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Despite the significant decline in coronary artery disease
(CAD) mortality in the second half of the 20th century,1

sudden cardiac death (SCD) continues to claim 250 000 to
300 000 US lives annually.2 In North America and Europe the
annual incidence of SCD ranges between 50 to 100 per
100 000 in the general population.3–6 Because of the absence
of emergency medical response systems in most world regions,
worldwide estimates are currently not available.7 However, even
in the presence of advanced first responder systems for resusci-
tation of out-of-hospital cardiac arrest, the overall survival rate in
a recent North American analysis was 4.6%.8 SCD can manifest
as ventricular tachycardia (VT), ventricular fibrillation (VF),
pulseless electric activity (PEA), or asystole. In a significant
proportion of patients, SCD can present without warning or a
recognized triggering mechanism. The mean age of those
affected is in the mid 60s, and at least 40% of patients will
suffer SCD before the age of 65.4 Consequently, enhance-
ment of methodologies for prediction and prevention of SCD
acquires a unique and critical importance for management of
this significant public health issue.

Prediction and prevention of SCD is an area of active
investigation, but considerable challenges persist that limit
the efficacy and cost-effectiveness of available methodolo-
gies.7,9,10 It was recognized early on that optimization of SCD
risk stratification will require integration of multi-disciplinary
efforts at the bench and bedside, with studies in the general
population.11–13 This integration has yet to be effectively
accomplished. There is also increasing awareness that more

investigation needs to be directed toward identification of
early predictors of SCD.14 Significant advancements have
occurred for risk prediction in the inherited channelopa-
thies15–17 and other inherited conditions that predispose to
SCD, such as hypertrophic cardiomyopathy,18 but there is
much to be accomplished in this regard for the more common
complex phenotypes, such as SCD, among patients with
CAD. Many cardiovascular treatments (eg, lipid lowering and
antihypertensive agents, antiischemic interventions, and heart
failure therapies) prevent or delay the progression of the
cardiovascular diseases that are the most frequent cause of
SCD. However, the current workshop focused specifically on
risk prediction for arrhythmic death in cardiac populations
rather than on the broader topics of prediction and prevention
of cardiac diseases in general.

Unfortunately, specific pharmacological therapies directed
at the electrophysiological substrate and mechanisms that
cause arrhythmias have proven disappointing when applied to
high or moderate risk patients without prior documented clinical
arrhythmias. The implantable cardioverter-defibrillator (ICD) in
combination with heart failure drug therapy remains the
mainstay of SCD prevention19,20 but is likely to benefit only
the small population at high risk who can be identified before
an SCD event.5,21

On September 29 to 30, 2009, a working group of experts
was jointly convened by the National Heart, Lung and Blood
Institute and the Heart Rhythm Society to address and
recommend research directions and strategies in prediction
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and prevention of SCD, for consideration by the National
Heart, Lung, and Blood Institute and the greater research
community. The panel was asked to consider the 3 broad
areas of bench, clinical and population sciences. After delib-
eration on available information as well as critical needs for
SCD prediction and prevention, the group came to a
consensus, identifying investigational gaps and developing
research recommendations in the 6 high-priority areas
discussed below. The 6 recommendations are summarized
in the Table, and detailed background information on each
of the 6 recommendations is provided in this document.
The Workshop’s Executive Summary can be found at
http://www.nhlbi.nih.gov/meetings/workshops/.

Recommendation 1: Facilitate Study of
Well-Phenotyped SCD and Control

Populations, Including
Understudied Subgroups

Background
Like most complex traits, there are aspects of the SCD
phenotype that present unique challenges and these, in turn,
dictate the investigative approach. Because of the sudden,
unexpected, and dynamic nature of the event, the vast
majority of sudden cardiac arrests occur in the community
and at least 90% to 95% of these individuals do not survive
despite resuscitation attempts performed in the field by
emergency medical response systems.7,8 In 40% to 50% of
cases, SCD is unheralded by symptoms and in 30% to 40%
can be unwitnessed.5,7 It stands to reason that the ascertain-
ment of the phenotype of individuals at risk of SCD must
occur in the community, as opposed to the hospital and
healthcare system. Therefore population-based approaches
must be used.7 In fact, there is now clear evidence that
retrospective death-certificate methods of ascertainment are
inaccurate, with unacceptably low positive predictive values
for determination of the SCD phenotype when compared to
prospective approaches.4,22 Information on the burden of
SCD is available for only selected world regions, limited
largely to North America and Europe, with virtually no
information available on SCD epidemiology in the vast
majority of the world.7 There is also a paucity of data on the
epidemiology, risk factors, prognosis, and temporal trends for
SCD in nonwhite ethnic and racial groups.

SCD is generally defined as a sudden and unexpected
pulseless event, but noncardiac conditions need to be ex-
cluded before the occurrence of a primary cardiac event can
be confirmed.7,23 Because of these complexities, multiple
definitions have been employed. Studies assessing risk pre-
dictors of SCD have been performed in community-based
cohorts24,25 and there is increasing recognition that prospec-
tive studies of SCD in the general population are also
feasible.4,5,21,26–28 These studies have shown that definitions
can be standardized and systematic circumstantial and clini-
cal evidence can be obtained and utilized to maximize the
accuracy of identifying the SCD phenotype.

Building on the available literature4,7,24,25,29,30 and incorpo-
rating definitions that have been employed previously, this
working group has developed a unified definition for SCD

Table. Summary of Specific Recommendation for the
Prediction and Prevention of SCD

Recommendation 1: Facilitate study of well-phenotyped SCD and control
populations, including under-studied subgroups.

Facilitate the initiation and maintenance of large population-based studies
of SCD to improve understanding of SCD mechanisms across gender and
all racial/ethnic groups.

Provide the infrastructure to connect individual population-based studies
as consortia that can collaborate for a common set of objectives.

Perform studies that will further the understanding of presenting
arrhythmias, i.e., VF, PEA, asystole and the mechanistic differences
between these conditions.

Recommendation 2: Develop and validate a SCD risk score utilizing
phenotypic, biological and non-invasive markers

Facilitate studies that will discover novel risk markers for SCD. There is a
role for two distinct categories of studies:

Optimization of risk prediction late in the natural history of SCD for
improved efficiency of the ICD using large cohort studies of patients
with heart failure and an ICD.

Discovery of novel risk predictors early in the natural history of conditions
predisposing to SCD from large population-based studies that perform
comprehensive evaluations among all subjects who suffer SCD.

Facilitate studies that combine novel risk markers and testing to create
risk scores for prediction of SCD.

Recommendation 3. Develop novel risk stratification strategies to improve
outcomes in select populations at risk of SCD, including patients with ICD
indications based on current guidelines and other patients at risk such as
those with CAD and LV ejection fraction�35%; early phase post-acute MI;
heart failure with preserved systolic function; and/or LV hypertrophy.

For patients with ICD indications based on current guidelines, research
should assess new approaches that may provide incremental information
regarding SCD risk beyond LV ejection fraction.

For patient groups known to have high all-cause mortality, research using
new approaches in assessing the ratio in SCD vs non-SCD should be
encouraged. Approaches that involve a combination of risk factors
(identified by novel biomarkers, genetic profiles, and new imaging
methods of cardiac structure and physiology), should be evaluated in
clinical studies.

At a population level, simple and inexpensive tools should be developed
to identify patients at elevated risk of SCD.

Recommendation 4: Establish strategies for SCD prevention by targeting
intermediate risk phenotypes

Facilitate investigative approaches that target discovery of SCD
intermediate risk phenotypes.

Facilitate investigative approaches that target modulation of SCD
intermediate risk phenotypes for prevention of SCD.

Recommendation 5: Develop high throughput strategies to efficiently
establish the functional relevance of newly discovered genetic information.

Establish high throughput tools to determine functional relevance of newly
discovered genetic information.

Evaluate candidate genes in multiple systems.

Recommendation 6: Establish multiscale integrative models, including
molecular, cellular, organ-level, animal and computational, relevant to
human electrophysiology and disease.

Establish multiscale models to integrate behavior from the molecule to
the organ and the patient.

Enhance acceptance and use of such models to achieve improved
mechanistic understanding of arrhythmogenesis as well as the effects
and implications of new antiarrhythmia therapies.
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that can be used to ascertain the SCD phenotype in community-
based cohort studies as well as investigations conducted in the
general population. A case of established SCD is an unexpected
death without obvious extracardiac cause, occurring with a rapid
witnessed collapse, or if unwitnessed, occurring within 1 hour
after the onset of symptoms. A probable SCD is an unexpected
death without obvious extracardiac cause that occurred within
the previous 24 hours. In any situation, the death should not
occur in the setting of a prior terminal condition, such as a
malignancy that is not in remission or end-stage chronic obstruc-
tive lung disease. The term “sudden cardiac arrest” should be
used to describe SCD cases in which specific resuscitation
records are available or the individual has survived the cardiac
arrest event.

There is also strong evidence from studies in North
America and Europe that there are significantly altered trends
in the presenting arrhythmia observed by first responders
among SCD cases.31,32 The prevalence of SCD cases pres-
enting with VF is decreasing with a corresponding increase in
the proportion of cases presenting with PEA. Given the
extremes of resuscitation outcome based on presenting ar-
rhythmia (�25% survival for VF and �2% for PEA4), it is
important to improve our understanding of the determinants
of these altered trends. Because population-based investiga-
tive approaches for SCD are pivotal for understanding the
phenotype, there is a need for greater numbers of subjects that
are available for investigation. An annual incidence of SCD
in the range of 60 to 90/100 000 individuals4,5,7 necessitates
the establishment of large community-based studies that
ideally connect with other similar efforts, forming consortia
that can share data, analyses and resources for common
objectives such as refining methods to predict SCD.

Knowledge Gaps

● For the vast majority of world regions, there is virtually no
available information on epidemiology of SCD.

● There is a critical need for large population-based studies
that include women and understudied minorities in differ-
ent regions of the US,

● There is a lack of infrastructure to facilitate collaborative
links between different population-based studies.

● There is a need to improve our understanding of altered
trends in the arrhythmias precipitating SCD (ie, significant
changes in the prevalence of VF and PEA).

Specific Recommendations

● Facilitate the initiation and maintenance of large
population-based studies of SCD to improve understanding
of SCD mechanisms across gender and all racial/ethnic
groups.

● Provide the infrastructure to connect individual population-
based studies as consortia that can collaborate for a
common set of objectives.

● Perform studies that will further the understanding of
presenting arrhythmias (ie, VF, PEA, asystole, and the
mechanistic differences between these conditions).

Recommendation 2: Develop and Validate a
SCD Risk Score Utilizing Phenotypic,
Biological, and Noninvasive Markers

Background
Numerous invasive and noninvasive techniques have been
developed over the years to identify patients at risk for
SCD.33–35 Currently, assessment of left ventricular (LV)
ejection fraction is commonly used to guide primary preven-
tion of SCD,20 but there is considerable interest in using
markers that reflect arrhythmia substrates more directly, and
therefore enrich the prediction of SCD events. Invasive
electrophysiological testing using programmed cardiac stim-
ulation adds considerable specificity to identification of
patient populations with ischemic heart disease who are at
risk for SCD.36 and who, therefore, may benefit from ICD
therapy.37,38 However, there remain concerns as to whether
electrophysiological testing possesses sufficient sensitivity to
reliably exclude SCD risk in patients with a negative test.39

In contrast to invasive electrophysiological testing, nonin-
vasive tests for predicting SCD are clearly more attractive in
a clinical strategy for widespread screening. Numerous mark-
ers derived mainly from surface ECG have been correlated
with SCD, cardiac, and total mortality over the past 3
decades. These can be classified as (1) indices of abnormal
autonomic modulation of cardiovascular function such as
heart rate variability,40 heart rate turbulence,41 heart rate
recovery from exercise,42 and baroreflex sensitivity43; (2)
indices of abnormal impulse conduction such as signal
averaged ECG44 and QRS fractionation45; and (3) indices of
abnormal repolarization such as microvolt T wave alter-
nans,46 QT interval dynamicity,47,48 and various measures of
T wave morphology and dispersion. Most of the autonomic
markers have been correlated with total rather than arrhyth-
mic mortality. Although extensive comparative data are not
available, when examined in the same population with other
risk markers T wave alternans appear to predict SCD-related
events with greatest negative predictive value49–51, suggesting
that a patient with systolic dysfunction and a negative T wave
alternans test may be at comparatively low risk for events.
However, other recently published data from 2 large clinical
trials of the prophylactic ICD indicate that the use of T wave
alternans is likely to be limited by low predictive ability,
higher number of indeterminate tests, and concern about
incremental value over known risk factors.52,53 Taken to-
gether, the available experience suggests that multiple risk
markers used in combination may provide a more robust
prediction of events, which is not surprising when one
considers the complexity and diversity of electro-anatomic
substrates that underlie SCD. To date, no randomized clinical
trials have been conducted that demonstrate benefit of non-
invasive risk stratification in reducing SCD events. That
being said, there are extensive observational data suggesting
that various ECG risk markers used alone or in combination
can be useful in identifying subsets of patients who are more
or less likely to benefit from ICD therapy to prevent SCD. It
is important to emphasize that few studies have attempted to
account for dynamic time-varying changes in SCD risk but
rather tend to measure a risk marker at only 1 point in time to
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predict SCD risks indefinitely. Although premature ventric-
ular beat frequency measured by ambulatory Holter monitor-
ing has been associated with enhanced risk for SCD,54 ectopic
beats are so highly variable from day to day that it cannot be
used as a reliable method for tracking SCD risk. Clearly, any
viable strategy for predicting and preventing SCD will
require tools for serial assessment of risk markers over time.

The aforementioned risk stratification and prevention ef-
forts have been directed toward high risk subsets of patients
with LV systolic dysfunction.55 However, the overwhelming
majority of SCDs occurs in the general population,4,30,56 and
approximately 55% of men and at least 68% of women have
no clinically recognized heart disease prior to SCD5,24,28,30 A
community-based study has recently drawn attention to the
phenomenon of gender-specific risk factors.57 Women have a
significantly lower prevalence of phenotypic traits that in-
crease SCD risk, with half the likelihood of severe LV
dysfunction (odds ratio 0.51, 95% confidence interval 0.31 to
0.84) and a 3-fold lower prevalence of established CAD (odds
ratio 0.34, 95% confidence interval 0.20 to 0.60) compared to
men. Although CAD continues to be observed in the majority
of SCDs at autopsy,58 many individuals are not diagnosed
with CAD prior to death.28,58 Even for those in whom CAD is
recognized, there is only 1 major established clinical risk
predictor: severe LV systolic dysfunction defined as a sub-
stantial decrease in the LV ejection fraction.7 Therefore,
patients with LV ejection fraction of less than 30% to 35% are
deemed to be high risk and qualify as candidates for primary
prevention using the ICD.9 Recent studies confirm that
ejection fraction alone is unlikely to be sufficient for effective
SCD risk prediction, because it lacks both sensitivity and
specificity. In the community, less than a third of all SCD
cases have severely decreased LV ejection fraction that
would have qualified them as candidates for an ICD.21

Conversely, even among patients who do qualify for ICD
implantation based on the ejection fraction criterion, only a
small minority (2% to 5% per year), will suffer a ventricular
arrhythmia resulting in SCD19,20,59 Furthermore, for most
patients, the ejection fraction is a risk factor that is identified
relatively late in the natural history of this particular high-risk
phenotype14 and is of no utility for those in whom SCD is the
initial manifestation of cardiovascular disease. To maximize
effectiveness of prevention, risk factors need to be identified
and utilized early in the natural history of specific high risk
conditions.14

In the past decade, other clinical risk markers have been
identified, but none of these are currently used for risk
stratification.25,28,60–63 These include LV hypertrophy,62 QTc
prolongation,28,63 diabetes mellitus,25,60–63 and elevated rest-
ing heart rate.64 Serum biomarkers have also been identified
that are associated with risk of SCD in cohorts and
community-based studies.65–68 In a significant proportion of
patients, SCD is likely to be triggered by plaque rupture and
acute myocardial infarction. There are significant ongoing
efforts to identify biomarkers as well as imaging techniques
that pinpoint key events related to inflammation and vulner-
able plaque pathways.69–71 The challenge is in identifying the
specific patient who will suffer SCD with plaque rupture and
acute myocardial infarction.

Upon the publication of 4 studies that provide strong
evidence for independent genetic contributions to risk of
SCD,25,26,72,73 the identification of variants that confer genetic
susceptibility has become an area of active investigation.
Candidate-gene based association studies have identified
some candidates for SCD risk,74–83 and genome-wide asso-
ciation studies (GWAS) are ongoing. The latter can be
divided into 2 categories. The first are GWAS that have
identified determinants of intermediate-risk traits for SCD
such as the QT interval.80,84,85 These have been followed by
evaluation of specific significant variants in populations with
SCD.86,87 In this fashion, variants in NOS1AP have been
identified as modest predictors of risk (odds ratios �1.3). The
second GWAS approach investigates SCD risk directly in the
general population using a case-control approach. These latter
GWAS, which are unbiased by previous hypotheses relative
to candidate genes and pathways, have the power to illumi-
nate novel biological pathways involved in the genesis of
lethal ventricular arrhythmias, which could ultimately lead to
new therapeutic approaches for SCD prevention. An initial
GWAS from the Oregon Sudden Unexpected Death Study
has identified a novel genetic locus (glypican 5) that is
protective against SCD, a finding that has been replicated in
the ARIC and CHS cohorts.88 Other investigators studied
individuals with and without VF in the first 90 minutes of a
first myocardial infarction (MI), and have identified a risk
locus at chromosome 21q21.89 These studies underscore the
importance of conducting GWAS in significantly larger
numbers of cases and controls.

As outlined earlier, for a significant proportion of SCD
cases the final event is the first outward manifestation of
disease (ie, there have been no premonitory warning symp-
toms or signs that would prompt medical attention). Even
when symptoms are reported prior to SCD, these have not
been found to be specific for the phenotype. Given the
complexity of the SCD phenotype and overlap with condi-
tions such as CAD, congestive heart failure, and diabetes
mellitus, it is likely that any prediction of risk will involve a
combination of risk factors and/or tests as opposed to a single
marker or test. The generally accepted paradigm of requiring
both substrates and triggers for genesis of ventricular arrhyth-
mia90 lends additional complexity to SCD risk prediction.
Further, recent studies have implicated a wide range of
environmental influences, such as socioeconomic status, psy-
chosocial factors, and even particulate matter, as possibly
playing roles in SCD.7,91,92

One approach to identifying risk has been to study device
therapies as end points in ICD cohorts. Although these are
likely to contribute useful information, it is important to
recognize that the nature of this study design and population
are likely to limit any useful findings to the optimal selection
of ICD candidates relatively late in the natural history of LV
dysfunction. These studies will not contribute importantly to
detection of risk factors early in the disease process.14

Knowledge Gaps

● Current methods of clinical risk prediction are inadequate
and there is increasing recognition that employment of the
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LV ejection fraction as a risk predictor is effective in only
a small subgroup of patients.

● Other risk markers have been discovered, but individually
these markers appear to have only modest effects. Exam-
ples include LV hypertrophy, prolonged QT interval, frag-
mented QRS complex, diabetes mellitus, elevated resting
heart rate, specific serum biomarkers, and novel genetic
variants.

● There is a conspicuous lack of studies that combine panels
of SCD risk markers to assess additive or synergistic
effects on risk.

● There is a need for early detection of risk factors for SCD.

Specific Recommendations 2

● Facilitate studies that will discover novel risk markers for
SCD. There is a role for 2 distinct categories of studies:

● Optimization of risk prediction late in the natural history
of SCD for improved efficiency of the ICD using large
cohort studies of patients with heart failure and an ICD.

● Discovery of novel risk predictors early in the natural
history of conditions predisposing to SCD from large
population-based studies that perform comprehensive
evaluations among all subjects who suffer SCD.

● Facilitate studies that combine novel risk markers and
testing to create risk scores for prediction of SCD.

Recommendation 3: Develop Novel Risk
Stratification Strategies to Improve Outcomes

in Select Populations at Risk of SCD,
Including Patients With ICD Indications
Based on Current Guidelines and Other

Patients at Risk Such as Those With CAD
and LV Ejection Fraction >35%; Early Phase
Postacute MI; Heart Failure With Preserved
Systolic Function; and/or LV Hypertrophy

Background
Numerous trials of empirical antiarrhythmic drug therapies
have been conducted in patients with recent or remote MI and
LV dysfunction as well as nonischemic cardiomyopathies,
with disappointing results.93,94 In such studies, an antiarrhyth-
mic drug is often considered to be of value if it does not
increase overall mortality. Over the last 25 years, clinical
studies have shown that ICD therapy in high risk populations
can reduce total, cardiac, and to a very high degree, arrhyth-
mic mortality.95 However, there are numerous well recog-
nized limitations to ICD therapy. These include the cost of the
devices, complications related both to the implantation pro-
cedure and to subsequent device function, device malfunc-
tion, and limited efficacy despite normal device function in
the presence of significant concomitant disease.96,97

Evidence-based guidelines for ICD therapy derived from
these studies have been published and recently updated.98,99

Current criteria are based largely on history of arrhythmia
(resuscitated cardiac arrest, sustained ventricular tachycardia,
syncope with induced VT, LV dysfunction, and heart failure

functional class. Guideline recommendations for less com-
mon conditions such as inherited ion channelopathies or
many cardiomyopathies are usually based on consensus
opinion, because clinical trial data are not available.98,99

In real world practice where ICD recipients are often older
and have more comorbidities than the average clinical trial
enrollee, the ratio of nonsudden to sudden deaths among ICD
recipients may even be higher.100 Numerous tests have been
proposed to improve the prediction of SCD as opposed to
total mortality.46,101,102 These include programmed electric
stimulation, various tests of autonomic nervous system func-
tion, standard ECG findings such as QT variability or
dispersion, microvolt T wave alternans, and others. Recent
data suggest that because of the complexities of the substrates
underlying SCD, multiple risk factors used in combination
are likely to provide better prediction of SCD risk than any
individual risk marker.51,103

Although positive results have been reported in selected
populations (eg, programmed stimulation in post MI patients
with intermediate LV ejection fraction values),39,59 no single
test strategy has proven to be sufficiently sensitive and
specific to justify widespread adoption. New imaging tech-
niques now exist for assessing a range of myocardial patho-
physiological processes that may be implicated in the path-
ways that lead to SCD. Magnetic resonance based imaging
can quantify cardiac structure and function and the presence
and extent of myocardial fibrosis and ischemia. New imaging
tracers using positron emission tomography provide measures
of cardiac sympathetic function. These sophisticated imaging
techniques are promising but have not been tested to date in
large studies.104–109

Analyses using combinations of new and old risk factors
may be more valuable. For example, in a retrospective
analysis of the MADIT-II data, Goldenberg et al95 identified
5 variables that might predict benefit of ICD therapy benefit:
New York Heart Association functional class, atrial fibrilla-
tion, QRS duration, age, and moderate renal dysfunction.
Patients with 1, 2, and to a lesser degree 3 risk factors showed
benefit whereas those with 0, �3, or severe renal dysfunction
alone did not. Studies examining various combinations of risk
factors might well improve the efficiency of ICD therapy in
patients with current indications.

There are several populations known to be at substantial
risk for SCD for whom effective management guidelines
have not yet emerged. The early period after MI is
associated with a very high mortality rate, but 2 studies, the
DINAMIT110 and IRIS111 trials, failed to show benefit in total
mortality after ICD implantation. It is noteworthy, however,
that deaths classified as arrhythmic were reduced in patients
randomized to ICD treatment in both studies. Although
medical therapies directed at ischemia and heart failure have
substantially improved outcomes in the early postinfarction
period,112 the ability to identify and treat those specifically at
high risk for arrhythmia would be of importance. There are
other populations that may not benefit because they are at low
risk: for example, patients in the early period after coronary
revascularization.113

Specific pharmacological or device-based antiarrhythmic
therapy has not been well studied in other populations with
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moderate risk, including patients with genetic primary ar-
rhythmia or cardiomyopathy disorders, those with known or
probable ischemic heart disease, patients with heart failure
with normal or only mildly impaired systolic function, and
patients with LV hypertrophy without clinical heart failure.
Although the individual annual SCD risk in these populations
is relatively low, the number of events in some of these
groups may be large. Current strategies to identify the subsets
of patients with sufficient risk to justify intervention and
prescribe appropriate therapy are very limited. Most thera-
peutic approaches have been directed at the underlying
disease processes of the patients (eg, atherosclerosis, ische-
mia, and hypertension) rather than the arrhythmogenic poten-
tials for SCD of these conditions. SCD risk detection strate-
gies in these intermediate-risk but numerically substantial
populations would need to be relatively simple and inexpen-
sive to justify their widespread use. Even for the familial
disorders, such as hypertrophic cardiomyopathy and the long
QT syndrome that increase SCD risk, efforts continue to
refine prediction of risk.15–18

Knowledge Gaps

● Current methods to differentiate patients at highest risk for
arrhythmic death from all-cause death are insufficient and
lack robustness in guiding the use of ICD therapy.

● Data on SCD risk are best developed in patients with
moderate or severe LV dysfunction either after MI or with
chronic ischemic or nonischemic cardiomyopathies. Al-
though patients without severe systolic dysfunction are at
lower individual risk, many sudden deaths occur in such
patients. Strategies for effective risk stratification in these
moderate risk populations should be investigated.

● The optimal approaches for combining potential risk fac-
tors to identify individuals at risk and to target risk factors
for treatment have not been determined.

● The utility of interventions other than ICD therapy, includ-
ing the wearable cardioverter-defibrillator and cardiac re-
synchronization without defibrillation capability in select
populations needs to be better defined.

● The influence of comorbidities including advanced age,
atrial arrhythmias, QRS duration or other ECG parameters,
and renal or other organ dysfunction on the effectiveness
and efficiency of ICD is not well understood.

Specific Recommendations 3
For patients with ICD indications based on current guidelines,
research should assess new approaches that may provide
incremental information on SCD risk beyond LV ejection
fraction.

● For patient groups known to have high all-cause mortality,
research that uses new approaches in assessing risk in SCD
versus non-SCD should be encouraged. Approaches that
involve a combination of risk factors (identified by novel
biomarkers, genetic profiles, and new imaging methods of
cardiac structure and physiology) should be evaluated in
clinical studies.

● At the population level, simple and inexpensive tools should
be developed to identify patients at elevated risk of SCD.

Recommendation 4: Establish Strategies for
SCD Prevention by Targeting
Intermediate-Risk Phenotypes

Background
There are significant differences in prediction and prevention
of SCD at the level of the individual versus the general
population. A particular test or risk factor may enhance risk
prediction in an individual, but may not be deployable as a
screening tool in the general population because of low
overall specificity and limited cost-effectiveness.14 Similarly,
only selected prevention modalities may be deployed in the
general population. The ICD is clearly an effective prevention
modality for the appropriately selected patient, but it has long
been recognized that burgeoning healthcare costs are likely to
limit its use in the community.56 Novel and more cost-
effective methods of SCD screening and prevention will need
to be discovered. There are a number of intermediate-risk
traits (for example, heart failure, CAD, and LV hypertrophy),
that are already being targeted with consequent attenuation of
SCD risk. Measures to prevent CAD will continue to have a
significant and lasting effect on SCD prevention.1 Similarly,
drugs such as �-blockers and angiotensin-converting enzyme
inhibitors contribute to prevention of SCD in the large
number of patients with heart failure and LV systolic dys-
function.114 It is also likely that prevention, reversal, and
attenuation of LV hypertrophy have an impact on SCD
prevention.115 However there are other traits such as heart rate
abnormalities,64,116,117 prolonged QT interval,28,63 and frag-
mented QRS118 that contribute to an increasing list of clinical
phenotypes associated with SCD risk. These could be tar-
geted by focused investigation to explore potential beneficial
effects on the burden of SCD in the community.

Knowledge Gaps

● Intermediate-risk phenotypes or endophenotypes of SCD
remain to be discovered and validated as targets for risk
stratification and ultimately SCD prevention.

Specific Recommendations 4

● Facilitate investigative approaches that target discovery of
SCD intermediate-risk phenotypes.

● Facilitate investigative approaches that target modulation of
SCD intermediate-risk phenotypes for prevention of SCD.

Recommendation 5: Develop
High-Throughput Strategies to Efficiently

Establish the Functional Relevance of Newly
Discovered Genetic Information

Background
There has been an explosion in the discovery of genes
contributing to normal and abnormal myocyte biology, and
with that there has formed a new understanding of the
functional relevance of this emerging genetic information.
For example, disease genes responsible for monogenic syn-
dromes associated with increased SCD risk have added
importantly to our understanding of the broad problem of
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SCD susceptibility by identifying new biological interactions
and pathways whose perturbation increases SCD risk. This
paradigm has highlighted the role of genes encoding ion
channel pore-forming (eg, SCN5A,119 KCNQ1120) and acces-
sory subunits (eg, CACNB2121 and SCN4B122), as well as
cytoskeletal (SNTA1123 ANK2,124 ANK3125) and trafficking
(CAV3126) proteins. Common variants in these genes are now
being studied as modulators of SCD-related phenotypes:
KCNE1 D85N as a risk factor for drug-induced torsades or
the congenital Long QT syndrome127,128 and SCN5A S1103Y
as a modulator of SCD and of Sudden Infant Death Syndrome
risk in African Americans129–131 are examples. Findings in
mouse models of “monogenic” disease also have important
implications for the broad problem of SCD. One example is
the strain-dependence of electrophysiological phenotypes,
reinforcing the idea that genetic background plays a crucial
role in modulating clinical phenotypes.132 Another is the
striking contrast between near-normal electrophysiological
properties of a mutant channel in heterologous expression and
the obvious abnormal phenotype observed in patients133 and
in mice.134 Similarly, cellular mechanisms supporting arrhyth-
mias in the monogenic Timothy Syndrome gene (CACNA1C)
require recruitment of signaling pathways that are not present in
heterologous expression systems, suggesting that there will not
be a 1-size-fits-all approach to successfully evaluate arrhythmia-
causing disease genes.135

Unbiased strategies, exemplified by GWAS approaches,
are identifying new genetic loci and, in some cases, pathways
implicated in arrhythmic disease syndromes. Some of these
GWAS “hits” are in genetic regions known to be important
for normal electrogenesis, such as those encoding ion channels
or intracellular calcium control mechanisms, whereas others are
in regions not previously implicated in cardiac electrophysiol-
ogy. The best-studied example to date is NOS1AP, which as
described above is a regulator of the normal QT interval, and
variants also seem to predict SCD in the community (ARIC,
CHS).87 These findings also reinforce previous observations
suggesting that QT prolongation (eg, post-MI) is a marker for
SCD28,136 NOS1AP variants have been implicated as modu-
lators of risk in the congenital long QT syndromes,137 and
have been associated with variability in calcium channel
blocker-associated SCD.138 The latter observations highlight
the facts that (1) drug-induced arrhythmias may represent a
useful model within which to explore SCD risk variation, and
(2) SCD due to drug exposure may be more common than
previously appreciated and may have a “non-QT” component.
Another example is sequence variation in SCN10A, which
encodes the Nav1.8 sodium channel pore-forming subunit,
which has recently been associated with cardiac conduction
parameters, including QRS duration,139,140 which is a predic-
tor of SCD.141 New pathways and mechanisms regulating
cellular electrophysiology have the potential to influence
SCD susceptibility. Examples are stretch,142 trafficking,143,144

and intracellular signaling pathways.145 Dysregulation of
microRNA expression has also recently been implicated as a
modulator of channel dysfunction that leads to SCD
susceptibility.146,147

A range of methods, including heterologous expression in
cells and genetically modified animal models, are available to

study the function of protein-coding genes and to assess the
consequences of missense and nonsense sequence variants.
However, all of these approaches suffer from their relatively
low throughput, particularly when detailed electrophysiological
function is to be ascertained. Efficient strategies to determine
how sequence variants in noncoding regions influence SCD
predisposition are even more elusive. Novel approaches, such as
screens using zebrafish148,149 or Drosophila,150 are an important
advance. It is also conceivable that embryonic stem cell and
induced pluripotent stem cell-derived cardiomyocytes may pro-
vide additional high-throughput assay systems151,152 relevant to
SCD prediction and prevention.

Knowledge Gaps

● The functional relevance and mechanisms of action of
sequence variants in genes associated with increased risk of
SCD are largely unknown.

● Experimental strategies to evaluate the physiological rele-
vance of individual genes/gene products, sequence variants
in genes, and pathways are inefficient and may not provide
relevant information for human disease susceptibility.

Specific Recommendations 5

● Establish high-throughput tools to determine functional
relevance of newly discovered genetic information.

● Evaluate candidate genes in multiple systems.

Recommendation 6: Establish Multiscale
Integrative Models, Including Molecular,
Cellular, and Organ Level, Animal, and

Computational, Relevant to Human
Electrophysiology and Disease

Background
A fundamental tenet in the field is that SCD represents the
interaction between triggers and a susceptible substrate. A
corollary of this concept, yet unproven, is the notion that
improved understanding of triggers and substrate, at varying
levels of complexity ranging from molecular through the
emerging field of systems biology, is likely to provide insight
into SCD prediction and prevention.153,154 For example,
recent theoretical, experimental, and clinical data suggest that
the Purkinje fiber network is an important arrhythmic trigger
in disease states, including acquired and inherited syn-
dromes.155–158 Experimental data with potential relevance to
arrhythmic behavior and SCD derives from multiple domains,
including molecular structure and dynamics,159,160 gene ex-
pression networks,161 cellular,162 organ-level163–165 and whole
organism166 behavior. Multiscale models representing the
different levels of structural and functional integration will be
required to explore behavior from the molecule to the organ
to the patient.167 This involves bridging the spatial and
temporal scales, from nanometer to meter, and from nano-
seconds to minutes, hours or longer.168 Such an endeavor will
require developing new algorithms and approaches to achieve
necessary levels of integration. Furthermore, to address the
contribution of various factors to the origin and maintenance
of arrhythmias, simulations will increasingly become multi-
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faceted, representing the consequences of factors such as soft
tissue mechanics and fluid dynamics on electrophysiological
behaviors.169,170 Finally, the relationship between structure
and electric function at the various (molecular, cellular,
tissue, organ) levels of complexity in the heart will have to be
incorporated in a comprehensive manner in arrhythmia mod-
els and simulations.171 Cardiac function at any level cannot be
dissociated from the underlying structure. This relationship
holds special prominence in the mechanisms of arrhythmo-
genesis in cardiac disease and needs to be reflected in the
modeling efforts.172

Some of these modeling and simulation approaches are
already under development, including (1) a canine epicardial
action potential model that reproduces a wide range of
experimentally observed rate-dependent behaviors such as
adaptation, restitution, and accommodation173; (2) an updated
mathematical model of CaMKII signaling in the canine
epicardial infarct border zone,174 which establishes abnormal
CaMKII signaling as an important component of remodeling;
(3) new models of the neonatal mouse ventricular myocyte,175

rabbit ventricular myocyte,176 and human atrial myocyte177;
(4) a human Purkinje cell model155; (5) the first action
potential model that integrates excitation-contraction cou-
pling and mitochondrial bioenergetics178 and the application
of this model to examine the control and regulation of oxygen
consumption179; (6) a mathematical model of Ca2� spark
triggering under voltage-clamp conditions that predicts
changes in excitation-contraction coupling “gain” resulting
from diverse experimental interventions180; and (7) a rabbit
sino-atrial node model featuring coupled subsarcolemmal
Ca2� and sarcolemmal voltage clocks.181

Similarly, there is progress in understanding the dynamic
mechanisms that underlie alternans, arrhythmogenesis, and
the transition from VT to VF.182,183 This new framework
builds on the knowledge that alternans at the cellular level
can be caused by dynamical instabilities arising from either
membrane voltage (Vm) attributable to steep APD restitution
and/or to calcium (Ca) cycling.184,185 Emerging novel insights
include mechanistic links between Ca sparks and whole-cell
Ca alternans,186 as well as the role of fibroblast-myocyte
coupling in cardiac alternans.187

Progress in SCD prediction may also derive from a new
class of integrative models that rely on reconstructions of
cardiac structure from histology or structural imaging modal-
ities. Examples include 3-dimensional reconstructions of
sinoatrial and atrioventricular nodes,188 as well as image-
based reconstructions of the heart and remodeling associated
with infarction or heart failure. These may serve to demon-
strate the role of infarct scar morphology in VT and the
emergence of 3-dimensional electromechanical delay in heart
failure.189

The electrocardiographic imaging technique,190 which rep-
resents an inverse problem where the epicardial potential is
determined from body surface potentials and computed to-
mography, has made a major foray into clinical applications.
In a series of studies, the investigators imaged noninvasively
atrial repolarization, ventricular bigeminy, and ablation of
accessory pathways.191–194 One can easily imagine extension

of this approach to use functional imaging to enhance
prediction of those at risk of SCD.

Knowledge Gaps

● Strategies to integrate data across scales of increasing
complexity, from molecule to cell, tissue, the whole heart,
and ultimately the patient are lacking.

● Methods to extrapolate mechanisms from animal models of
arrhythmogenesis to the human heart are incompletely
developed.

● Patient-specific approaches to prediction and prevention of
SCD are not well established.

● Accessible interfaces that allow utilization of computer
models by nonexperts are needed.

● The theoretical and mechanistic bases of how complex
systems undergo transitions from stable to unstable behav-
ior are poorly understood.

Specific Recommendations 6

● Establish multiscale models to integrate behavior from the
molecule to the organ and the patient.

● Enhance acceptance and utilization of such models to
achieve improved mechanistic understanding of arrhyth-
mogenesis as well as the effects and implications of new
antiarrhythmia therapies.

Conclusion
The prediction and prevention of SCD remains an enormous
challenge. Despite the accumulation of remarkable insight
into the genetic basis and regulation of cardiac excitability,
translation of this knowledge into novel strategies to identify
the majority of individuals at risk of SCD is lacking, as it has
targeted antiarrhythmic therapy. Translating new genetic
information into improved understanding of physiology and
disease represents a bottleneck to progress in mechanistic
SCD research. Recent population, clinical, and basic science
research studies, however, suggest there are real opportunities
to improve our ability to identify individuals at moderate and
high risk of SCD and to intervene to diminish such risk.
Nonetheless, the complexity of the problem cannot be over-
stated and integrative strategies spanning a broad range of
scales from molecular through organism and population
studies, will be required to make progress in this area.
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Ehret GB, Orrú M, Pattaro C, Köttgen A, Perz S, Usala G, Barbalic M,
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Pershagen G, Rosenqvist M, Sjögren B, Bellander T. Rapid effects of air
pollution on ventricular arrhythmias. Eur Heart J. 2008;29:2894–2901.

92. Reinier K, Stecker EC, Vickers C, Gunson K, Jui J, Chugh SS. Incidence
of sudden cardiac arrest is higher in areas of low socioeconomic status:
a prospective two year study in a large United States community.
Resuscitation. 2006;70:186–192.

93. Connolly SJ. Meta-analysis of antiarrhythmic drug trials. Am J Cardiol.
1999;84:90R–93R

94. 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;30:1245–1253.

95. Goldenberg I, Vyas AK, Hall WJ, Moss AJ, Wang H, He H, Zareba W,
McNitt S, Andrews ML. Risk stratification for primary implantation of
a cardioverter-defibrillator in patients with ischemic left ventricular
dysfunction. J Am Coll Cardiol. 2008;51:288–296.

96. Tung R, Zimetbaum P, Josephson ME. A critical appraisal of implantable
cardioverter-defibrillator therapy for the prevention of sudden cardiac death.
J Am Coll Cardiol. 2008;52:1111–1121.

97. Mason PK, DiMarco JP. Unresolved issues in implantable cardioverter-
defibrillator therapy. Cardiol Clin. 2008;26:433–439, vii.

98. Zipes DP, Camm AJ, Borggrefe M, Buxton AE, Chaitman B, Fromer M,
Gregoratos G, Klein G, Moss AJ, Myerburg RJ, Priori SG, Quinones
MA, Roden DM, Silka MJ, Tracy C, Smith SC, Jr., Jacobs AK, Adams
CD, Antman EM, Anderson JL, Hunt SA, Halperin JL, Nishimura R,
Ornato JP, Page RL, Riegel B, Blanc JJ, Budaj A, Dean V, Deckers JW,
Despres C, Dickstein K, Lekakis J, McGregor K, Metra M, Morais J,
Osterspey A, Tamargo JL, Zamorano JL. ACC/AHA/ESC 2006
guidelines 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 and the
European Society of Cardiology Committee for Practice Guidelines
(Writing Committee to Develop Guidelines for Management of Patients
with Ventricular Arrhythmias and the Prevention of Sudden Cardiac
Death). J Am Coll Cardiol. 2006;48:e247–346.

99. Epstein AE, Dimarco JP, Ellenbogen KA, Estes NA, III, Freedman RA,
Gettes LS, Gillinov AM, Gregoratos G, Hammill SC, Hayes DL, Hlatky
MA, Newby LK, Page RL, Schoenfeld MH, Silka MJ, Stevenson LW,
Sweeney MO. ACC/AHA/HRS 2008 guidelines for device-based
therapy of cardiac rhythm abnormalities. Heart Rhythm. 2008;5:e1–e62.

Fishman et al SCD Prediction and Prevention 2345

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 18, 2020



100. Hammill SC, Kremers MS, Stevenson LW, Kadish AH, Heidenreich
PA, Lindsay BD, Mirro MJ, Radford MJ, Wang Y, Curtis JP, Lang CM,
Harder JC, Brindis RG. Review of the registry’s second year, data
collected, and plans to add lead and pediatric ICD procedures. Heart
Rhythm. 2008;5:1359–1363.

101. Buxton AE. Risk stratification for sudden death in patients with
coronary artery disease. Heart Rhythm. 2009;6:836–847.

102. Buxton M, Caine N, Chase D, Connelly D, Grace A, Jackson C, Parkes
J, Sharples L. A review of the evidence on the effects and costs of
implantable cardioverter defibrillator therapy in different patient groups,
and modelling of cost-effectiveness and cost-utility for these groups in
a UK context. Health Technol Assess. 2006;10:iii-iv, ix-xi, 1–164.

103. Amit G, Rosenbaum DS, Super DM, Costantini O. Microvolt T-wave
alternans and electrophysiologic testing predict distinct arrhythmia sub-
strates: implications for identifying patients at risk for sudden cardiac
death. Heart Rhythm. 2010;7:763–768.

104. Yan AT, Shayne AJ, Brown KA, Gupta SN, Chan CW, Luu TM, Di
Carli MF, Reynolds HG, Stevenson WG, Kwong RY. Characterization
of the peri-infarct zone by contrast-enhanced cardiac magnetic res-
onance imaging is a powerful predictor of post-myocardial infarction
mortality. Circulation. 2006;114:32–39.

105. Villuendas R, Kadish AH. Cardiac magnetic resonance for risk stratifi-
cation: the sudden death risk portrayed. Prog Cardiovasc Dis. 2008;51:
128–134.

106. Kwon DH, Smedira NG, Rodriguez ER, Tan C, Setser R, Thamilarasan
M, Lytle BW, Lever HM, Desai MY. Cardiac magnetic resonance
detection of myocardial scarring in hypertrophic cardiomyopathy: cor-
relation with histopathology and prevalence of ventricular tachycardia.
J Am Coll Cardiol. 2009;54:242–249.

107. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen EL, Simonetti O, Bundy
J, Finn JP, Klocke FJ, Judd RM. Relationship of MRI delayed contrast
enhancement to irreversible injury, infarct age, and contractile function.
Circulation. 1999;100:1992–2002.

108. Schmidt A, Azevedo CF, Cheng A, Gupta SN, Bluemke DA, Foo TK,
Gerstenblith G, Weiss RG, Marban E, Tomaselli GF, Lima JA, Wu KC.
Infarct tissue heterogeneity by magnetic resonance imaging identifies
enhanced cardiac arrhythmia susceptibility in patients with left ventric-
ular dysfunction. Circulation. 2007;115:2006–2014.

109. Tamaki S, Yamada T, Okuyama Y, Morita T, Sanada S, Tsukamoto Y,
Masuda M, Okuda K, Iwasaki Y, Yasui T, Hori M, Fukunami M.
Cardiac iodine-123 metaiodobenzylguanidine imaging predicts sudden
cardiac death independently of left ventricular ejection fraction in
patients with chronic heart failure and left ventricular systolic dys-
function: Results from a comparative study with signal-averaged elec-
trocardiogram, heart rate variability, and QT dispersion. J Am Coll
Cardiol. 2009;53:426–435.

110. Hohnloser SH, Kuck KH, Dorian P, Roberts RS, Hampton JR, Hatala R,
Fain E, Gent M, Connolly SJ. Prophylactic use of an implantable
cardioverter-defibrillator after acute myocardial infarction. N Engl
J Med. 2004;351:2481–2488.

111. Steinbeck G, Andresen D, Seidl K, Brachmann J, Hoffmann E, Wojcie-
chowski D, Kornacewicz-Jach Z, Sredniawa B, Lupkovics G, Hof-
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Apothéloz F, Cordonier S, Staub O, Rotin D, Abriel H. Molecular
determinants of voltage-gated sodium channel regulation by the Nedd4/
Nedd4-like proteins. Am J Physiol Cell Physiol. 2005;288:C692–701.

145. Busjahn A, Seebohm G, Maier G, Toliat MR, Nürnberg P, Aydin A,
Luft FC, Lang F. Association of the serum and glucocorticoid regulated
kinase (sgk1) gene with QT interval. Cell Physiol Biochem. 2004;14:
135–142.

146. Luo X, Lin H, Pan Z, Xiao J, Zhang Y, Lu Y, Yang B, Wang Z.
Down-regulation of miR-1/miR-133 contributes to re-expression of
pacemaker channel genes HCN2 and HCN4 in hypertrophic heart. J Biol
Chem. 2008;283:20045–20052.

147. Xiao L, Xiao J, Luo X, Lin H, Wang Z, Nattel S. Feedback remodeling
of cardiac potassium current expression: a novel potential mechanism
for control of repolarization reserve. Circulation. 2008;118:983–992.

148. Burns CG, Milan DJ, Grande EJ, Rottbauer W, MacRae CA, Fishman
MC. High-throughput assay for small molecules that modulate zebrafish
embryonic heart rate. Nat Chem Biol. 2005;1:263–264.

149. Milan DJ, Kim AM, Winterfield JR, Jones IL, Pfeufer A, Sanna S,
Arking DE, Amsterdam AH, Sabeh KM, Mably JD, Rosenbaum DS,
Peterson RT, Chakravarti A, K[umk]aäb S, Roden DM, MacRae CA.
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