detection 
yield that have been observed.412 First-line evaluation 
includes a detailed personal and family history, resting 
ECG, echocardiography, and an exercise stress test.21 
Additional clinical diagnostic tools, particularly 
ambulatory Holter monitoring, cardiac MRI, and 
pharmacological challenge, are also frequently 
considered. Active family screening to identify disease 
carriers leads to guideline-based care in affected 
relatives, which then results in low adverse event-
rates.413 However, knowledge on the optimal screening 
protocol, ages at which family screening should be 
initiated and discontinued, and in whom and at what 
intervals follow-up is indicated, is absent. Sensitivity 
and specificity of pharmacological challenges in carriers 
of concealed disease (ie, individuals in whom the 
resting ECG and exercise stress test do not show clear 
signs of these conditions and genetic testing is negative) 
are unclear. Interpreting a positive pharmacological 
challenge in an asymptomatic and previously healthy 
family member of a young patient who had SCD can be 
difficult, especially when the post-mortem evaluation of 
the patient was insufficient and genetic testing is 
negative.

Different studies have shown a low percentage of 
cardiac screening initiated in family members of a young 
patient who had SCD in whom an inherited cardiac 
disease could have been present.414 This infrequent family 
screening might be explained by the unfamiliarity of the 
value of family screening among both medical 
professionals and the family involved, logistical barriers, 
and emotional barriers.415 Systematic performance of 
family screening is not easy to organise and requires 
detailed counselling and a willingness of the family 
member to acknowledge risk and proactively take 
ownership of their future course.

Psychological support of relatives and caregivers after SCD or 
SCA
An SCD or SCA event has major implications for the 
family of the patient because of the suddenness of the 
event and its often inexplicable nature. The grief 
experienced by family members following the unexpected 
death of their otherwise healthy relative can be profound. 
In the largest study to date, up to half of first-degree 
relatives reported post-traumatic stress or prolonged 
grief on average 6 years after the death.29 For relatives 
who witnessed the death or discovered the decedent’s 
body, there was a four to five times greater likelihood of 
poor psychological outcomes, illustrating the substantial 
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trauma associated with unexpected SCD in a family 
member. Other studies have shown high rates of anxiety 
and depression, and unique to those families in which a 
heritable cause was known or suspected, key concerns 
were understanding the cause of death and ensuring that 
no other family members were at risk of the same 
outcome. For parents who have experienced SCD or SCA 
of a child, there can be marked feelings of guilt, parental 
anxiety, and fear of recurrence in their other children.416

Access to psychological support after SCD is often not 
provided.412,417 Relatives of a young patient who had SCD 
consistently report a need to understand the cause of the 
death and request psychological support.418–420 Providing 
access to community and peer support, offering a safe 
space with understanding, and normalisation and 
enabling sense-making might be a powerful approach to 
supporting relatives.419 The impact on relatives of a SCA 
survivor can also be marked, because not only must they 
navigate the trauma of the event, but there can also be 
prognostic uncertainty for the survivor. Caregivers have 
poor psychological wellbeing on follow-up, including 
post-traumatic stress in up to 40%.421,422

Current gaps in knowledge relate to the development 
and availability of interventions to support family 
members, facilitate grieving, and enhance psychological 
wellbeing. When no cause of the SCA is identified, 
ongoing research efforts to elucidate the clinical and 
genetic diagnoses will ultimately provide answers for 
families, reduce uncertainty, and allow some degree of 
closure. Evidence-based resources for the psychological 
needs of survivors of SCA and their relatives should be 
widely available and offered systematically. Addressing 
the trauma experienced and managing the uncertainty in 
prognosis and ongoing care needs of the survivor of SCA 
pose specific support requirements. Likewise, among 
family members after SCD in the young, emerging 
evidence supports a role for normalising grief responses, 
providing information, recognising trauma symptoms, 
and facilitating meaning-making. For individuals 
requiring more specialised support, seamless referral 
pathways to clinical psychologists or other qualified 
health-care professionals with experience in SCD and 
trauma are necessary. Resources permitting, a 
multidisciplinary team comprising all relevant health-
care professionals can be helpful to address all needs of 
survivors of SCA and family of patients who have SCA or 
SCD. 

Summary and future direction to improve management 
of decedents, survivors, and relatives
We still have major gaps in evidence, challenges, and 
unresolved questions in the management after SCD and 
for survivors of SCA. A full post-mortem investigation is 
crucial to identify the cause of SCD, yet autopsy rates 
have been declining and the autopsy protocol often does 
not follow the minimum standard as recommended by 
international guidelines. On one hand, all efforts to 

improve rates of guideline-indicated autopsies worldwide 
should be made; on the other, acknowledging the 
difficulty and inconsistency in obtaining the gold 
standard of autopsy, evidence-based alternatives should 
be developed.

The cause for SCA remains unexplained in some 
survivors, either due to incomplete investigations or gaps 
in our current understanding of SCA pathophysiology. 
We need to refine existing methods and develop new 
methods of investigating the underlying cause of SCA to 
eventually discover new disease entities and allow for 
targeted treatments for individual patients.

Genetic testing has a key role in the investigation of 
SCD and SCA to understand the cause of disease in the 
proband and as a tool for clarifying risk in family 
members. The importance of the related phenotype is 
crucial to appreciate the likelihood of a causative 
association with a potential genetic variant. However, 
there are limitations in our understanding of the genetic 
architecture of conditions causing SCD, especially in 
diverse populations, leading to uncertainty for clinicians 
and families.

Family screening is also crucial to identify risk and as a 
diagnostic tool, given that asymptomatic relatives might 
sometimes present a clear phenotype. However, 
timelines and optimal methods of screening need further 
clarification.

The profound neurological and psychological 
challenges survivors of SCA face need elucidation and 
recognition. Trials that incorporate multidisciplinary 
expertise should be performed to optimise support and 
rehabilitation protocols.

Although there is need for high-level multidisciplinary 
expertise across all areas of management after SCA, 
many patients across the globe will not have access. 
Balancing the accepted gold standard with scalable and 
broadly accessible options remains a challenge. The 
implementation of regional networks that can escalate 
the review of patients requiring expertise in cardiac 
pathology, clinical investigations, and genetic testing, but 
also training to build capacity of local services is needed 
to have a marked global impact. Recommendations for 
management of decedents, survivors, and relatives are 
summarised (panel 9).

Specific considerations
SCD in LMICs
LMICs are faced with a unique double burden of 
communicable and non-communicable diseases 
because of ongoing epidemiological transition. Non-
communicable diseases are rapidly overtaking 
communicable and infectious diseases in prevalence, 
driven by expanding urbanisation, changes in lifestyle, 
and dietary patterns.423 Cardiovascular disease is the 
main cause of death in many LMICs, with SCD 
probably contributing to a major proportion of that 
mortality. The effect of SCD is also probably more 
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profound compared with HICs, given that cardio-
vascular disease affects, on average, younger 
individuals.424 Yet, active engagement of the global 
community to reduce the burgeoning mortality from 
cardiovascular disease and SCD in LMICs is relatively 
less compared with the interest in infectious diseases, 
such as tuberculosis, malaria, and HIV.

SCD in LMICs poses unique challenges with respect to 
all its facets (ie, before, during, and after the event). The 
burden of SCD is difficult to assess accurately because of 
scarce epidemiologic data, which in turn is related to the 
relative paucity of organised EMS systems and systematic 
registries for reliable data collection compared with 
HICs.425 A few studies from China and India have 

suggested out-of-hospital cardiac arrest incidence of 
about 40–42 per 100 000, with male predominance and 
coronary artery disease as the main cause.31,33,82 Not only is 
the incidence of treated out-of-hospital cardiac arrest 
reported to be lower overall in Asia compared with North 
America and Europe, but also the proportion of 
ventricular fibrillation and survival rates are significantly 
lower. In the Middle East and Africa, findings from 
limited autopsy studies support coronary artery disease 
as the main cause.426–428 Information from sub-Saharan 
Africa is even more sparse; a few autopsy-based studies 
have suggested low overall SCD incidence, again with 
male preponderance and coronary artery disease as the 
most frequent cause. However, SCD rates are likely to be 
substantially underestimated.429–432 Most studies have 
involved retrospective reviews of records and death 
certificates as opposed to prospective, real-time 
ascertainment, and therefore outcomes are 
heterogeneous and likely to be subject to bias and error.433 
Additionally, variations in local language, education 
levels, and understanding can all affect the ability of lay 
people to recognise SCD, resulting in delays or even non-
reporting.434

In trying to implement the ten-step approach advocated 
by the Global Resuscitation Alliance,435 several barriers 
can be encountered in LMICs. In addition to a relative 
deficiency of organised EMS compared with HICs, other 
logistical problems exist, such as poor roads and traffic 
systems that can result in substantially prolonged 
response times. In some remote areas, for any ambulance 
or emergency response to arrive at all might be simply 
impossible. Public access defibrillation and AED 
availability is scarce in many LMICs, being restricted to 
high-value locations, such as airports, large malls, or 
recreational facilities, out of reach to most of the public. 
In addition, little training and awareness, absence of 
appropriate legislation, fearfulness, and cultural barriers 
pose substantial obstacles for meaningful public 
response, with studies showing low rates of lay CPR and 
public AED use.428

SCD prevention also poses unique problems in the 
context of LMICs. Lower awareness of cardiovascular 
health and fitness at a population-wide level compared 
with HICs renders primordial prevention of SCD more 
difficult. Furthermore, SCD risk markers in Asian and 
African populations might be different from European 
ancestries and there is a need for ethnicity-specific SCD 
research, including genetic studies. In a context in which 
even basic health-care access might be difficult for a 
considerable section of the population, advanced 
techniques, such as post-resuscitation care, 
electrophysiology services, catheter ablation, and ICDs, 
will be available only to a select minority.428 In North 
America and Europe, pacemakers or cardioverter 
defibrillator implants average 300 per million population; 
by contrast, in India there are 25 implants per million 
population. In some African countries, the implant rates 

Panel 9: Recommendations for management of decedents, 
survivors, and relatives

• Establish a minimal standard of protocol and tissue and 
fluid sampling to ensure the quality of the autopsy 
investigation (ie, gold-standard autopsy). To ensure fluidity, 
core laboratories should be promoted for the pathological 
diagnosis of heart diseases in people who have sudden 
cardiac death (SCD), including the implementation of 
digital pathology for second opinion.

• Train and deploy additional experts who can perform high 
quality cardiac autopsy and investigate ways that 
technology could be used to assist and support this work, 
including application of new artificial intelligence-based 
tools.

• Increase focus on understanding rehabilitation needs to 
improve outcomes, quality of life, and psychological 
support to be offered to both patients and caregivers.

• Draw on existing facilities for storage and future analysis of 
DNA and other biological samples, relying on government 
agencies to facilitate legislation.

• Elucidate monogenic and polygenic risk of sudden cardiac 
arrest (SCA), with a focus on bringing together large and 
diverse international cohorts to provide sufficient statistical 
power, allowing greater certainty about the cause of SCA 
and familial risk to relatives.

• With recognition to the issues regarding access in some 
places, digital tools to support elements of genetic 
counselling, such as educational content, decision support, 
and chat bots, could replace some aspects of genetic 
counselling.

• Perform systematic evaluation of family members at risk, 
preferably in dedicated outpatient clinics by cardiologists 
who are experienced in recognising and managing patients 
with inherited cardiac diseases. Alternatives should also be 
developed due to insufficient capacity of dedicated 
outpatient clinics managing patients with inherited cardiac 
diseases.

• Increase understanding of causes of cardiac arrest and the 
arrhythmic mechanism, to effective treat the patient and 
prevent them from having new arrythmias in the future.
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have been reported to be up to 500 times lower compared 
with HICs,436 with an extremely small proportion of ICDs 
among all cardiac implantable devices.437 Reimbursement 
issues, poor access, limited understanding, and cultural 
outlook might all have a role, with SCD being more 
acceptable compared with an ICD in some societies.438

Keeping these realities in mind, sustained efforts and 
innovative solutions are needed to address the SCD 
burden in LMICs. There is a need to support large, 
prospective epidemiologic studies of SCD in areas such 
as sub-Saharan Africa.439 Public–private partnership 
models, especially with philanthropic organisations, can 
be useful to drive coordination of EMS systems and 
promote systematic data collection and quality 
improvement.436,440 Public-awareness campaigns and 
education are essential to improve the public’s 
perception of SCD and how they can contribute to tackle 
the problem. For instance, the non-governmental 
initiative, the Revive Heart Foundation (iCARE) in India, 
has been involved in conducting large-scale training 
programmes on CPR and AED use for targeted groups, 
such as police, railway personnel, and various residential 
societies. iCARE also conducts public-awareness and 
educational programmes regarding SCD, including 
using messages from celebrities. Political will and 
governmental legislation can help by mandating CPR 
training in schools or as a requirement for issuing a 
driving licence, for instance.441 Steps have to be taken to 
strengthen the chain of survival at all levels, starting 
from forming nation-wide or region-wide EMS systems 
with universal access through a single telephone 
number, the presence of EMS dispatch 24 h a day, 7 days 
a week with rapid response, and the development of 
systematic referral to centres capable of providing care 
and rehabilitation after SCA.

Given widespread poverty and limited health-care 
budgets in LMICs, workarounds, such as the use of 
explanted, resterilised cardiac implantable electronic 
devices, and the reuse of cardiac catheters with 
appropriate safeguards in place, have to be seriously 
considered to ensure that therapies reach even the least 
affluent sections of the population.442 Appropriate-use 
criteria specifically tailored to resource-limited settings 
also need to be developed to optimise therapies for those 
who would benefit maximally. The concept of 1.5 
prevention (representing an intermediate stage between 
primary and secondary prevention) for ICDs has been 
suggested as a model for use in resource-constrained 
systems. In this model, patients satisfying primary-
prevention criteria plus an additional risk factor (syncope, 
non-sustained ventricular tachycardia on Holter, etc) can 
be prioritised for the primary-prevention ICD because 
the putative benefit would be expected to be greater than 
that of the usual primary-prevention approach.443 
Ventricular tachycardia ablation and sympathetic 
denervation have been proposed as lower-cost alternatives 
to ICD placement, but need further study to support the 

concept.444,445 There is an urgent need to develop 
indigenous, novel, cost-effective alternative solutions to 
high-end technology to tackle SCD in LMICs. Such 
innovation has been shown in other arenas, such as 
heatstroke management.446

Lastly, to successfully implement the ten-step approach 
or to deliver therapies related to SCD prevention in 
LMICs, international collaborations that bring together 
groups with diverse expertise, such as the Pan-Asian 
Resuscitation Outcomes Study consortium,447 are needed 
to identify barriers and evolve effective strategies to solve 
region-specific problems. The integration of medical, 
political, and industrial sectors is necessary to find 
workable solutions. Establishment of national and 
regional medical advocacy groups and societies can then 
galvanise efforts to ultimately have a meaningful effect 
on SCD in LMICs (panel 10).

SCD during sports activity: a unique model
The paradox of exercise
Physical activity is at the forefront of cardiovascular 
disease prevention and participation in regular exercise is 
associated with a multitude of health benefits. The sudden 
collapse of an ostensibly healthy individual on the playing 
field contradicts this notion and brings to the fore 
concerns about potential adverse effects of exercise, 
referred to as the paradox of exercise (figure 18).448 
Vigorous exercise might transiently increase the risk of 
dying suddenly, especially in untrained individuals with 
underlying heart disease.449 However, in the long term, 
regular exercise is associated with a dose-dependent 
reduction in overall and cardiovascular mortality, 
including SCD.450–452 Although there is often concern in 
the general public about the potentially detrimental 
effects of too much exercise,453 in most cases exercise is 
merely the trigger of malignant arrhythmias in an 

Panel 10: Recommendations to address the burden of 
sudden cardiac death (SCD) in low-income and middle-
income countries (LMICs)

• Prospective, epidemiological studies for accurate 
assessment of SCD burden and outcomes should be 
initiated and promoted in LMICs to be able to better 
understand the magnitude of the problem and propose 
tailored solutions.

• Widespread public education and awareness campaigns on 
sudden cardiac arrest (SCA), early cardiopulmonary 
resuscitation (CPR), and defibrillation, backed by legislation, 
are necessary in LMICs to improve the low rates of 
bystander CPR and use of automated external defibrillation.

• SCD prevention strategies in LMICs should be cognisant of 
economic realities and explore low-cost alternatives to 
high-end, expensive technology. Solutions, such as reusing 
explanted implantable cardioverter defibrillators, require 
rigorous testing and well regulated implementation.

For more on the Revive Heart 
Foundation see https://
reviveheartfoundation.org/
index.html
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individual with quiescent heart disease. Thus, efforts 
should focus on identifying those individuals with 
unrecognised heart disease and provide safe exercise 
recommendations, rather than the restriction or 
prohibition of exercise.

The relative prevalence of various underlying 
pathologies in SCD during sports differs in reported 
series, but coronary artery disease dominates in 
individuals older than 30–35 years.33,454–456 Conversely, 
cardiomyopathies, congenital coronary anomalies, and 
primary electrical conditions (eg, ion channelopathies) 
and myocarditis are more frequent in younger patients 
having SCD during sports.457,458

Data published in 2021 suggest that premature 
coronary artery disease might be more common than 
previously thought in young, non-competitive athletes, 
underlining that the causes of sports-related SCD in the 
general population cannot be extrapolated from the 
specific competitive-sports setting.459

Screening for preventing sports‑related SCD
SCD in young, competitive athletes (aged <35 years) 
accounts for only a minority of overall sports-related 
SCD, with older (>35 years) individuals engaging in 
recreational sports activities representing the greater 
majority of such cases.455,460–462 The risk of SCD in male 
athletes appears to be higher (up to 30-fold) than in 
female athletes, even after consideration of exposure 
(eg, participation rates) and differences in sports 
practices.463–465 The reasons for the striking disparity 
between sexes are not clear, but could include the 
higher prevalence of coronary artery disease in young 
and middle-aged men compared with women, sex-
based differences in nutrition and adherence to healthy 
lifestyles, differences in trigger or autonomic 

modulators, and susceptibility to arrhythmias.463,464,466 
The reasons underlying the lower risk in women than 
in men should be assessed further to help improve 
preventive approaches. A higher risk has also been 
documented for start-stop sports, such as football and 
basketball, and in Black compared with White 
athletes.466,467

On the premise that for most athletes, SCD is the first 
presentation of a pre-existing cardiac condition and that 
participation in high-level competitive sport increases 
the likelihood of arrhythmias with such predisposition, 
many scientific and sporting organisations advocate 
cardiac screening of all athletes before participation, in 
the hope that risk stratification, appropriate lifestyle 
measures, pharmacotherapy, enhanced emergency 
response planning. and cascade family screening could 
prevent SCD.468–470 However, screening young competitive 
athletes and recreational sports participants presents 
multiple challenges, including identifying the 
underlying malignant substrates; selecting the target 
population and the screening method; the availability of 
resources, expertise, and associated costs; and the 
ethical, psychological, and medicolegal implications of 
asking athletes to cease competitive sports.471,472 Although 
a targeted approach also has ethical challenges, the 
striking male predominance among sports-related SCD 
questions the need for routine screening among female 
athletes.465

Once the target population is defined, common 
methods for screening and prevention should be 
identified and universally implemented. Accessibility, 
affordability, and accuracy are required to ensure global 
implementation and consistency in practice. The AHA 
proposes a 14-element cardiovascular checklist as a 
pragmatic approach for the screening of congenital and 
genetic heart disease in young athletes.473 The physician 
could use this tool to determine whether further 
cardiovascular examination is required. Due to the poor 
sensitivity of symptoms in detecting heart disease in the 
context of pre-participation screening, the European 
Society of Cardiology advocates the addition of a 12-lead 
ECG.474 Additional prospective studies are needed to 
assess the effect of cardiac screening before participation. 
There is also a need for prospective, national registries 
for the documentation and investigation of SCD in 
young athletes and for recreational sports participants 
with cardiac conditions predisposing to SCD. Such 
registries could help inform the best preventive 
strategies and screening methods for a particular 
population.

The physician’s role and medicolegal frameworks on 
athlete screening and disqualification vary from country 
to country, adding further layers of complexity that 
hamper a unified approach. Some countries adopt a 
paternalistic approach in which the physician holds the 
final say and is required to sign a document certifying 
that the athlete can safely participate in competitive or 

Figure 18: Benefits and potential harms of sports activity
Relative risk of SCD at rest and during vigorous exercise (transiently elevated 
SCD risk) in any patient according to their exposure to regular exercise. Green 
indicates long-term reduction of SCD. Red indicates an acute increase of SCD 
during physical activities. For example, a person who walks 30 min vigorously to 
work and back 5 days a week, runs for 45 min twice a week, and takes a weekly 
1-h aerobic class will get the best reduction of SCD risk (red line). 
MET=metabolic equivalent of task. SCD=sudden cardiac death.
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even recreational sports. In other countries, the 
physician has a more advisory role; it is the physician’s 
responsibility to explain the evidence base, knowledge 
gaps, and current recommendations from scientific 
organisations to help the patient-athlete come to a 
guided decision based on the perceived risk–benefit 
balance. Screening should be viewed as an opportunity 
to identify athletes with increased risk and manage that 
risk on the basis of established protocols. The ultimate 
goal should be a shared decision-making process that 
allows for an individualised exercise prescription, 
respects an individual’s self-determination, and offers 
athletes the necessary protection at the same time.468 
Finally, it should be considered that even the most 
meticulous screening protocols cannot prevent all 
sports-related SCA;471 hence, an equal or greater focus is 
needed on improving on-field and community 
preparedness and resuscitation to reduce mortality from 
sports-related SCA. The approach to screening should 
be individualised depending on different countries, 
health systems, and societies.

There is also a need to highlight the downsides of 
screening before sports participation, particularly the 
risk of overtreatment of potentially clinically unimportant 
disease and the potential for inappropriate disqualifi-
cation of individuals from competitive sport, which could 
be for the rest of their lives.

Improving outcomes in sports‑related SCD
Sports-related SCD provides a unique setting for 
maximising survival because most events occur in public 
places and are witnessed, with survival reported to be up 
to 70% in the general population.3,468,475 This finding is 
mainly driven by higher rates of lay-responder CPR and 
AED use compared with non-exercise-related SCA.460,462 
Nevertheless, prompt recognition of SCA in a setting of 
extreme low probability could be a challenge.476 The stark 
contrast in survival rates between events occurring in 
organised sports facilities, which enable early lay-
responder CPR and AED use, versus sports-related SCD 
in the general population in which lay-responder 
intervention rates are low underscores the potential 
benefits of improving public-health initiatives in the 
community setting. There should at least be one AED 
available in every sport facility. Achieving high rates of 
survival to hospital discharge is possible with a 
multipronged approach. Public education in basic life 
support and use of AEDs, increased AED accessibility, 
improved emergency response systems, and improved 
symptom awareness are obvious targets.2,3,477 Media 
coverage of sports-related SCD has to be channelled in 
the proper manner to help improve public awareness 
and education in basic life support, AED use, and 
healthier lifestyles, rather than creating a milieu of fear 
about exercise in general (panel 11).

Emergency-response planning during major sporting 
events should also take into consideration that road 

closures and diversion of medical resources to the event 
could have an adverse effect on transport time to hospital 
and emergency care for the general public in the vicinity. 
SCA is a rare occurrence among marathon and half-
marathon runners with an incidence of 5 per million 
participants;478 however, the 30-day mortality in marathon 
areas and routes on marathon dates is up to 13·3% 
higher compared with non-marathon dates.479 Thus, a 
city-wide strategy for emergency preparedness for major 
sports events should consider the risks not only to 
participants, but also to non-participants. For instance, 
relocation of marathon routes away from busy areas or to 
cities’ outskirts could be beneficial.

Ethical considerations
Clinicians are faced with ethical challenges every day 
when providing health care to individuals with diverse 
backgrounds, cultures, values, and societal acceptances. 
SCD prevention and management carries its own share 
of ethical dilemmas. When evaluating the merits of 
medical procedures and treatments, there are four main 
principles of bioethics: autonomy, justice, non-
maleficence, and beneficence. Strategies for SCD 
prevention and management should respect all four of 
these principles. However, the sudden, unpredictable 
nature of SCD paired with the need for an immediate 
response, and the often devastating consequences, pose 
unique challenges that could lead to potential conflicts 
between principles.

Starting with justice, health inequities exist across all 
aspects of SCA prevention, resuscitation, and care after 
SCA, and in research and innovation efforts. Most 
research has traditionally focused on more privileged 
population groups: to date there is more reliable data on 

Panel 11: Recommendations to decrease the burden of 
sports-related sudden cardiac death (SCD)

• Ensure accurate messaging on the rare cases of sports-
related SCD to prevent an unwarranted emotional stigma 
of sports participation posing danger, but rather provide 
emphasis on the well known benefits from sports 
participation, decreasing the risk of SCD in the long term.

• Given the great improvement in survival rates of sudden 
cardiac arrest (SCA) occurring during sports, contrasting 
with the relatively stable incidence rate over the past half 
a century, policy makers should harness the momentum, 
but using the sports environment as an example on the 
efficacy of immediate cardiopulmonary resuscitation and 
public automated external defibrillation use.

• Align screening practices based on consistent data in 
relation to men versus women in sports. With women 
presenting a largely lower risk of SCA during sports 
compared with men, an improvement in targeted 
screening efforts can maximise resources and produce 
higher success rates.
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predominantly White, male populations than other 
population groups. Although recognised as problematic 
when translating findings to other population groups, 
health inequities could become further exacerbated in the 
advent of AI. Data-rich environments will profit from 
innovations in this field, whereas translating findings to 
data-poor settings could be problematic and incorrect. 
Careful attention is necessary to ensure artificial-
intelligence solutions are not inadvertently only tailored 
to those with easy access to data. Expert clinical input and 
increased awareness of these inequities remain crucial.

Ethics of screening and prevention
Large-scale continuous evaluation of patient records, 
possibly by means of AI, could help to define high-risk 
groups that can be approached for further individual 
evaluation and intensive monitoring. The advent of 
wearable sensors, smartphone technology, big data, and AI 
gives rise to novel opportunities in this regard, but also 
raises ethical questions regarding data security, patient 
privacy, and autonomy. Technology is progressing at a 
rapid rate and aspects, such as appropriate use and ethical 
guidelines, are struggling to keep pace. Data from personal 
health monitoring devices will increasingly find their way 
to health-care professionals. Can these heterogeneous data 
be used as a repository for SCD research? Obtaining 
informed consent at an individual level would be highly 
challenging. Therefore, the right balance must be found in 
the use of large-scale data to gain scientific insights while 
having a strong respect for autonomy and privacy of the 
individual. Carefully weighing the resources spent on the 
use of these data for large-scale monitoring against the 
number of lives that can potentially be saved is important 
to ensure a fair, equitable, and appropriate distribution of 
health-care resources (ie, justice). Furthermore, the harms 
of profiling on the basis of large-scale data use, whether 
concerning genetics, behaviour, or anthropometrics, 
should be consistently considered and avoided (ie, non-
maleficence).

In genetic screening for risk prediction, identifying 
which findings should be reported and acted upon can be 
challenging. Especially in the general population, the 
risk of false-positive results is substantial. Considerable 
uncertainty exists with respect to the relevance of genetic 
variants, their penetrance, the yield of ensuing clinical 
surveillance, and cost-effectiveness. Receiving an 
unexpected genetic result could cause considerable 
distress, lead to adverse consequences with respect to 
health insurance and employment, and create difficult 
decisions involving family planning. Sensitive clinicians 
and genetic counsellors have a crucial role to play in 
ensuring optimal use of available genetic tools (ie, non-
maleficence).

Ethics of resuscitation
Some people might view SCA as a humane way to die, 
without a long, possibly painful sickbed, and defend the 

individual’s right to die in a society in which advanced 
medical techniques can prolong life at the cost of quality 
of life. The sudden nature of SCA makes it difficult to 
assess a person’s end-of-life wishes at the time of the 
event. Nonetheless, greater efforts are needed to establish 
patients’ desires and hence safeguard their autonomy, 
even in an emergency situation. Shared decision making 
for planning advanced care could help, but the health-
care system needs to have mechanisms to make patients’ 
preferences available to emergency health-care providers. 

Decisions of when to start, stop, or refrain from 
resuscitation efforts might depend on cultural norms 
and beliefs, but also on the context of the health-care 
system. Out-of-hospital resuscitation in a low-resource 
setting has lower odds of survival than in high-resource 
settings, and treatment options for comatose survivors 
admitted to hospital might be limited. Lengthy and 
complex resuscitations could yield survivors with 
substantial short-term and long-term health-care needs, 
and the absence of advanced intensive care and 
rehabilitation could influence decision making. The 
question of futility and risk of providing care that is not 
beneficial to the patient is complex and dependent on 
context, especially when considering withdrawing care in 
survivors with a very low likelihood of meaningful 
neurological recovery. Thus, a careful balance is needed 
between potentially missed chances of survival and 
refraining from or discontinuing the resuscitation effort 
for futile or unfavourable resuscitations However, 
defining an unfavourable outcome is not easy. Many of 
the scoring systems used to determine functional 
outcome are developed by health-care providers and 
might not reflect patient or family views. Furthermore, 
there are important variations in how different people 
perceive quality of life. Determinations of which 
outcomes make a resuscitation attempt futile, and thus 
defining when quality of life is too greatly affected, 
should be treated with the greatest prudence, especially 
when balanced against cost. Viewed in that light, the 
rules around the termination of resuscitation are 
dependent on the same contextual factors and have the 
danger of becoming a self-fulfilling prophecy.

Finally, in patients with out-of-hospital cardiac arrest, 
care requirements can conflict with the need to promptly 
focus efforts on organ preservation and retrieval for 
donation in patients who are pronounced brain dead. 
Standardised pathways necessitating multiple opinions 
for the early identification of patients with essentially no 
chance of survival might help in decision making about 
the organ donation process.480

Dignity after death (or near death)
If a patient has unexplained SCD, an autopsy is crucial to 
determine the cause of death and assess future risk for 
family members. However, in many societies across the 
world, performance of an autopsy is fraught with ethical 
challenges because of cultural and religious barriers and 
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personal beliefs. In the absence of clear directives, 
knowing how the patient would have felt about an 
autopsy is difficult. In countries where family consent is 
mandatory to perform an autopsy, the decision often 
rests with the immediate relative who should be helped 
through the decision with sensitivity for the personal and 
cultural context, carefully weighing the benefits of an 
autopsy (ie, beneficence) against the possible distress 
experienced by bereaved relatives (ie, non-maleficence). 
To avoid conflict within the family and provide 
opportunity for useful data, discussing autopsy after 
unexplained death as part of the patient’s advance 
directive for care, similar to discussions around organ 
donation, might be a useful recommendation for 
institutions.

Organ donation presents a difficult ethical 
conundrum in a scenario of SCD after an unsuccessful 
resuscitation attempt, raising a different set of 
challenges. Although criteria for brain death might 
have been established, acceptance from families while 
coping with shock remains a challenging and sensitive 
area when respecting the options and timing around 
organ donation. This situation can be particularly 
overwhelming for a sudden event such as SCD. Is the 
prolonging of resuscitation or maintaining circulation 
with supports (ie, extracorporeal CPR) for the sole 
purpose of maintaining the possibility of organ 
donation ethical? On the one hand, the abruptness of 
SCA gives very little time for proper assessment of the 
patient’s wishes and relatives’ consent. On the other 
hand, not performing organ-preserving CPR or 
ignoring a patient’s wish to donate organs after death 
might also be considered unethical. Excellent health-
system organisation is required to have access to patient 
directives regarding organ donation in an emergency. 
Public societal-awareness campaigns to improve and 
increase advance directives can help ease the ethical 
dilemmas faced in this context.

Funding considerations
From a public health perspective, tackling SCD requires 
great political perseverance and commitment. All too 
often, SCD receives major media and financial attention 
when an athlete or celebrity dies suddenly; however, the 
broader issue is soon forgotten or loses priority in the 
general population. There is a stark contrast between the 
mortality burden imposed by SCD and the investment 
made by governments towards it. Cardiovascular disease 
is the leading cause of death ahead of cancer, with SCD 
estimated to account for more than a quarter of those 
deaths, posing a mortality burden more than any 
individual cancer. However, public funding for SCD 
projects in the EU is less than an eighth of the funding 
support earmarked for cancer research. Similarly, the 
NIH investment per death is among the lowest for SCD 
compared with diabetes, kidney disease, and cancer. 
Cardiovascular, specifically SCD research, remains a low 

priority of European Union Mission 2030, the NIH, and 
the NHS England top ten priorities for 2022–23. There is 
much work ahead for researchers and clinicians to push 
for innovation and streamline systems in order to move 
the needle to reduce SCD. Finding funding for such 
progress should not be the biggest challenge of this 
fight. We call to our sectors of government who 
determine the appropriation and allocations of budgets 
and spending, as well as the NIH, NHS, European 
Union, and all other organisations that allocate research 
grants around the world, to join the fight in reducing the 
burden of SCD. The time is now to work collectively to 
shift priorities, update policy, and use a forward-thinking 
perspective to create a more consistent and equal process 
of the allocation of research funds while maximising 
population impact.

Tackling SCD: the need for a multidisciplinary 
approach
When one considers the multiple broad-ranging issues 
that are involved in the optimal prediction, prevention, 
and management during and after the SCD event, the 
need for a multidisciplinary team effort to achieve the best 
outcomes is self-evident (figure 19). This effort includes 
not only the varied medical specialties, such as cardiology, 
critical care, emergency medicine, epidemiology, genetics, 
neurology, pathology, primary care, and public health, but 
also the important role of disciplines including dietetics, 
nursing, occupational therapy, paramedics, physiotherapy, 
and health-care policy and decision making personnel. A 
multi disciplinary team must work together seamlessly 
with strong communication between themselves so that 
their collective effort is channelled in the best possible way 
to maximally draw on individual expertise in a 
complementary way without undue overlap or waste of 
resources.

In the field of SCD prediction and prevention, the role 
of the individual treating physicians, whether the 
primary-care physician or the cardiologist, is 
complimentary to the public-health expert or epi-
demiologist who has a broad perspective. Primordial 
prevention begins at the primary-care level with emphasis 

Figure 19: The sudden cardiac death puzzle—a multidisciplinary approach
EMS=emergency medical services. ICU=intensive care unit.
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on heart-healthy lifestyle, diet, and nutrition, in which 
not only primary physicians, but also dietitians and 
nurses have an important role in patient education and 
management. During SCA, paramedics and other first 
responders, such as firefighters, form the backbone of a 
fluid emergency medical system, without whom the 
crucial first parts of the chain of survival will not be 
effective. A survivor of SCA in the ICU and beyond needs 
to be managed by a multidisciplinary team, not only 
including critical care specialists and cardiologists, but 
also neurologists, expert critical care nurses, and 
rehabilitation specialists.

After SCD, the involvement of pathologists and medical 
examiners in establishing a cause of death and thereby 
prognosticating for immediate family members cannot 
be overemphasised. For SCA survivors and their families, 
comprehensive care is required through rehabilitation 
therapists (ie, physiotherapists and occupational 
therapists), psycho logical support as needed through 
psychologists and clinical psychiatrists, and ongoing 
overall care from their primary care or family physicians. 
Genetic counsellors have an important role in counselling 
patients and relatives and guiding them through what 
can be a complex, bewildering process in terms of 
understanding a diagnosis of a potentially lethal inherited 
or genetic condition.

Finally, experts in public-health policy and legislation 
have a key role in issues of screening, public AED 
programmes, organisation of EMS systems, autopsy-
related legislation, and many issues that can all directly 
affect long-term outcomes of SCA in any given 
community or population.

As such, the need for a multidisciplinary approach 
(figure 19) to SCD argues for the establishment of sudden 
death expertise centres that can function as coordinating 
hubs and bring together different experts with functions 
beyond patient care, such as research, teaching, advisory, 
and advocacy roles.

Conclusion
SCD is an event at a single point in time, but constitutes 
the perfect culmination of a multitude of factors. 
Therefore, multiple avenues of intervention must be 
sought and used to reduce the SCD burden. The 
international scientific community should identify the 
most impactful, cost-effective approaches that can yield 
maximum reductions in SCD incidence and show 
improvements in survival for the investments made. 
Through the prism of the circle of SCD, which views 
SCD in a systematic, temporal way, we have provided an 
in-depth appraisal of the current state of SCD research 
and presented key measures for consideration to move 
towards the goal of minimising SCD burden in the next 
decade. Accurately identifying the individual who is 
likely to have an SCA is a major priority. The current 
approach to SCD prediction requires overhauling 
through the use of improved SCD phenotyping; the 

development of newer clinical, genetic markers; 
multiparametric risk scores; the intelligent application of 
evolving technologies, such as AI; and the expansion of 
international collaborative efforts. Likewise, increasing 
global awareness around coronary artery disease and 
adopting progressively healthy lifestyles at both the 
individual and population level (eg, concrete measures to 
improve environmental and socioeconomic aspects of 
living) can help weaken the platforms upon which SCD 
thrives. There is a clear need for innovations in drug 
development and devices, which will not only treat 
arrhythmias, but also translate into actual reductions in 
SCD. Strengthening and standardising EMS and 
emergency care systems across varied geographical 
regions is a major task requiring joint efforts from 
health-care, governmental, and other organisational 
structures so that, ideally, the same consistent response 
can be achieved whether a person collapses with an SCA 
in the USA or sub-Saharan Africa. Continued efforts are 
needed to make communities an active partner in 
emergency responses towards SCA with appropriate 
legislations and protections in place. The expansion of 
population-level awareness will hopefully provide the 
required impetus to increase autopsy rates across the 
world, reducing diagnostic uncertainty while uncovering 
new SCD mechanisms. Now is the time to widely 
disseminate accurate information regarding SCD, its 
root causes, and preventive and therapeutic options to 
the general public and policy makers, rather than just to 
the medical community, so that all stakeholders can work 
together to provide a solid foundation to fight this cause 
of death. Using a multi disciplinary approach and 
organised collaboration to maximise outcomes, we need 
to perform high-yield research, implement life-changing 
EMS, and create innovation to drastically reduce fatality 
from SCA in the near future.
Contributors
EM (chair) and KN (deputy chair) led the work. CMA coordinated the 
Commission captains and reviewed the overall manuscript. BGW, FF, 
and KS led and reviewed respective sections as Commission captains. 
EM and KG conducted the fundraising. KG organised the Commission 
events and conferences. All authors contributed to the key messages, 
conclusions, recommendations, and writing and editing of the 
Commission. 

Declaration of interests
CMA declares grants from St Jude Medical Foundation and NIH–
NHLBI; consulting fees from Medtronic, Illumina, and Novartis; 
payment or honoraria for lectures from Medtronic; and participation on a 
data safety monitoring board or advisory board for Medtronic, Element 
Science, and Boston Scientific. J-BLPDW declares payment or honoraria 
for lectures, presentations, speakers bureaus, manuscript writing, or 
educational events from Medtronic, Biotronik, Boston Scientific, and 
Abbott. MTB declares grants from the EU ESCAPE-NET project, funded 
by the EU’s Horizon 2020 research and innovation programme under 
grant agreement 733381; and grants from European Foundation for the 
Study of Diabetes (for project Improvement of CVD risk stratification: an 
innovative method for optimal timing of ECG monitoring). LC declares 
grants from Grant Horizon 2020 (2016–22) ESCAPE-NET; ERA-CVD 
Empathy (2020–23) for the electromechanical presages of sudden cardiac 
death in the young: integrating imaging, modelling, and genetics for 
patient stratification; grants from AIFA (2020–23) for novel therapy for 



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 925

the long QT syndrome type 2 based on the mechanism of action of the 
disease-causing mutations; grants from EJP RD (European Joint Program 
on Rare Disesase) LQTS-NEXT (2020–23) to the next level of risk 
prediction in patients with long QT syndrome; grants from EJP RD 
Silence-LQTS (2021–24) for SGK1 inhibition as a novel therapeutic 
approach in long QT syndrome; and participation on a data safety 
monitoring board or advisory board for Bristol Myers Squibb. FF declares 
grants and support for attending meetings or travel from Novo Nordisk 
Foundation NNF19OC0055142. GH declares grants from European 
Commission (PROFID project public grant for the development of a risk 
stratification tool to predict SCD and to evaluate the risk predictor in a 
clinical trial; NCT04540289) and German Federal Joint Committee (G-BA; 
RESET CRT public grant for a clinical trial comparing CRT-D versus 
CRT-P). JI declares research support from National Health and Medical 
Research Council Australia, Heart Foundation Australia, and New South 
Wales Health. JJ declares grants from Academy of Finland, Finnish 
Foundation for Cardiovascular Research, and Sigrid Juselius Foundation; 
support for attending meetings and travel from AstraZeneca, Bayer, 
Boehringer Ingelheim, Pfizer, and Orion Pharma; and participation on a 
data safety monitoring board or advisory board for Novo Nordisk, Bayer, 
and Boehringer Ingelheim. EM declares research grants from Abbott, 
Biotronik, Boston Scientific, Medtronic, MicroPort, and Zoll; consulting 
fees from Medtronic, Boston Scientific, Zoll, and Abbott; and payment or 
honoraria for lectures, presentations, speakers bureaus, manuscript 
writing, or educational events from Medtronic, Boston Scientific, Zoll, 
and Abbott. MEHO declares other financial or non-financial interests 
from TIIM Healthcare and Global Healthcare SG. TMO declares 
participation on a data safety monitoring board for the COCA trial (a 
randomised controlled trial evaluating calcium during cardiac arrest). MP 
declares grants from St George’s, University of London for research on 
cardiac risk in the young and consulting fees from Bristol Myers Squibb. 
CS declares being an employee at American Heart Association. H-FT 
declares research grants from Abbott, Amgen, AstraZeneca, Bayer, 
Boehringer Ingelheim, Boston Scientific, Daiichi Sankyo, Medtronic, 
Novartis, Pfizer, and Sanofi; payment or honoraria for lectures, 
presentations, speakers bureaus, manuscript writing, or educational 
events from Amgen, AstraZeneca, Boehringer Ingelheim, Boston 
Scientific, Daiichi Sankyo, Medtronic, Pfizer, and Sanofi; and support for 
attending meetings and travel from Boehringer Ingelheim. ZT declares 
grants or contracts from National Institutes of Health (NIH) and National 
Heart, Lung, and Blood Institute (NHLBI; NIH/NHLBI R01 HL 102090, 
NIH/NHLBI R01 HL 126555, NIH/NHLBI R01 HL 147035, and NIH/
NHLBI R01 HL 157247), NIH and National Institute of Allergy and 
Infectious Diseases (NIAID; NIH/NIAID P01 AI 169606), and Centers for 
Disease Control and Prevention (6 NU38DP000019-01-01 and 1 
NU38DP000019-01-00). All other authors declare no competing interests. 

Acknowledgments
We thank the Paris-Sudden Death Expertise Center (Paris-SDEC), 
the French Federation of Cardiology, the French Society of Cardiology, 
l’Association Française d’Epargne et de Retraite, the Foundation Medical 
Research Institutes, and the Paris Artificial Intelligence Research Institute 
(PRAIRIE) for their financial contributions and support of the various 
meetings throughout the Commission. We also thank the industrial 
partners (Abbott, Biotronik, Boston Scientific, Medtronic, MicroPort, Zoll, 
and Schiller) for the unrestricted grants supporting Paris-SDEC activities. 
We thank Nicole Karam and Antoine Lafont of the Division of Cardiology, 
European Hospital Georges Pompidou, Paris, for their help in the process 
of publishing this collaborative document. 

Editorial note: The Lancet Group takes a neutral position with respect to 
territorial claims in published maps and institutional affiliations.

References
1 Sasson C, Rogers MAM, Dahl J, Kellermann AL. Predictors of 

survival from out-of-hospital cardiac arrest: a systematic review and 
meta-analysis. Circ Cardiovasc Qual Outcomes 2010; 3: 63–81.

2 Kinoshi T, Tanaka S, Sagisaka R, et al. Mobile automated external 
defibrillator response system during road races. N Engl J Med 2018; 
379: 488–89.

3 Karam N, Pechmajou L, Narayanan K, et al. Evolution of incidence, 
management, and outcomes over time in sports-related sudden 
cardiac arrest. J Am Coll Cardiol 2022; 79: 238–46.

4 Lynge TH, Risgaard B, Banner J, et al. Nationwide burden of 
sudden cardiac death: a study of 54,028 deaths in Denmark. 
Heart Rhythm 2021; 18: 1657–65.

5 Kannel WB, Schatzkin A. Sudden death: lessons from subsets in 
population studies. J Am Coll Cardiol 1985; 5 (suppl): 141B–49B.

6 Fox CS, Evans JC, Larson MG, Kannel WB, Levy D. Temporal trends 
in coronary heart disease mortality and sudden cardiac death from 
1950 to 1999: the Framingham Heart Study. Circulation 2004; 
110: 522–27.

7 Myerburg RJ, Junttila MJ. Sudden cardiac death caused by coronary 
heart disease. Circulation 2012; 125: 1043–52.

8 Winkel BG, Risgaard B, Sadjadieh G, Bundgaard H, Haunsø S, 
Tfelt-Hansen J. Sudden cardiac death in children (1–18 years): 
symptoms and causes of death in a nationwide setting. Eur Heart J 
2014; 35: 868–75.

9 Skjelbred T, Lynge TH, Nielsen J, Winkel BG, Tfelt-Hansen J. 
Symptoms and healthcare contact preceding sudden cardiac death 
in persons aged 1–49 years. Trends Cardiovasc Med 2021; 
31: 119–24.

10 Haukilahti MAE, Holmström L, Vähätalo J, et al. Sudden cardiac 
death in women. Circulation 2019; 139: 1012–21.

11 Okrainec K, Banerjee DK, Eisenberg MJ. Coronary artery disease in 
the developing world. Am Heart J 2004; 148: 7–15.

12 Hallstrom AP, Ornato JP, Weisfeldt M, et al. Public-access 
defibrillation and survival after out-of-hospital cardiac arrest. 
N Engl J Med 2004; 351: 637–46.

13 Hinkle LE Jr, Thaler HT. Clinical classification of cardiac deaths. 
Circulation 1982; 65: 457–64.

14 Tseng ZH, Olgin JE, Vittinghoff E, et al. Prospective countywide 
surveillance and autopsy characterization of sudden cardiac death: 
POST SCD study. Circulation 2018; 137: 2689–700.

15 Ricceri S, Salazar JW, Vu AA, Vittinghoff E, Moffatt E, Tseng ZH. 
Factors predisposing to survival after resuscitation for sudden 
cardiac arrest. J Am Coll Cardiol 2021; 77: 2353–62.

16 Kim AS, Moffatt E, Ursell PC, Devinsky O, Olgin J, Tseng ZH. 
Sudden neurologic death masquerading as out-of-hospital sudden 
cardiac death. Neurology 2016; 87: 1669–73.

17 Fishman GI, Chugh SS, Dimarco JP, et al. Sudden cardiac death 
prediction and prevention: report from a National Heart, Lung, and 
Blood Institute and Heart Rhythm Society Workshop. Circulation 
2010; 122: 2335–48.

18 WHO Scientific Group on Sudden Cardiac Death & World Health 
Organization. Sudden cardiac death. Report of a WHO Scientific 
Group. World Health Organ Tech Rep Ser 1985; 726: 5–25.

19 Priori SG, Blomström-Lundqvist C, Mazzanti A, et al. 2015 ESC 
Guidelines for the management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: the Task 
Force for the Management of Patients with Ventricular Arrhythmias 
and the Prevention of Sudden Cardiac Death of the European 
Society of Cardiology (ESC). Endorsed by: Association for European 
Paediatric and Congenital Cardiology (AEPC). Eur Heart J 2015; 
36: 2793–867.

20 Al-Khatib SM, Stevenson WG, Ackerman MJ, et al. 2017 AHA/
ACC/HRS guideline for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: executive 
summary: a report of the American College of Cardiology/
American Heart Association Task Force on Clinical Practice 
Guidelines and the Heart Rhythm Society. Heart Rhythm 2018; 
16: e190–252. 

21 Stiles MK, Wilde AAM, Abrams DJ, et al. 2020 APHRS/HRS expert 
consensus statement on the investigation of decedents with sudden 
unexplained death and patients with sudden cardiac arrest, and of 
their families. Heart Rhythm 2021; 18: e1–50.

22 Basso C, Aguilera B, Banner J, et al. Guidelines for autopsy 
investigation of sudden cardiac death: 2017 update from the 
Association for European Cardiovascular Pathology. Virchows Arch 
2017; 471: 691–705.

23 Tseng ZH, Salazar JW, Olgin JE, et al. Refining the World Health 
Organization definition: predicting autopsy-defined sudden 
arrhythmic deaths among presumed sudden cardiac deaths in the 
POST SCD study. Circ Arrhythm Electrophysiol 2019; 12: e007171.

24 Empana J-P, Lerner I, Valentin E, et al. Incidence of sudden 
cardiac death in the European Union. J Am Coll Cardiol 2022; 
79: 1818–27.



The Lancet Commissions

926 www.thelancet.com   Vol 402   September 9, 2023

25 Zheng ZJ, Croft JB, Giles WH, Mensah GA. Sudden cardiac death 
in the United States, 1989 to 1998. Circulation 2001; 104: 2158–63.

26 Gorgels AP, Gijsbers C, de Vreede-Swagemakers J, Lousberg A, 
Wellens HJ. Out-of-hospital cardiac arrest—the relevance of heart 
failure. Eur Heart J 2003; 24: 1204–09.

27 Chugh SS, Jui J, Gunson K, et al. Current burden of sudden cardiac 
death: multiple source surveillance versus retrospective death 
certificate-based review in a large U.S. community. 
J Am Coll Cardiol 2004; 44: 1268–75.

28 Stecker EC, Reinier K, Marijon E, et al. Public health burden of 
sudden cardiac death in the United States. 
Circ Arrhythm Electrophysiol 2014; 7: 212–17.

29 Jouven X, Desnos M, Guerot C, Ducimetière P. Predicting sudden 
death in the population: the Paris Prospective Study I. Circulation 
1999; 99: 1978–83.

30 Wong CX, Brown A, Lau DH, et al. Epidemiology of sudden cardiac 
death: global and regional perspectives. Heart Lung Circ 2019; 
28: 6–14.

31 Hua W, Zhang L-F, Wu Y-F, et al. Incidence of sudden cardiac death 
in China: analysis of 4 regional populations. J Am Coll Cardiol 2009; 
54: 1110–18.

32 Kitamura T, Iwami T, Kawamura T, et al. Nationwide improvements 
in survival from out-of-hospital cardiac arrest in Japan. Circulation 
2012; 126: 2834–43.

33 Srivatsa UN, Swaminathan K, Sithy Athiya Munavarah K, 
Amsterdam E, Shantaraman K. Sudden cardiac death in South 
India: incidence, risk factors and pathology. 
Indian Pacing Electrophysiol J 2016; 16: 121–25.

34 Ong MEH, Ng FSP, Anushia P, et al. Comparison of chest 
compression only and standard cardiopulmonary resuscitation for 
out-of-hospital cardiac arrest in Singapore. Resuscitation 2008; 
78: 119–26.

35 Kiguchi T, Okubo M, Nishiyama C, et al. Out-of-hospital cardiac 
arrest across the world: first report from the International Liaison 
Committee on Resuscitation (ILCOR). Resuscitation 2020; 152: 39–49.

36 Deo R, Safford MM, Khodneva YA, et al. Differences in risk of 
sudden cardiac death between blacks and whites. J Am Coll Cardiol 
2018; 72: 2431–39.

37 Pilmer CM, Kirsh JA, Hildebrandt D, Krahn AD, Gow RM. Sudden 
cardiac death in children and adolescents between 1 and 19 years of 
age. Heart Rhythm 2014; 11: 239–45.

38 Risgaard B, Winkel BG, Jabbari R, et al. Burden of sudden cardiac 
death in persons aged 1 to 49 years: nationwide study in Denmark. 
Circ Arrhythm Electrophysiol 2014; 7: 205–11.

39 Winkel BG, Holst AG, Theilade J, et al. Nationwide study of sudden 
cardiac death in persons aged 1–35 years. Eur Heart J 2011; 32: 983–90.

40 Bougouin W, Lamhaut L, Marijon E, et al. Characteristics and 
prognosis of sudden cardiac death in Greater Paris: population-
based approach from the Paris Sudden Death Expertise Center 
(Paris-SDEC). Intensive Care Med 2014; 40: 846–54.

41 Gräsner J-T, Wnent J, Herlitz J, et al. Survival after out-of-hospital 
cardiac arrest in Europe—results of the EuReCa TWO study. 
Resuscitation 2020; 148: 218–26.

42 Beck B, Bray J, Cameron P, et al. Regional variation in the 
characteristics, incidence and outcomes of out-of-hospital cardiac 
arrest in Australia and New Zealand: results from the Aus-ROC 
Epistry. Resuscitation 2018; 126: 49–57.

43 Marijon E, Karam N, Jost D, et al. Out-of-hospital cardiac arrest 
during the COVID-19 pandemic in Paris, France: a population-
based, observational study. Lancet Public Health 2020; 5: e437–43.

44 Gerber Y, Jacobsen SJ, Frye RL, Weston SA, Killian JM, Roger VL. 
Secular trends in deaths from cardiovascular diseases: a 25-year 
community study. Circulation 2006; 113: 2285–92.

45 Krahn AD, Gollob M, Yee R, et al. Diagnosis of unexplained cardiac 
arrest: role of adrenaline and procainamide infusion. Circulation 
2005; 112: 2228–34.

46 Lavignasse D, Lemoine S, Karam N, et al. Does age influence out-
of-hospital cardiac arrest incidence and outcomes among women? 
Insights from the Paris SDEC. Eur Heart J Acute Cardiovasc Care 
2022; 11: 293–302.

47 Wissenberg M, Lippert FK, Folke F, et al. Association of national 
initiatives to improve cardiac arrest management with rates of 
bystander intervention and patient survival after out-of-hospital 
cardiac arrest. JAMA 2013; 310: 1377–84.

48 Waldmann V, Karam N, Gaye B, et al. Temporal trends of out-of-
hospital cardiac arrests without resuscitation attempt by emergency 
medical services. Circ Cardiovasc Qual Outcomes 2021; 14: e006626.

49 Cobb LA, Fahrenbruch CE, Olsufka M, Copass MK. Changing 
incidence of out-of-hospital ventricular fibrillation, 1980–2000. 
JAMA 2002; 288: 3008–13.

50 Nichol G, Thomas E, Callaway CW, et al. Regional variation in out-
of-hospital cardiac arrest incidence and outcome. JAMA 2008; 
300: 1423–31.

51 Dyson K, Brown SP, May S, et al. International variation in survival 
after out-of-hospital cardiac arrest: a validation study of the Utstein 
template. Resuscitation 2019; 138: 168–81.

52 Daya MR, Schmicker RH, Zive DM, et al. Out-of-hospital cardiac 
arrest survival improving over time: results from the Resuscitation 
Outcomes Consortium (ROC). Resuscitation 2015; 91: 108–15.

53 Jerkeman M, Sultanian P, Lundgren P, et al. Trends in survival after 
cardiac arrest: a Swedish nationwide study over 30 years. 
Eur Heart J 2022; 43: 4817–29.

54 Karam N, Narayanan K, Bougouin W, et al. Major regional 
differences in automated external defibrillator placement and basic 
life support training in France: further needs for coordinated 
implementation. Resuscitation 2017; 118: 49–54.

55 Marijon E, Bougouin W, Celermajer DS, et al. Major regional 
disparities in outcomes after sudden cardiac arrest during sports. 
Eur Heart J 2013; 34: 3632–40.

56 Sasson C, Magid DJ, Chan P, et al. Association of neighborhood 
characteristics with bystander-initiated CPR. N Engl J Med 2012; 
367: 1607–15.

57 Baldi E, Sechi GM, Mare C, et al. Out-of-hospital cardiac arrest during 
the COVID-19 outbreak in Italy. N Engl J Med 2020; 383: 496–98.

58 Lai PH, Lancet EA, Weiden MD, et al. Characteristics associated 
with out-of-hospital cardiac arrests and resuscitations during the 
novel coronavirus disease 2019 pandemic in New York City. 
JAMA Cardiol 2020; 5: 1154–63.

59 Perkins GD, Couper K. COVID-19: long-term effects on the 
community response to cardiac arrest? Lancet Public Health 2020; 
5: e415–16.

60 Marijon E, Karam N, Jouven X. Cardiac arrest occurrence during 
successive waves of the COVID-19 pandemic: direct and indirect 
consequences. Eur Heart J 2021; 42: 1107–09.

61 Ball J, Nehme Z, Bernard S, Stub D, Stephenson M, Smith K. 
Collateral damage: hidden impact of the COVID-19 pandemic on 
the out-of-hospital cardiac arrest system-of-care. Resuscitation 2020; 
156: 157–63.

62 Sayre MR, Barnard LM, Counts CR, et al. Prevalence of COVID-19 
in out-of-hospital cardiac arrest: implications for bystander 
cardiopulmonary resuscitation. Circulation 2020; 142: 507–09.

63 Baldi E, Auricchio A, Klersy C, et al. Out-of-hospital cardiac arrests 
and mortality in Swiss Cantons with high and low COVID-19 
incidence: a nationwide analysis. Resuscitation Plus 2021; 6: 100105.

64 Dherange P, Lang J, Qian P, et al. Arrhythmias and COVID-19: a 
review. JACC Clin Electrophysiol 2020; 6: 1193–204.

65 O’Shea CJ, Thomas G, Middeldorp ME, et al. Ventricular 
arrhythmia burden during the coronavirus disease 2019 (COVID-19) 
pandemic. Eur Heart J 2021; 42: 520–28.

66 Sultanian P, Lundgren P, Strömsöe A, et al. Cardiac arrest in 
COVID-19: characteristics and outcomes of in- and out-of-hospital 
cardiac arrest. A report from the Swedish Registry for 
Cardiopulmonary Resuscitation. Eur Heart J 2021; 42: 1094–106.

67 Solomon MD, McNulty EJ, Rana JS, et al. The COVID-19 pandemic 
and the incidence of acute myocardial infarction. N Engl J Med 
2020; 383: 691–93.

68 De Filippo O, D’Ascenzo F, Angelini F, et al. Reduced rate of 
hospital admissions for ACS during COVID-19 outbreak in 
northern Italy. N Engl J Med 2020; 383: 88–89.

69 Garcia S, Albaghdadi MS, Meraj PM, et al. Reduction in ST-
segment elevation cardiac catheterization laboratory activations in 
the United States during COVID-19 pandemic. J Am Coll Cardiol 
2020; 75: 2871–72.

70 Junttila MJ, Hookana E, Kaikkonen KS, Kortelainen M-L, 
Myerburg RJ, Huikuri HV. Temporal trends in the clinical and 
pathological characteristics of victims of sudden cardiac death in 
the absence of previously identified heart disease. Circ Arrhythm 
Electrophysiol 2016; 9: e003723.



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 927

71 Kauppila JP, Hantula A, Kortelainen M-L, et al. Association of initial 
recorded rhythm and underlying cardiac disease in sudden cardiac 
arrest. Resuscitation 2018; 122: 76–78.

72 Holmstrom L, Salmasi S, Chugh H, et al. Survivors of sudden 
cardiac arrest presenting with pulseless electrical activity: clinical 
substrate, triggers, long-term prognosis. JACC Clin Electrophysiol 
2022; 8: 1260–70.

73 Hookana E, Junttila MJ, Puurunen V-P, et al. Causes of 
nonischemic sudden cardiac death in the current era. Heart Rhythm 
2011; 8: 1570–75.

74 Manfredini R, Portaluppi F, Grandi E, Fersini C, Gallerani M. 
Out-of-hospital sudden death referring to an emergency 
department. J Clin Epidemiol 1996; 49: 865–68.

75 Basso C, Iliceto S, Thiene G, Perazzolo Marra M. Mitral valve 
prolapse, ventricular arrhythmias, and sudden death. Circulation 
2019; 140: 952–64.

76 Basso C, Perazzolo Marra M, Rizzo S, et al. Arrhythmic mitral 
valve prolapse and sudden cardiac death. Circulation 2015; 
132: 556–66.

77 Bagnall RD, Weintraub RG, Ingles J, et al. A prospective study of 
sudden cardiac death among children and young adults. 
N Engl J Med 2016; 374: 2441–52.

78 Zachariasardóttir S, Risgaard B, Ågesen FN, et al. Sudden cardiac 
death and coronary disease in the young: a nationwide cohort study 
in Denmark. Int J Cardiol 2017; 236: 16–22.

79 Vähätalo J, Holmström L, Pakanen L, et al. Coronary artery disease 
as the cause of sudden cardiac death among victims <50 years of 
age. Am J Cardiol 2021; 147: 33–38.

80 Hayashi M, Shimizu W, Albert CM. The spectrum of 
epidemiology underlying sudden cardiac death. Circ Res 2015; 
116: 1887–906.

81 Maron BJ, Carney KP, Lever HM, et al. Relationship of race to 
sudden cardiac death in competitive athletes with hypertrophic 
cardiomyopathy. J Am Coll Cardiol 2003; 41: 974–80.

82 Waldmann V, Bougouin W, Karam N, et al. Characteristics and 
clinical assessment of unexplained sudden cardiac arrest in the real-
world setting: focus on idiopathic ventricular fibrillation. 
Eur Heart J 2018; 39: 1981–87.

83 Garcia R, Rajan D, Warming PE, et al. Ethnic disparities in out-of-
hospital cardiac arrest: a population-based cohort study among 
adult Danish immigrants. Lancet Reg Health Eur 2022; 22: 100477.

84 Vähätalo JH, Huikuri HV, Holmström LTA, et al. Association of 
silent myocardial infarction and sudden cardiac death. 
JAMA Cardiol 2019; 4: 796–802.

85 Burke AP, Farb A, Malcom GT, Liang YH, Smialek J, Virmani R. 
Coronary risk factors and plaque morphology in men with coronary 
disease who died suddenly. N Engl J Med 1997; 336: 1276–82.

86 Burke AP, Farb A, Malcom GT, Liang Y, Smialek JE, Virmani R. 
Plaque rupture and sudden death related to exertion in men with 
coronary artery disease. JAMA 1999; 281: 921–26.

87 Burke AP, Farb A, Malcom GT, Liang Y, Smialek J, Virmani R. 
Effect of risk factors on the mechanism of acute thrombosis and 
sudden coronary death in women. Circulation 1998; 97: 2110–16.

88 Farb A, Tang AL, Burke AP, Sessums L, Liang Y, Virmani R. Sudden 
coronary death. Frequency of active coronary lesions, inactive coronary 
lesions, and myocardial infarction. Circulation 1995; 92: 1701–09.

89 Holmström L, Juntunen S, Vähätalo J, et al. Plaque histology and 
myocardial disease in sudden coronary death: the Fingesture study. 
Eur Heart J 2022; 43: 4923–30.

90 Kaikkonen KS, Kortelainen M-L, Huikuri HV. Comparison of risk 
profiles between survivors and victims of sudden cardiac death 
from an acute coronary event. Ann Med 2009; 41: 120–27.

91 Corrado D, Basso C, Poletti A, Angelini A, Valente M, Thiene G. 
Sudden death in the young. Is acute coronary thrombosis the major 
precipitating factor? Circulation 1994; 90: 2315–23.

92 Basso C, Thiene G, Corrado D, Buja G, Melacini P, Nava A. 
Hypertrophic cardiomyopathy and sudden death in the young: 
pathologic evidence of myocardial ischemia. Hum Pathol 2000; 
31: 988–98.

93 Weintraub RG, Semsarian C, Macdonald P. Dilated 
cardiomyopathy. Lancet 2017; 390: 400–14.

94 McDonagh TA, Metra M, Adamo M, et al. 2021 ESC Guidelines for 
the diagnosis and treatment of acute and chronic heart failure. 
Eur Heart J 2021; 42: 3599–726.

95 Corrado D, Basso C, Judge DP. Arrhythmogenic cardiomyopathy. 
Circ Res 2017; 121: 784–802.

96 Basso C, Corrado D, Marcus FI, Nava A, Thiene G. 
Arrhythmogenic right ventricular cardiomyopathy. Lancet 2009; 
373: 1289–300.

97 Basso C, Bauce B, Corrado D, Thiene G. Pathophysiology of 
arrhythmogenic cardiomyopathy. Nat Rev Cardiol 2011; 9: 223–33.

98 Rizzo S, Perazzolo Marra M, De Gaspari M, Basso C. The missing 
pieces in the puzzle of arrhythmic mitral valve prolapse: Papillary 
muscles, mitral annulus dysjunction, and myocardial scarring. 
Heart Rhythm 2021; 18: 577–78.

99 Krahn AD, Tfelt-Hansen J, Tadros R, Steinberg C, Semsarian C, 
Han H-C. Latent causes of sudden cardiac arrest. 
JACC Clin Electrophysiol 2022; 8: 806–21.

100 Haïssaguerre M, Duchateau J, Dubois R, et al. Idiopathic 
ventricular fibrillation: role of purkinje system and microstructural 
myocardial abnormalities. JACC Clin Electrophysiol 2020; 
6: 591–608.

101 Visser M, van der Heijden JF, Doevendans PA, Loh P, Wilde AA, 
Hassink RJ. Idiopathic ventricular fibrillation: the struggle for 
definition, diagnosis, and follow-up. Circ Arrhythm Electrophysiol 
2016; 9: e003817.

102 Christensen AH, Vissing CR, Pietersen A, et al. 
Electrocardiographic findings, arrhythmias, and left ventricular 
involvement in familial ST-depression syndrome. 
Circ Arrhythm Electrophysiol 2022; 15: e010688.

103 Lador A, Giudicessi JR, Barake WM, et al. Premature ventricular 
contraction-triggered ventricular fibrillation and sudden cardiac 
arrest in the young. JACC Clin Electrophysiol 2022; 8: 380–82.

104 Wachtell K, Okin PM, Olsen MH, et al. Regression of 
electrocardiographic left ventricular hypertrophy during 
antihypertensive therapy and reduction in sudden cardiac death: the 
LIFE Study. Circulation 2007; 116: 700–05.

105 Landrigan PJ, Fuller R, Acosta NJR, et al. The Lancet Commission 
on pollution and health. Lancet 2018; 391: 462–512.

106 Lindholt JS, Søgaard R, Rasmussen LM, et al. Five-year outcomes of 
the Danish Cardiovascular Screening (DANCAVAS) Trial. 
N Engl J Med 2022; 387: 1385–94.

107 Curry SJ, Krist AH, Owens DK, et al. Screening for cardiovascular 
disease risk with electrocardiography: US Preventive Services Task 
Force recommendation statement. JAMA 2018; 319: 2308–14.

108 Visseren FLJ, Mach F, Smulders YM, et al. 2021 ESC Guidelines on 
cardiovascular disease prevention in clinical practice. Eur Heart J 
2021; 42: 3227–337.

109 Williams B, Mancia G, Spiering W, et al. 2018 ESC/ESH Guidelines 
for the management of arterial hypertension. Eur Heart J 2018; 
39: 3021–104.

110 Everett BM, Moorthy MV, Tikkanen JT, Cook NR, Albert CM. 
Markers of myocardial stress, myocardial injury, and subclinical 
inflammation and the risk of sudden death. Circulation 2020; 
142: 1148–58.

111 Zeppenfeld K, Tfelt-Hansen J, de Riva M, et al. 2022 ESC 
Guidelines for the management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death. 
Eur Heart J 2022; 43: 3997–4126.

112 Aro AL, Reinier K, Rusinaru C, et al. Electrical risk score beyond the 
left ventricular ejection fraction: prediction of sudden cardiac death 
in the Oregon Sudden Unexpected Death Study and the 
Atherosclerosis Risk in Communities Study. Eur Heart J 2017; 
38: 3017–25.

113 Deo R, Norby FL, Katz R, et al. Development and validation of a 
sudden cardiac death prediction model for the general population. 
Circulation 2016; 134: 806–16.

114 Yao X, Rushlow DR, Inselman JW, et al. Artificial intelligence-
enabled electrocardiograms for identification of patients with low 
ejection fraction: a pragmatic, randomized clinical trial. Nat Med 
2021; 27: 815–19.

115 Attia ZI, Harmon DM, Dugan J, et al. Prospective evaluation of 
smartwatch-enabled detection of left ventricular dysfunction. 
Nat Med 2022; 28: 2497–503.

116 Chimura M, Kiuchi K, Okajima K, et al. Distribution of ventricular 
fibrosis associated with life-threatening ventricular 
tachyarrhythmias in patients with nonischemic dilated 
cardiomyopathy. J Cardiovasc Electrophysiol 2015; 26: 1239–46.



The Lancet Commissions

928 www.thelancet.com   Vol 402   September 9, 2023

117 Chan RH, Maron BJ, Olivotto I, et al. Prognostic value of 
quantitative contrast-enhanced cardiovascular magnetic resonance 
for the evaluation of sudden death risk in patients with 
hypertrophic cardiomyopathy. Circulation 2014; 130: 484–95.

118 Solomon SD, Zelenkofske S, McMurray JJV, et al. Sudden death in 
patients with myocardial infarction and left ventricular dysfunction, 
heart failure, or both. N Engl J Med 2005; 352: 2581–88.

119 Di Marco A, Anguera I, Schmitt M, et al. Late gadolinium 
enhancement and the risk for ventricular arrhythmias or sudden 
death in dilated cardiomyopathy: systematic review and meta-
analysis. JACC Heart Fail 2017; 5: 28–38.

120 Gutman SJ, Costello BT, Papapostolou S, et al. Reduction in 
mortality from implantable cardioverter-defibrillators in non-
ischaemic cardiomyopathy patients is dependent on the presence of 
left ventricular scar. Eur Heart J 2019; 40: 542–50.

121 Acosta J, Fernández-Armenta J, Borràs R, et al. Scar 
characterization to predict life-threatening arrhythmic events and 
sudden cardiac death in patients with cardiac resynchronization 
therapy: the GAUDI-CRT study. JACC Cardiovasc Imaging 2018; 
11: 561–72.

122 Demirel F, Adiyaman A, Timmer JR, et al. Myocardial scar 
characteristics based on cardiac magnetic resonance imaging is 
associated with ventricular tachyarrhythmia in patients with 
ischemic cardiomyopathy. Int J Cardiol 2014; 177: 392–99.

123 de Chillou C, Voilliot D, Amraoui S, et al. Magnetic resonance 
imaging screening for postinfarct life-threatening ventricular 
arrhythmia. JACC Cardiovasc Imaging 2021; 14: 2479–81.

124 Hnatkova K, Andršová I, Novotný T, et al. QRS micro-fragmentation 
as a mortality predictor. Eur Heart J 2022; 43: 4177–91.

125 Pelli A, Junttila MJ, Kenttä TV, et al. Q waves are the strongest 
electrocardiographic variable associated with primary prophylactic 
implantable cardioverter-defibrillator benefit: a prospective 
multicentre study. Europace 2022; 24: 774–83.

126 Rogers AJ, Selvalingam A, Alhusseini MI, et al. Machine learned 
cellular phenotypes in cardiomyopathy predict sudden death. 
Circ Res 2021; 128: 172–84.

127 Dagres N, Peek N, Leclercq C, Hindricks G. The PROFID project. 
Eur Heart J 2020; 41: 3781–82.

128 Kristensen SL, Levy WC, Shadman R, et al. Risk models for 
prediction of implantable cardioverter-defibrillator benefit: insights 
from the DANISH trial. JACC Heart Fail 2019; 7: 717–24.

129 Shadman R, Poole JE, Dardas TF, et al. A novel method to predict 
the proportional risk of sudden cardiac death in heart failure: 
derivation of the Seattle proportional risk model. Heart Rhythm 
2015; 12: 2069–77.

130 Bilchick KC, Wang Y, Cheng A, et al. Seattle heart failure and 
proportional risk models predict benefit from implantable 
cardioverter-defibrillators. J Am Coll Cardiol 2017; 69: 2606–18.

131 Goldenberg I, Vyas AK, Hall WJ, et al. Risk stratification for primary 
implantation of a cardioverter-defibrillator in patients with ischemic 
left ventricular dysfunction. J Am Coll Cardiol 2008; 51: 288–96.

132 Bilchick KC, Stukenborg GJ, Kamath S, Cheng A. Prediction of 
mortality in clinical practice for medicare patients undergoing 
defibrillator implantation for primary prevention of sudden cardiac 
death. J Am Coll Cardiol 2012; 60: 1647–55.

133 Younis A, Goldberger JJ, Kutyifa V, et al. Predicted benefit of an 
implantable cardioverter-defibrillator: the MADIT-ICD benefit 
score. Eur Heart J 2021; 42: 1676–84.

134 Towbin JA, McKenna WJ, Abrams DJ, et al. 2019 HRS expert 
consensus statement on evaluation, risk stratification, and 
management of arrhythmogenic cardiomyopathy. Heart Rhythm 
2019; 16: e301–72.

135 O’Mahony C, Jichi F, Pavlou M, et al. A novel clinical risk prediction 
model for sudden cardiac death in hypertrophic cardiomyopathy 
(HCM risk-SCD). Eur Heart J 2014; 35: 2010–20.

136 Cadrin-Tourigny J, Bosman LP, Nozza A, et al. A new prediction 
model for ventricular arrhythmias in arrhythmogenic right 
ventricular cardiomyopathy. Eur Heart J 2022; 43: e1–9.

137 Wilde AAM, Semsarian C, Márquez MF, et al. European Heart 
Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia 
Pacific Heart Rhythm Society (APHRS)/Latin American Heart 
Rhythm Society (LAHRS) expert consensus statement on the 
state of genetic testing for cardiac diseases. Europace 2022; 
24: 1307–67.

138 Mehta A, Ramachandra CJA, Singh P, et al. Identification of a 
targeted and testable antiarrhythmic therapy for long-QT syndrome 
type 2 using a patient-specific cellular model. Eur Heart J 2018; 
39: 1446–55.

139 Schwartz PJ, Gnecchi M, Dagradi F, et al. From patient-specific 
induced pluripotent stem cells to clinical translation in long QT 
syndrome Type 2. Eur Heart J 2019; 40: 1832–36.

140 Dekker LRC, Bezzina CR, Henriques JPS, et al. Familial sudden 
death is an important risk factor for primary ventricular fibrillation: 
a case-control study in acute myocardial infarction patients. 
Circulation 2006; 114: 1140–45.

141 Kaikkonen KS, Kortelainen M-L, Linna E, Huikuri HV. Family 
history and the risk of sudden cardiac death as a manifestation of 
an acute coronary event. Circulation 2006; 114: 1462–67.

142 Beheshti SO, Madsen CM, Varbo A, Nordestgaard BG. Worldwide 
prevalence of familial hypercholesterolemia: meta-analyses of 
11 million subjects. J Am Coll Cardiol 2020; 75: 2553–66.

143 Schwartz PJ, Moreno C, Kotta M-C, et al. Mutation location and IKs 
regulation in the arrhythmic risk of long QT syndrome type 1: the 
importance of the KCNQ1 S6 region. Eur Heart J 2021; 42: 4743–55.

144 Crotti L, Spazzolini C, Nyegaard M, et al. Clinical presentation of 
calmodulin mutations: the International Calmodulinopathy 
Registry. Eur Heart J 2023; published online Aug 2. https://doi.
org/10.1093/eurheartj/ehad418.

145 Glinge C, Lahrouchi N, Jabbari R, Tfelt-Hansen J, Bezzina CR. 
Genome-wide association studies of cardiac electrical phenotypes. 
Cardiovasc Res 2020; 116: 1620–34.

146 Chugh SS, Reinier K, Singh T, et al. Determinants of prolonged QT 
interval and their contribution to sudden death risk in coronary 
artery disease: the Oregon Sudden Unexpected Death Study. 
Circulation 2009; 119: 663–70.

147 Khera AV, Chaffin M, Aragam KG, et al. Genome-wide polygenic 
scores for common diseases identify individuals with risk 
equivalent to monogenic mutations. Nat Genet 2018; 50: 1219–24.

148 Aragam KG, Dobbyn A, Judy R, et al. Limitations of contemporary 
guidelines for managing patients at high genetic risk of coronary 
artery disease. J Am Coll Cardiol 2020; 75: 2769–80.

149 Sandhu RK, Dron JS, Liu Y, et al. Polygenic risk score predicts 
sudden death in patients with coronary disease and preserved 
systolic function. J Am Coll Cardiol 2022; 80: 873–83.

150 Crotti L, Monti MC, Insolia R, et al. NOS1AP is a genetic modifier 
of the long-QT syndrome. Circulation 2009; 120: 1657–63.

151 Schwartz PJ, Crotti L, George AL Jr. Modifier genes for sudden 
cardiac death. Eur Heart J 2018; 39: 3925–31.

152 Bezzina CR, Barc J, Mizusawa Y, et al. Common variants at SCN5A-
SCN10A and HEY2 are associated with Brugada syndrome, a rare 
disease with high risk of sudden cardiac death. Nat Genet 2013; 
45: 1044–49.

153 Barc J, Tadros R, Glinge C, et al. Genome-wide association analyses 
identify new Brugada syndrome risk loci and highlight a new 
mechanism of sodium channel regulation in disease susceptibility. 
Nat Genet 2022; 54: 232–39.

154 Nauffal V, Morrill VN, Jurgens SJ, et al. Monogenic and polygenic 
contributions to QTc prolongation in the population. Circulation 
2022; 145: 1524–33.

155 Milano A, Blom MT, Lodder EM, et al. Sudden cardiac arrest and 
rare genetic variants in the community. Circ Cardiovasc Genet 2016; 
9: 147–53.

156 Khera AV, Mason-Suares H, Brockman D, et al. Rare genetic 
variants associated with sudden cardiac death in adults. 
J Am Coll Cardiol 2019; 74: 2623–34.

157 Kao WHL, Arking DE, Post W, et al. Genetic variations in nitric 
oxide synthase 1 adaptor protein are associated with sudden cardiac 
death in US white community-based populations. Circulation 2009; 
119: 940–51.

158 Ashar FN, Mitchell RN, Albert CM, et al. A comprehensive 
evaluation of the genetic architecture of sudden cardiac arrest. 
Eur Heart J 2018; 39: 3961–69.

159 Goldenberg I, Jonas M, Tenenbaum A, et al. Current smoking, 
smoking cessation, and the risk of sudden cardiac death in patients 
with coronary artery disease. Arch Intern Med 2003; 163: 2301–05.

160 Jouven X, Lemaître RN, Rea TD, Sotoodehnia N, Empana J-P, 
Siscovick DS. Diabetes, glucose level, and risk of sudden cardiac 
death. Eur Heart J 2005; 26: 2142–47.



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 929

161 Münzel T, Hahad O, Sørensen M, et al. Environmental risk factors 
and cardiovascular diseases: a comprehensive expert review. 
Cardiovasc Res 2022; 118: 2880–902.

162 Siscovick DS, Weiss NS, Fletcher RH, Lasky T. The incidence of 
primary cardiac arrest during vigorous exercise. N Engl J Med 1984; 
311: 874–77.

163 Desai AS, McMurray JJV, Packer M, et al. Effect of the angiotensin-
receptor-neprilysin inhibitor LCZ696 compared with enalapril on 
mode of death in heart failure patients. Eur Heart J 2015; 36: 1990–97.

164 de Diego C, González-Torres L, Núñez JM, et al. Effects of 
angiotensin-neprilysin inhibition compared to angiotensin 
inhibition on ventricular arrhythmias in reduced ejection fraction 
patients under continuous remote monitoring of implantable 
defibrillator devices. Heart Rhythm 2018; 15: 395–402.

165 Patton KK, Hellkamp AS, Lee KL, et al. Unexpected deviation in 
circadian variation of ventricular arrhythmias: the SCD-HeFT 
(Sudden Cardiac Death in Heart Failure Trial). J Am Coll Cardiol 
2014; 63: 2702–08.

166 Chen H-Y, Huang J-Y, Siao W-Z, Jong G-P. The association between 
SGLT2 inhibitors and new-onset arrhythmias: a nationwide 
population-based longitudinal cohort study. Cardiovasc Diabetol 
2020; 19: 73.

167 Curtain JP, Docherty KF, Jhund PS, et al. Effect of dapagliflozin on 
ventricular arrhythmias, resuscitated cardiac arrest, or sudden 
death in DAPA-HF. Eur Heart J 2021; 42: 3727–38.

168 Zinman B, Wanner C, Lachin JM, et al. Empagliflozin, 
cardiovascular outcomes, and mortality in type 2 diabetes. 
N Engl J Med 2015; 373: 2117–28.

169 Rahimi K, Majoni W, Merhi A, Emberson J. Effect of statins on 
ventricular tachyarrhythmia, cardiac arrest, and sudden cardiac 
death: a meta-analysis of published and unpublished evidence from 
randomized trials. Eur Heart J 2012; 33: 1571–81.

170 Vyas AK, Guo H, Moss AJ, et al. Reduction in ventricular 
tachyarrhythmias with statins in the Multicenter Automatic 
Defibrillator Implantation Trial (MADIT)-II. J Am Coll Cardiol 2006; 
47: 769–73.

171 Buber J, Goldenberg I, Moss AJ, et al. Reduction in life-threatening 
ventricular tachyarrhythmias in statin-treated patients with 
nonischemic cardiomyopathy enrolled in the MADIT-CRT 
(Multicenter Automatic Defibrillator Implantation Trial with Cardiac 
Resynchronization Therapy). J Am Coll Cardiol 2012; 60: 749–55.

172 Connolly SJ, Dorian P, Roberts RS, et al. Comparison of beta-
blockers, amiodarone plus beta-blockers, or sotalol for prevention of 
shocks from implantable cardioverter defibrillators: the OPTIC 
study: a randomized trial. JAMA 2006; 295: 165–71.

173 Piccini JP, Berger JS, O’Connor CM. Amiodarone for the 
prevention of sudden cardiac death: a meta-analysis of randomized 
controlled trials. Eur Heart J 2009; 30: 1245–53.

174 Kannankeril PJ, Moore JP, Cerrone M, et al. Efficacy of flecainide in 
the treatment of catecholaminergic polymorphic ventricular 
tachycardia: a randomized clinical trial. JAMA Cardiol 2017; 
2: 759–66.

175 Watanabe H, van der Werf C, Roses-Noguer F, et al. Effects of 
flecainide on exercise-induced ventricular arrhythmias and 
recurrences in genotype-negative patients with catecholaminergic 
polymorphic ventricular tachycardia. Heart Rhythm 2013; 10: 542–47.

176 Mazzanti A, Maragne R, Faragli A, et al. Gene-specific therapy with 
mexiletine reduces arrhythmic events in patients with long QT 
syndrome type 3. J Am Coll Cardiol 2016; 67: 1053–58.

177 Chorin E, Taub R, Medina A, Flint N, Viskin S, Benhorin J. Long-
term flecainide therapy in type 3 long QT syndrome. Europace 2018; 
20: 370–76.

178 Chorin E, Hu D, Antzelevitch C, et al. Ranolazine for congenital 
long-QT syndrome type III: experimental and long-term clinical 
data. Circ Arrhythm Electrophysiol 2016; 9: e004370.

179 Andorin A, Gourraud J-B, Mansourati J, et al. The QUIDAM study: 
hydroquinidine therapy for the management of Brugada syndrome 
patients at high arrhythmic risk. Heart Rhythm 2017; 14: 1147–54.

180 Moss AJ, Zareba W, Hall WJ, et al. Prophylactic implantation of a 
defibrillator in patients with myocardial infarction and reduced 
ejection fraction. N Engl J Med 2002; 346: 877–83.

181 Bardy GH, Lee KL, Mark DB, et al. Amiodarone or an implantable 
cardioverter-defibrillator for congestive heart failure. N Engl J Med 
2005; 352: 225–37.

182 Packer DL, Prutkin JM, Hellkamp AS, et al. Impact of implantable 
cardioverter-defibrillator, amiodarone, and placebo on the mode of 
death in stable patients with heart failure: analysis from the 
sudden cardiac death in heart failure trial. Circulation 2009; 
120: 2170–76.

183 Barra S, Providência R, Duehmke R, et al. Cause-of-death analysis 
in patients with cardiac resynchronization therapy with or without a 
defibrillator: a systematic review and proportional meta-analysis. 
Europace 2018; 20: 481–91.

184 Køber L, Thune JJ, Nielsen JC, et al. Defibrillator implantation in 
patients with nonischemic systolic heart failure. N Engl J Med 2016; 
375: 1221–30.

185 Marijon E, Leclercq C, Narayanan K, et al. Causes-of-death analysis 
of patients with cardiac resynchronization therapy: an analysis of 
the CeRtiTuDe cohort study. Eur Heart J 2015; 36: 2767–76.

186 Barra S, Boveda S, Providência R, et al. Adding defibrillation 
therapy to cardiac resynchronization on the basis of the myocardial 
substrate. J Am Coll Cardiol 2017; 69: 1669–78.

187 Levy WC, Mozaffarian D, Linker DT, et al. Years-needed-to-treat to 
add 1 year of life: a new metric to estimate treatment effects in 
randomized trials. Eur J Heart Fail 2009; 11: 256–63.

188 Stecker EC, Vickers C, Waltz J, et al. Population-based analysis of 
sudden cardiac death with and without left ventricular systolic 
dysfunction: two-year findings from the Oregon Sudden 
Unexpected Death Study. J Am Coll Cardiol 2006; 47: 1161–66.

189 Corrado D, Link MS, Schwartz PJ. Implantable defibrillators in 
primary prevention of genetic arrhythmias: a shocking choice? 
Eur Heart J 2022; 43: 3029–40.

190 Knops RE, Olde Nordkamp LRA, Delnoy PHM, et al. Subcutaneous 
or transvenous defibrillator therapy. N Engl J Med 2020; 
383: 526–36.

191 Friedman P, Murgatroyd F, Boersma LVA, et al. Efficacy and safety 
of an extravascular implantable cardioverter-defibrillator. 
N Engl J Med 2022; 387: 1292–302.

192 MERIT-HF Study Group. Effect of metoprolol CR/XL in chronic 
heart failure: Metoprolol CR/XL Randomised Intervention Trial 
in Congestive Heart Failure (MERIT-HF). Lancet 1999; 
353: 2001–07.

193 Hadwiger M, Dagres N, Haug J, et al. Survival of patients 
undergoing cardiac resynchronization therapy with or without 
defibrillator: the RESET-CRT project. Eur Heart J 2022; 
43: 2591–99.

194 Rho RW, Patton KK, Poole JE, et al. Important differences in mode 
of death between men and women with heart failure who would 
qualify for a primary prevention implantable cardioverter-
defibrillator. Circulation 2012; 126: 2402–07.

195 Kolk MZH, Deb B, Ruipérez-Campillo S, et al. Machine learning of 
electrophysiological signals for the prediction of ventricular 
arrhythmias: systematic review and examination of heterogeneity 
between studies. EBioMedicine 2023; 89: 104462.

196 Ginder C, Li J, Halperin JL, et al. Predicting malignant ventricular 
arrhythmias using real-time remote monitoring. J Am Coll Cardiol 
2023; 81: 949–61.

197 Bruegmann T, Boyle PM, Vogt CC, et al. Optogenetic defibrillation 
terminates ventricular arrhythmia in mouse hearts and human 
simulations. J Clin Invest 2016; 126: 3894–904.

198 Sapp JL, Wells GA, Parkash R, et al. Ventricular tachycardia ablation 
versus escalation of antiarrhythmic drugs. N Engl J Med 2016; 
375: 111–21.

199 Willems S, Tilz RR, Steven D, et al. Preventive or deferred ablation 
of ventricular tachycardia in patients with ischemic cardiomyopathy 
and implantable defibrillator (BERLIN VT): a multicenter 
randomized trial. Circulation 2020; 141: 1057–67.

200 Della Bella P, Baratto F, Vergara P, et al. Does timing of ventricular 
tachycardia ablation affect prognosis in patients with an 
implantable cardioverter defibrillator? Results from the multicenter 
randomized PARTITA Trial. Circulation 2022; 145: 1829–38.

201 Dusi V, Pugliese L, De Ferrari GM, et al. Left cardiac sympathetic 
denervation for long QT syndrome: 50 years’ experience provides 
guidance for management. JACC Clin Electrophysiol 2022; 
8: 281–94.

202 Wilde AAM, Bhuiyan ZA, Crotti L, et al. Left cardiac sympathetic 
denervation for catecholaminergic polymorphic ventricular 
tachycardia. N Engl J Med 2008; 358: 2024–29.



The Lancet Commissions

930 www.thelancet.com   Vol 402   September 9, 2023

203 Dawkins JF, Ehdaie A, Rogers R, et al. Biological substrate 
modification suppresses ventricular arrhythmias in a porcine model 
of chronic ischaemic cardiomyopathy. Eur Heart J 2022; 
43: 2139–56.

204 Vagnozzi RJ, McKinsey TA. T cell immunotherapy for cardiac 
fibrosis: mRNA starts the CAR. Cell Stem Cell 2022; 29: 352–54.

205 Ma H, Marti-Gutierrez N, Park S-W, et al. Correction of a 
pathogenic gene mutation in human embryos. Nature 2017; 
548: 413–19.

206 Orii M, Hirata K, Tanimoto T, et al. Comparison of cardiac MRI and 
18F-FDG positron emission tomography manifestations and 
regional response to corticosteroid therapy in newly diagnosed 
cardiac sarcoidosis with complet heart block. Heart Rhythm 2015; 
12: 2477–85.

207 Skowasch D, Ringquist S, Nickenig G, Andrié R. Management of 
sudden cardiac death in cardiac sarcoidosis using the wearable 
cardioverter defibrillator. PLoS One 2018; 13: e0194496.

208 Belhassen B, Rahkovich M, Michowitz Y, Glick A, Viskin S. 
Management of Brugada syndrome: thirty-three-year experience 
using electrophysiologically guided therapy with class 1A 
antiarrhythmic drugs. Circ Arrhythm Electrophysiol 2015; 
8: 1393–402.

209 Mazzanti A, Kukavica D, Trancuccio A, et al. Outcomes of patients 
with catecholaminergic polymorphic ventricular tachycardia treated 
with β-blockers. JAMA Cardiol 2022; 7: 504–12.

210 Olivotto I, Oreziak A, Barriales-Villa R, et al. Mavacamten for 
treatment of symptomatic obstructive hypertrophic cardiomyopathy 
(EXPLORER-HCM): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet 2020; 396: 759–69.

211 Reek S, Burri H, Roberts PR, et al. The wearable cardioverter-
defibrillator: current technology and evolving indications. Europace 
2017; 19: 335–45.

212 Kovacs B, Reek S, Krasniqi N, Eriksson U, Duru F. Extended use of 
the wearable cardioverter-defibrillator: which patients are most 
likely to benefit? Cardiol Res Pract 2018; 2018: 7373610.

213 Duncker D, König T, Hohmann S, Bauersachs J, Veltmann C. 
Avoiding untimely implantable cardioverter/defibrillator 
implantation by intensified heart failure therapy optimization 
supported by the wearable cardioverter/defibrillator-the PROLONG 
study. J Am Heart Assoc 2017; 6: e004512.

214 Olgin JE, Lee BK, Vittinghoff E, et al. Impact of wearable 
cardioverter-defibrillator compliance on outcomes in the VEST trial: 
as-treated and per-protocol analyses. J Cardiovasc Electrophysiol 2020; 
31: 1009–18.

215 Bardy GH, Lee KL, Mark DB, et al. Home use of automated external 
defibrillators for sudden cardiac arrest. N Engl J Med 2008; 
358: 1793–804.

216 Lackermair K, Schuhmann CG, Kubieniec M, et al. Impairment of 
quality of life among patients with wearable cardioverter 
defibrillator therapy (LifeVest®): a preliminary study. 
BioMed Res Int 2018; 2018: 6028494.

217 Garcia R, Combes N, Defaye P, et al. Wearable cardioverter-
defibrillator in patients with a transient risk of sudden cardiac 
death: the WEARIT-France cohort study. Europace 2021; 23: 73–81.

218 Weiss M, Michels G, Eberhardt F, et al. Anxiety, depression and 
quality of life in acute high risk cardiac disease patients eligible 
for wearable cardioverter defibrillator: results from the 
prospective multicenter CRED-registry. PLoS One 2019; 
14: e0213261.

219 Haugk M, Robak O, Sterz F, et al. High acceptance of a home AED 
programme by survivors of sudden cardiac arrest and their families. 
Resuscitation 2006; 70: 263–74.

220 Thomas SA, Friedmann E, Lee H-J, Son H, Morton PG. Changes in 
anxiety and depression over 2 years in medically stable patients 
after myocardial infarction and their spouses in the Home 
Automatic External Defibrillator Trial (HAT): a longitudinal 
observational study. Heart 2011; 97: 371–81.

221 Müller D, Agrawal R, Arntz H-R. How sudden is sudden cardiac 
death? Circulation 2006; 114: 1146–50.

222 Nishiyama C, Iwami T, Kawamura T, et al. Prodromal symptoms of 
out-of-hospital cardiac arrests: a report from a large-scale 
population-based cohort study. Resuscitation 2013; 84: 558–63.

223 Marijon E, Uy-Evanado A, Dumas F, et al. Warning symptoms are 
associated with survival from sudden cardiac arrest. Ann Intern Med 
2016; 164: 23–29.

224 Marijon E, Garcia R, Narayanan K, Karam N, Jouven X. Fighting 
against sudden cardiac death: need for a paradigm shift—adding 
near-term prevention and pre-emptive action to long-term 
prevention. Eur Heart J 2022; 43: 1457–64.

225 Karam N, Bataille S, Marijon E, et al. Identifying patients at risk for 
prehospital sudden cardiac arrest at the early phase of myocardial 
infarction: the e-MUST study (Evaluation en Médecine d’Urgence 
des Stratégies Thérapeutiques des infarctus du myocarde). 
Circulation 2016; 134: 2074–83.

226 Miller B. Rationale and specifications for an automatic cardiac 
arrest-driven alarm and 911 caller ID (ACADA/911). Med Hypotheses 
1997; 48: 449–51.

227 Velázquez-González JR, Peregrina-Barreto H, Rangel-Magdaleno JJ, 
Ramirez-Cortes JM, Amezquita-Sanchez JP. ECG-based 
identification of sudden cardiac death through sparse 
representations. Sensors 2021; 21: 7666.

228 Schober P, van den Beuken WMF, Nideröst B, et al. Smartwatch 
based automatic detection of out-of-hospital cardiac arrest: study 
rationale and protocol of the HEART-SAFE project. 
Resuscitation Plus 2022; 12: 100324.

229 Kwon J-M, Lee Y, Lee Y, Lee S, Park J. An algorithm based on deep 
learning for predicting in-hospital cardiac arrest. J Am Heart Assoc 
2018; 7: e008678.

230 Lee H, Shin S-Y, Seo M, Nam G-B, Joo S. Prediction of ventricular 
tachycardia one hour before occurrence using artificial neural 
networks. Sci Rep 2016; 6: 32390.

231 Trayanova NA, Topol EJ. Deep learning a person’s risk of sudden 
cardiac death. Lancet 2022; 399: 1933.

232 Cummins RO, Chamberlain DA, Abramson NS, et al. 
Recommended guidelines for uniform reporting of data from out-
of-hospital cardiac arrest: the Utstein style. A statement for health 
professionals from a task force of the American Heart Association, 
the European Resuscitation Council, the Heart and Stroke 
Foundation of Canada, and the Australian Resuscitation Council. 
Circulation 1991; 84: 960–75.

233 Merchant RM, Topjian AA, Panchal AR, et al. Part 1: executive 
summary: 2020 American Heart Association guidelines for 
cardiopulmonary resuscitation and emergency cardiovascular care. 
Circulation 2020; 142: S337–57.

234 Coute RA, Mader TJ, Kurz MC. Evaluation of National Institutes of 
Health cardiac arrest research based on ‘chain of survival’ links. 
Acad Emerg Med 2022; 29: 1381–82.

235 Coute RA, Mader TJ, Kurz MC. Evaluation of National Institutes of 
Health cardiac arrest research based on “chain of survival” links. 
Acad Emerg Med 2022; 29: 1381–82.

236 Dainty KN, Colquitt B, Bhanji F, et al. Understanding the 
importance of the lay responder experience in out-of-hospital 
cardiac arrest: a scientific statement from the American Heart 
Association. Circulation 2022; 145: e852–67.

237 Renkiewicz GK, Hubble MW, Wesley DR, et al. Probability of a 
shockable presenting rhythm as a function of EMS response time. 
Prehosp Emerg Care 2014; 18: 224–30.

238 Bürger A, Wnent J, Bohn A, et al. The effect of ambulance response 
time on survival following out-of-hospital cardiac arrest. 
Dtsch Arztebl Int 2018; 115: 541–48.

239 Søreide E, Morrison L, Hillman K, et al. The formula for survival in 
resuscitation. Resuscitation 2013; 84: 1487–93.

240 Greif R, Lockey A, Breckwoldt J, et al. European Resuscitation 
Council Guidelines 2021: education for resuscitation. Resuscitation 
2021; 161: 388–407.

241 Nichol G, Leroux B, Wang H, et al. Trial of continuous or 
interrupted chest compressions during CPR. N Engl J Med 2015; 
373: 2203–14.

242 Kudenchuk PJ, Brown SP, Daya M, et al. Amiodarone, lidocaine, or 
placebo in out-of-hospital cardiac arrest. N Engl J Med 2016; 
374: 1711–22.

243 Perkins GD, Ji C, Deakin CD, et al. A randomized trial of epinephrine 
in out-of-hospital cardiac arrest. N Engl J Med 2018; 379: 711–21.

244 Granfeldt A, Holmberg MJ, Nolan JP, Soar J, Andersen LW. Targeted 
temperature management in adult cardiac arrest: systematic review 
and meta-analysis. Resuscitation 2021; 167: 160–72.

245 Soar J, Berg KM, Andersen LW, et al. Adult advanced life support: 
2020 international consensus on cardiopulmonary resuscitation and 
emergency cardiovascular care science with treatment 
recommendations. Resuscitation 2020; 156: A80–119.



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 931

246 Wang PL, Brooks SC. Mechanical versus manual chest 
compressions for cardiac arrest. Cochrane Database Syst Rev 2018; 
8: CD007260.

247 Olasveengen TM, Wik L, Steen PA. Quality of cardiopulmonary 
resuscitation before and during transport in out-of-hospital cardiac 
arrest. Resuscitation 2008; 76: 185–90.

248 Lee J, Oh J, Lim TH, et al. Comparison of optimal point on the 
sternum for chest compression between obese and normal weight 
individuals with respect to body mass index, using computer 
tomography: a retrospective study. Resuscitation 2018; 128: 1–5.

249 Nestaas S, Stensæth KH, Rosseland V, Kramer-Johansen J. 
Radiological assessment of chest compression point and achievable 
compression depth in cardiac patients. 
Scand J Trauma Resusc Emerg Med 2016; 24: 54.

250 Hwang SO, Zhao PG, Choi HJ, et al. Compression of the left 
ventricular outflow tract during cardiopulmonary resuscitation. 
Acad Emerg Med 2009; 16: 928–33.

251 Qvigstad E, Kramer-Johansen J, Tømte Ø, et al. Clinical pilot 
study of different hand positions during manual chest 
compressions monitored with capnography. Resuscitation 2013; 
84: 1203–07.

252 Cha KC, Kim HJ, Shin HJ, Kim H, Lee KH, Hwang SO. 
Hemodynamic effect of external chest compressions at the lower 
end of the sternum in cardiac arrest patients. J Emerg Med 2013; 
44: 691–97.

253 Garcia RA, Spertus JA, Girotra S, et al. Racial and ethnic differences 
in bystander CPR for witnessed cardiac arrest. N Engl J Med 2022; 
387: 1569–78.

254 Lautz AJ, Morgan RW, Karlsson M, et al. Hemodynamic-directed 
cardiopulmonary resuscitation improves neurologic outcomes and 
mitochondrial function in the heart and brain. Crit Care Med 2019; 
47: e241–49.

255 Sutton RM, Friess SH, Naim MY, et al. Patient-centric blood 
pressure-targeted cardiopulmonary resuscitation improves 
survival from cardiac arrest. Am J Respir Crit Care Med 2014; 
190: 1255–62.

256 Berg RA, Sutton RM, Reeder RW, et al. Association between 
diastolic blood pressure during pediatric in-hospital 
cardiopulmonary resuscitation and survival. Circulation 2018; 
137: 1784–95.

257 Kirkbright S, Finn J, Tohira H, Bremner A, Jacobs I, Celenza A. 
Audiovisual feedback device use by health care professionals during 
CPR: a systematic review and meta-analysis of randomised and 
non-randomised trials. Resuscitation 2014; 85: 460–71.

258 Agerskov M, Hansen MB, Nielsen AM, Møller TP, Wissenberg M, 
Rasmussen LS. Return of spontaneous circulation and long-term 
survival according to feedback provided by automated external 
defibrillators. Acta Anaesthesiol Scand 2017; 61: 1345–53.

259 Cheskes S, Verbeek PR, Drennan IR, et al. Defibrillation strategies 
for refractory ventricular fibrillation. N Engl J Med 2022; 
387: 1947–56.

260 de Graaf C, Beesems SG, Oud S, et al. Analyzing the heart rhythm 
during chest compressions: performance and clinical value of a new 
AED algorithm. Resuscitation 2021; 162: 320–28.

261 Babini G, Ruggeri L, Ristagno G. Optimizing defibrillation during 
cardiac arrest. Curr Opin Crit Care 2021; 27: 246–54.

262 Vallentin MF, Granfeldt A, Meilandt C, et al. Effect of intravenous 
or intraosseous calcium vs saline on return of spontaneous 
circulation in adults with out-of-hospital cardiac arrest: 
a randomized clinical trial. JAMA 2021; 326: 2268–76.

263 Andersen LW, Isbye D, Kjærgaard J, et al. Effect of vasopressin and 
methylprednisolone vs placebo on return of spontaneous circulation 
in patients with in-hospital cardiac arrest: a randomized clinical 
trial. JAMA 2021; 326: 1586–94.

264 Perkins GD, Kenna C, Ji C, et al. The influence of time to 
adrenaline administration in the Paramedic 2 randomised 
controlled trial. Intensive Care Med 2020; 46: 426–36.

265 Nolan JP, Deakin CD, Ji C, et al. Intraosseous versus intravenous 
administration of adrenaline in patients with out-of-hospital cardiac 
arrest: a secondary analysis of the PARAMEDIC2 placebo-controlled 
trial. Intensive Care Med 2020; 46: 954–62.

266 Daya MR, Leroux BG, Dorian P, et al. Survival after intravenous 
versus intraosseous amiodarone, lidocaine, or placebo in out-of-
hospital shock-refractory cardiac arrest. Circulation 2020; 141: 188–98.

267 Dankiewicz J, Cronberg T, Lilja G, et al. Hypothermia versus 
normothermia after out-of-hospital cardiac arrest. N Engl J Med 
2021; 384: 2283–94.

268 Lemkes JS, Janssens GN, van der Hoeven NW, et al. Coronary 
angiography after cardiac arrest without ST-segment elevation. 
N Engl J Med 2019; 380: 1397–407.

269 Desch S, Freund A, Akin I, et al. Angiography after out-of-hospital 
cardiac arrest without ST-segment elevation. N Engl J Med 2021; 
385: 2544–53.

270 Schmidt H, Kjaergaard J, Hassager C, et al. Oxygen targets in 
comatose survivors of cardiac arrest. N Engl J Med 2022; 
387: 1467–76.

271 Kjaergaard J, Møller JE, Schmidt H, et al. Blood-pressure targets in 
comatose survivors of cardiac arrest. N Engl J Med 2022; 
387: 1456–66.

272 Bernard SA, Bray JE, Smith K, et al. Effect of lower vs higher oxygen 
saturation targets on survival to hospital discharge among patients 
resuscitated after out-of-hospital cardiac arrest: the EXACT 
randomized clinical trial. JAMA 2022; 328: 1818–26.

273 Elmer J, Liu C, Pease M, et al. Deep learning of early brain imaging 
to predict post-arrest electroencephalography. Resuscitation 2022; 
172: 17–23.

274 Kiyohara K, Kitamura T, Ayusawa M, et al. Incidence, 
characteristics, and outcomes of pediatric out-of-hospital cardiac 
arrest in nursery schools and kindergartens in Japan. J Cardiol 
2020; 76: 549–56.

275 Murakami Y, Iwami T, Kitamura T, et al. Outcomes of out-of-
hospital cardiac arrest by public location in the public-access 
defibrillation era. J Am Heart Assoc 2014; 3: e000533.

276 Okubo M, Gibo K, Wallace DJ, et al. Regional variation in functional 
outcome after out-of-hospital cardiac arrest across 47 prefectures in 
Japan. Resuscitation 2018; 124: 21–28.

277 Okubo M, Kiyohara K, Iwami T, Callaway CW, Kitamura T. 
Nationwide and regional trends in survival from out-of-hospital 
cardiac arrest in Japan: a 10-year cohort study from 2005 to 2014. 
Resuscitation 2017; 115: 120–28.

278 Stieglis R, Zijlstra JA, Riedijk F, Smeekes M, van der Worp WE, 
Koster RW. AED and text message responders density in residential 
areas for rapid response in out-of-hospital cardiac arrest. 
Resuscitation 2020; 150: 170–77.

279 Blom MT, Beesems SG, Homma PCM, et al. Improved survival 
after out-of-hospital cardiac arrest and use of automated external 
defibrillators. Circulation 2014; 130: 1868–75.

280 Stieglis R, Zijlstra JA, Riedijk F, et al. Alert system-supported lay 
defibrillation and basic life-support for cardiac arrest at home. 
Eur Heart J 2022; 43: 1465–74.

281 Singapore Civil Defence Force. Save-a-life. https://www.scdf.gov.sg/
savealife/heartware (accessed April 1, 2022).

282 Wei Ming N, De Souza CR, Pek PP, et al. myResponder smartphone 
application to crowdsource basic life support for out-of-hospital 
cardiac arrest: the Singapore experience. Prehosp Emerg Care 2020; 
25: 388–96.

283 Gräsner J-T, Herlitz J, Tjelmeland IBM, et al. European 
resuscitation council guidelines 2021: epidemiology of cardiac arrest 
in Europe. Resuscitation 2021; 161: 61–79.

284 Nolan JP, Berg RA, Andersen LW, et al. Cardiac arrest and 
cardiopulmonary resuscitation outcome reports: update of the Utstein 
resuscitation registry template for in-hospital cardiac arrest: a 
consensus report from a task force of the international liaison 
committee on resuscitation (American Heart Association, European 
Resuscitation Council, Australian and New Zealand Council on 
Resuscitation, Heart and Stroke Foundation of Canada, 
InterAmerican Heart Foundation, Resuscitation Council of Southern 
Africa, Resuscitation Council of Asia). Circulation 2019; 140: e746–57.

285 Haywood K, Whitehead L, Nadkarni VM, et al. COSCA (Core 
Outcome Set for Cardiac Arrest) in adults: an advisory statement 
from the International Liaison Committee on Resuscitation. 
Resuscitation 2018; 127: 147–63.

286 Perkins GD, Graesner J-T, Semeraro F, et al. European 
Resuscitation Council Guidelines 2021: executive summary. 
Resuscitation 2021; 161: 1–60.

287 Global Resuscitation Alliance. Ten programs with case studies. 
2021. https://www.globalresuscitationalliance.org/ten-programs/ 
(accessed March 25, 2022).



The Lancet Commissions

932 www.thelancet.com   Vol 402   September 9, 2023

288 Hansen SM, Hansen CM, Folke F, et al. Bystander defibrillation for 
out-of-hospital cardiac arrest in public vs residential locations. 
JAMA Cardiol 2017; 2: 507–14.

289 Rumsfeld JS, Brooks SC, Aufderheide TP, et al. Use of mobile 
devices, social media, and crowdsourcing as digital strategies to 
improve emergency cardiovascular care: a scientific statement from 
the American Heart Association. Circulation 2016; 134: e87–108.

290 Chan J, Rea T, Gollakota S, Sunshine JE. Contactless cardiac arrest 
detection using smart devices. NPJ Digit Med 2019; 2: 52.

291 Takei Y, Nishi T, Matsubara H, Hashimoto M, Inaba H. Factors 
associated with quality of bystander CPR: the presence of multiple 
rescuers and bystander-initiated CPR without instruction. 
Resuscitation 2014; 85: 492–98.

292 Viereck S, Møller TP, Ersbøll AK, et al. Recognising out-of-hospital 
cardiac arrest during emergency calls increases bystander 
cardiopulmonary resuscitation and survival. Resuscitation 2017; 
115: 141–47.

293 Harjanto S, Na MXB, Hao Y, et al. A before-after interventional 
trial of dispatcher-assisted cardio-pulmonary resuscitation for out-
of-hospital cardiac arrests in Singapore. Resuscitation 2016; 
102: 85–93.

294 American Heart Association. Telecommunicator CPR 
recommendations and performance measures. Aug 27, 2019. 
https://cpr.heart.org/en/resuscitation-science/telecommunicator-
cpr/telecommunicator-cpr-recommendations-and-performance-
measures (accessed March 25, 2022).

295 Nuño T, Bobrow BJ, Rogge-Miller KA, et al. Disparities in telephone 
CPR access and timing during out-of-hospital cardiac arrest. 
Resuscitation 2017; 115: 11–16.

296 Blomberg SN, Folke F, Ersbøll AK, et al. Machine learning as a 
supportive tool to recognize cardiac arrest in emergency calls. 
Resuscitation 2019; 138: 322–29.

297 Folke F, Lippert FK, Nielsen SL, et al. Location of cardiac arrest in a 
city center: strategic placement of automated external defibrillators 
in public locations. Circulation 2009; 120: 510–17.

298 Dahan B, Jabre P, Karam N, et al. Optimization of automated 
external defibrillator deployment outdoors: an evidence-based 
approach. Resuscitation 2016; 108: 68–74.

299 Tierney NJ, Reinhold HJ, Mira A, et al. Novel relocation methods for 
automatic external defibrillator improve out-of-hospital cardiac arrest 
coverage under limited resources. Resuscitation 2018; 125: 83–89.

300 Sun CLF, Karlsson L, Torp-Pedersen C, et al. In silico trial of 
optimized versus actual public defibrillator locations. 
J Am Coll Cardiol 2019; 74: 1557–67.

301 Moran PS, Teljeur C, Masterson S, O’Neill M, Harrington P, Ryan 
M. Cost-effectiveness of a national public access defibrillation 
programme. Resuscitation 2015; 91: 48–55.

302 Jensen TW, Ersbøll AK, Folke F, et al. Training in basic life support 
and bystander-performed cardiopulmonary resuscitation and 
survival in out-of-hospital cardiac arrests in Denmark, 2005 to 2019. 
JAMA Netw Open 2023; 6: e233338.

303 Karlsson L, Malta Hansen C, Wissenberg M, et al. Automated external 
defibrillator accessibility is crucial for bystander defibrillation and 
survival: a registry-based study. Resuscitation 2019; 136: 30–37.

304 Valeriano A, Van Heer S, de Champlain F, C Brooks S. 
Crowdsourcing to save lives: a scoping review of bystander alert 
technologies for out-of-hospital cardiac arrest. Resuscitation 2021; 
158: 94–121.

305 Andelius L, Malta Hansen C, Lippert FK, et al. Smartphone 
activation of citizen responders to facilitate defibrillation in out-of-
hospital cardiac arrest. J Am Coll Cardiol 2020; 76: 43–53.

306 Smith CM, Lall R, Fothergill RT, Spaight R, Perkins GD. The effect 
of the GoodSAM volunteer first-responder app on survival to 
hospital discharge following out-of-hospital cardiac arrest. 
Eur Heart J Acute Cardiovasc Care 2022; 11: 20–31.

307 Schierbeck S, Svensson L, Claesson A. Use of a drone-delivered 
automated external defibrillator in an out-of-hospital cardiac arrest. 
N Engl J Med 2022; 386: 1953–54.

308 White A, Ng H, Ng W, et al. Measuring the effectiveness of a novel 
CPRcard feedback device during simulated chest compressions by 
non-healthcare workers. Singapore Med J 2017; 58: 438–45.

309 Jespersen SS, Kjoelbye JS, Christensen HC, et al. Functionality of 
registered automated external defibrillators. Resuscitation 2022; 
176: 58–63.

310 Kleinman ME, Brennan EE, Goldberger ZD, et al. Part 5: adult basic 
life support and cardiopulmonary resuscitation quality: 2015 
American Heart Association Guidelines update for 
cardiopulmonary resuscitation and emergency cardiovascular care. 
Circulation 2015; 132 (suppl 2): S414–35.

311 Ko PC-I, Chen W-J, Lin C-H, Ma MH-M, Lin F-Y. Evaluating the 
quality of prehospital cardiopulmonary resuscitation by reviewing 
automated external defibrillator records and survival for out-of-
hospital witnessed arrests. Resuscitation 2005; 64: 163–69.

312 Park HJ, Jeong WJ, Moon HJ, et al. Factors associated with high-
quality cardiopulmonary resuscitation performed by bystander. 
Emerg Med Int 2020; 2020: 8356201.

313 Yeo JW, Ng ZHC, Goh AXC, et al. Impact of cardiac arrest centers 
on the survival of patients with nontraumatic out-of-hospital cardiac 
arrest: a systematic review and meta-analysis. J Am Heart Assoc 
2022; 11: e023806.

314 Brede JR, Lafrenz T, Klepstad P, et al. Feasibility of pre-hospital 
resuscitative endovascular balloon occlusion of the aorta in non-
traumatic out-of-hospital cardiac arrest. J Am Heart Assoc 2019; 
8: e014394.

315 Klee TE, Kern KB. A review of ECMO for cardiac arrest. 
Resuscitation Plus 2021; 5: 100083.

316 US Congress. H.R.1012—Cardiac Arrest Survival Act of 2023. 
Feb 14, 2023. https://www.congress.gov/bill/118th-congress/house-
bill/1012/text (accessed April 13, 2023).

317 Tang M. Does China need good samaritan laws to save Yue Yue? 
Cornell Int Law J 2014; 47: 7.

318 Lee MJ, Hwang SO, Cha KC, Cho GC, Yang HJ, Rho TH. Influence 
of nationwide policy on citizens’ awareness and willingness to 
perform bystander cardiopulmonary resuscitation. Resuscitation 
2013; 84: 889–94.

319 Kironji AG, Hodkinson P, de Ramirez SS, et al. Identifying barriers 
for out of hospital emergency care in low and low-middle income 
countries: a systematic review. BMC Health Serv Res 2018; 18: 291.

320 Shah MN. The formation of the emergency medical services 
system. Am J Public Health 2006; 96: 414–23.

321 Klein L, Moore J, Biros M. A 20-year review: the use of exception 
from informed consent and waiver of informed consent in 
emergency research. Acad Emerg Med 2018; 25: 1169–77.

322 US Food and Drug Administration. Guidance for institutional 
review boards, clinical investigators, and sponsors: exception 
from informed consent requirements for emergency research. 
2013. https://www.fda.gov/regulatory-information/search-fda-
guidance-documents/exception-informed-consent-requirements-
emergency-research (accessed June 24, 2020).

323 Chamberlain RC, Barnetson C, Clegg GR, Halbesma N. 
Association of measures of socioeconomic position with survival 
following out-of-hospital cardiac arrest: a systematic review. 
Resuscitation 2020; 157: 49–59.

324 Blom MT, Oving I, Berdowski J, van Valkengoed IGM, Bardai A, 
Tan HL. Women have lower chances than men to be resuscitated 
and survive out-of-hospital cardiac arrest. Eur Heart J 2019; 
40: 3824–34.

325 Lei H, Hu J, Liu L, Xu D. Sex differences in survival after out-of-
hospital cardiac arrest: a meta-analysis. Crit Care 2020; 24: 613.

326 Ro YS, Shin SD, Song KJ, et al. Public awareness and self-efficacy 
of cardiopulmonary resuscitation in communities and outcomes 
of out-of-hospital cardiac arrest: a multi-level analysis. 
Resuscitation 2016; 102: 17–24.

327 Anderson ML, Cox M, Al-Khatib SM, et al. Rates of 
cardiopulmonary resuscitation training in the United States. 
JAMA Intern Med 2014; 174: 194–201.

328 Ecker H, Schroeder DC, Böttiger BW. “Kids save lives”—school 
resuscitation programs worldwide and WHO initiative for this. 
Trends Anaesth Crit Care 2015; 5: 163–66.

329 Malsy M, Leberle R, Graf B. Germans learn how to save lives: a 
nationwide CPR education initiative. Int J Emerg Med 2018; 11: 9.

330 Anantharaman V. The National Resuscitation Council, Singapore, 
and 34 years of resuscitation training: 1983 to 2017. Singapore Med J 
2017; 58: 418–23.

331 Matsubara H, Enami M, Hirose K, et al. Effects of obligatory 
training and prior training experience on attitudes towards 
performing basic life support: a questionnaire survey. 
Acute Med Surg 2014; 2: 105–13.



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 933

332 US Occupational Safety and Health Administration. 1910.266 app 
B—first-aid and CPR training (mandatory). Oct 12, 1994. https://
www.osha.gov/laws-regs/regulations/
standardnumber/1910/1910.266AppB (accessed June 15, 2020).

333 Semeraro F, Wingen S, Schroeder DC, et al. KIDS SAVE LIVES—
three years of implementation in Europe. Resuscitation 2018; 
131: e9–11.

334 Schroeder DC, Semeraro F, Greif R, et al. KIDS SAVE LIVES: basic 
life support education for schoolchildren: a narrative review and 
scientific statement from the International Liaison Committee on 
Resuscitation. Circulation 2023; 147: 1854–68. 

335 Malta Hansen C, Zinckernagel L, Ersbøll AK, et al. Cardiopulmonary 
resuscitation training in schools following 8 years of mandating 
legislation in Denmark: a nationwide survey. J Am Heart Assoc 2017; 
6: e004128.

336 Cheng A, Magid DJ, Auerbach M, et al. Part 6: resuscitation 
education science: 2020 American Heart Association guidelines for 
cardiopulmonary resuscitation and emergency cardiovascular care. 
Circulation 2020; 142: S551–79.

337 Sasson C, Haukoos JS, Bond C, et al. Barriers and facilitators to 
learning and performing cardiopulmonary resuscitation in 
neighborhoods with low bystander cardiopulmonary resuscitation 
prevalence and high rates of cardiac arrest in Columbus, OH. 
Circ Cardiovasc Qual Outcomes 2013; 6: 550–58.

338 Kurz MC, Bobrow BJ, Buckingham J, et al. Telecommunicator 
cardiopulmonary resuscitation: a policy statement from the 
American Heart Association. Circulation 2020; 141: e686–700.

339 Böttiger BW, Lockey A, Aickin R, et al. Up to 206 million people 
reached and over 5.4 million trained in cardiopulmonary resuscitation 
worldwide: the 2019 International Liaison Committee on Resuscitation 
World Restart a Heart initiative. J Am Heart Assoc 2020; 9: e017230.

340 Sasson C, Haukoos JS, Eigel B, Magid DJ. The HANDDS program: 
a systematic approach for addressing disparities in the provision of 
bystander cardiopulmonary resuscitation. Acad Emerg Med 2014; 
21: 1042–49.

341 Risgaard B, Lynge TH, Wissenberg M, et al. Risk factors and causes 
of sudden noncardiac death: a nationwide cohort study in Denmark. 
Heart Rhythm 2015; 12: 968–74.

342 Al-Khatib SM, Stevenson WG, Ackerman MJ, et al. 2017 AHA/ACC/
HRS guideline for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: a report of 
the American College of Cardiology/American Heart Association 
task force on clinical practice guidelines and the heart rhythm 
society. Circulation 2018; 138: e272–391.

343 Sharifzadehgan A, Gaye B, Bougouin W, et al. Lack of early etiologic 
investigations in young sudden cardiac death. Resuscitation 2022; 
179: 197–205.

344 Peters FT, Maurer HH, Musshoff F. Forensic toxicology. 
Anal Bioanal Chem 2011; 400: 7–8.

345 Skopp G. Postmortem toxicology. Forensic Sci Med Pathol 2010; 
6: 314–25.

346 Tseng ZH, Hayward RM, Clark NM, et al. Sudden death in patients 
with cardiac implantable electronic devices. JAMA Intern Med 2015; 
175: 1342–50.

347 Junttila MJ, Holmström L, Pylkäs K, et al. Primary myocardial 
fibrosis as an alternative phenotype pathway of inherited cardiac 
structural disorders. Circulation 2018; 137: 2716–26.

348 Middleton O, Atherton D, Bundock E, et al. National Association 
of Medical Examiners position paper: recommendations for the 
investigation and certification of deaths in people with epilepsy. 
Epilepsia 2018; 59: 530–43.

349 Kløvgaard M, Lynge TH, Tsiropoulos I, et al. Sudden unexpected 
death in epilepsy in persons younger than 50 years: a retrospective 
nationwide cohort study in Denmark. Epilepsia 2021; 62: 2405–15.

350 Lahrouchi N, Raju H, Lodder EM, et al. Utility of post-mortem 
genetic testing in cases of sudden arrhythmic death syndrome. 
J Am Coll Cardiol 2017; 69: 2134–45.

351 Neves R, Tester DJ, Simpson MA, Behr ER, Ackerman MJ, 
Giudicessi JR. Exome sequencing highlights a potential role for 
concealed cardiomyopathies in youthful sudden cardiac death. 
Circ Genom Precis Med 2022; 15: e003497.

352 WHO. Autopsy rate (%) for all deaths. Sept 1, 2022. https://gateway.
euro.who.int/en/indicators/hfa_545-6410-autopsy-rate-for-all-
deaths/ (accessed July 20, 2023).

353 Latten BGH, Overbeek LIH, Kubat B, Zur Hausen A, Schouten 
LJ. A quarter century of decline of autopsies in the Netherlands. 
Eur J Epidemiol 2019; 34: 1171–74.

354 Blokker BM, Weustink AC, Hunink MGM, Oosterhuis JW. 
Autopsy rates in the Netherlands: 35 years of decline. PLoS One 
2017; 12: e0178200.

355 Banner J, Basso C, Tolkien Z, Kholova I, Michaud K, Gallagher PJ. 
Autopsy examination in sudden cardiac death: a current 
perspective on behalf of the Association for European 
Cardiovascular Pathology. Virchows Arch 2021; 478: 687–93.

356 Gaensbacher S, Waldhoer T, Berzlanovich A. The slow death of 
autopsies: a retrospective analysis of the autopsy prevalence rate 
in Austria from 1990 to 2009. Eur J Epidemiol 2012; 27: 577–80.

357 Turnbull A, Osborn M, Nicholas N. Hospital autopsy: endangered 
or extinct? J Clin Pathol 2015; 68: 601–04.

358 Basso C, Stone JR. Autopsy in the era of advanced cardiovascular 
imaging. Eur Heart J 2022; 43: 2461–68.

359 de Noronha SV, Behr ER, Papadakis M, et al. The importance of 
specialist cardiac histopathological examination in the 
investigation of young sudden cardiac deaths. Europace 2014; 
16: 899–907.

360 Turnbull A, Martin J, Osborn M. The death of autopsy? Lancet 
2015; 386: 2141.

361 Yazdanfard PD, Christensen AH, Tfelt-Hansen J, Bundgaard H, 
Winkel BG. Non-diagnostic autopsy findings in sudden 
unexplained death victims. BMC Cardiovasc Disord 2020; 20: 58.

362 Ström P, Kartasalo K, Olsson H, et al. Artificial intelligence for 
diagnosis and grading of prostate cancer in biopsies: a 
population-based, diagnostic study. Lancet Oncol 2020; 21: 222–32.

363 Fellmann F, van El CG, Charron P, et al. European recommendations 
integrating genetic testing into multidisciplinary management of 
sudden cardiac death. Eur J Hum Genet 2019; 27: 1763–73.

364 Farrugia A, Rollet K, Sinniger J, et al. H1153Y-KCNH2 mutation 
identified in a sudden arrhythmic death syndrome case alters 
channel gating. Int J Mol Sci 2021; 22: 9235.

365 Roberts IS, Benamore RE, Benbow EW, et al. Post-mortem imaging 
as an alternative to autopsy in the diagnosis of adult deaths: 
a validation study. Lancet 2012; 379: 136–42.

366 Michaud K, Grabherr S, Jackowski C, Bollmann MD, Doenz F, 
Mangin P. Postmortem imaging of sudden cardiac death. 
Int J Legal Med 2014; 128: 127–37.

367 Michaud K, Jacobsen C, Basso C, et al. Application of postmortem 
imaging modalities in cases of sudden death due to cardiovascular 
diseases-current achievements and limitations from a pathology 
perspective: endorsed by the Association for European 
Cardiovascular Pathology and by the International Society of 
Forensic Radiology and Imaging. Virchows Arch 2023; 
482: 385–406.

368 Wagensveld IM, Hunink MGM, Wielopolski PA, et al. Hospital 
implementation of minimally invasive autopsy: a prospective cohort 
study of clinical performance and costs. PLoS One 2019; 14: e0219291.

369 Kobayashi T, Isobe T, Shiotani S, et al. Postmortem magnetic 
resonance imaging dealing with low temperature objects. 
Magn Reson Med Sci 2010; 9: 101–08.

370 Femia G, Semsarian C, Langlois N, et al. Post-mortem imaging 
adjudicated sudden death: causes and controversies. Heart Lung Circ 
2019; 28: 15–21.

371 Harris SL, Lubitz SA. Clinical and genetic evaluation after sudden 
cardiac arrest. J Cardiovasc Electrophysiol 2020; 31: 570–78.

372 van der Werf C, Wilde AAM. Why did this patient experience a 
sudden cardiac arrest? Follow your curiosity! Heart Rhythm 2019; 
16: 1240–41.

373 Krahn AD, Healey JS, Chauhan V, et al. Systematic assessment of 
patients with unexplained cardiac arrest: Cardiac Arrest Survivors 
With Preserved Ejection Fraction Registry (CASPER). Circulation 
2009; 120: 278–85.

374 Herman ARM, Cheung C, Gerull B, et al. Outcome of apparently 
unexplained cardiac arrest: results from investigation and follow-up 
of the prospective cardiac arrest survivors with preserved ejection 
fraction registry. Circ Arrhythm Electrophysiol 2016; 9: e003619.

375 Stampe NK, Jespersen CB, Glinge C, Bundgaard H, Tfelt-Hansen J, 
Winkel BG. Clinical characteristics and risk factors of arrhythmia 
during follow-up of patients with idiopathic ventricular fibrillation. 
J Cardiovasc Electrophysiol 2020; 31: 2677–86.



The Lancet Commissions

934 www.thelancet.com   Vol 402   September 9, 2023

376 Brugada P, Brugada J. Right bundle branch block, persistent ST 
segment elevation and sudden cardiac death: a distinct clinical and 
electrocardiographic syndrome. A multicenter report. 
J Am Coll Cardiol 1992; 20: 1391–96.

377 Bundgaard H, Jøns C, Lodder EM, et al. A novel familial cardiac 
arrhythmia syndrome with widespread ST-segment depression. 
N Engl J Med 2018; 379: 1780–81.

378 Gaita F, Giustetto C, Bianchi F, et al. Short QT syndrome: a familial 
cause of sudden death. Circulation 2003; 108: 965–70.

379 Mellor GJ, Blom LJ, Groeneveld SA, et al. Familial evaluation in 
idiopathic ventricular fibrillation: diagnostic yield and significance of 
j wave syndromes. Circ Arrhythm Electrophysiol 2021; 14: e009089.

380 Viskin S, Halkin A, Olgin JE. Treatable causes of sudden death: not 
really “treatable” or not really the cause? J Am Coll Cardiol 2001; 
38: 1725–27.

381 Pasupula DK, Bhat A, Siddappa Malleshappa SK, et al. Impact of 
change in 2010 American Heart Association cardiopulmonary 
resuscitation guidelines on survival after out-of-hospital cardiac 
arrest in the United States: an analysis from 2006 to 2015. 
Circ Arrhythm Electrophysiol 2020; 13: e007843.

382 Steinbusch CVM, van Heugten CM, Rasquin SMC, Verbunt JA, 
Moulaert VRM. Cognitive impairments and subjective cognitive 
complaints after survival of cardiac arrest: a prospective longitudinal 
cohort study. Resuscitation 2017; 120: 132–37.

383 Moulaert VRMP, Verbunt JA, van Heugten CM, Wade DT. 
Cognitive impairments in survivors of out-of-hospital cardiac arrest: 
a systematic review. Resuscitation 2009; 80: 297–305.

384 Nolan JP, Soar J, Cariou A, et al. European Resuscitation Council 
and European Society of Intensive Care Medicine guidelines for 
post-resuscitation care 2015: section 5 of the European 
Resuscitation Council guidelines for resuscitation 2015. 
Resuscitation 2015; 95: 202–22.

385 Perkins GD, Callaway CW, Haywood K, et al. Brain injury after 
cardiac arrest. Lancet 2021; 398: 1269–78.

386 Green CR, Botha JA, Tiruvoipati R. Cognitive function, quality of 
life and mental health in survivors of our-of-hospital cardiac arrest: 
a review. Anaesth Intensive Care 2015; 43: 568–76.

387 Christensen J, Eskildsen SJ, Winkel BG, Dichman CK, Wagner MK. 
Motor and process skills in activities of daily living in survivors of 
out-of-hospital cardiac arrest: a cross-sectional study at hospital 
discharge. Eur J Cardiovasc Nurs 2021; 20: 775–81.

388 Lilja G, Nielsen N, Bro-Jeppesen J, et al. Return to work and 
participation in society after out-of-hospital cardiac arrest. 
Circ Cardiovasc Qual Outcomes 2018; 11: e003566.

389 Moulaert VRM, van Heugten CM, Winkens B, et al. Early 
neurologically-focused follow-up after cardiac arrest improves quality 
of life at one year: a randomised controlled trial. Int J Cardiol 2015; 
193: 8–16.

390 Donker-Cools BHPM, Daams JG, Wind H, Frings-Dresen MHW. 
Effective return-to-work interventions after acquired brain injury: 
a systematic review. Brain Inj 2016; 30: 113–31.

391 Larsson K, Hjelm C, Lilja G, Strömberg A, Årestedt K. Differences 
in self-reported health between cardiac arrest survivors with good 
cerebral performance and survivors with moderate cerebral 
disability: a nationwide register study. BMJ Open 2022; 12: e058945.

392 Haywood K, Whitehead L, Nadkarni VM, et al. COSCA (Core 
Outcome Set for Cardiac Arrest) in adults: an advisory statement 
from the International Liaison Committee on Resuscitation. 
Circulation 2018; 137: e783–801.

393 Lahrouchi N, Raju H, Lodder EM, et al. The yield of postmortem 
genetic testing in sudden death cases with structural findings at 
autopsy. Eur J Hum Genet 2020; 28: 17–22.

394 Bagnall RD, Singer ES, Tfelt-Hansen J. Sudden cardiac death in the 
young. Heart Lung Circ 2020; 29: 498–504.

395 Skinner JR, Duflou JA, Semsarian C. Reducing sudden death in 
young people in Australia and New Zealand: the TRAGADY 
initiative. Med J Aust 2008; 189: 539–40.

396 Winkel BG, Larsen MK, Berge KE, et al. The prevalence of 
mutations in KCNQ1, KCNH2, and SCN5A in an unselected 
national cohort of young sudden unexplained death cases. 
J Cardiovasc Electrophysiol 2012; 23: 1092–98.

397 Grondin S, Davies B, Cadrin-Tourigny J, et al. Importance of 
genetic testing in unexplained cardiac arrest. Eur Heart J 2022; 
43: 3071–81.

398 Walsh R, Adler A, Amin AS, et al. Evaluation of gene validity for 
CPVT and short QT syndrome in sudden arrhythmic death. 
Eur Heart J 2022; 43: 1500–10.

399 Richards CS, Bale S, Bellissimo DB, et al. ACMG recommendations 
for standards for interpretation and reporting of sequence 
variations: revisions 2007. Genet Med 2008; 10: 294–300.

400 Manrai AK, Funke BH, Rehm HL, et al. Genetic misdiagnoses 
and the potential for health disparities. N Engl J Med 2016; 
375: 655–65.

401 Draelos RL, Ezekian JE, Zhuang F, et al. GENESIS: gene-specific 
machine learning models for variants of uncertain significance 
found in catecholaminergic polymorphic ventricular tachycardia 
and long QT syndrome-associated genes. 
Circ Arrhythm Electrophysiol 2022; 15: e010326.

402 Lehmann S, Delaby C, Vialaret J, Ducos J, Hirtz C. Current and 
future use of “dried blood spot” analyses in clinical chemistry. 
Clin Chem Lab Med 2013; 51: 1897–909.

403 Monleau M, Aghokeng AF, Eymard-Duvernay S, et al. Field 
evaluation of dried blood spots for routine HIV-1 viral load and drug 
resistance monitoring in patients receiving antiretroviral therapy in 
Africa and Asia. J Clin Microbiol 2014; 52: 578–86.

404 Friedlander Y, Siscovick DS, Weinmann S, et al. Family history as 
a risk factor for primary cardiac arrest. Circulation 1998; 
97: 155–60.

405 Papadakis M, Raju H, Behr ER, et al. Sudden cardiac death with 
autopsy findings of uncertain significance: potential for erroneous 
interpretation. Circ Arrhythm Electrophysiol 2013; 6: 588–96.

406 Raju H, Parsons S, Thompson TN, et al. Insights into sudden 
cardiac death: exploring the potential relevance of non-diagnostic 
autopsy findings. Eur Heart J 2019; 40: 831–38.

407 Dalgaard CV, Hansen BL, Jacobsen EM, et al. Sudden unexplained 
death versus nonautopsied possible sudden cardiac death: findings 
in relatives. J Cardiovasc Electrophysiol 2021; 33: 254–61.

408 Jacobsen EM, Hansen BL, Kjerrumgaard A, et al. Diagnostic yield 
and long-term outcome of nonischemic sudden cardiac arrest 
survivors and their relatives: results from a tertiary referral center. 
Heart Rhythm 2020; 17: 1679–86.

409 Kumar S, Peters S, Thompson T, et al. Familial cardiological and 
targeted genetic evaluation: low yield in sudden unexplained death 
and high yield in unexplained cardiac arrest syndromes. 
Heart Rhythm 2013; 10: 1653–60.

410 Steinberg C, Padfield GJ, Champagne J, et al. Cardiac abnormalities 
in first-degree relatives of unexplained cardiac arrest victims: 
a report from the Cardiac Arrest Survivors With Preserved Ejection 
Fraction Registry. Circ Arrhythm Electrophysiol 2016; 9: e004274.

411 van der Werf C, Stiekema L, Tan HL, et al. Low rate of cardiac 
events in first-degree relatives of diagnosis-negative young sudden 
unexplained death syndrome victims during follow-up. 
Heart Rhythm 2014; 11: 1728–32.

412 Behr ER, Scrocco C, Wilde AAM, et al. Investigation on Sudden 
Unexpected Death in the Young (SUDY) in Europe: results of the 
European Heart Rhythm Association survey. Europace 2021; 
24: 331–39.

413 Müllertz KM, Christiansen MK, Broendberg AK, Pedersen LN, 
Jensen HK. Outcome of clinical management in relatives of sudden 
cardiac death victims. Int J Cardiol 2018; 262: 45–50.

414 van der Werf C, Hendrix A, Birnie E, et al. Improving usual care 
after sudden death in the young with focus on inherited cardiac 
diseases (the CAREFUL study): a community-based intervention 
study. Europace 2016; 18: 592–601.

415 van der Werf C, Onderwater AT, van Langen IM, Smets EM. 
Experiences, considerations and emotions relating to cardiogenetic 
evaluation in relatives of young sudden cardiac death victims. 
Eur J Hum Genet 2014; 22: 192–96.

416 Hendriks KSWH, Grosfeld FJM, van Tintelen JP, et al. Can parents 
adjust to the idea that their child is at risk for a sudden death? 
Psychological impact of risk for long QT syndrome. 
Am J Med Genet A 2005; 138A: 107–12.

417 Karam N, Jabre P, Narayanan K, et al. Psychological support and 
medical screening of first-degree relatives of sudden cardiac arrest 
victims. JACC Clin Electrophysiol 2020; 6: 586–87.

418 Wisten A, Zingmark K. Supportive needs of parents confronted 
with sudden cardiac death—a qualitative study. Resuscitation 2007; 
74: 68–74.



The Lancet Commissions

www.thelancet.com   Vol 402   September 9, 2023 935

419 Steffen EM, Timotijevic L, Coyle A. A qualitative analysis of 
psychosocial needs and support impacts in families affected by 
young sudden cardiac death: the role of community and peer 
support. Eur J Cardiovasc Nurs 2020; 19: 681–90.

420 McDonald K, Sharpe L, Yeates L, Semsarian C, Ingles J. Needs 
analysis of parents following sudden cardiac death in the young. 
Open Heart 2020; 7: e001120.

421 Zimmerli M, Tisljar K, Balestra G-M, Langewitz W, Marsch S, 
Hunziker S. Prevalence and risk factors for post-traumatic stress 
disorder in relatives of out-of-hospital cardiac arrest patients. 
Resuscitation 2014; 85: 801–08.

422 Mion M, Case R, Smith K, et al. Follow-up care after out-of-hospital 
cardiac arrest: a pilot study of survivors and families’ experiences 
and recommendations. Resuscitation Plus 2021; 7: 100154.

423 Gaye B, Diop M, Narayanan K, et al. Epidemiological transition in 
morbidity: 10-year data from emergency consultations in Dakar, 
Senegal. BMJ Glob Health 2019; 4: e001396.

424 Gaziano TA. Cardiovascular disease in the developing world and its 
cost-effective management. Circulation 2005; 112: 3547–53.

425 Bonny A, Tibazarwa K, Mbouh S, et al. Epidemiology of sudden 
cardiac death in Cameroon: the first population-based cohort survey 
in sub-Saharan Africa. Int J Epidemiol 2017; 46: 1230–38.

426 Fnon NF, Hassan HH, Ibrahim MA. Ischemic heart disease related 
sudden cardiac death in autopsied cases: an Egyptian perspective. 
Am J Forensic Med Pathol 2021; 42: 354–62.

427 Berdowski J, Berg RA, Tijssen JGP, Koster RW. Global incidences of 
out-of-hospital cardiac arrest and survival rates: systematic review of 
67 prospective studies. Resuscitation 2010; 81: 1479–87.

428 Ong MEH, Shin SD, De Souza NNA, et al. Outcomes for out-of-
hospital cardiac arrests across 7 countries in Asia: the Pan Asian 
Resuscitation Outcomes Study (PAROS). Resuscitation 2015; 
96: 100–08.

429 Saadi S, Ben Jomaa S, Bel Hadj M, Oualha D, Haj Salem N. Sudden 
death in the young adult: a Tunisian autopsy-based series. 
BMC Public Health 2020; 20: 1915.

430 Ben Ahmed H, Ben Khelil M, Bellali M, et al. Sudden cardiac death 
in women, data from the northern Tunisian sudden cardiac-death 
registry. Ann Cardiol Angeiol 2021; 70: 1–6 (in French).

431 Mesrati MA, Belhadj M, Aissaoui A, et al. Sudden cardiovascular 
death in adults: study of 361 autopsy cases. Ann Cardiol Angeiol 
2017; 66: 7–14 (in French).

432 Soumah MM, Kanikomo D, Ndiaye M, Sow ML. The sudden death 
of adult, particularities in Africa: about 476 cases. Pan Afr Med J 
2013; 16: 125 (in French).

433 Schnaubelt S, Monsieurs KG, Semeraro F, et al. Clinical outcomes 
from out-of-hospital cardiac arrest in low-resource settings— 
a scoping review. Resuscitation 2020; 156: 137–45.

434 van Rensburg LC, Richmond L, Mgidi S, Claassen J, Wylie C, 
Stassen W. The lay descriptors of out-of-hospital cardiac arrest in 
the Western Cape province, South Africa. Resuscitation Plus 2021; 
7: 100146.

435 Kim YT, Shin SD, Hong SO, et al. Effect of national implementation 
of Utstein recommendation from the Global Resuscitation Alliance 
on ten steps to improve outcomes from out-of-hospital cardiac 
arrest: a ten-year observational study in Korea. BMJ Open 2017; 
7: e016925.

436 Jouven X, Diop BI, Narayanan K, et al. Cardiac pacing in sub-
Saharan Africa: JACC International. J Am Coll Cardiol 2019; 
74: 2652–60.

437 Shenthar J, Bohra S, Jetley V, et al. A survey of cardiac implantable 
electronic device implantation in India: by Indian Society of 
Electrocardiology and Indian Heart Rhythm Society. Indian Heart J 
2016; 68: 68–71.

438 Lau C-P, Hai J-J, Siu C-W. Implantable cardioverter defibrillators in 
Asian population. Pacing Clin Electrophysiol 2018; 41: 1627–29.

439 Bonny A, Ngantcha M, Amougou SN, et al. Rationale and design of 
the Pan-African Sudden Cardiac Death survey: the Pan-African SCD 
study. Cardiovasc J S Afr 2014; 25: 176–84.

440 Bhatti JA, Waseem H, Razzak JA, Shiekh N-U-L, Khoso AK, Salmi 
L-R. Availability and quality of prehospital care on Pakistani 
interurban roads. Ann Adv Automot Med 2013; 57: 257–64.

441 Berger S. CPR and AEDs save lives: insuring CPR–AED education 
and CPR–AED access in schools. Curr Opin Pediatr 2020; 32: 641–45.

442 Khairy TF, Lupien M-A, Nava S, et al. Infections associated with 
resterilized pacemakers and defibrillators. N Engl J Med 2020; 
382: 1823–31.

443 Zhang S, Ching C-K, Huang D, et al. Utilization of implantable 
cardioverter-defibrillators for the prevention of sudden cardiac 
death in emerging countries: improve SCA clinical trial. 
Heart Rhythm 2020; 17: 468–75.

444 Nair M, Patra SK. Radio frequency ablation for VT—a cost-effective 
tool to combat SCD in developing countries. Indian Heart J 2014; 
66 (suppl 1): S46–48.

445 Chin A, Ntsekhe M, Viljoen C, Rossouw J, Pennel T, Schwartz PJ. 
Rationale and design of a prospective study to assess the effect of 
left cardiac sympathetic denervation in chronic heart failure. 
Int J Cardiol 2017; 248: 227–31.

446 Nadarajan GD, Rao GR, Reddy K, et al. Characteristics of 
prehospital heat illness cases during the annual heat wave period in 
Telangana, India. Prehosp Disaster Med 2021; 36: 385–92.

447 Ong MEH, Shin SD, Ko PC-I, et al. International multi-center real 
world implementation trial to increase out-of-hospital cardiac arrest 
survival with a dispatcher-assisted cardio-pulmonary resuscitation 
package (Pan-Asian resuscitation outcomes study phase 2). 
Resuscitation 2022; 171: 80–89.

448 Maron BJ. The paradox of exercise. N Engl J Med 2000; 
343: 1409–11.

449 Albert CM, Mittleman MA, Chae CU, Lee IM, Hennekens CH, 
Manson JE. Triggering of sudden death from cardiac causes by 
vigorous exertion. N Engl J Med 2000; 343: 1355–61.

450 Dahabreh IJ, Paulus JK. Association of episodic physical and sexual 
activity with triggering of acute cardiac events: systematic review 
and meta-analysis. JAMA 2011; 305: 1225–33.

451 Lee D-C, Pate RR, Lavie CJ, Sui X, Church TS, Blair SN. Leisure-
time running reduces all-cause and cardiovascular mortality risk. 
J Am Coll Cardiol 2014; 64: 472–81.

452 Whang W, Manson JE, Hu FB, et al. Physical exertion, exercise, and 
sudden cardiac death in women. JAMA 2006; 295: 1399–403.

453 La Gerche A, Burns AT, Mooney DJ, et al. Exercise-induced right 
ventricular dysfunction and structural remodelling in endurance 
athletes. Eur Heart J 2012; 33: 998–1006.

454 Asatryan B, Vital C, Kellerhals C, et al. Sports-related sudden 
cardiac deaths in the young population of Switzerland. PLoS One 
2017; 12: e0174434.

455 Bohm P, Scharhag J, Meyer T. Data from a nationwide registry on 
sports-related sudden cardiac deaths in Germany. Eur J Prev Cardiol 
2016; 23: 649–56.

456 Suárez-Mier MP, Aguilera B, Mosquera RM, Sánchez-de-León MS. 
Pathology of sudden death during recreational sports in Spain. 
Forensic Sci Int 2013; 226: 188–96.

457 de Noronha SV, Sharma S, Papadakis M, Desai S, Whyte G, 
Sheppard MN. Aetiology of sudden cardiac death in athletes in 
the United Kingdom: a pathological study. Heart 2009; 
95: 1409–14.

458 Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports 
activity enhance the risk of sudden death in adolescents and young 
adults? J Am Coll Cardiol 2003; 42: 1959–63.

459 Ha FJ, Han H-C, Sanders P, et al. Sudden cardiac death related to 
physical exercise in the young: a nationwide cohort study of 
Australia. Intern Med J 2021; 53: 497–502.

460 Berdowski J, de Beus MF, Blom M, et al. Exercise-related out-of-
hospital cardiac arrest in the general population: incidence and 
prognosis. Eur Heart J 2013; 34: 3616–23.

461 Marijon E, Uy-Evanado A, Reinier K, et al. Sudden cardiac arrest 
during sports activity in middle age. Circulation 2015; 
131: 1384–91.

462 Marijon E, Tafflet M, Celermajer DS, et al. Sports-related sudden 
death in the general population. Circulation 2011; 124: 672–81.

463 Marijon E, Bougouin W, Celermajer DS, et al. Characteristics and 
outcomes of sudden cardiac arrest during sports in women. 
Circ Arrhythm Electrophysiol 2013; 6: 1185–91.

464 Rajan D, Garcia R, Svane J, Tfelt-Hansen J. Risk of sports-related 
sudden cardiac death in women. Eur Heart J 2022; 43: 1198–206.

465 Weizman O, Empana J-P, Blom M, et al. Incidence of cardiac arrest 
during sports among women in the European Union. 
J Am Coll Cardiol 2023; 81: 1021–31.



The Lancet Commissions

936 www.thelancet.com   Vol 402   September 9, 2023

466 Marijon E, Bougouin W, Périer M-C, Celermajer DS, Jouven X. 
Incidence of sports-related sudden death in France by specific 
sports and sex. JAMA 2013; 310: 642–43.

467 Harmon KG, Asif IM, Maleszewski JJ, et al. Incidence, cause, and 
comparative frequency of sudden cardiac death in national 
collegiate athletic association athletes: a decade in review. 
Circulation 2015; 132: 10–19.

468 Mont L, Pelliccia A, Sharma S, et al. Pre-participation cardiovascular 
evaluation for athletic participants to prevent sudden death: 
position paper from the EHRA and the EACPR, branches of the 
ESC. Endorsed by APHRS, HRS, and SOLAECE. Eur J Prev Cardiol 
2017; 24: 41–69.

469 Pelliccia A, Sharma S, Gati S, et al. 2020 ESC Guidelines on sports 
cardiology and exercise in patients with cardiovascular disease. 
Eur Heart J 2021; 42: 17–96.

470 Corrado D, Basso C, Pavei A, Michieli P, Schiavon M, Thiene G. 
Trends in sudden cardiovascular death in young competitive 
athletes after implementation of a preparticipation screening 
program. JAMA 2006; 296: 1593–601.

471 Malhotra A, Dhutia H, Finocchiaro G, et al. Outcomes of cardiac 
screening in adolescent soccer players. N Engl J Med 2018; 
379: 524–34.

472 Landry CH, Allan KS, Connelly KA, Cunningham K, Morrison LJ, 
Dorian P. Sudden cardiac arrest during participation in competitive 
sports. N Engl J Med 2017; 377: 1943–53.

473 Maron BJ, Friedman RA, Kligfield P, et al. Assessment of the 
12-lead electrocardiogram as a screening test for detection of 
cardiovascular disease in healthy general populations of young 
people (12–25 years of age): a scientific statement from the 
American Heart Association and the American College of 
Cardiology. J Am Coll Cardiol 2014; 64: 1479–514.

474 Corrado D, Pelliccia A, Bjørnstad HH, et al. Cardiovascular 
pre-participation screening of young competitive athletes for 
prevention of sudden death: proposal for a common European 
protocol. Eur Heart J 2005; 26: 516–24.

475 Bohm P, Meyer T, Narayanan K, et al. Sports-related sudden cardiac 
arrest in young adults. Europace 2023; 25: 627–33.

476 de Jong JS, Jorstad HT, Thijs RD, Koster RW, Wieling W. How to 
recognise sudden cardiac arrest on the pitch. Br J Sports Med 2020; 
54: 1178–80.

477 Drezner JA, Toresdahl BG, Rao AL, Huszti E, Harmon KG. 
Outcomes from sudden cardiac arrest in US high schools: a 2-year 
prospective study from the National Registry for AED Use in 
Sports. Br J Sports Med 2013; 47: 1179–83.

478 Kim JH, Malhotra R, Chiampas G, et al. Cardiac arrest during long-
distance running races. N Engl J Med 2012; 366: 130–40.

479 Jena AB, Mann NC, Wedlund LN, Olenski A. Delays in emergency 
care and mortality during major US marathons. N Engl J Med 2017; 
376: 1441–50.

480 Jabre P, Bougouin W, Dumas F, et al. Early identification of 
patients with out-of-hospital cardiac arrest with no chance of 
survival and consideration for organ donation. Ann Intern Med 
2016; 165: 770–78.

Copyright © 2023 Elsevier Ltd. All rights reserved.


	The Lancet Commission to reduce the global burden of sudden cardiac death: a call for multidisciplinary action
	Introduction
	Defining SCD: moving from a presumed mode of death to a more precise definition
	Burden of SCD
	Premature death from SCA
	Disparities in outcomes from SCA

	Before the event: predicting and preventing
	Predicting SCD
	Preventing SCD
	Summary and future directions for better SCD prediction and prevention

	During the event: improving resuscitation, maximising survival
	Individual level interventions
	Health-care system and community interventions
	Roles of government, policy, public education, and engagement
	Summary and future direction to improve SCA survival

	After the event: management of decedents, survivors, and relatives
	Evaluation after SCD
	Management of sudden cardiac arrest survivors
	The role of genetics
	Family screening and support
	Summary and future direction to improve management of decedents, survivors, and relatives

	Specific considerations
	SCD in LMICs
	SCD during sports activity: a unique model
	Ethical considerations
	Funding considerations

	Tackling SCD: the need for a multidisciplinary approach
	Conclusion
	Acknowledgments
	References


