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Pretface

Sudden cardiac death continues to present an important challenge in Europe,
the United States, and other developed countries. Major difficulties exist in
identifying individuals at risk prior to an episode of a ventricular tachyar-
rhythmia or a sudden cardiac arrest, and in responding in a timely fashion to
the person suffering from the catastrophic event out of hospital. The European
Society of Cardiology has established guidelines on how to address some of
these issues. Another set of guidelines on evaluation and treatment of patients
with ventricular arrhythmias and sudden cardiac arrest, created by joint writ-
ing committees from the American College of Cardiology, the American Heart
Association, the European Society of Cardiology, and the Heart Rhythm Soci-
ety, will further promote the approaches to individuals with diverse cardiac
problems who are at risk of ventricular tachyarrhythmias and sudden cardiac
death.

This book is part of the ESC Education Series and provides background
information about the guidelines. The focus is to present an update on what
we know about sudden cardiac arrest, from basic experimental studies to clin-
ical trials. The book also serves as a compliment to the core syllabus on this
topic.

Because sudden cardiac arrest is no respecter of geographic boundaries, we
thought a unique contribution would be to have chapters co-authored by
experts on both sides of the Atlantic to derive a truly international view on
the topic. Therefore, each chapter has one or more European and American
authors presenting a united view of the topic.

Chapter topics include epidemiology, genetics, arrhythmogenic mechan-
isms, risk stratification, autonomic nervous system, phenotypes, and there
are also chapters on disease states and special populations, including coronary
artery disease, cardiomyopathies, inherited diseases, valvular heart disease,
heart failure, drugs, and athletes. Finally, there are chapters on drug, device
and ablation treatments, and cost-effectiveness.

We plan future updates as new evidence from clinical and basic science
provide substantial innovations to the field. An update of the book will parallel
the publication of new sets of Guidelines.

We would like to dedicate this book to the memory of two outstanding cardi-
ologists, Ronald Campbell and Anthony Ricketts, who have made important
contributions to our understanding of sudden cardiac arrest and tragically
succumbed to it.
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CHAPTER 1

Epidemiology of cardiac
arrest

Robert J. Myerburg and Hein J.J. Wellens

Epidemiological studies related to sudden cardiac death (SCD) remain
challenging for both theoretical and practical reasons. There are persisting
fundamental questions about definition, inconsistencies in access to data, vari-
ations in pathophysiological mechanisms and their clinical recognition, and
distinctions between population risk and individual risk. In addition, the emer-
ging field of genetic epidemiology adds a new dimension for study, and there is
need for focus on interventional epidemiology, the latter being a term coined
to define the population dynamics of therapeutic outcomes. This chapter will
provide an overview of each of these components of the epidemiology of SCD.

Basic definitions of SCD

A generally accepted definition of SCD is natural death due to cardiac causes,
heralded by abrupt loss of consciousness within an hour of the onset of acute
symptoms. Preexisting heart disease may or may not have been previously
recognized, but the time and mode of death are unexpected [1]. The term
“unexpected” is the hallmark of the definition because it permits inclusion of
a broad range of preceding clinical states, having different levels risk.

Four time elements must be considered in the construction of a definition of
SCD to satisty clinical, scientific, legal, and social considerations: prodromes,
onset, cardiac arrest, and progression to biological death. The proximate cause
of SCD is an abrupt cessation of blood flow that is incompatible with main-
taining life if allowed to persist. The 1-h definition is arbitrary and refers to
the duration of the “terminal event,” which defines the interval between the
onset of symptoms signaling the pathophysiological disturbance leading to
cardiac arrest and the onset of the cardiac arrest itself. A 24-h definition may
be used as a SCD definition for unwitnessed deaths of victims known to be
alive and functioning normally prior to being found, and this is appropriate
within obvious limits. However, the temporal definition used aftects the relat-
ive incidence of cardiac causes of sudden death and the frequency of specific
cardiac disorders [1].
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Biological death was viewed as an immediate consequence of cardiac arrest
in the past, usually occurring within minutes. However, since the develop-
ment of community-based interventions and life support systems, patients
may now remain biologically alive for a long period of time after the onset of
a pathophysiological process that has caused irreversible damage. In this cir-
cumstance, the causative pathophysiological and clinical event is the cardiac
arrest itself, rather than the factors responsible for the delayed biological death.
However, for legal, forensic, and certain social considerations, biological death
is the absolute definition, in contrast to cardiac arrest, which retains survival
potential.

Clinical definitions of cardiac arrest and SCD are categorized as “primary”
or “secondary.” These classifications are used in many clinical trials and some
epidemiological surveys. “Secondary” refers to a cardiac arrest or SCD in an
individual who has survived a prior cardiac arrest or its equivalent. Common
use of the term “primary” is more complex, generally referring to an event
in an individual who has not had a prior cardiac arrest, regardless of the clinical
severity of the underlying disease. The term also refers to arrthythmic collapse
as an initial or isolated feature of the disease (primary cardiac arrest — PCA), in
the absence of a recognized acute state (such as acute myocardial infarction)
that is an identified trigger for the event. By strict epidemiological definitions,
however, none of these usages of “primary” is correct, since the term refers
to the prevention of the underlying disease state, rather than of a clinical
manifestation. Conversely, all cardiac arrests associated with underlying dis-
eases are “secondary” events. Despite these differences epidemiologically, the
common usage remains ingrained in clinical medicine.

General epidemiology of SCD

Overview

The worldwide incidence of SCD is difficult to estimate because it varies largely
as a function of prevalence of coronary heart disease in different countries
[2,3]. Estimates for the United States, largely based upon retrospective death
certificate analyses [4-6] and an emergency rescue database in one study [7]
range from less than 200000 to more than 450000 SCDs annually, with
the most widely used estimates in the range of 300 000-350 000 SCDs [8].
This accounts for an incidence of 0.1-0.2% per year among the population
>35 years of age. Event rates in Europe are similar to those in the United States
[9]. These ranges of estimates are based, in part, on the definition of sudden
death and inclusion criteria used in individual studies, and the correct num-
ber can only be defined from a carefully designed prospective epidemiological
study. A recent study in a single city in the United States, using a prospective
design for data collection, suggested a significantly lower national incidence
when extrapolated to the entire country [10]. Because of geographic pop-
ulation variations [11], however, such extrapolations must be viewed with
caution.
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Approximately 50% of all coronary heart disease deaths are sudden and
unexpected, often occurring shortly after the onset of symptoms. Because
coronary heart disease is the dominant cause of both sudden and nonsudden
cardiac deaths in the United States and Europe, the fraction of total cardiac
deaths that are sudden is similar to the fraction of coronary heart disease deaths
that are sudden. It is also of interest that the age-adjusted decline in coronary
heart disease mortality in the United States during the past half-century has
not changed the fraction of coronary deaths that are sudden and unexpected
[12,13]. Furthermore, the decreasing age-adjusted mortality does not imply
a decrease in absolute numbers of cardiac or sudden deaths because of the
growth and aging of the population and the increasing prevalence of chronic
heart disease [14,15].

Population subgroups and SCD

When the more than 300 000 adult SCDs that occur annually in the United
States are viewed as a global incidence in an unselected adult population, the
overall incidence is 1 to 2/1000 (0.1-0.2%) per year. This large population
base includes those victims whose SCDs occur as a first cardiac event, as well
as those whose SCDs can be predicted with greater accuracy because they are
included in higher-risk subgroups. Any intervention designed for the general
population must be applied to the 999/1000 who will not have an event,
in order to reach and possibly influence the 1/1000 who will have. The cost
and risk-to-benefit uncertainties limit the nature of broad-based interventions
and demand a higher resolution of risk identification. Figure 1.1(a) highlights
this problem by expressing the incidence (percent/year) of SCD among vari-
ous subgroups and comparing the incidence figures to the total number of
events that occur annually in each subgroup. By moving from the total adult
population to a subgroup at higher risk because of the presence of selected
coronary risk factors, there may be a 10-fold or greater increase in the incid-
ence of events annually, with the magnitude of increase dependent on the
number of risk factors operating in the subgroup [15]. The size of the denomin-
ator pool, however, remains very large, and implementation of interventions
remains problematic, even at this heightened level of risk. Higher resolution
is desirable and can be achieved by identification of more specific subgroups.
However, the corresponding absolute number of deaths become progressively
smaller as the subgroups become more focused, limiting the potential benefit
of interventions to a much smaller fraction of the total number of patients
at risk. Various estimates suggest that at least two-third of all SCDs due to
coronary heart disease occur as a first clinical event or among subgroups of
patients thought to be at relatively low risk for SCD [12] (Figure 1.1(b)).

Time-dependence of risk

Temporal influences on the risk of SCD have been analyzed in the context of
both biological and clinical chronology. In the former, epidemiological ana-
lyses of SCD risk among populations have identified three patterns: diurnal,
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Figure 1.1 Distribution of SCD risk According to clinical and population profiles.

(a) The figure shows estimates of incidence (percent/year) and the total number of
events per year for the general adult population in the United States, and for
increasingly higher-risk subgroups. With the identification of increasingly powerful
markers of risk, the incidence increases progressively, accompanied by a progressive
decrease in the total number of events contained within each successive subgroup.
Successful interventions among larger population subgroups will require
identification of new markers, specific for high risk of a future event. Modified from
Reference 15; reproduced with permission of the American Heart Association, Inc.
(b) The figure demonstrates the distribution of clinical status of victims at the time of
SCD. Nearly two-third of cardiac arrests occur as the first clinically manifest event or
in the clinical setting of known disease in the absence of strong risk predictors.
Modified from Reference 12.

weekly, and seasonal. General patterns of heightened risk during the morn-
ing hours, on Mondays, and during the winter months have been described
[15,16]. In the clinical paradigm, risk of SCD is not linear as a function of
time after changes in cardiovascular status. Survival curves after major cardio-
vascular events, which identify risk for both sudden and total cardiac death,
usually demonstrate that the most rapid rate of attrition occurs during the first
6—18 months after the index event. Thus there is a time-dependence of risk
that focuses the opportunity for maximum efficacy of an intervention during
the early period after a conditioning event [15]. Curves that have these charac-
teristics have been generated from among survivors of out-of-hospital cardiac
arrest, new onset of heart failure, and unstable angina, and from high-risk sub-
groups of patients having recent myocardial infarction [8,15]. Even though
attrition rates decrease over time, an effective intervention can still cause late
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diversion of treated versus control risk curves, indicating continuing bene-
fit. The patterns of early and late separation of curves reflect two different
dimensions of time-dependent risk.

Age, heredity, gender, and race

Age

There are two ages of peak incidence of sudden death: between birth and
6 months of age (the sudden infant death syndrome) and between 45 and
75 years of age. Among the general adult population, the incidence of sudden
death increases dramatically as a function of advancing age [17], in paral-
lel with the age-related increase in incidence of total coronary heart disease
deaths. For subgroups with advanced heart disease, the higher risk associated
with the disease state blunts the impact of age. The incidence is 100-fold less in
adolescents and adults below 30 years of age [18-20] (1 in 100 000 per year),
than it is in adults above 35 years age of (1 in 1000 per year) [12].

Heredity

Among the less common causes of SCD, hereditary patterns have been repor-
ted for specific syndromes, such as the congenital long-QT-interval syndromes,
hypertrophic cardiomyopathy, right ventricular cardiomyopathy, the Brugada
syndrome, “idiopathic” ventricular tachycardia/fibrillation, and yet-to-be-
defined patterns of familial SCD in children and young adults (see Chapter 9).
Mutations and functioning polymorphisms are being mapped to genes loc-
ated on many chromosomes, as the molecular bases for the entities are being
defined. In addition, these observations may provide screening tools for indi-
viduals at risk for SCD due to more common causes, such as coronary heart
disease [21] (see Section on Genetic Epidemiology). To the extent that SCD
is an expression of underlying coronary heart disease, hereditary factors that
contribute to coronary heart disease risk have been thought to operate non-
specifically for the SCD syndrome. However, recent studies have identified
mutations and polymorphisms along multiple steps of the cascade from ath-
erogenesis to plaque destabilization, thrombosis, and arrhythmogenesis, many
of which are associated with altered risk of coronary events [22-25].

Gender

The risk of SCD is four to seven times greater in males compared with females
during the young adult and early middle-age years because of the protec-
tion females enjoy from coronary atherosclerosis before menopause [26]. As
coronary event risk increases in postmenopausal women, SCD risk increases,
perhaps disproportionately, and the excess in males fades. Even though the
overall risk is much lower in younger women, the classic coronary risk
factors are still predictive of events among women [1,26], including cigarette
smoking, diabetes, use of oral contraceptives, and hyperlipidemia.
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Race

A number of early studies comparing racial differences in relative risk of SCD in
whites and African Americans with coronary heart disease in the United States
had yielded conflicting and inconclusive data. However, recent studies have
demonstrated excess risk of cardiac arrest and SCD among African Americans
compared with whites [27,28]. SCD rates among Hispanic populations were
smaller. The differences were observed across all age groups.

Conventional coronary risk factors and SCD

Risk profiling for coronary atherogenesis is useful for identifying levels of
population risk and individual risk [29], but cannot be used to distinguish
individual patients at risk for SCD from those at risk for other manifestations
of coronary heart disease. Multivariate analyses of selected risk factors (i.e.
age, systolic blood pressure, heart rate, electrocardiographic abnormalities,
vital capacity, relative weight, cigarette smoking, diabetes mellitus, and serum
cholesterol) have determined that approximately one-half of all SCDs occur
among the 10% of the population in the highest risk decile, based upon mul-
tiple risk factors. Thus, the cumulative risk derived from multiple risk factors
exceeds the simple arithmetic sum of the individual risks [29]. In addition,
angiographic and hemodynamic patterns discriminate SCD risk from non-SCD
risk only under limited circumstances. In contrast, familial clustering of SCD
as a specific manifestation of the disease may lead to identification of specific
genetic abnormalities that predispose to SCD [30,31].

Hypertension is a clearly established risk factor for coronary heart disease
and also emerges as a highly significant risk factor for incidence of SCD [32].
However, there is no influence of increasing systolic blood pressure levels on
the ratio of sudden deaths to total coronary heart disease deaths. No relation-
ship has been observed between cholesterol concentration and the proportion
of coronary deaths that are sudden. Neither the electrocardiographic pattern
of left ventricular (LV) hypertrophy nor nonspecific ST-T-wave abnormal-
ities influence the proportion of total coronary deaths that are sudden and
unexpected; only intraventricular conduction abnormalities are suggestive of
a disproportionate number of SCDs [1]. The latter is an old observation that
was recently reinforced by data from device trials that suggests the importance
of QRS duration as a risk marker [33].

The conventional risk factors used in early studies of SCD are the risk factors
for evolution of coronary artery disease. The rationale is based on two facts:
(1) coronary disease is the structural basis for 80% of SCDs in the United States
and Europe, and (2) the coronary risk factors are easy to identify because they
tend to be present continuously over time (Figure 1.2). However, risk factors
specific for fatal arrhythmias are dynamic pathophysiological events and occur
transiently [13,15]. Transient pathophysiological events are being modeled
epidemiologically [21], in an attempt to express and use them as clinical risk
factors for both profiling and intervention.
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(a) Cascade for sudden death in coronary heart disease

Conventional coronary
risk factors; plaque formation

!
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Quiescent state inflammation g

. !
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Figure 1.2 Cascade for sudden cardiac death in coronary heart disease and levels of
clinical prediction. (a) The figure demonstrates the cascade from conventional risk
factors for coronary atherosclerosis to arrhythmogenesis in SCD due to coronary heart
disease. The cascade identifies four levels of evolution, beginning with lesion
initiation and development, progressing to the transition to an active state, then to
acute coronary syndromes, and finally to the specific expression of life-threatening
arrhythmias. Modified from Reference 21 with permission. (b) The figure
demonstrates categories of risk factors. Conventional risk factors and anatomic disease
screening have general use for predicting risk but with low sensitivity. They are not
specific for arrhythmic deaths. Clinical predictors have variable power, some of which
are useful as predictors for cardiac arrest and SCD, and have been widely used in the
design of arrhythmia intervention trials. Transient risk predictors and individual risk
prediction (see Figure 1.4) offer the hope for more powerful individual prediction of
risk of SCD. Modified from Reference 12.
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Lifestyle and psychosocial factors

Lifestyle

There is a strong association between cigarette smoking and all manifestations
of coronary heart disease. The Framingham Study demonstrates that cigarette
smokers have a two-fold to three-fold increase in sudden death risk in each
decade of life at entry between 30 and 59 years, and that this is one of the
few risk factors in which the proportion of coronary heart disease deaths that
are sudden increases in association with the risk factor [34]. In addition, in a
study of 310 survivors of out-of-hospital cardiac arrest, the recurrent cardiac
arrest rate was 27% at 3 years of follow-up among those who continued to
smoke after their index event, compared with 19% in those who stopped [35]
(p < .04).

Obesity is a second factor that appears to influence the proportion of
coronary deaths that occur suddenly [34]. With increasing relative weight,
the percentage of coronary heart disease deaths that were sudden in the
Framingham Study increased linearly from a low of 39% to a high of 70%.
Total coronary heart disease deaths increased with increasing relative weight
as well. Associations between levels of physical activity and SCD have been
studied, with variable results. Epidemiological observations have suggested a
relationship between low levels of physical activity and increased coronary heart
disease death risk. The Framingham Study, however, showed an insignificant
relationship between low levels of physical activity and incidence of sudden
death and a high proportion of sudden to total cardiac deaths at higher levels
of physical activity [34]. A case-crossover cohort study demonstrated a 17-fold
relative increase in vigorous exercise-associated SCD, compared to lower-level
activity or inactive states [36]. However, the absolute risk for events was very
low (1 event per 1.5 million exercise sessions). Habitual vigorous exercise
attenuated risk. In contrast, SCD among young athletes has a higher incid-
ence than among young nonathletic individuals in the same age range [37].
Information about physical activity relationships in various clinical settings,
such as overt and silent disease states, is still lacking.

Psychosocial factors

The magnitude of recent life changes in the realms of health, work, home and
family, and personal and social factors have been related to myocardial infarc-
tion and SCD [38,39]. There is an association between significant elevations of
life-change scores during the 6 months before a coronary event, and the asso-
ciation is particularly striking in victims of SCD. Among women, those who
die suddenly are less often married, had fewer children, and had greater edu-
cational discrepancies with their spouses than did age-related controls living
in the same neighborhood as the sudden death victims. A history of psychiatric
treatment, cigarette smoking, and greater quantities of alcohol consumption
than the controls also characterized the sudden death group. Controlling for
other major prognostic factors, risk of sudden and total deaths, and other
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coronary events, is impacted by social and economic stresses [40]. Alteration
of modifiable lifestyle factors has been proposed as a strategy for reducing
risk of SCD in patients with coronary heart disease, although a study of treat-
ment of depression following myocardial infarction failed to demonstrate an
effect on event rates [1]. Acute psychosocial stressors have been associated
with risk of cardiovascular events, including SCD. The risk appears to cluster
around the time of the stress, and appear to occur among victims at preexisting
risk, with the stressor simply advancing the time of an impending event [41].

Risk prediction and the coronary heart disease cascade

The cascade of evolution and clinical manifestations of coronary artery
disease leading to risk of SCD can be viewed as a four-stage process: ath-
erogenesis, transition, acute coronary syndromes, and arrhythmogenesis (see
Figure 1.2(a)). The initial stage occurs over a long period of time and must
be viewed from the perspective of population risk, rather than clinical risk,
because event rates are relatively low, even among the higher-risk categories.
Risk markers identified with the transitional state, those factors responsible for
evolution of changes in atherosclerotic plaque anatomy and pathophysiology,
are applicable to subgroups with established disease, even though it may not
yet be clinically expressed. Recent interest in markers of plaque inflamma-
tion as a predictor of risk is an example of the application of pathophysiologic
states in more concentrated population groups. The target is prediction of the
transition of the disease to an active state over shorter time periods. The next
level of the cascade is the onset of an acute coronary syndrome as the prox-
imate trigger of SCD, or other manifestations of the underlying disease. An
example is the variations in response of the thrombotic cascade to onset of the
syndrome.

At the final stage of arrhythmogenesis, there is an interaction between the
ischemic consequences of the earlier stages of the cascade and the generation
of cardiac arrhythmias. This may be related to ion channel behavior at the
single cell level and interactions between ion channel responses, or between
ischemic and nonischemic regions. As one moves along the cascade of risk,
there is the potential for increasing sensitivity and specificity in exchange for
decreasing size of the population denominator. The challenge presently is to
determine how markers of risk at each level of the cascade can be identified
prospectively in order to seek subgroups at especially high risk of events prior
to the onset of acute coronary syndromes. An example of such strategies is
the current interest in the use of inflammatory markers as a predictor of acute
coronary syndromes. The ultimate goal is to use predictors of transient risk to
identify those individuals at risk for the events that trigger fatal arrhythmias
[12,21] (Figure 1.2(b)). Viewed in broad perspective, these may include such
pathophysiologic control mechanisms as autonomic nervous system functions
(e.g. heart-rate variability, baroreceptor sensitivity, measures of alteration of
repolarization, inflammatory markers, and thrombotic cascade markers).
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Risk prediction in dilated cardiomyopathy

Sudden cardiac death among patients with the cardiomyopathies is even more
difficult to predict. While LV ejection fraction (EF) is a strong mortality risk
predictor generally among patients who have dilated cardiomyopathies, it is
not as useful for specifically predicting SCD. It appears that there is a bet-
ter association with functional capacity. For example, among patients with
dilated cardiomyopathy who are classified as functional class I, the risk of
dying is small, but the proportional probability that a death will be sudden,
if it occurs, is relatively high. The fact that this category encompasses a large
number of patients at relatively low risk limits the predictive power for benefit
from interventions. At the other end of the spectrum, functional class IIT and
IV patients are generally at a higher risk of mortality and a higher risk of abso-
lute numbers of SCDs [42], although the proportional risk of sudden death is
somewhat lower. This statement does not incorporate the possible impact of
long-term medical therapy for heart failure on the balance between sudden
and nonsudden deaths.

Interventional epidemiology

The outcomes of clinical trials, observational therapeutic data, and the res-
ults of epidemiological surveys all contribute to the management of risk for
SCD [12]. However, the application of the knowledge gained from each of
these sources of data may differ in terms of its population impact, compared
to individual clinical impact. For example, mining of existing large databases
can identity risk factors or strong associations. Observations are generally
expressed in terms of relative risk statements, and often based on low abso-
lute event rates. Low event rates with large relative differences identify effects,
but usually with limited individual patient impact (Figure 1.3(a)). In contrast,
randomized clinical trials with large absolute differences in outcomes are able
to better define individual patient benefits. Observational studies are limited
by their dependence on anticipated, rather than actual, comparison outcomes.

Studies of the benefit of the implantable cardioverter-defibrillator (ICD)
for individuals at high risk of SCD are instructive. From the time of the first
implant in 1980 until the publication of the first clinical trial in 1996, their
use was initially prescribed on the basis of observational data and clinical judg-
ment, and their use compared to drugs and surgery. This scientific limitation
impeded their initial acceptance. With the publication of a number of ran-
domized trials since 1996, the ICD has moved into the position of preferred
therapy for specifically defined high-risk patients. The clinical trials of ICDs
have included both primary and secondary prevention strategies. While the
usage of the term “primary prevention” for ICD trials is technically incorrect
(see above), it does serve the purpose of subgrouping patients into two general
categories, the study design and outcomes of which might be interpreted and
applied differently.
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Figure 1.3 Outcomes of clinical trials can be expressed as relative risk and absolute
risk improvements, as well as normalized to numbers needed to treat (NNT) or
relative risk (RR) divided by the number of observations (7). (a) Here the clinical trial
or epidemiological survey model, population applications, and practical clinical
applications are related to the goals of identifying an effect, public health impact, or
individual benefit, and the appropriate measures to express outcome in relation to
those goals. (b) Here the relative and absolute risk reductions are demonstrated for
three practical clinical models: the AVID trial [43] the West of Scotland Coronary
Prevention Study (WOSCOPS) [44] demonstrating the effect of statins on mortality
outcome, and the effect of continued cigarette smoking on outcomes after survival
from an initial cardiac arrest [35]. Modified from Reference 45.

All studies of group outcomes of therapy for complex pathophysiological
states must take four factors into account (Figure 1.3(b)): (1) relative risk
reduction, (2) absolute risk reduction, (3) residual risk, and (4) cumulative
benefits of multiple interventions. The primary endpoint reports for all clinical
trials of ICD therapy, and most other large clinical trials, focus on reduction in
relative risk [45,46] since this measure identifies the effect of the intervention.
However, relative risk reduction does not quantify the benefit for the indi-
vidual patient. To do so, a measure of absolute risk reduction is required, such
as the absolute numerical difference in risk observed in the test and control
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groups, or calculations of a number of patients needed to be treated (NNT) in
order to save a life [47].

Other measures of group impact that do not commonly receive attention
include residual risk and cumulative benefit. The former refers to the absolute
outcome among the treated group or test group in a clinical trial population,
which identifies the component of total mortality risk that does not respond
to the tested therapy. If residual risk is very high, the absolute and relative risk
reduction benefits are correspondingly limited. Cumulative benefit refers to
the increment in benefit from integration of multiple interventions. Despite
its importance [45,48], this is rarely stratified in clinical trial designs because
it requires larger study populations, and has not been used prospectively in
any of the ICD or antiarrhythmic trials. Post hoc subgroup analysis can be used
to suggest added benefit of a secondary strategy, but this does not replace
stratifying the multiple interventions.

A comparison of the various measures of outcomes from an ICD trial, con-
trasted with another cardiovascular intervention, is shown in Figure 1.3(b).
The relative and absolute outcomes observed in the Antiarrhythmics Versus
Implantable Device (AVID) study [47] at 2 years of follow-up are compared
to the West of Scotland Coronary Prevention Study (WOSCOPS) [48], a study
of the impact of Pravachol versus placebo in a population of men without
known preexisting coronary artery disease. While the relative risk reduction
for total mortality (at 2 years of follow-up in AVID and 5 years of follow-up
in WOSCOPS), was reasonably close (27% versus 22%), the absolute risk
reduction and residual risks were very different. The absolute benefit in
AVID was 7% over 2 years, whereas in the WOSCOPS, the absolute total
mortality benefit was 0.9% over a study period of 5 years. In addition,
the residual risk in AVID was considerably higher than in the WOSCOPS
population, as might be expected for the populations in the two studies.
The high residual risk in AVID dwarfs, to some extent, the absolute risk
reduction.

In another comparison, ICD use versus amiodarone (AVID), and cessation
of cigarette smoking among survivors of out-of-hospital cardiac arrest [35],
both identity absolute and relative risk benefits of the same general order of
magnitude. However, these two separate observations leads us to question of
whether there is a positive interaction between cigarette smoking cessation
and the ICD (Figure 1.3(b)). Subgroup analyses are not sufficient to answer
these questions. Cessation of cigarette smoking is but one of a number of
interventions that could be tested in parallel with ICD therapy, seeking positive
interactions. The general principle has been suggested for amiodarone and
beta-blockers in post-myocardial infarction patients.

A final consideration in the epidemiology of interventions is the comparison
of entry criteria to actual enrollment. In many of the ICD trials, the range of
EFs and functional classifications were unintentionally biased toward certain
values, limiting the interpretation and proper application of the outcomes
(see Table 1.1). EF entry criteria were largely in the range of <30 to <40%,
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Table 1.1 Comparison of entry criteria to actual enrollment

Reference Ejection fraction Time from qualifying event
Entry Actually enrolled Entry Actually
criterion criterion enrolled

MADIT 49 <35% 26% (£7%) >3 weeks 75% >6 months
(Mean + SD)

MUSIT 50 <40% 30% (21%, 35%) >4 days 39% <1 year
(Median; 25th, 50% >3 years
75th percentile)

MADIT-2 51 <30% 23% (+£5%) >1month  88% >6 months
(Mean + SD)

SCD-HeFT 52 <35% 25% (20%, 30%) Not 24 months
(Median; 25th, specified (28, 25) (Median;
75th percentile) 25th, 75th

percentile)

COMPANION 53 <35% 21% (£5%) Not 43 months (CHF)
(Mean £ SD) specified (Median)

DEFINITE 54 <35% 21% (7-35%) Not 32 months (CHF)
(Mean, range) specified

but enrollment was dominated by lower ranges. Therefore, the benefit to those
with the higher end of the EF range is not clear.

Genetic epidemiology of SCD

Limitations in identifying the individual at risk of SCD from among the gen-
eral population is a major reason why SCD remains an important public health
problem. The ability to identify individual-specific predisposition to expression
of plaque disruption-thrombosis, and of electrophysiological responses leading
to life-threatening arrhythmias, could lead to preventive actions in anticipa-
tion of the potentially fatal disturbances. New insights into specific risk at all
levels of the cascade offer hope for better individual risk prediction, expressed
in terms of higher orders of single-patient probabilities, in contrast to less specific
general population risks [21].

Interest in the evolving constellation of information on genetic control of
ion channel function (see Chapter 9) is reinforced by recent epidemiological
studies, suggesting that SCD may be a patient-specific response in acute coron-
ary syndromes. Two studies have demonstrated a pattern of familial clustering
of SCD, with an excess risk of sudden death as the specific initial manifestation
of an acute coronary syndrome when there is family history of SCD in one par-
ent [30,31], and even higher when both sides of the family are affected [31].
While such familial clustering could be either genetic or environmental, stud-
ies on genetically-based arrhythmia syndromes provide a series of candidate
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Genetic imprints on the coronary heart disease/SCD cascade
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Figure 1.4 Genetic imprints on the cascade from coronary atherogenesis to sudden
cardiac death. Influences of genetic variations on individual risk prediction have been
identified for elements of atherogenesis, plaque evolution, the thrombotic cascade,
and arrhythmia expression. Stepwise integration of these characteristics for
individuals through complex system analysis methods offers the hope of a field of
genetic epidemiology that may lead to higher single-patient probabilities for SCD risk
prediction. Modified from Reference 21, with permission.

genes that could be the targets of studies seeking polymorphisms or mutations
carried by such families. An example is a genetic variant in the cardiac sodium
channel gene (SCN5A) observed among the African American population (car-
rier rate = 13.2%) that appears to predispose to arrhythmias, even though it
does not express as a prototypic long-QT syndrome under control conditions
[55]. Its role in predicting risk of SCD awaits clarification. Although still in
its infancy, the potential impact on predicting and preventing sudden death
could be huge.

A major paradigm shift in the epidemiology of coronary heart disease may
emerge from new insights into the cause and expression of the multiple
elements in the cascade of lesion formation, initiation of acute coronary syn-
dromes, and triggering of cardiac arrest and SCD (Figure 1.4). Conceptually,
nonexpressed variations of DNA sequences in genes encoding ion channel
structure may transpose into an abnormal phenotype under pathophysiologic
conditions, thus integrating with the pathophysiology of the acute coronary
syndrome.

As data applicable to an expanded epidemiological approach evolves, it will
call for a conceptual transformation of the sequential pathophysiologic cascade
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into a complex system analytic model [21,56]. The value of this approach
derives from the fundamental limitation of the ability of conventional risk
factors to identity specific individuals at high risk for SCD (or other manifesta-
tions of coronary artery disease) from among the general population. Because
the majority of SCDs occur in individuals without easily identifiable high
absolute risks for cardiovascular or total mortality (Figure 1.1), and risk is
multifactorial, more precise predictors of single-patient probabilities of risk of
coronary heart disease generally, and SCD in particular, must be sought. This
will have to come from mathematical analyses of the interactions between
multiple risks or complex system analysis.

When viewed from the perspective of a complex system, containing volu-
minous bioinformation, both the difficulty and the opportunity become
evident. Genetic, environmental, and acquired pathophysiological states all
may play roles. The value of genetically-based analysis of risk is the fact that it
provides predetermined patterns far in advance of clinical events. Higher-order
single-patient probabilities, derived from integration of properties at multiple
levels of pathophysiology, will complement the power of risk expression for
individual components of the SCD cascade (Figure 1.4). The ultimate goal is to
profile individual risk at multiple steps in the SCD cascade, generating prob-
ability figures that are powerful enough to be useful for preventive strategies
far in advance of clinical events. The degree to which analysis of genetic inter-
actions can achieve this goal remains speculative [21,57]. However, it is clear
that answering the question can be achieved only by new epidemiological
models, requiring large investments into both the specialized personnel and
computing power needed by a new community of science within the field of
bioinformatics. Closing the gap between the numerator and denominator for
SCD among the general population will offer the hope of having a far greater
impact on the problem of SCD than any other approach has offered in the
past, or will offer in the future, by conventional risk profiling [57].
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CHAPTER 2

Genetic predisposition and
pathology of sudden cardiac
death

Xavier Jouven, Allen P. Burke, and Renu Virmani

Introduction

The incidence of sudden cardiac death (SCD) is reported to be approxim-
ately 300 000-400 000 deaths yearly in the United States depending upon the
definition used (see Chapter 1). Although the most frequent cause of death
is coronary artery disease, there is a variety of underlying substrates for fatal
ventricular arrhythmias, and there is a complex interaction between genetic
and environmental factors regardless of the underlying cardiac disease. A pre-
cise knowledge of the morphology, risk factors, and genetic basis of a large
series of SCDs is necessary to expand our understanding and therefore ability
to prevent this common yet catastrophic event.

Definition of SCD and proportion of unexpected
natural deaths that are cardiac in origin

Sudden cardiac death is defined as natural unexpected death due to cardiac
causes that occurs within a short time after the onset of acute symptoms (usu-
ally instantaneous or within 1 h from the onset of symptoms to cardiac arrest)
[1]. When the definition for sudden death includes duration of symptoms of
less than 1 h between onset and death, 91% of unexpected natural deaths are
due to cardiac arrhythmias. Kuller and colleagues showed that when the defin-
ition is expanded to include deaths with symptoms occurring up to 2 h before
death, 12% of deaths were sudden and 88 % were due to cardiac causes. How-
ever, when the duration of symptoms was increased to 24 h, 32% of deaths
were sudden and cardiac cause of death declined to 75% [2,3]. Therefore, the
stricter the definition of sudden instantaneous death, the smaller the propor-
tion of natural deaths that are sudden, as would be expected, but the higher
the rate that are cardiac in origin, as opposed to deaths due to internal, strokes,
hemorrhages, embolic phenomena, and other noncardiac events.
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Causes of SCD

Virtually any pathologic process that involves the heart may lead to SCD by vir-
tue of a wide variety of mechanisms that may result in terminal arrhythmias.
The most common cause of SCD, especially in Caucasians in developed coun-
tries, is coronary atherosclerosis, accounting for up to 80% [4]. Coronary
atherosclerosis may result in sudden death by arrhythmias arising from areas
of acute myocardial ischemia or healed myocardial infarction, by tampon-
ade secondary to cardiac rupture, and by acute heart failure in cases of
extensive infarcts. Other frequent causes of SCD include infiltrative diseases
(mostly myocarditis and cardiomyopathies), cardiac hypertrophy, valvular
heart disease (Chapter 10), and heart failure (Chapter 11), which are common
substrates for arrhythmia through a variety of interrelated causes (Table 2.1).

The causes of SCD vary with the age of the patient (Tables 2.2-2.5) [6,7].
The highest incidence of sudden death is between birth and 6 months of age
(sudden infant death syndrome) and between 45 and 75 years of age [1]. The
incidence is 100-fold less in adolescents and young adults less than 30 years of
age (one in 100 000 per year) than in adults older than 35 years (one in 1000
per year). In contrast to incidence, the proportion of deaths caused by coronary
heart disease that are sudden and unexpected decreases with advancing age
[1]. Men are more likely to die suddenly than women, possibly because of the
protection from coronary heart disease prior to menopause [1].

The genetic basis for sudden death clearly depends on the underlying
cause. In the case of atherosclerosis, there are a multitude of etiologic factors,
involving inflammatory, oxidative, metabolic, and thrombotic pathways that
are enhanced by a complex interplay between genetic polymorphisms and
environmental factors. There are other causes of sudden death that may be
traced to a single point mutation, such as channelopathies (long-QT syndrome,
Brugada syndrome, catecholaminergic ventricular tachycardia and similar dis-
orders (see Chapter 9), and hypertrophic cardiomyopathy (see Chapter 8).
The genetic basis for other common causes of sudden death, such as arrhyth-
mogenic right ventricular cardiomyopathy and anomalous coronary artery
origin remain unknown [9-14]. Before genetic alterations that may be asso-
ciated with sudden death are investigated, precise morphologic classification
of cardiac abnormalities is required.

Pathology of common causes of SCD

Coronary heart disease

Based on autopsy studies, it has been shown that 50-60% of patients dying
suddenly from coronary atherosclerosis have luminal coronary thrombi,
another 20-30% have healed myocardial infarction, and approximately
10-15% of patients have stable severe coronary narrowing (>75% cross-
sectional area luminal narrowing) involving one to three vessels, in the
absence of any myocardial fibrosis or necrosis [15,16]. Approximately 10%
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Table 2.1 Causes and mechanisms of SCD.

Immediate Cause

Underlying Causes

Mechanisms

Acute ischemia

Infiltrative
diseases

Cardiac
hypertrophy

Cardiac
dilatation
(congestive
failure)

Tamponade

Disruption of
blood flow

Global
myocardial
hypoxia

Acute heart
failure

Systemic hypoxia
Vasovagal
Preexcitation

Long QT

Heart block

Coronary atherosclerosis with and

without thrombi
Nonatherosclerotic coronary
disease

Aortic stenosis

Inflammatory (myocarditis)
Scarring (healed infarcts,
cardiomyopathy, sarcoidosis)

Hypertrophic cardiomyopathy
Systemic hypertension
Aortic stenosis

Dilated cardiomyopathy
Chronic ischemia
Systemic hypertension
Aortic insufficiency
Mitral insufficiency

Ruptured myocardial infarct
Aortic rupture

Pulmonary embolism

Mitral stenosis

Left atrial myxoma

Severe ischemic heart disease
Aortic stenosis

Pulmonary embolism

Massive myocardial infarct
Ruptured papillary muscle
Chordal or leaflet rupture

Pulmonary stenosis
Pulmonary hypertension
Neuromuscular diseases

Accessory pathways

Congenital and acquired states

AV node scarring, inflammation,

tumor

Ventricular fibrillation
Bradycardia

EMD (usually end stage or post
resuscitation)

Ventricular fibrillation
Bradyarrhythmias (uncommon)

Ventricular fibrillation
Bradyarrhythmias (uncommon)?

Ventricular fibrillation
Bradyarrhythmias (uncommon)

Pulseless electrical activity

Pulseless electrical activity
Ventricular fibrillation

Baroreflex stimulation with
bradyarrhythmias
Ventricular tachyarrhythmias

Pulseless electrical activity
Ventricular fibrillation

Bradyarrhythmias

Baroreflex stimulation with
bradycardia

Atrial fibrillation — ventricular
fibrillation

Ventricular fibrillation
(torsades de pointes)

Bradycardia — ventricular
fibrillation

Notes: EMD - electromechanical dissociation; AV — atrioventricular.
Source: Reproduced from Reference 5, with permission from Elsevier.
@ Especially in the presence of infiltrative processes involving the conduction system.
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Table 2.2 Causes of sudden death in infants and children.

Anatomic Findings 0-1 Years (n =20) 1-21 Years (n = 50)
Coronary artery anomalies 10 (50%) 12 (24%)
Myocarditis 0 14 (28%)
No findings 7 (35%) 10 (20%)
Other findings 2 (10%) 8 (16%)
Hypertrophic cardiomyopathy 1 (5%) 6 (12%)

Source: Adapted from Reference 8, with permission from Elsevier.

Table 2.3 Causes of death, ages 14-20 years.

Cause of Death Number (%)
No findings 18 (30)
Myocarditis 8 (13)
Hypertrophic cardiomyopathy 7(12)
Anomalous coronary artery 5(8)
Complex congenital heart disease 4(7)
Atherosclerosis 3(5)
Dilated cardiomyopathy 3(5)
Floppy mitral valve 3 (5)
Idiopathic left ventricular hypertrophy 3(5)
Aortic dissection 2(3)
Kawaski disease 2(3)
Intramyocardial coronary artery 1(2)
Hypertensive left ventricular hypertrophy 1 (2)
Total 60

Source: Adapted from Reference 6, with permission from
Elsevier.

of patients dying from noncardiac causes may have significant coronary ath-
erosclerosis; therefore, it is essential that a complete autopsy be performed to
exclude other causes of noncardiac death [17]. The terminal event in most
patients with severe coronary artery disease with or without thrombosis is
ventricular fibrillation. Other arrhythmias found in fatal cases of ischemic
heart disease include bradyarrhythmias (20-30%), and a smaller percent of
acute heart failure or pulseless electrical activity [14,18].

Before the genetic basis of sudden coronary death can be adequately
explored, the heterogeneity of coronary disease needs to be understood and
addressed. We have demonstrated that there are at least two forms of coron-
ary thrombosis, each of which may precipitate sudden death, as well as
contribute to plaque progression, and the formation of increased plaque bur-
den and stable plaque. The most common cause of thrombosis is plaque



Genetic predisposition and pathology of SCD 25

Table 2.4 Causes of death, ages 21-30 years.

Cause of Death Number (%)
Atherosclerosis 64 (28)
No findings 49 (21)
Idiopathic left ventricular hypertrophy 27 (12)
Hypertrophic cardiomyopathy 16 (7)
Myocarditis 14 (6)
Anomalous coronary artery 9 (4)
Dilated cardiomyopathy 73)
Intramyocardial coronary artery 7Q3)
Aortic dissection 7 (3)
Rheumatic mitral stenosis 6(3)
Complex congenital heart disease 5(2)
Hypertensive left ventricular hypertrophy 4(2)
Endocarditis 6 (1)
Sarcoidosis 3(1)
Aortic stenosis 3 (1)
Floppy mitral valve 2(1)
Arrhythmogenic right ventricular dysplasia 2(1)
Coronary aneurysm (congenital) 1(0.4)
Amyloid 1(0.4)
Pericarditis 1(0.4)
Total 229

Source: Adapted from Reference 6, with permission from
Elsevier.

rupture, which is uncommon prior to menopause in women, and which is
highly associated with hypercholesterolemia. In contrast, plaque erosion is
not associated with hypercholesterolemia or diabetes, and is proportionally
quite common in premenopausal women. We have demonstrated that risk
factor profiles, including diabetes mellitus and hyperhomocysteinemia, affect
plaque composition in sudden coronary death victims. These data suggest that
any genetic predisposition of atherosclerosis, especially if mediated by a tra-
ditional risk factor, will vary by morphologic type of coronary artery disease
[19]. Although it is generally known that SCD is associated with presence of
the classic risk factors, such as hypercholesterolemia, diabetes, hypertension,
smoking, type A personality, and male sex [1,4,20], the contribution of mul-
tiple genetic polymorphisms to the development of coronary atherosclerotic
and fatal coronary thrombosis will likely vary by type of atherothrombosis
and plaque morphology.

Myocardial factors are also likely to play an important role in the susceptib-
ility to sudden coronary death, and may be determined by an entirely different
set of genetic polymorphisms. In series of individuals with sudden coronary
death, the incidence of acute myocardial infarction is <20% [15,21], whereas
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Table 2.5 Causes of death, ages 31-40 years.

Cause of Death Number (%)
Atherosclerosis 258 (60)
No findings 38 (9)
Hypertensive left ventricular hypertrophy 26 (6)
Idiopathic left ventricular hypertrophy 18 (4)
Dilated cardiomyopathy 16 (4)
Hypertrophic cardiomyopathy 13 (3)
Myocarditis 12 (3)
Sarcodosis 10 (2)
Aortic stenosis 9(2)
Aortic dissection 8(2)
Endocarditis 6 (1)
Floppy mitral valve 6 (1)
Intramyocardial coronary artery 3(1)
Arrhythmogenic right ventricular dysplasia 3(1)
Rheumatic mitral stenosis 3 (1)
Anomalous coronary artery 2 (0.5)
Coronary artery dissection 2 (0.5)
Congenital heart disease 1(0.2)
Lipomatous hypertrophy, atrial septum 1(0.2)
Total 432

Source: Adapted from Reference 6, with permission from
Elsevier.

healed myocardial infarction is 40% [15]. The rate of healed infarcts is greater
in the elderly and in the diabetic population. As there is wide range of plaque
burden in cases of sudden coronary death, and variation in the presence of
the size of acute and healed infarcts, genetic predisposition to myocardial
arrhythmias, and capacity to develop collateral circulation need to be studied
in addition to those promoting atherogenesis itself.

Congenital coronary artery anomalies

The most common coronary anomaly resulting in sudden death is an aber-
rant left main arising from the right sinus of Valsalva with a course traveling
between the pulmonary artery and aorta. The male to female ratio is 4:1 to
9:1, with majority of cases being less than 30 years of age. Sudden death is
reported in up to two-thirds of individuals with this anomaly, 75% of which
occur during exercise, with over 50% having symptoms prior to death [13,22].
Most patients are adolescent or young adults, although death may occur in
as young as 1 month of age. The pathophysiology of sudden death may be
related to the compression of the left main artery between the aorta and pul-
monary trunk, diastolic compression of the vessel especially when lying within
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the aortic wall at its take-off from the aorta and possibly because of an ostial
ridge and slit like lumen, which result in poor filling during diastole [23].

In contrast, anomalous right coronary artery from the left sinus of Valsalva
is usually an incidental finding, although we have reported that up to one-
third of patients may die suddenly. Again approximately 50% of these deaths
are exercise related. Most deaths occur in the young and middle-aged adults
younger than 35 years of age [24].

In infants less than 1 year of age, the left main coronary artery may arise
from the pulmonary trunk, usually from the left sinus. Sudden death occurs
in approximately 40% of cases. Typically, the artery is thin walled and vein
like, and the right coronary artery, although normal in location, is tortuous
and dilated.

By definition, ectopic origin of coronary arteries is a congenital condition,
and therefore likely influenced by genetic factors. However, the genetic basis
for these conditions is unknown. Other than reports of familial clusters of
coronary artery anomalies [25], there is no knowledge of the genetic basis of
this relatively common cause of exertional sudden death.

Other nonatherosclerotic coronary causes of sudden death
Spontaneous coronary dissection

Coronary artery dissection accounts for approximately 0.5% of sudden death
in patients 30-40 years old (Table 2.4). Most patients are young women, and
usually in the postpartum period. Most of the cases of sudden death involve the
left anterior descending coronary artery (90%). Histologically, the dissection
plane is the outer media, with inflammatory cell infiltrates of eosinophils,
lymphocytes, neutrophils, and macrophages in the adventitia. The etiology
and genetics of spontaneous coronary dissection are completely unknown.

Small vessel disease

Narrowing of small arteries supplying the sinoatrial and atrioventricular
nodes has been associated with sudden death. These small vessels invari-
ably show arterial dysplasia, which is believed to be congenital in origin.
Other intramyocardial small artery dysplasias have been associated with
catecholamine-induced sudden death, hypertrophic cardiomyopathy, sickle
cell disease, and mitral valve prolapse. Most cases of small vessel disease
and sudden death have involved the conduction system of the heart; thickened
vessels within the wall of the ventricular septum have also been implicated
in SCD. Although there have been reports of familial small vessel disease of
the heart, and it is a component of hypertrophic cardiomyopathy, a known
genetic disease, the genetic basis for isolated small vessel disease is unknown.

Cardiomyopathies

The two cardiomyopathies most frequently associated with SCD are
hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardio-
myopathy (see Chapter 9) [5].
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Hypertrophic cardiomyopathy

The morphologic features that characterize the disease are asymmetric left
ventricular hypertrophy (predominantly septal), small left ventricular cavity,
left atrial dilatation, and the presence of left ventricular outflow tract obstruc-
tion. Histologic features include myofiber disarray with myocyte hypertrophy
with or without focal scarring and intramyocardial coronary artery thickening.
The most likely cause of sudden death is ventricular fibrillation either due to
ischemia from small vessel disease or due to disordered muscle bundles in
the septum with or without interstitial fibrosis, altered autonomic vascular
control, and ischemia secondary to subaortic stenosis [26].

Hypertensive cardiomyopathy

Other causes of left ventricular hypertrophy that may lead to sudden death
include hypertensive heart disease, and concentric idiopathic left ventricu-
lar hypertrophy. Patients with hypertension and left ventricular hypertrophy
have an increased risk of sudden death. In 10-40% of sudden deaths in
young individuals, especially athletes, concentric left ventricular hypertrophy,
as determined by body weight and height, is the only pathologic finding at
autopsy.

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy accounts for less than 5%
of SCDs butis a relatively common cause of death from exertion [27]. Arrhyth-
mogenic right ventricular cardiomyopathy is familial in up to 50% of cases,
and the mode of inheritance is predominantly autosomal dominant with vari-
able penetrance. Most patients are younger than 40 years at the time of death
and some deaths do occur in children. Pathologic findings include dilatation of
the right ventricle with focal thinning of the right ventricular wall secondary
to fibrosis and fat infiltration. Left ventricular scarring, usually subepicardial
is seen in at least 70% of cases, especially in individuals dying suddenly and
is usually located in the lateral wall [28].

Myocarditis

Usually a sequela of viral infection, lymphocytic myocarditis is the cause of
SCD in children and adolescents and less in young adults. Histologically there
is lymphocytic and histiocytic infiltrate accompanied by myocyte necrosis;
the degree of infiltrate is especially marked in infants and young children
and it may even be predominantly neutrophilic [6]. Areas of scarring are not
uncommon. Serologic and molecular studies suggest that many are caused by
enteroviruses, especially Coxsackievirus B3, adenovirus, and a variety of other
viruses have also been implicated in isolated cases [29,30]. Whether there is
genetic predisposition to myocardial susceptibility to myocarditis viruses is
unknown.
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Giant cell myocarditis is a myocardial inflammation that is especially
aggressive, and is characterized by chronic inflammation with numerous giant
cells, myocardial necrosis with or without scarring.

Sudden death in preexcitation syndromes

The Wolff-Parkinson-White (WPW) syndrome results from preexcitation
caused by an abnormal muscular connection (bypass tract) between atrium
and ventricle. The most common arrhythmias observed in WPW are supra-
ventricular arrhythmias with a favorable prognosis but sudden death may
occur. The incidence of sudden death in patients with WPW syndrome is estim-
ated to be less than 1 per 100 patient-years follow-up; 70% of patients who
experience ventricular tachyarrhythmias have a previous history of symptoms
[31]. Mutations in the PRKAG2 gene encoding the gamma2 regulatory subunit
of AMP-activated protein kinase have been identified in patients with familial
WPW syndrome [32,33].

Genetic predisposition to SCD

The rationale to believe that there is a genetic component in SCD comes from
large epidemiological studies that have addressed this topic.

Family history of CAD and/or SCD was reported as an independent risk
factor for SCD in a case control study of more than 500 subjects in Seattle,
WA [34]. Furthermore, a parental history of sudden death was found to be an
independent risk factor for sudden death in more than 7000 men followed up
for 23 years in the Paris Prospective Study I [35]. These familial aggregations
of SCD cases can be related to environmental or genetic causes or interac-
tions between both. However, three points suggest a genetic role in the Paris
Prospective Study I. First, increased risk of SCD segregated independent of
increased familial risk of myocardial infarction. Second, there was a positive
correlation of age between parents and subjects’ SCD, that is, parents and sub-
jects die from the same cause at roughly the same age. Third, in a small subset
in which there was a history of both maternal and paternal SCD, the relative
risk for SCD in the offspring was 9.4 times whereas it was 1.8 times when SCD
occurred in one parent only.

At present time, no single genetic mutation that can predict a higher risk
for SCD in the general population has been discovered and genetic studies in
this field are facing a complex scenario given the complexity of the substrate
of SCD. The list of proteins that, if altered, may predispose to SCD is long
and extends far beyond ion channels or other proteins directly implicated
in the control of cardiac excitability. For example polymorphisms influen-
cing levels of HDL, LDL, Apo Al, Apo B, lipoprotein A, lipoprotein receptors
[36-38] may accelerate development of CAD thus increasing the risk of SCD.
Similarly, polymorphisms of genes encoding critical proteins such as factor
5 Leiden, prothrombin, plasminogen activator inhibitor [39-42] may predis-
pose to coronary thrombosis and they may also increase the risk of SCD. It is
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clear that it will take large studies to be able to determine the most important
players among so many candidates. Furthermore it is unlikely that one or two
polymorphisms will be able to account for a fraction of the global risk of SCD
in an individual.

Although the difficulties are numerous, we are only at the beginning of
this major challenge and genetic studies on SCD will benefit from new tech-
nological tools (including proteinomics) and from the collaboration with the
other fields of research such as epidemiology, cardiac pathology, and molecu-
lar biology. These collaborations will help assemble the different pieces of the
puzzle.
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CHAPTER3
Arrhythmogenic mechanisms

Michiel J. Janse and Douglas P. Zipes

Introduction

The first experimental observation linking myocardial ischemia to ventricular
fibrillation was made by Erichsen in 1841, who observed that coronary artery
ligation in the dog caused the action of the ventricles to cease with, “a slight
tremulous motion alone continuing” [1].

McWilliam was the first to suggest that “sudden syncope from plugging or
obstructing some portion of the coronary system (in patients) is very prob-
ably determined or ensured by the occurrence of fibrillar contractions in the
ventricles. The cardiac pump is thrown out of gear, and the last of its vital
energy is dissipated in a violent and prolonged turmoil of fruitless activity
in the ventricular walls” [2]. His view was ignored for many decades, and in
1923 he wrote, “It may be permissable to recall that in the pages of this journal
34 years ago I brought forward a new view as to the causation of sudden death
by a previously unrecognized form of failure of the heart’s action in man (e.g.
ventricular fibrillation) — a view fundamentally different from those enter-
tained up to that time. Little attention was given to the new view for many
years.” ([3]; his name is now spelled MacWilliam). Hoffa and Ludwig [4] were
the first to show that electrical currents could induce fibrillation. This was con-
firmed 49 years later by Prevost and Batelli [5], who also demonstrated that
similar shocks could restore sinus rhythm.

Thus, at the turn of the twentieth century there was evidence that ventricu-
lar fibrillation could be induced by acute myocardial ischemia, that it might
be responsible for sudden death in patients, and that it could be abolished by
electrical shocks. It is perhaps surprising that it took more than half a century
before it was realized how often ventricular fibrillation occurs in the setting of
acute ischemia, and before electrical countershock became common clinical
practice.

We now know that the risk of sudden death among the general population
aged 35 years and older is in the order of 1-2 per 1000 per year. Between the
ages of 40 and 65 years, there is a marked increase, with coronary artery dis-
ease as the most important cause. In patients with a high-risk status, the risk
of sudden death may be as high as 10-25% per year. In adolescent and young
adult populations, the risk is about 1% of that of the general adult population,
and familial diseases, such as the congenital long QT syndrome, hypertrophic
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cardiomyopathy, arrhythmogenic right ventricular dysplasia, and Brugada
syndrome play a dominant role [6].

Mechanisms of ventricular fibrillation

McWilliam [7] was the first to suggest that disturbances in impulse propagation
could be responsible for fibrillation, and he clearly envisaged the possibility
that myocardial fibers could be reexcited as soon as their refractory period had
ended. Due to the inability to record simultaneously a sufficient amount of
electrograms from the fibrillating heart to construct activation maps, insight
into the mechanism of fibrillation during the twentieth century was initially
obtained through theoretical analysis and the study of computer models. Moe
et al. [8,9] developed the “multiple wavelet hypothesis.” In their computer
model, fibrillation was initiated by a rapid series of impulses and maintained
by fractionation of wave fronts in partially and irregularly excitable tissue,
so that independent wavelets occurred that coursed around multiple islets
of refractory tissue, which continuously shifted their location, causing the
pattern of conduction to shift as well. Fibrillation has been described as a ran-
dom, reentrant rhythm, in which the functional reentrant circuits change size,
shape, and location. When, in the 1970s, multiplexing systems became avail-
able, allowing simultaneous recording from many sites, activation maps of
ventricular fibrillation in hearts with acute, regional ischemia showed activa-
tion patterns compatible with the multiple wavelet hypothesis [10,11]. In both
studies, intramural reentry was documented, but non-reentrant mechanisms,
especially during the ectopic ventricular impulses that initiated fibrillation,
were found to be operative as well.

There is still a debate whether the functional reentrant circuits are of the
“leading circle” model, or are spiral waves (or three-dimensional scroll waves).
In the “leading circle” concept, the reentrant circuit is the “smallest pos-
sible pathway in which the impulse can continue to circulate...in which
the stimulating efficacy of the circulating wavefront is just enough to excite
the tissue ahead, which is still in its relative refractory phase” [12]. In other
words, there is no excitable gap, and maintenance of the leading circle is
due to repetitive centripetal wavelets that keep the core in a constant state
of refractoriness. In spiral wave reentry, there is a curving wavefront, which
must not only depolarize cells in front of it in the direction of propagation,
but also deliver current to cells on its sides. A curving wavefront may cease
altogether when a critical curvature is reached despite the presence of excit-
able tissue. The essential difference between the “leading circle” and the spiral
wave reentry is that in the former the core is kept permanently refractory,
while in the latter the core is excitable but not excited. The slow conduc-
tion of a spiral wave is not dependent on conduction in relative refractory
tissue, and therefore, there is an excitable gap [13-15]. Studies, employing
isolated canine atrial preparations, demonstrated spiral wave reentry, where
cells in the core sometimes were quiescent at almost normal levels of resting
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Figure 3.1 Spiral waves in a chemical Belousov-Zhabotinsky reaction (a) and in an
isolated preparation of canine epicardial muscle (b). (a) Reproduced from Reference
76 with permission from AAAS and (b) from Reference 17 with permission from
Nature.

membrane potential. The excitable gap was larger near the core of the circuit
than in the periphery of the reentrant circuit, which is incompatible with the
“leading circle” concept [15].

Spiral waves, also called rotors, have been described in a variety of excitable
biological, physical, and/or chemical systems. The best-known example is the
Belousov-Zhabotinsky reaction, where malonic acid is reversibly oxidized by
bromate in the presence of ferroin. During this process, ferroin changes in
color from red to blue and then back to red, allowing visualization of the reac-
tion [16]. Figure 3.1 shows both a spiral wave in the Belousov-Zhabotinsky
reaction, and a spiral wave in an isolated preparation of canine epicardial
muscle, visualized by optical mapping [17].

It has been known for a long time that atrial fibrillation can be induced by
application of aconitine to the atrial appendage [18]. When the appendage
is clamped off, sinus rhythm is restored, while the clamped-off appendage
exhibits a rapid, regular tachycardia. Thus, in this case, atrial fibrillation was
caused by a focus that fired so rapidly that uniform excitation of the rest of the
atria was no longer possible. The irregularity of the electrocardiogram was due
to “fibrillar conduction” emerging from the focus. On the other hand, when
atrial fibrillation was induced by rapid stimulation, or application of faradic
shocks to the appendage, and the atrial refractory period was shortened by the
administration of acetylcholine or vagal stimulation, clamping off the append-
age resulted in the disappearance of fibrillation in the appendage, whereas it
continued in the remainder of the atrium. In such a case, fibrillation could
well be due to multiple wavelet reentry [19]. Something similar may occur in
fibrillation caused by spiral wave reentry. A high frequency rotor, stabilized
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Figure 3.2 Frequency analysis of ventricular fibrillation: (a) ECG trace of ventricular
fibrillation, (b) dominant frequency maps. Dominant frequencies in the right
ventricle (RV) range between 10 and 16 Hz, in the left ventricle (LV) from 14 and
26 Hz. The highest frequency (26 Hz) is found in the left ventricular anterior free
wall. Single pixel recordings and frequency spectra corroborate the dominant
frequency findings, and (c) microelectrode recordings from the right and left
ventricles during ventricular fibrillation. Reproduced from Reference 22 with
permission from Lippincott, Williams and Wilkins.

somewhere in a small area of myocardium may lead to fibrillary conduction in
the rest of the atria or ventricles and, in this case, the rotor causing the fibrilla-
tion is not random [20,21]. Because rotors turn around a nonexcited core, ion
channels that determine the resting membrane potential in the nonexcited
core, especially Ik, can exert a repolarizing effect on tissue in the vicinity.
Therefore, tissue with a high density of Ix; can produce rotors with a shorter
period than tissue with lower densities. This mechanism is responsible for the
observation that a single stable rotor in the anterior part of the left ventricle
acts as a source for fibrillatory conduction [22] (see Figure 3.2).

Another possibility is a single rotor that drifts, and so gives rise to the typical
electrocardiographic features of fibrillation [23]. Yet another mechanism is the
breakup of a single spiral wave, or a pair of counter-rotating spiral waves, into
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a multispiral disordered state. The so-called restitution hypothesis suggests
that the breakup of a single rotor into a multispiral state occurs when the
oscillations in action potential duration are of sufficient amplitude to cause
blockage of conduction along the wavefront [24-26]. When action poten-
tial duration is plotted against the preceding diastolic interval a restitution
curve is produced. When the slope of this curve is larger than one, alternation
in action potential duration may occur [27]. Alternation in action potential
duration has been considered a first step in a process that leads to destabil-
ization of wavefronts and the formation of multiple reentrant waves [28].
It has been suggested that a new type of antiarrhythmic drug would be a
drug that reduces the slope of the restitution curve to values below one [28].
Whereas restitution of action potential duration certainly is a factor in determ-
ining stability of reentry, it must be remembered that spatial inhomogeneity
in action potential duration, and possibly in restitution, may also play a role in
breakup phenomena. Moreover, restitution of conduction velocity may also
be involved in breakup of spiral waves [29]. Recent data suggest that fib-
rillation also can occur in situations where the restitution curve is less than
one, and a hypothesis to explain fibrillation with both increased and reduced
restitution curves has been offered [30]. Another factor that can increase oscil-
lations in action potential duration and decrease stability of a spiral wave is
an increased extracellular KT concentration. This produces a prolonged tail
of refractoriness, as a consequence of the delayed recovery from inactivation
of the sodium channel [31,32]. Extracellular K* accumulation during acute
myocardial ischemia may thus destabilize reentry and lead to breakup into
multiple reentrant circuits and fibrillation.

Ventricular fibrillation during acute ischemia and in
hearts with a healed infarct

The arrhythmias of acute ischemia occur in two phases, the 1A phase between
2 and 10 min following coronary artery obstruction and the 1B phase between
18 and 30 min. The relative contribution of 1A and 1B arrhythmias to
sudden death in humans is unknown, but animal experiments suggest that
mortality in the 1B phase is larger than in the 1A phase [33-35].

For spontaneous arrhythmias to occur, both an appropriate trigger (usu-
ally a properly timed premature complex) and a substrate (a preexisting
proarrhythmic condition) are required. The major causes for a substrate for
reentry in the 1A phase are the depression of excitability and conduction
velocity, and the marked inhomogeneity in refractoriness. These changes
are due in part to extracellular K accumulation, which decreases resting
membrane potential. The extracellular KT concentration is inhomogeneous
throughout the ischemic zone, accounting for inhomogeneities in refractori-
ness [36]. The premature ventricular complex that initiate reentry are most
likely caused by reexcitation of normal cells close to the ischemic border by
injury currents [10].
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De Groot et al. [37] have defined a substrate for ventricular fibrillation dur-
ing the 1B phase: a surviving epicardial layer that is depressed by electrotonic
current flow from deeper, depolarized, and inexcitable layers during a time
window between 14 and 35 min following coronary artery occlusion. During
this time window coupling between deeper and superficial cells is mildly
decreased and the electrotonic current from midmural layers partially depol-
arizes the subepicardium. In the depressed subepicardium, macro-reentry,
predominantly due to a reduced conduction velocity, is responsible for the
1B arrhythmias. Recent optical mapping data from an isolated perfused left
ventricular wedge preparation reaffirm that during ischemia, the endocardium
maintains excitability long after it is lost in the epicardium. The study demon-
strated that when bidirectional block occurred from the excitable endocardium
to the inexcitable midmyocardium and epicardium as ischemia progressed,
arrhythmias ceased (Figure 3.3) [38]. When cell-to-cell uncoupling between
deep and superficial layers is complete, electrical activity in the subepicar-
dium recovers, and reentry is no longer possible. The trigger for ventricular
fibrillation during the 1B phase is most likely related to stretch of the bor-
der between ischemic and normal myocardium [39]. The clinical implication
from this study is that increasing contractility or increasing afterload dur-
ing this period may be arrhythmogenic. Afterload reduction in patients with
acute myocardial infarction by nitroprusside resulted in abolition of severe
arrhythmias [40,41]. Stimuli arising in the epicardium produce significant
conduction delay because of loss of excitability during ischemia and are more
effective in initiating ventricular tachycardia than endocardial stimulation
(Figure 3.4) [42].

Studies in isolated, Langendorff-perfused human hearts with a healed
myocardial infarction have shown that macro-reentry, utilizing a reentrant
circuit made up of surviving myocardial fibers within the infarct, is the mech-
anism that maintains ventricular tachycardia [43]. In many hearts, however,
surviving myocardial fibers and the strands of fibrous tissue were intertwined
in such a complex way that reconstruction of the reentrant pathway in the
whole heart was impossible. Studies on infarcted papillary muscles showed
that excitation proceeded in a zig-zag way through surviving fibers embedded
in a complex network of connective tissue and that very “slow” conduction
was caused by the greatly prolonged pathway of the excitatory wave [44].
That electrical remodeling of the myocardium remote from the infarct also
plays a role, in addition to the structural changes in the infarct itself, is shown
by a study in patients with sustained ventricular tachycardia and ventricular
tachycardia that rapidly degenerated into ventricular fibrillation. In the lat-
ter group, dispersion in refractoriness in the remote myocardium was several
times larger than in the ventricular tachycardia group [45]. Data from optical
mapping studies show that one possible reentrant pathway is between normal
myocardium and that bordering the infarct area, and is related to the presence
of rate-dependent slow conduction and the development of a functional line
of block in the border zone [46].
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Figure 3.3 Unidirectional block of conduction at the transmural gradient of refractory
period by endocardial stimulation during acute global ischemia. Activations were
recorded with membrane potential sensitive fluorescence dye on a cut-exposed
transmural surface of a wedge of isolated canine left ventricular free wall that was
perfused through an included diagonal branch of the left anterior descending
coronary artery. Acute global ischemia was created by halting perfusion. The times of
ischemia are indicated in the figures. The conduction sequences (a—c) from the
endocardial sites of pacing (the dots, CL: 300 ms) are shown as isochrone lines (at the
times indicated by the numbers in ms) moving along the directions of the thin dashed
arrow-headed lines. The thick solid line and the line with one dashed side and one
solid side in (c) indicates full block and unidirectional block of conduction,
respectively. Grids in the AP mosaic (d) separate the signals (1.2 s, normalized) from
neighboring sensors. The framed traces in (d) are shown in (e) with an expanded time
scale. The transmural velocity of conduction (f) is calculated from two recording sites
with 11 mm separation along a transmural line passing through the site of pacing. Epi
and Endo indicate the epicardium and endocardium. Transmural conduction from the
endocardial site of pacing at the CL of 300 ms was blocked in the mid-myocardium in
(c) and (d) by the longer refractory period. However, activation conducted along
opposite direction (toward the endocardium) penetrated the line of unidirectional
block in (c) and (d), until it collided with the refractory period of another activation
initiated by the continued endocardial pacing. Reproduced from Wu and Zipes Am J
Physiol Heart Circ Physiol 2001; 280: H2717-2725, with permission.

Sudden death in heart failure

In patients with congestive heart failure, complex ventricular arrhythmias are
often present, and sudden death is common [47,48]. It is not clear whether
there is a relationship between presence of arrhythmias and subsequent
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Figure 3.4 Unidirectional block of the epicardially initiated activation and transmural asymmetry in conduction during acute global ischemia.
The isolated ventricular wedge and the recording area were similar to Figure 3.3. The wedge was stimulated alternately between the
epicardium and endocardium at the black-dotted sites. Ischemia depressed tissue excitability more rapidly in the epicardium than in
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conduct laterally along the epicardium, then conducted laterally in the endocardium and mid-myocardium and reentered the epicardium.
Endocardial stimulation, applied 525 s after ischemia (f), initiated activation that spread quickly along the endocardium, then transmurally to
the epicardium without reentry. Therefore, ischemia-induced transmural gradient of excitability provided the substrate for reentry during
epicardial stimulation. The recording area is 10 mm (transmural) by 18 mm (along the epicardium). Reproduced from Wu and Zipes Am J
Physiol Heart Circ Physiol 2002; 283: H2004-2011, with permission.

ov

¢ 11deyd



Arrhythmogenic mechanisms 41

sudden death, because there are both reports that support such a relationship
[49-51] and studies that deny it [52,53]. It has been known for a long time that
the most powerful predictor for sudden death is left ventricular dysfunction
[54], and one could therefore expect that sudden death would be related to
the severity of heart failure. But here there is a controversy as well. Kjekshus
[48] reported that in patients with New York Heart Association classes I and II
heart failure, 50 to 60% of deaths were sudden, whereas in patients with class
III or IV this was only 20 to 30% . In patients hospitalized for end stage heart
failure, awaiting cardiac transplantation, sudden death was due to ventricu-
lar tachycardia or fibrillation in about 50%, and due to bradycardia, asystole
or electromechanical dissociation in the other 50% [55,56]. These findings
contrast with those of recent randomized trials on the prevention of sudden
death by implantable cardioverter-defibrillator therapy, in which the device
was most effective in patients with the lowest ejection fractions [57].

Three-dimensional mapping in patients with dilated cardiomyopathy, and
in rabbits with heart failure caused by combined volume- and pressure-
overload, showed that spontaneous and induced ventricular tachycardias
arose from a focal, non-reentrant mechanism in either the endocardium or
epicardium [58,59]. The non-reentrant mechanism is most likely a triggered
activity based from delayed afterdepolarizations. The afterdepolarizations
can be induced by rapid pacing in the presence of noradrenaline in fail-
ing myocardium [60-62]. The basis for delayed afterdepolarizations are
calcium-after-transients that result from spontaneous calcium release from
the sarcoplasmic reticulum [62,63]. The after-transient associated calcium is
removed from the cell by the electrogenic Na/Ca exchanger [61,63] or by a
calcium-activated chloride current [64], providing the transient inward cur-
rent that causes the delayed afterdepolarization. The salvos of triggered activity
in in vitro preparations are slower than the tachycardias in vivo. It is likely
that the delayed afterdepolarizations, and the triggered activity, might initiate
reentrant rhythms that lead to ventricular fibrillation.

The electrophysiological changes associated with heart failure have been the
focus of intense research [65]. Heterogeneous action potential prolongation
results as a function of myocardial remodeling [66], leading to an increase
in the electrophysiological heterogeneity found in the normal ventricle [67].
Alterations in functional expression of ion channels and transporters, partic-
ularly those affecting potassium and calcium function, are responsible. Such
changes can provide the necessary electrophysiological milieu for reentry and
other mechanisms [68]. In addition, abnormal conduction due to reduced
cell-to-cell coupling and sodium channel function current may play a role,
along with changes caused by ventricular dilation, fibrosis, and ischemia. Gap
junction remodeling from a downregulation and longitudinal redistribution
of connexin43 [69] can contribute to the genesis of ventricular tachyar-
rhythmias. The autonomic nervous system, particularly the sympathetic limb,
is important, and undergoes alterations, including sympathetic denervation
and subsequent supersensitivity [70], and enhanced sympathetic regeneration
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called nerve sprouting [71]. While numerous studies point to the arrhythmo-
genic potential of sympathetic stimulation and the benefits of beta blockade,
the electrophysiologic mechanism(s) by which the sympathetic limb actually
causes ventricular arrhythmias is largely unknown.

It is important to stress that drugs without direct electrophysiologic actions
on the myocardium, such as aldosterone antagonists, angiotensin convert-
ing enzyme inhibitors and receptor blockers, statins, magnesium, fish oil,
aspirin, and beta receptor blockers, have been the only pharmacological agents
shown to reduce both sudden and total mortality [72], implying that events
“upstream” to the electrophysiological alterations in the myocardium, such as
ischemia, fibrosis, inflammation, the renin-angiotensin system, or free radic-
als are important, perhaps as triggers of the sudden ventricular event. Finally,
genetics importantly program responses to stress, such as neurohumoral activ-
ation, ion channel function, or prothrombic responses, that can determine
susceptibility to developing a lethal ventricular arrhythmia. At least two pop-
ulation based studies [73,74] provide evidence of an inherited predisposition
to sudden cardiac death, with a relative risk approaching 10 for the child of
two parents dying from that disorder [73]. The search for single nucleotide
polymorphisms that may identify individuals at risk is intensive.

Conclusions

The mechanisms responsible for ventricular tachyarrhythmias causing sudden
cardiac death are complex, multifactorial, and likely result from a conflu-
ence of multiple events that portend whether a single premature ventricular
complex, a run of nonsustained ventricular tachycardia, or sustained tachy-
cardia/fibrillation results. Ventricular fibrillation is the final common pathway
of a series of “upstream” changes that may trigger electrophysiologic altera-
tions measured in milliseconds in a receptive myocardium. These relatively
minor changes may determine whether an individual experiences a palpita-
tion or sudden death. While we have made progress in understanding basic
electrophysiologic mechanisms responsible for ventricular tachyarrhythmias,
we still do not know why an apparently stable individual experiences sudden
cardiac death on a Thursday at 9.15 AM, and not on Friday, or the preceding
Wednesday, or 6 months before or after. Understanding the immediately pre-
ceding and precipitating events, likely evanescent, remains a major challenge
but may hold the clue for major progress in prediction and prevention of this
calamitous event.
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CHAPTERA4
Risk stratification for SCD

Stefan H. Hohnloser and Wojciech Zareba

Sudden cardiac death (SCD) is defined as the unexpected natural death, from
cardiac causes, within a short time period of a person without a cardiac condi-
tion that would appear fatal [1]. SCD is responsible for approximately 300 000
fatalities in the United States alone [2,3]. It is estimated that 50% of all car-
diac deaths are sudden, and this proportion has remained constant despite
the overall decline in cardiovascular mortality during the last decades [3].
In approximately three quarter of cases, SCD is due to ventricular tachycar-
dia (VT) and fibrillation [4-6] although in patients with underlying congestive
heart failure, a significant proportion of SCD is the consequence of bradycardic
events or electromechanical dissociation [7]. The majority of patients with a
cardiac arrest suffer from coronary artery disease [8,9], but acute myocar-
dial infarction is seen in less than half [9,10]. In a series of observations
on 151 hearts from men dying from SCD, the presence of acute thrombus/
plaque rupture or erosion was noted in 67% of patients aged 30-39 years,
but this declined with age and was present in only 31%, aged 60-69 years
[11]. In another series of patients surviving a cardiac arrest who underwent
angiography, recent coronary occlusions were noted in 48% [12].

The magnitude of the problem in specific subgroups of patients with SCD
was addressed by Myerburg et al. [13], in a review of the population impact of
emerging implantable cardioverter-defibrillator (ICD) trials (see Chapter 1).
The highest incidence of SCD occurred in survivors of out-of-hospital cardiac
death and high-risk postinfarction subgroups, but the greatest absolute num-
ber of SCD events (population attributable risk) occurred in larger subgroups
of patients at somewhat lower risk including patients with left ventricular dys-
function, congestive heart failure, or any prior coronary events. The challenge,
therefore, is to identify risk factors for SCD among the large group of patients
at relatively low risk, and this applies directly to survivors of myocardial infarc-
tion, in an era when the prognosis has improved substantially in comparison
with prior series antedating the widespread use of reperfusion therapy.

Risk stratification aims at the identification of quantitative and qualitative
measurements that can serve as sensitive and specific predictors of cardiac, and
in particular, arrhythmogenic mortality in patients with coronary disease or
other cardiovascular diseases [14]. Although risk stratification is always a topic
of interest from an intellectual perspective, its clinical relevance is dependent
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upon the availability of a therapeutic intervention that reduces the risk of
arrhythmogenic death. With the advent of the ICD, particularly in the light of
the modifications and refinements to this technology during the last decade,
such an intervention is now in our hands [15-19].

This chapter will discuss the issue of risk stratification in patients with
structural heart disease as it applies to contemporary cardiology.

Epidemiological impact of risk stratification

There are a number of potentially useful modalities that can be used to stratify
postinfarction patients according to their risk of an arrhythmogenic death. In
order to exert an impact on SCD from an epidemiologically meaningful point
of view, prognostic tests need to achieve a high positive predictive accuracy
together with a reasonable degree of sensitivity. Otherwise, the test or the
combination of tests would be too specific to have any significant impact on the
epidemiological problem of SCD simply because these yield positive findings
only in a small minority of the postinfarction population. The first step towards
this goal requires knowledge of the total number of sudden deaths within a
specific patient population expressed as a fraction of total mortality within
this group. For example, in patients with congestive heart failure, Kjekshus
demonstrated that in studies in which the mean functional NYHA class was
between I and II, the overall death rate was relatively low but 67% of death
were sudden [20]. In contrast, among studies with a mean functional class of
IV, there was a high total mortality but the fraction of sudden death was only
29%. Thus, for an intervention specific for the problem of SCD, it is important
not only to identify infarct survivors at high risk of death, but also to predict
the most likely mode of death, that is, arrhythmic or nonarrhythmic death
since such a distinction would have a major influence upon the treatment
strategy. Patients with a high propensity for arrhythmic death may benefit
from preventive antiarrhythmic interventions whereas such treatment may
provide no advantage or even increase the risk of mortality in patients more
likely to die from nonarrhythmic death. Similarly the likelihood of a significant
benefit from an ICD would only be present in the former group. Accordingly,
the various risk stratifiers currently in clinical use need to be examined in
regard to their ability not only to predict total mortality but also with respect
to their potential to predict specific causes of death.

A pivotal aspect of the clinical impact of risk stratification is that the
methodology be applicable not only to specialized referral centers, but also
in the community hospital setting in which the majority of patients with
acute myocardial infarction will receive care. For these reasons, invasive pro-
cedures are unlikely to gain widespread acceptance. Accordingly, current
investigations focus upon the development of newer methods of noninvasive
risk stratification. Another prerequisite for the process of risk stratification
for arrhythmic death is that this be initiated in the predischarge period.
The highest risk for SCD is within the first 12 months following the index
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infarction, and the majority of events occur within the first few months
[21,22].

The Bayesian approach to the impact of the changing
prognosis upon tests used for risk stratification

Bayesian principles are commonly employed in the evaluation of the incre-
mental value of a new test in the diagnosis of coronary artery disease [23,24],
but these basic concepts can be extended to the utilization of a variety of tests
in which the endpoint is prognostic. Bayes’ theorem can facilitate an under-
standing of the impact of a lower event rate upon the utility of tests used for
risk stratification as is the case of myocardial infarction survivors in the con-
temporary era. Bayes’ theorem suggests that the likelihood of disease or an
event following testing (post-test probability) can be calculated from the char-
acteristics (sensitivity and specificity) of the test and the pretest probability,
and this can be plotted graphically (Figure 4.1) [25].

In the context of death or arrhythmic events post-myocardial infarction,
line B in the figure would represent a patient with an intermediate probability
of event, and lines A and C, patients with low or high probability of an event. In
the case of the latter, the event rate (e.g. SCD or late ventricular arrhythmias)
is high irrespective of the results of the test, and in the case of the latter (A),
the converse is the case. Irrespective of whether the test is positive or negative,
the eventrate is low. In clinical situations corresponding to patients with a high
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Figure 4.1 Bayesian principles applied to risk stratification (see text for details).
Reproduced with permission from Reference 26.
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or low probability of an event, the test does not provide a significant amount
of incremental value over the pretest knowledge of the likelihood of an event.
In contrast, however, among patients with an intermediate probability of an
event (line B), the difference in outcomes between a positive and negative
test is substantial. The crux of the issue in the modern era of myocardial and
post-myocardial therapy and risk stratification, is to what extent, tests that
had a strong predictive value in the reperfusion era (in which the late event
rate ranged from 20% to 50%) still apply to a population in the reperfusion
era with a much lower event rate.

Risk stratification in postinfarction patients

Clinical and demographic data

The GISSI-II Trial of 10 219 hospital survivors following thrombolytic therapy,
identified a number of clinical variables, which were independently predictive
of 6-month mortality. In order of importance, those were the ineligibility
for an exercise test (for cardiac or noncardiac reasons), early left ventricu-
lar failure, left ventricular dysfunction in the recovery phase, age greater
than 70 years, electrical instability, late left ventricular failure, prior myocar-
dial infarction, and a history of hypertension [27]. For example, in a recent
study of 103 164 patients with myocardial infarction who were 65 years
or older, a single-risk model [including older age, comorbidity, heart fail-
ure, reduced left ventricular ejection fraction (LVEF), and peripheral vascular
disease] effectively stratified patients according to their risk of death 1 year
after discharge [28].

Numerous other series have confirmed the adverse prognostic impact of
older age and diabetes upon both early and late mortality [29]. Other high-risk
groups include patients who have contraindications to reperfusion therapy,
patients who receive such therapy late, and patients who, for whatever
reason, fail to be treated with reperfusion therapy, even in the absence of
contraindications [30,31].

Left ventricular function

Ventricular function as defined by the predischarge ejection fraction has been
recognized as a major determinant of late mortality for decades [14,22,32,33].
Although the proportion of patients with impaired left ventricular function
has declined following reperfusion therapy, the correlation between impaired
ejection fraction and late mortality persists [32]. Nonetheless, in comparison
with earlier studies, recent series suggest that the curve relating mortality to
ejection fraction has “shifted to the left,” implying that for a given degree of
left ventricular dysfunction, the increase in mortality is somewhat less than
previously reported. A recent study of 313 patients, all of whom had a patent
infarct-related artery at the time of discharge, identified that an ejection frac-
tion of <35% still had a positive predictive value of 28% for cardiac death or
sustained ventricular arrhythmias during follow-up [34].



Risk stratification for SCD 51

In another series of patients with an anterior myocardial infarction, all of
whom underwent primary percutaneous transluminal coronary angioplasty
(PTCA), the presence of restrictive diastolic filling as defined by deceleration
time on echocardiography of less than 130 ms was associated with a 2-year
mortality over a mean of 32 months of 21 % versus only 3 % in patients without
restrictive features [35]. Data such as these point to the presence of smaller
patient subgroups (30% of the total in this series) who may well benefit from
further risk stratification. On the other hand, these data also suggest that the
remaining 70% of patients with an excellent prognosis might not require any
additional risk stratification, given a mortality rate of only 3% at 2 years. What
is important in this study is that the predictive power of diastolic dysfunction
was independent of ejection fraction.

Ambulatory ECG monitoring

Ambulatory Holter monitoring is a comprehensive tool for identifying
and quantifying factors that might contribute to the mechanism of SCD
(Figure 4.2). Historically, detecting and quantifying Holter-recorded ventricu-
lar arrhythmias was the first ECG-based approach to determine the risk of
patients and to implement antiarrhythmic therapy [1]. There is clear associ-
ation between increased frequency and complexity of ventricular arrhythmias
with cardiac and SCD. However, diminishing these arrhythmias with pharma-
cological agents was not leading to improved survival, and in case of several
drugs such therapy was associated with worse outcome [1]. Primary pre-
vention of sudden death with ICD therapy was introduced by Multicenter
Automatic Defibrillator Implantation Trial (MADIT) and MUSTT in patients

Autonomic nervous
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Heart-rate variability
Baroreflex sensitivity

Cardiac death
Myocardial Myocardial
substrate vulnerability
EF, Atrial fibrillation Ischemia
QRS, QTc, < > Ventricular arrhythmias
T-wave morphology QT & T-Wave variability

Figure 4.2 Factors contributing to cardiac death and respective Holter-derived ECG
parameters. Reproduced with permission from Reference 36.
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Figure 4.3 Cumulative probability of survival in MADIT II patients randomized to
conventional therapy in relationship to presence or absence of frequent VPBs.
Reproduced with permission from Reference 38.

with documented nonsustained VT and inducibility of ventricular tachyar-
rhythmias [15,16]. After the MADIT II [18] and Sudden Cardiac Death in
Heart Failure Trial SCD-HeFT [37] trials, EF <30% is considered a sufficient
risk stratifier without the need for documenting Holter-detected ventricu-
lar arrhythmias or inducible VT. Nevertheless, as shown in a secondary
MADIT II analysis (Figure 4.3) frequent premature ventricular beats identify
significantly increased risk of mortality and arrhythmic events even in patients
with such low ejection fractions. Therefore, tracking frequency and severity of
ventricular arrhythmias might still assist clinicians in prioritization of patients
to ICD therapy.

The effects of the autonomic nervous system on the heart could be evalu-
ated by quantifying heart-rate variability (HRV) illustrating the relationship
between parasympathetic and sympathetic components of this system. Heart-
rate turbulence (HRT) complements HRV analysis by providing insight into a
baroreflex sensitivity component of central regulation of the cardiovascular
system. Abnormalities of central regulation of the heart are very unlikely
to cause SCD without altered myocardial substrate and additional factors
increasing vulnerability of myocardium to VT. Holter technology provides
clinicians with several parameters illustrating changes in myocardial substrate
and vulnerability. As discussed above, ejection fraction and other meas-
ures of left ventricular dysfunction are the most acceptable measures of the
changes in myocardial substrate. However, complementary information about
substrate could be obtained from electrocardiology (including ambulatory ECG
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monitoring). The parameters of interest include QRS duration and morpho-
logy (conduction disturbances and hypertrophy), late potentials, and changes
in repolarization duration or morphology. Vulnerability of myocardium could
be evaluated using Holter monitoring in which one could determine pres-
ence or absence of ischemic ST-segment changes, frequency and complexity
of ventricular arrhythmias, and abnormal dynamics of repolarization as reflec-
ted by QT-RR relationship and QT or T-wave variability. T-wave alternans,
usually analyzed in exercise testing, is yet another measure of myocardial
vulnerability to arrhythmias.

Signal-averaged ECG

A broad QRS complex is associated with an increased risk of mortality and
patients with conduction disturbances do not benefit much from signal-
averaged ECG (SAECG) analyses. However, presence of late potentials and/or
prolonged filtered QRS duration in SAECG in patients with normal QRS dur-
ation on standard ECG indicates increased risk of cardiac events. Data from
MUSTT trial [39] in 1925, patients demonstrated that filtered QRS dura-
tion >114 ms was significantly associated with the primary study endpoint
(arrhythmic death or cardiac arrest) after adjustment for clinical covariates.
Patients with an abnormal SAECG had a 28% incidence of primary endpoints
in comparison to 17% in those with normal SAECG (p < .001) during 5-year
follow-up. Cardiac death and total mortality also were significantly higher.
In this study, combination of prolonged filtered QRS duration >114 ms and
EF <30% identified a very high-risk subset of patients (Figure 4.4). This find-
ing was of particular importance since the clinical usefulness of inducible VT
was found to be limited in this study. Recent, as yet unpublished data from
the MADIT II trial also indicate that abnormal SAECG in patients with normal
QRS duration identifies high-risk individuals or lack of SAECG abnormalities
identifies group of patients with a low mortality who are unlikely to bene-
fit from ICD therapy. Results from these two large clinical trials support the
notion that normal SAECG with its high negative predictive value could be
used to identify postinfarction patients with depressed left ventricular func-
tion who might not benefit from ICD therapy. Remaining patients, that is,
those with abnormal SAECG while having normal QRS duration on standard
ECG, and patients with wide QRS on standard ECG constitute a group with a
risk high enough (>20% mortality in 2-year period) to warrant ICD therapy
without hesitation. There is growing evidence for rebirth of interest in SAECG
as a useful risk stratification tool in high-risk postinfarction patients with left
ventricular dysfunction. Abnormal SAECG recorded in the early postinfarction
period, however, has insufficient predictive power, which seems to be over-
whelmed by better predictive value of other ECG parameters (including HRT
and T-wave alternans). However, there is data indicating that the combina-
tion of abnormalities in SAECG with positive results of T-wave alternans test
might be useful in identifying high-risk individuals in the early postinfarction
period [40,41]. Bailey et al. [42] suggested the use of SAECG together with
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Figure 4.4 Kaplan—-Meier estimates of arrhythmic death or cardiac arrest by SAECG
result and EF. Two-year and five-year event rates for patients with EF <30%

and FQRS >114 ms were 17% and 36%, respectively; for patients with EF <30% and
FQRS <114 ms, they were 10% and 23 %, respectively; for patients with EF > 30%
and FQRS >114 ms, they were 11% and 22% respectively; and for patients with

EF >30% and FQRS <114 ms, they were 6% and 13 %, respectively. Differences
between those with EF <30% and FQRS >114 ms compared with those with

FQRS <114 ms was highly significant (p = .0001). Difference between those with

EF >30% and FQRS >114 ms compared with those with FQRS <114 ms was also
significant (p = .01). Reproduced with permission from Reference 39. FQRS = filtered
QRS duration.

ejection fraction as first steps of risk stratification process in postinfarction
patients. Patients with normal SAECG and preserved left ventricular function
have a very low risk of arrhythmic events (about 2% over 5-year period),
whereas those with abnormal SAECG and depressed LVEF have very high
risk of such events (about 38%). Intermediate groups, with either test abnor-
mal, require further stratification using Holter-based HRV and ventricular
arrhythmia analysis or programmed ventricular stimulation. Ultimately, this
strategy is likely to identify the majority of patients eligible for ICD therapy as
well as those who may not need this treatment.

Microvolt T-wave alternans

The presence of subtle beat-to-beat changes in the amplitude of the T-wave
in the surface ECG, which is termed microvolt T-wave alternans (MTWA),
has been shown to be associated with an increased risk of SCD or other ser-
ious ventricular tachyarrhythmic events [40,41,43]. Particularly in patients
with ischemic and nonischemic cardiomyopathy, assessment of MTWA has
been shown to be useful for prediction of arrhythmic complications during the
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subsequent course of treatment of these patients. For instance, a recent report
on 129 patients with ischemic cardiomyopathy found that over a 24 months
follow-up no major arrhythmic event or SCD occurred in those patients who
tested negative; on the other hand, in MTWA positive patients or in those with
an indeterminate test result, the event rate was 15.6% [44]. Bloomfield et al.
recently reported their findings in 177 MADIT II-like patients in whom they
assessed MTWA and whom they followed for 2 years [45]. They found that a
positive MTWA was associated with a higher mortality rate than that associ-
ated with a prolonged QRS duration of >120 ms. In fact, the actual mortality
was 17.8% in patients with a positive MTWA compared to only 3.8% in those
patients who tested negative for MTWA (hazard ratio 4.8, 95% confidence
interval 1.1-20.7, p = .02). It is of particular note that in all studies, evalu-
ating MTWA for arrhythmic risk stratification MTWA carried a high negative
predictive value of between 96% and 100%. This indicates that analysis of
MTWA may be particularly helpful to avoid unnecessary ICD implantations
in patients with depressed LV function who test negative for MTWA.

Measures of autonomic control

Numerous studies explored the prognostic value of HRV parameters for pre-
dicting outcomes in postinfarction patients [47-50]. They consistently showed
that depressed HRV is associated with increased mortality. However, there
is limited data regarding the prognostic significance of HRV parameters for
predicting sudden or arrhythmic death. The limited evidence for the asso-
ciation between depressed HRV parameters and SCD might be due to the
difficulty in categorizing sudden or arrhythmic nature of death, but also could
be because of lack of strong evidence for this association. HRV also oper-
ates differently in different patient population depending not only on the
disease but also on advancement of the disease process. HRV parameters pre-
dict well CHF worsening and total mortality in congestive heart failure patients
whereas the predictive value of HRV for SCD is limited. Similarly, there are no
studies linking HRV with electrophysiology (EP) inducibility, further indicat-
ing that HRV might not be the right approach to identify susceptibility to
arrhythmias. Reported associations with arrhythmic events are most likely
driven by congestive heart failure which predisposes to SCD itself [51].

A new method for evaluating the response of sinus beats to single ventricular
premature beats is HRT [52]. Normal response to VPBs consists of immedi-
ate acceleration with subsequent deceleration of heart rate whereas blunted
response, which does not show such reaction, is considered as a noninvasive
sign of impaired baroreflex sensitivity. Schmidt et al. [52] demonstrated that
HRT quantified using two parameters describing turbulence onset and turbu-
lence slope is an independent predictor of total or cardiovascular mortality
in MPIP and EMIAT postinfarction populations. This observation was fur-
ther substantiated by recent analysis of data in postinfarction patients from
ATRAMI study [53] and ISAR study [54] with majority of patients treated
with primary coronary interventions. However, again like for HRV parameters
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there is no support for direct association between HRT parameters and sudden
death.

The last few years saw an increased clinical interest in nonlinear dynamic
methods for risk stratification purposes. There are few studies suggesting that
low levels of alfal, short-term scaling component of heart-rate dynamics,
is associated with increased mortality in postinfarction patients [55,56]. The
limitation of both HRT and nonlinear dynamic is their limited accessibility.

Therefore, there is strong evidence linking depressed HRV and abnormal
HRT with cardiac mortality and these methods should be used in the risk
stratification process, however, with full realization that their predictive value
might not be directly related to sudden death or arrhythmic events.

Invasive electrophysiologic testing

Testing inducibility of VT in postinfarction patients became a standard mod-
ality for identifying high-risk individuals prone to sudden death. MADIT
and MUSTT were designed to enroll postinfarction patients with depressed
LVEF who presented with nonsustained VT and inducibility of ventricu-
lar tachyarrhythmias during invasive electrophysiologic testing [15,16]. Both
these primary prevention trials with the use of ICDs demonstrated that the
above risk stratification algorithm was able to select a subset of postinfarc-
tion patients with very high mortality risk. However, secondary analysis from
MUSTT [57] published in 1999, revealed that despite significant difference
in outcome between inducible patients enrolled in the trial and nonindu-
cible patients enrolled in a registry, EP inducibility was found of limited
use since 5-year mortality in inducible patients was 48% compared to 44%
in noninducible. In 1997, MADIT II was launched to determine whether
primary prevention with ICD therapy is justified in postinfarction patients
with EF <30% but without additional risk stratifiers [18]. This trial demon-
strated a significant 31% reduction in the risk of mortality in patients treated
with ICDs when compared to conventionally treated patients. MADIT II also
showed that there is no need for additional risk stratifiers (including EP testing)
when ejection fraction is so low. In fact, in over 80% randomized to ICD arm
of MADIT II, invasive EP testing with an attempt to induce tachyarrhythmias
was performed at the time of ICD placement. VT inducibility, observed in 40%
of studied patients, was not effective in identifying patients with cardiac events
defined as VT, ventricular fibrillation, or death (MADIT II — personal commu-
nication). These observations from both MUSTT and MADIT II subanalyses
suggest that in patients with substantially depressed left ventricular function,
EP inducibility should not be considered as useful predictor of outcome. It is,
however, possible that inducibility might have much better predictive value in
postinfarction patients with EF >30% or >35%. Cappato et al. [58] investig-
ated usefulness of EP inducibility in 285 survivors of cardiac arrest enrolled in
the Cardiac Arrest Study Hamburg (CASH) and found that EP inducibility was
predictive for sudden death in patients with EF >35% (HR = 3.0; p = .006)



Risk stratification for SCD 57

whereas it was not useful in patients with lower ejection fraction (HR = 1.1;
p = .81).

Risk stratification in nonischemic cardiomyopathy

The above sections focused on postinfarction patients, whereas a growing
number of CHF patients with nonischemic cardiomyopathy is being seen by
cardiologists and are considered for prophylactic ICD therapy. DEFINITE [19]
was a recent trial evaluating the effects of ICD therapy on mortality in patients
with nonischemic cardiomyopathy. About half of patients enrolled in SCD-
HeFT [37] had nonischemic cardiomyopathy. Both these studies indicated that
ICD therapy reduces mortality in nonischemic cardiomyopathy patients and
following these findings new indications for ICD in the United States include
nonischemic cardiomyopathy with EF <30% [59].

The question remains how to identify patients with nonischemic cardio-
myopathy who might benefit from ICD therapy more than other individuals.
Invasive EP testing with inducibility of ventricular arrhythmias is not useful
as a risk stratification method. Several noninvasive techniques were explored
including presence of nonsustained VT, abnormal signal-averaged ECG, HRV,
and recently T-wave alternans. Among these noninvasive modalities, T-wave
alternans seems to be of increasing interest in dilated cardiomyopathy patients.
Hohnloser et al. [60] studied 137 dilated cardiomyopathy patients followed
for a mean 14 months and they found that decreased baroreflex sensitivity
and presence of MTWA were the only two significant predictors of arrhythmic
events outperforming other tested parameters including NSVT, SAECG, LVEF,
and HRV. However, in a larger Marburg Cardiomyopathy Study of 343 cardi-
omyopathy patients with mean 52-month follow-up, Grimm et al. [61] found
that ejection fraction was the only effective predictor of arrhythmia-free sur-
vival. Nonsustained VT added to ejection fraction was further refining the risk
stratification model. In Marburg Cardiomyopathy Study, other tests including
SAECG, HRYV, baroreflex sensitivity, and T-wave alternans were not useful in
predicting arrhythmia-free survival. Secondary analyses from DEFINITE and
SCD-HeFT trials will bring more data to further clarify this controversy. Nev-
ertheless, since the above ICD trials gave basis for ICD indications in dilated
cardiomyopathy patients with EF <30%, future research is needed to determ-
ine optimal risk stratification algorithms in patients with EF >30% and in this
group NSVT and T-wave alternans might be of major value.

Summary

Ejection fraction remains the number one risk stratifier in both ischemic
and nonischemic cardiomyopathy patients. Patients with EF <30% should
undergo primary prevention therapy by device implantation. Predictive
value of various noninvasive parameters in patients with such profound
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left ventricular dysfunction is limited, although the high negative predictive
values of SAECG and T-wave alternans might help prioritizing postinfarction
patients. In patients with EF >30%, T-wave alternans especially in combin-
ation with other parameters reflecting abnormalities in myocardial substrate
(prolonged QRS, abnormal SAECG) or increased vulnerability (NSVT) might
be considered as useful noninvasive measures of risk stratification competing
with invasive EP induction of ventricular tachyarrhythmias.
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CHAPTERS

Autonomic nervous system:
Emerging concepts and
clinical applications

Peter J. Schwartz and Richard L. Verrier

Introduction

The concept that neural activity exerts a potent influence on arrhythmogen-
esis, which gained credence in the 1970s [1,2], has received strong affirmation
in ensuing literature. In recent years, fascinating new insights have been
gained regarding the mechanisms of neurocardiac interactions and important
practical tools have been developed for human studies of neural influences on
heart rhythm in health and disease. This chapter provides a succinct update
of progress in both the basic science and clinical literature with special focus
on risk stratification and implications for therapy.

Integration of neural control of cardiac
electrical activity

Regulation of cardiac neural activity is highly integrated and is achieved by
circuitry at multiple levels [3]. Higher brain centers operate through elaborate
pathways within the hypothalamus and medullary cardiovascular regulat-
ory sites. Baroreceptor mechanisms have long been recognized as integral to
autonomic control of the cardiovascular system. The intrinsic cardiac nerves
provide local neural coordination, partly independent of higher brain centers.
The entire neural control of the heart is enriched by afferent information,
relayed centrally through vagal and sympathetic cardiac afferents [4-6]. This
sensory system, besides signaling hemodynamic changes through cardiac
mechanoreceptors provides the basis for reflex changes in sympathetic [7]
and vagal activity [8] which contribute significantly to the cardiac arrhythmias
associated with acute myocardial ischemia [9]. At the level of the myocardial
cell, autonomic receptors interact with G proteins to control ionic channels,
pumps, and exchangers.
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Autonomic nervous system tone and reflexes

Heart-rate variability

Autonomicnervous system tone has been studied in human subjects primarily
by employing the tool of heart-rate variability (HRV), which reflects the fact
that the pattern of beat-to-beat control of the sinoatrial (SA) node provides
a reflection of cardiac-bound autonomic activity [10]. Parasympathetic influ-
ences exert a unique imprimatur of rapid, dynamic control, as acetylcholine
affects muscarinic receptors, and are therefore reflected in the high-frequency
(HF) component. Sympathetic nerve activity, through the influence of nor-
epinephrine on beta-adrenergic receptors, has a considerably slower influence
and is evident in the lower frequency (LF) components. Thus, while HRV is
only an indirect measure of cardiac autonomic function as it reflects influences
on the SA node and not on the ventricular myocardium, nevertheless, HRV
studies underscore the universal influence of the autonomic nervous system
in cardiovascular disease and arrhythmic events. The parameter is capable
of stratifying risk for mortality after myocardial infarction (MI) [10,11,12]
and noncardiac surgery [13] and in patients with chronic congestive heart
failure [14] or cardiomyopathy [15]. In patients with cardiovascular disease,
HRYV provides evidence of vagal withdrawal immediately prior to onset of
ischemia [16] and ventricular arrhythmias [17], a mechanism suggested by
experimental laboratory studies.

Baroreceptor sensitivity

The early studies by Billman, Schwartz, and Stone [18] drew attention to
the importance of baroreceptor function in susceptibility to life-threatening
arrhythmias associated with myocardial ischemia and infarction. In the ini-
tial investigations in canines, it was demonstrated that more powerful the
baroreflex response, the less vulnerable were animals to ventricular fibrilla-
tion during myocardial ischemia superimposed on prior MI. The protective
effect of the baroreceptor mechanism has been linked primarily to the anti-
fibrillatory influence of vagus nerve activity, which presynaptically inhibits
norepinephrine release [19] and maintains heart-rate low during myocardial
ischemia [20]. The latter effect improves diastolic coronary perfusion, min-
imizing the ischemic insult from coronary artery occlusion. The experimental
findings were soon matched by clinical studies and the importance of barore-
flex sensitivity (BRS) was subsequently documented in human subjects in
whom baroreceptor function was evaluated with the pressor agent phenyleph-
rine [21-23]. It was indeed demonstrated that post-MI patients were less likely
to experience sudden cardiac death (SCD), and total cardiac mortality, if their
baroreceptor function was not depressed. Overall, it appears that BRS and
HRYV, which reflect disturbances in autonomic reflexes and tone, respectively,
provide complementary information pertaining to autonomic factors in the
precipitation of life-threatening arrhythmias. From the clinical standpoint,
the most important finding probably is the evidence that, among patients
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Figure 5.1 Kaplan—-Meier event-free survival curves for arrhythmic events according
to the combination of EF with BRS. The total population has been divided in four
groups after dichotomization of EF according to <35% and >35%. The total
population has been divided in four groups after dichotomization of BRS according to
the ATRAMI cut-off values of <3 ms/mm Hg and >3 ms/mm Hg. The probability
value refers to differences in events rate between subgroups. Reprinted from
Reference 23, with permission.

with depressed (35%) left ventricular ejection fraction (LVEF), the presence
of either preserved or depressed BRS allow identification of two subgroups at
significantly different risk (Figure 5.1). As the Multicenter Automatic Defib-
rillator Implantation Trial (MADIT II) results have led to the suggestion of
implanting Cardioverter-defibrillators (ICDs) in all post-MI patients with LVEF
<30%, the evidence that the use of appropriate autonomic markers can help
to identify a significant subgroup at much lower risk among patients with
LVEF <35% [23] and even <30% [24] has important practical implications
for national health policies.

Recently, BRS testing has also been performed by measuring heart-rate tur-
bulence (HRT), a term that refers to fluctuations of sinus-rhythm cycle length
after a single ventricular premature beat (VPB), which appears to be mech-
anistically linked with BRS [25]. The basic principle, introduced by Schmidt
et al. [26], is that the reaction of the cardiovascular system to a VPB and sub-
sequent decrease in arterial blood pressure is a direct function of baroreceptor
responsiveness, as reflex activation of the vagus nerve controls the pattern of
sinus rhythm. Several retrospective studies confirm that in low-risk patients,
after a VPB, sinus rhythm exhibits a characteristic pattern of early acceler-
ation and subsequent deceleration. By contrast, patients at high risk exhibit
essentially a flat, nonvarying response to the VPB, indicating their inability
to activate vagal nerves and access their cardioprotective effect. HRT appears
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to be a promising independent predictor of total mortality in patients with
ischemic heart disease or heart failure [26,27].

Heart-rate turbulence is an inexpensive, simple method that can be analyzed
from routine ambulatory ECGs (AECGS). Its main limitation is its requirement
of spontaneous, single VPBs, without which the analysis cannot be performed
from AECG recordings.

Intrinsic cardiac innervation

Armour [28] introduced and investigated the elaborate intrinsic neural net-
work within the heart that provides local, independent heart rhythm control.
This important advance is in line with the findings by Randall and Ardell
[29] and Zipes and coworkers [30], who drew attention to the fact that
components of this innervation system reside within discrete fat pads. The
cardiac fat pads and local cardiac regulatory systems, although somewhat enig-
matic in their regulatory function, are of considerable clinical significance.
For example, myocardial ischemia can compromise the functional capacity
of cardiac intrinsic neurons residing in the fat pad and thus has the poten-
tial to increase electrical inhomogeneity and susceptibility to arrhythmias
[31]. Intrinsic innervation is also vulnerable to diabetic neuropathy, which
accordingly could exacerbate vulnerability to arrhythmias [32].

Nerve growth and degeneration

Whereas the concept of remodeling has been well established with respect
to the myocardium, the importance of restructuring of cardiac innerva-
tion has not received due attention until the past few years. Infarction of
either the right of left ventricle results in heterogeneous autonomic dener-
vation in the viable peri-infarct territory, which establishes a substrate for
enhanced susceptibility to arrhythmias. Fundamental contributions in this
regard have emerged from the laboratories of Elvan and Zipes [33] and
Chen and coworkers [34-38], who provided evidence implicating “nerve
sprouting” in ventricular arrhythmogenesis and potentially SCD. Chen and
colleagues reported a significant correlation between increased sympathetic
nerve density as reflected in immunocytochemical markers with history of
arrhythmias including ventricular tachycardia and SCD in native hearts of
human transplant recipients with severe heart failure [34]. Their observations
suggested an association between post-injury sympathetic nerve density and
susceptibility to life-threatening ventricular arrhythmias in these patients. In
a canine post-MI model, they demonstrated that induction of nerve sprout-
ing by infusion of nerve growth factor (NGF) into the left stellate ganglion
(LSG) resulted in increased incidence of ventricular tachycardia and fibril-
lation [35], thus providing novel support for the prior multiple evidence of
the unique arrhythmogenic potential associated with activation of left sided
cardiac nerves [39,40]. Significantly, the predisposition to arrhythmias was
again linked to immunocytochemical evidence of a heterogeneous pattern of
sympathetic reinnervation. In a similar ambulatory canine model, the group
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reported the frequent occurrence prior to VT of visible T-wave alternans
(TWA) [36], a noninvasive marker of risk for ventricular arrhythmias in the
post-MI population [41]. Recently, Liu ef al. [37] demonstrated in rabbits
that hypercholesterolemia can produce proarrhythmic neural and electro-
physiological remodeling that is highly arrhythmogenic and is associated with
important changes in ionic currents including Ic,. Collectively, this evidence
points to the lability of autonomic innervation and the intricate changes that
may be responsible for derangements in neural activity and predisposition to
arrhythmias. This adverse effect of heterogeneous remodeling of sympath-
etic innervation to the heart is likely to play a role in the increased risk
for life-threatening arrhythmias and strengthens the rationale for the use of
autonomic interventions in the prevention of sudden cardiac death.

Behavioral state

The view that behavioral factors may predispose to malignant arrhythmias has
gained strong support in recent years because of batteries of psychometric tests
for behavioral testing and indicators of cardiac electrical instability including
ICD discharge frequency and TWA.

Lampert et al. [42] systematically examined the potential of emotional and
physical stressors to provoke spontaneous ventricular arrhythmias in patients
with ICDs. Detailed diaries of mood states and physical activity were obtained
during two periods preceding spontaneous, appropriate ICD shocks and during
control periods 1 week later. A total of 107 documented ICD shocks were
reported by 42 patients, the majority of whom had coronary artery disease.
In the 15-min period preceding shocks, there was a significant incidence of
high levels of anger, with odds ratios of 1.83 (p < .04). Other mood states,
notably anxiety, worry, sadness, and happiness, did not trigger ICD discharge.
Physical activity was also associated with increased incidence of shocks. These
observations are consistent with recent experimental [43] and clinical [44]
(Figure 5.2) studies demonstrating that mental stress is capable of significantly
increasing cardiac electrical instability as assessed by TWA.

The dynamic influence of mental and physical activity on cardiac electrical
function finds further support in a recent study of ambulatory ECG-based
TWA analysis in post-MI patients [41]. Modified moving average (MMA) ana-
lysis was used to measure TWA from 24-h AECGs from patients enrolled in
the autonomic tone and reflexes after myocardial infarction (ATRAMI) study
obtained at an average of 15 days following the index event. The patients were
followed for 21 £ 8 months and were matched for gender, age, site of MI,
LVEF, thrombolysis, and beta-adrenergic blockade therapy. A four-to seven-
fold higher odds of cardiac arrest or arrhythmic death was predicted by TWA
levels at the 75th percentile of controls, that is, approximately 50 V. Indi-
viduals at risk for arrhythmic death showed increased TWA levels at maximum
heart rate and at 8:00 AM, suggesting that daily mental and physical stress
can disclose clinically significant levels of electrical instability. Although the
increase in TWA may be associated with maximum daily heart-rate, elevated
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Figure 5.2 Comparison of ICD patients with controls in TWA responses to mental
stress and exercise (A = change from baseline). Increases in TWA were higher in ICD
patients than in controls during mental arithmetic (p = .043), exercise stage 1

(» = .0004), and peak exercise (p = .038). *p < .05, p < .01 (ICD versus control).
Reprinted from Reference 16, with permission from Lippincott, Williams, and Wilkins.

heart-rate per se does not appear to be the sole factor, as TWA measured at
peak heart rate did not correlate with the magnitude of the heart-rate change
nor did the maximum heart rates differ between patients with and without
events. These increases in TWA in such cases are likely to reflect the influ-
ence of enhanced sympathetic nerve activity, since beta-adrenergic receptor
blockade reduces TWA magnitude [45], an effect shown to be independent of
heart rate, when this variable was controlled by pacing [43].

An important evolving literature addresses the profound changes in
autonomic nervous system activity and respiration during sleep and their pro-
vocation of increased risk for sudden death, particularly in individuals with
apnea and/or heart failure [46].

Autonomically based antiarrhythmic therapy

The evidence that life-threatening arrhythmias are enhanced either by
increases in sympathetic activity or by inability to increase vagal activity
appropriately has provided the rationale for preventive strategies aimed at
counteracting these two conditions.

Antiadrenergic interventions
This approach is specifically useful for patients with ischemic heart disease
and with congenital disorders that decrease cardiac electrical stability such
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as the congenital long QT syndrome (LQTS). The realization that acute
myocardial ischemia elicits a reflex increase in cardiac sympathetic activity
[7] contributed to the rationale for the use of beta-blockers in patients with
acute MI. The unquestionable success of this therapy [47] attests the clinical
impact of the autonomic nervous system and of its manipulation.

The recognition that left-sided cardiac nerves have a higher arrhythmogenic
potential, probably because they are quantitatively dominant at ventricular
level [48], has contributed to the exploration of its clinical use. In the only
randomized clinical trial performed, post-MI patients at high risk for sudden
death were allocated to either placebo, beta-blockade, or left cardiac sympath-
etic denervation (LCSD)[49]. Both pharmacologic and surgical antiadrenergic
interventions reduced significantly sudden cardiac death from 22% to 3%.
This trial provided the “proof of concept” for the antifibrillatory effect of LCSD
in man. In clinical practice, however, the main current use of LCSD is for
patients affected by LQTS. The most recent worldwide data on 147 high-risk
patients demonstrate that when beta-blockade is unable to prevent syncope,
LCSD is a valid alternative to the ICD [50]. The 5-year mortality in this group
was 3%, thus showing that protection by sympathectomy is not 100% effect-
ive. On the other hand, the reduction >90% in the number of episodes of
syncope and cardiac arrest, also in the unfortunate patients with multiple ICD
shocks (average 30/year), indicates a major improvement in quality of life.
Reduction of QTc below 500 ms after LCSD identifies patients at minimal risk
for subsequent events (Figure 5.3). Thus, LQTS patients who have syncope
despite beta-blockade should be informed of the pros and cons of the next
therapeutic steps, the ICD and LCSD.

The clinical impact of removing specific cardiac sympathetic nerves is a
good example of the tight relationship between cardiovascular physiology and
therapy.

Vagal interventions

Several lines of evidence suggest that whenever autonomic markers indicate
the presence of reduced vagal activity, tonic but especially reflex, there is an
increase in risk for cardiac mortality and sudden death and this provides a
strong rationale to develop means to increase vagal activity in selected groups
of patients. Of the three main possibilities (pharmacologic activation, exercise
training, and direct vagal stimulation) the first seems the most distant from
clinical applicability because selective and safe pharmacologic activation of
cardiac M2 receptors is not yet available.

The experimental evidence that increasing vagal activity by exercise train-
ing, increased depressed BRS in high-risk post-MI dogs and prevented VF
during acute myocardial ischemia [51] and that it also provided antifibrillat-
ory protection in high-risk dogs with a normal heart [52] paved the way for
clinical studies aimed at assessing its impact on cardiac mortality. Ninety-five
post-MI patients, matched for all major variables, were randomized to a 4-
week endurance training period or to no training [53]. During a 10-year
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Figure 5.3 Kaplan—-Meier curves of event-free survival and survival according to
post-LCSD QTc in patients with only syncope or aborted cardiac arrest pre-LCSD.
Reprinted from Reference 50, with permission.
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Figure 5.4 Cardiac mortality estimated by the Kaplan—-Meier method among the
patients with a training-induced increase in BRS >3 ms/mm Hg and the group
including patients who trained without the same BRS increase and nontrained
patients. Reprinted from Reference 53, with permission.

follow-up, cardiac mortality among the trained patients who had an exercise-
induced increase in BRS >3 ms/mm Hg was strikingly lower compared to that
of the trained patients without such a baroreflex response and to that of the
non-trained patients (0 of 16 versus 18 of 79, p = .04) (Figure 5.4). These
data demonstrate that when exercise training shifts the autonomic balance
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toward a quantitatively sufficient increase in vagal activity, it can significantly
improve long-term prognosis.

Classic studies in anesthetized animals indicating the potential of vagal
stimulation to reduce the prevalence of ventricular fibrillation induced by
coronary artery occlusion [54] were followed by a study in a conscious canine
model for sudden death recognized for its clinical relevance [55]. Vanoli et al.
[56] demonstrated that direct stimulation of the right cervical vagus, initiated
through a chronically implanted electrode, at 15 s after onset of acute myocar-
dial ischemia in dogs with a healed MI, performing an exercise stress test, was
able to reduce the incidence of ventricular fibrillation by 92%. Furthermore,
this effect was only partly due to the attendant heart-rate reduction, as in half
of the animals, the efficacy of vagal stimulation persisted despite maintenance
of constant heart rate by atrial pacing, thus proving that the protective effect
was also mediated by direct sympathetic—parasympathetic interactions.

This important evidence has represented the springboard for the current
interest in the use of chronically implanted vagal electrodes for the preven-
tion of ventricular fibrillation in man and also for the evaluation of value of
neurally mediated heart-rate control in patients with heart failure. Prelimin-
ary clinical investigations related to feasibility and safety are currently ongoing
in Italy.

Conclusions

Our understanding of the role of the autonomic nervous system has continued
to evolve in a fascinating and productive manner.

The findings as discussed in this chapter provide cogent evidence that the
progressive unraveling of our understanding of the physiology underlying
neural control of the heart is allowing a fine-tuning of the autonomic nervous
system, which has already resulted in an improved risk stratification and in a
greater array of therapeutic tools.
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CHAPTERG6

Clinical characteristics of
sudden cardiac death victims
and precipitating events

Christine M. Albert and Stuart M. Cobbe

Clinical characteristics

Incidence and demographic features

The acute and chronic complications of coronary artery disease are the pre-
dominant cause of sudden cardiac death (SCD), hence the age and gender
distribution of SCD parallels that of coronary artery disease (Figure 6.1). Pop-
ulation incidence rates of SCD ranging between 0.36 and 1.28/1000/annum
have been reported [1]. The estimated SCD rates in blacks and whites are
similar up to an age of 40 years. However, with increasing age, the rate in
blacks increases compared with whites, and was 1.5 times greater by the sev-
enth decade [2]. The greater prevalence of hypertension in black compared
with white men may explain their greater incidence of SCD despite a lower
prevalence of coronary artery disease [1].

Risk factors

The risk factors for SCD are predominantly those of atherosclerotic coronary
disease, namely increasing age, male gender, family history of coronary artery
disease, increased LDL cholesterol, hypertension, smoking, and diabetes mel-
litus [1,3]. Although the absolute risk of SCD is lower than in men, coronary
heart disease (CHD) risk factors also predict SCD risk in women [4]. In sub-
jects without recognized heart disease, increased heart rate and heavy alcohol
consumption are additional predictors of SCD [1]. As well as being a risk factor
for CHD, hypertension plays a disproportionate role in increasing the risk of
SCD [5]. The principal mechanism by which hypertension predisposes to SCD
is via left ventricular hypertrophy (LVH). The risk of sudden death in the pres-
ence of electrocardiographic LVH was comparable to that of coronary artery
disease or heart failure [1].

Among newer risk factors, elevated levels of C-reactive protein (CRP) pre-
dict increased risk of SCD over a 17-year follow-up period. Men in the highest
quartile of CRP had a 2.65-fold increase in risk compared with those in the
lowest quartile, after adjustment for other risk factors [6]. In patients dying
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Figure 6.1 Age and gender distribution in 23 998 attempted resuscitations for sudden
cardiac arrest in Scotland 1991-2001.

suddenly with severe coronary artery disease, serum CRP levels were signific-
antly elevated both in the presence and absence of coronary thrombosis, and
correlated with staining intensity for CRP in macrophages and plaque lipid
core, and with the numbers of thin-cap atheromatous plaques [7].

Although a genetic predisposition to sudden death is usually considered
among monogenic disorders such as hypertrophic cardiomyopathy or long-QT
syndrome, there is evidence of a genetic “susceptibility factor” predisposing to
SCD in unselected population studies. Family history was a predictor of SCD
after correction for conventional CHD risk factors in two reports, with odds
ratios of 1.57 and 1.8, respectively [1,3]. In families with a parental history of
SCD on both sides, the relative risk for SCD increases to 9.4.

Prevalence of clinically diagnosed cardiac disease in SCD victims
Community or autopsy series have reported that 50-80% of SCD victims have
no clinical history of heart disease [1,4,8]. However, epidemiological studies
have reported a high prevalence of unrecognized myocardial infarction (MI)
and left ventricular dysfunction in the community [1], hence the proportion
of SCD that is genuinely the first manifestation of cardiac disease is impossible
to define. Among SCD victims with prior cardiac disease, a history of pre-
vious MI or heart failure is common. In the Maastricht community study,
overt heart failure was present in 26% of the group with a cardiac history
[8]. Other reports have confirmed the prognostic value of ST-segment depres-
sion or T-wave inversion or the presence of bifascicular or trifascicular bundle
branch block as risk markers for SCD, emphasizing the role of subclinical
left ventricular hypertrophy/dysfunction and coronary artery disease as risk
factors for SCD [1].

Documented rhythm at time of arrest
The first recorded rhythm in patients presenting with a sudden cardiovas-
cular collapse is ventricular fibrillation (VF) in 75-80% of both men and
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women, with bradyarrhythmias (asystole or electromechanical dissociation)
in the remainder [1,4]. Among patients with advanced cardiac disease, the
proportion of nonarrhythmic deaths, commonly due to electromechanical
dissociation, is greater [1].

Predisposing cardiac disorders

The diseases responsible for SCD vary according to the age, gender, and racial
characteristics of the study population. In unselected series, coronary artery
disease and its complications predominate [1,9], whereas in younger subjects
or special groups such as athletes, a wider range of inherited and acquired
cardiac disease is reported [10,11].

Coronary artery disease
The mechanisms responsible for SCD have been investigated by autopsy
studies, as well as clinical, angiographic, and electrophysiological data from
SCD survivors. The proportion of SCD victims with active coronary lesions
(plaque rupture or erosion and/or coronary thrombosis) has varied from
<20% to >80% in different autopsy series, with widely varying prevalence
of acute or old MI according to case selection [1] (see Chapter 2). These data
suggest that acute myocardial ischemia, with or without evidence of acute or
old MI, is the major cause of SCD in patients with coronary artery disease.
Survivors of SCD due to coronary artery disease are classified into those
with acute (ST elevation or Q wave) M1, those with ischemic events (ischemia/
non-ST elevation MI), and those with primary ventricular tachyarrhythmias.
Examples of the respective proportions in different series are: acute
MI 44-51%, ischemia 20-34% and primary arrhythmic event 22% [12-14].
In one series, 27 % of the acute MI, 55% of the ischemic event, and 71 % of the
primary arrhythmic event, patients had a prior history of infarction. SCD was
the first cardiac event in 35%, 16%, and 6% of the groups respectively [12].
Survivors of cardiac arrest due to acute MI have a lower risk of recurrent
SCD than those with acute ischemic events or primary arrhythmias [13,15].
Two explanations are advanced for this observation. First, following recovery
from acute MI, the coronary arteries and myocardium are more stable than
that following ischemic events or primary arrhythmias. Second, as mentioned
above, acute MI patients have a lower burden of prior MI and left ventricular
dysfunction than the other groups. In support of the latter point, a prior history
of cardiac disease in resuscitated SCD victims is negatively associated with
long-term survival [14]. SCD survivors commonly have extensive coronary
atherosclerosis and left ventricular dysfunction [16]. Patients who developed
recurrent SCD had more triple vessel coronary artery disease and poorer left
ventricular function than long-term survivors. In a series of 680 SCD survivors,
the independent predictors of subsequent mortality were cardiac arrest not
due to definite MI, treatment for heart failure, and increased age [13].
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There is often difficulty in distinguishing acute ischemia from primary
arrhythmia, as the mechanism of SCD, in those without ST elevation/Q-wave
MI. Patients in both categories commonly have multivessel coronary disease
and left ventricular dysfunction. Prodromal symptoms may be lacking, or
not recollected owing to amnesia caused by cerebral hypoxia. Minor T-wave
changes and elevation in cardiac markers or enzymes may occur either as a
cause or as a consequence of the cardiac arrest. The induction of sustained
ventricular tachycardia or fibrillation by programmed ventricular stimula-
tion denotes the presence of an arrhythmic substrate, and favors a primary
arrhythmic mechanism. In contrast, non-MI SCD survivors who do not have
inducible ventricular tachyarrhythmias have a high prevalence of complex
lesions at angiography, suggesting plaque rupture as the mechanism of acute
ischemia [17]. In view of the difficulty in establishing the exact mechanism of
SCD in non-MI patients, they have been grouped together in clinical trials of
the implantable cardioverter-defibrillator (ICD), as discussed in Chapter 15.
Although not supported by randomized controlled trials, it is normal prac-
tice to attempt revascularization in SCD survivors, particularly if evidence
of reversible ischemia is present. Adequate revascularization plus a negative
postoperative electrophysiology study predicts a very low risk of recurrent
SCD [18].

Other structural heart disease

Although coronary artery disease and its complications are the commonest
causes of SCD, any structural heart disease that results in ventricular hyper-
trophy or dysfunction may also result in sudden death. Thus, patients with
symptomatic chronic heart failure due to idiopathic dilated cardiomyopathy
are at a similar risk of SCD like those with ischemic cardiomyopathy, and
obtain similar benefit from an implantable defibrillator. Symptomatic chronic
heart failure patients are already likely to be under medical care. A more prob-
lematic group is young subjects with asymptomatic structural heart disease,
in whom sudden death may be the first presentation. A list of the commonest
causes of sudden death in young adults is given in Table 6.1.

The death of a young, previously asymptomatic person is rightly regarded
as a tragedy for the individual and family, and raises issues as to how such
events can be prevented, and how the risk of future events in family members
is assessed and managed. In the absence of a family history of SCD, the ditfi-
culty of identifying those at risk among healthy, asymptomatic young adults
is enormous. For example, the calculated risk for sudden death in competitive
high school athletes was 0.46/100 000 per academic year [19], and that in US
Air Force recruits was 1.18/100 000 during a 42-day basic training period [20].
It is clearly impractical to screen every young person, or even every athlete
for a risk of sudden death. Attention should be directed to those with cardiac
symptoms, a family history of premature sudden death, or a family history of
inherited cardiac disease.
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Table 6.1 Principal causes of SCD in young adults.

Structural

Electrical

Toxic

Premature coronary
artery disease

Hypertrophic
cardiomyopathy
Arrhythmogenic right
ventricular
cardiomyopathy

Anomalous coronary

Long-QT syndrome

Brugada syndrome

Catecholamine-induced
polymorphic ventricular,
tachycardias

Short-QT syndrome

Cocaine, amphetamines,
alcohol
QT-prolonging drugs

artery origin

Wolff-Parkinson-White
syndrome

Acute myocarditis

Congenital aortic valve
stenosis

Conducting system
disorders

Other congenital heart
disease

Hypertrophic cardiomyopathy

Estimates of the risk of sudden death in hypertrophic cardiomyopathy vary
according to the characteristics of the patient cohort. In a tertiary referral
registry, the 6-year SCD risk was 9% (95% CI = 5-13%). The variables pre-
dictive of risk were syncope, family history of SCD, nonsustained ventricular
tachycardia, exercise blood pressure response, and left ventricular wall thick-
ness. The estimated 6-year SCD risks for patients with zero, one, two, and
three risk factors were 5% (95% CI = 1-9%), 7% (1-13%), 18% (4-33%),
and 64% (25-100%) respectively [21]. In contrast, the annual SCD mortality
in a community-based study was only 0.6% (5.4% at 6 years), suggesting that
hypertrophic cardiomyopathy is a relatively benign disease in an unselected
population [22].

Sudden death in the absence of structural heart disease

The estimated incidence of SCD in white Caucasians aged 16-64 years was
11/100 000/annum in England. Of these, 4.1% (0.45/100000/annum) had
no cause, found at autopsy [9]. The cause of SCD is not identified in as much
as 31% of cases aged <35 years [10]. Among SCD victims aged 35 to 44
years, a higher proportion of women (50%) than of men (24 %) had no cause
of death determined [23]. These deaths are presumed to be due to primary
arrhythmogenic disorders [24]. Although inherited ion channel defects, such
as long- or short-QT syndromes, Brugada syndrome, and catecholamine-
induced polymorphic ventricular tachycardias (see Chapter 9), account for



Clinical characteristics of SCD victims 79

a proportion of these cases, it is likely that other unrecognized disorders also
occur. Early attempts at screening for ion channel mutations in SCD victims
with no identifiable cause of death have shown only small proportions with
known arrhythmia-inducing mutations [25].

Precipitating events

Diurnal/seasonal variation

Muller et al. [26] first demonstrated a circadian pattern of out-of-hospital SCD,
with a peak incidence from 7 to 11 AM. A similar pattern was subsequently
demonstrated in several other studies. A metaanalysis involving over 19 000
subjects reported a morning increase of SCD in all 19 studies surveyed, thus
firmly establishing that SCD is more frequent in the morning hours between
6 AM and noon [27]. In an analysis that adjusted for individual wake-times
of the decedents, Willich et al. [28] demonstrated that the relative risk of SCD
was highest during the initial 3 h after awakening compared with other times
of the day (Figure 6.2). A remarkably similar relationship with wake-time has
also been demonstrated for nonfatal MI, suggesting that plaque rupture and/or
thrombosis secondary to sympathetic nervous system activation in associated
with assuming an upright posture and starting the day’s activities contributes
to SCD onset. It is well established that catecholamine blood levels, coronary
resistance, and platelet aggregability all exhibit circadian rhythms, which alone
or in aggregate could precipitate ischemia, plaque rupture, and/or thrombosis
resulting in SCD.

Additionally, there appears to be periodicity in myocardial vulnerability
to ventricular arrhythmias independent of ischemia. Several studies have
documented similar morning peaks in the incidence of rapid ventricular
tachyarrhythmias and/or appropriate shocks among patients with ICDs, even
among those without CHD [29]. This morning peak in ventricular tachyar-
rhythmias and SCD appears to be blunted by beta-blockers [30], supporting
the concept that excessive activation of the sympathetic nervous system in
the morning hours may be responsible for SCD. Possible contributing factors
include documented diurnal variations in PVC frequency, heart rate variabil-
ity, and dispersion of repolarization, which may all be explained by an increase
in sympathetic activity. In addition to the morning peak, there also appears to
be a second smaller peak in the late afternoon, both in the incidence of out-of-
hospital VF arrests [31] and in ventricular tachyarrhythmic events among ICD
patients [32]. This excess may be due to an increase in activities that may trig-
ger ventricular tachyarrhythmias during this time period (see section below).

In addition to the above diurnal variations, there are also weekly and
seasonal patterns to SCD onset. The risk of out-of-hospital cardiac arrest
[33] and SCD [34] appears to be highest on Monday with a nadir over
the weekend [33]. Strikingly similar patterns have been reported for rapid
ventricular tachyarrhythmias among ICD patients [35] and for nonfatal MI
in the working population. These patterns of onset suggest that activity and
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Figure 6.2 Wake-time adjusted analysis of community-based SCDs in Massachusetts.
Time of SCD demonstrated a circadian variation with an increased incidence during
the late morning compared with other times of the day (upper panel). Time of SCD
adjusted for individual wake-times demonstrated an increased relative risk of 2.6
(95% CI = 1.6-4.2) during the initial 3 h after awakening compared with other times
of the day (lower panel). (Reproduced from Reference 28 with permission from
Elsevier.)

psychological exposures play roles in triggering SCD. There have also been
reports of seasonal variation in SCD rates with lower rates in the summer
months (July-September) and higher rates in winter (December—January)
[34]. Again, parallel patterns have been documented for ventricular tachycar-
dia episodes requiring ICD shocks [35]. These findings suggest that the onset
of sudden death may be associated with endogenous rhythms and external
factors including climatic conditions.

Activities preceding SCD

Individual exposure to potential triggers may also result in SCD at any time
of the day. A number of studies have reported “triggering” of SCD by either
physical or mental stress.
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Vigorous exertion

Although there are many well-established cardiovascular benefits of exercise,
it is also well known that SCD appears to occur with a higher than average
frequency during or shortly after vigorous exertion. In various case series,
from 6% to as high as 30% of SCDs occur in association with acute exertion.
In Rhode Island, an examination of mortality records revealed 12-recorded
cases of SCD during jogging during a 6-year period. The authors assessed the
community exposure to jogging, and estimated that the age-adjusted relative
risk of SCD during jogging was 7 (95% CI = 4-26) compared with the risk dur-
ing sedentary activities [36]. These findings were extended using a prospective
nested case-crossover design within the Physicians” Health Study [37]. Men
who exercised less than weekly had a 74-fold increased risk of SCD in the
period during and 30 min after exertion compared to the risk observed dur-
ing other activities. In comparison, men who exercised at least five times per
week had an 11-fold increased risk. However, this risk was still significantly
elevated compared to the risk during periods of lesser exertion. A retrospective
case—control study involving cardiac arrest victims in Seattle and King County
came to similar conclusions [38].

The effect of vigorous exertion on the sympathetic nervous system and/or
plaque vulnerability could account for both the transiently increased risk of
SCD during a bout of exertion and the ability of habitual vigorous exercise
to modify this excess risk. In an autopsy study of men with CHD who died
suddenly, the findings showed that men who died during exertion were more
likely to have plaque rupture than those who died at rest [39]. Alternatively,
chronic exercise has known beneficial effects on lipids that may improve
plaque stability and also has direct electrophysiologic effects through the
sympathetic nervous system. Acute bouts of exercise, decrease vagal activ-
ity leading to an acute increase in susceptibility to VF, whereas habitual
exertion increases basal vagal tone resulting in increased cardiac electrical
stability.

Reassuringly, the absolute risk of SCD during any particular episode of vig-
orous exertion is extremely low in all studies (e.g. 1 SCD per 1.51 million
episodes in the Physicians” Health Study [38]). So, despite large magnitude
increases in the relative risk, SCD during vigorous exertion is a rare event.
Little is currently known about whether more moderate levels of exer-
tion might trigger SCD. Preliminary data from the Triggers of Ventricular
Arrhythmia Study suggest that both moderate and vigorous exertion may
trigger shocks for ventricular tachyarrhythmias among ICD patients.

Mental stress

Both acute and chronic mental stresses have been proposed as triggers of
ventricular arrhythmias and SCD. However, there are inherent difficulties
in assessing exposure to mental stress prior to a SCD event. In most cases,
the exposure information is based on retrospective second-hand accounts,
which may be unreliable for many reasons. Nevertheless, several retrospective
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Figure 6.3 Daily numbers of sudden deaths related to CHD from January 10 through
23, 1994. On January 17, the day of the earthquake, there were 24 cases of sudden
death related to atherosclerotic cardiovascular disease (p < .001). (Reproduced from
Reference 41 with permission from Massachusetts Medical Society.)

studies have found increases in informant-reported objective life stresses, such
as death of a spouse and loss of job, either acutely or during the weeks before
the SCD [40]. On a population level, acute increases in the incidence of SCD
have been documented after disasters such as earthquakes or wars. One such
example is, the Northridge earthquake; there was a sharp increase in the num-
ber of sudden deaths due to CHD on the day of the earthquake followed by
an unusually low incidence of such deaths in the week after [41] (Figure 6.3).
This “natural experiment” exemplifies how emotional stress may precipit-
ate cardiac events in those who may be predisposed to such events. Of the
types of mental stress, anger may be a particularly potent trigger of ventricu-
lar arrhythmias. One small study of 49 ICD patients found that anger was the
only emotion associated with ICD shocks for ventricular arrhythmias [42].
Recently, mental stress induced by anger recall and mental arithmetic has
been demonstrated to induce cardiac electrical instability by increasing T-wave
alternans among ICD patients with CHD. Interestingly, these same stressors
did not increase T-wave alternans among controls [43]. Therefore, as sug-
gested by the earthquake example, an underlying arrhythmic vulnerability is
also required for these potentially “triggering” events/emotions to result in
life-threatening arrhythmias.

With respect to chronic mental stresses, depression, anxiety, and social isola-
tion have all been linked to increases in CHD mortality in diverse populations;
and anxiety has been directly linked to SCD risk in three separate popula-
tions [44]. In the US Health Professionals Follow-up Study, high levels of
phobic anxiety as measured by the Crown-Crisp Index were associated with
a three-fold increase in risk of CHD death, which was entirely due to a six-fold
increase in SCD [45]. We have found similar results among women enrolled
in the Nurses” Health Study, but the magnitude of the risk elevation was less
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(RR = 1.6; p = .03). Individuals with high levels of anxiety have reduced heart
rate variability compared to normal subjects, and the mechanism underlying
the increased risk of SCD is again thought to involve alterations in autonomic
tone [44] similar to those described above for other triggers.

Sleep

Along with the morning peak in SCD incidence, most studies have reported a
nadir during the nighttime sleeping hours [31,34]. In one review, only 12% of
SCDs occurred during sleep [40]. This would be less than half of the number of
cases expected to occur if the events were uniformly distributed throughout
the 24-h period. However, since deaths that occur during the usual hours
of sleep are less likely to be witnessed, these deaths are also less likely to
be classified as sudden. Temporal patterns of ventricular tachyarrythmias in
ICD patients should be free from this potential bias, and most studies have
documented a similar decrease in ventricular tachyarrhythmias during sleep
[29,32]. Since vagal tone and ventricular refractory periods are the highest
during sleep, the mechanism underlying the majority of the 12% of SCDs
that occur during sleep is unclear. Some of the rare forms of SCD not associ-
ated with structural heart disease described above occur preferentially during
sleep. These include long QT3, where ventricular arrhythmias appear to be
triggered by bradycardia, and Brugada syndrome. Mutations in the cardiac
sodium channel gene, SCN54, have been described in both of these disorders
and have also been linked to cases of sudden infant death syndrome, which
also occur during sleep [46].

Pharmacologic agents and SCD

In addition to other activities, pharmacologic agents can also trigger ventricu-
lar arrhythmias and SCD. The classic example of a drug-induced arrhythmia is
torsades de pointes (TdP), a potentially lethal polymorphic ventricular tachycar-
dia seen in the setting of QT-prolongation. Antiarrhythmic drugs (class IA and
class IIT agents) and nonantiarrhythmic drugs that prolong the QT interval can
induce this arrhythmia. Examples of nonantiarrhythmic drugs that can pro-
long the QT interval include macrolide antibiotics, antipsychotics, histamine
receptor antagonists (Terfenadine), and cholinergic antagonists (Cisapride)
[47]. A full listing is available at www.qtdrugs.org. Although TdP second-
ary to nonantiarrhythmic drugs is exceedingly rare (<1 case per 10000 or
100000 exposures) [48], rates of TdP in association with antiarrhythmic
drugs range from 2% to as high as 8% in association with Quinidine [47].
Again, as for psychological triggers, the underlying vulnerability to ventricular
arrhythmias influences risk. Patients with structural heart disease, partic-
ularly left ventricular systolic dysfunction and/or hypertrophy, are at an
elevated risk of drug-induced TdP. In addition, there may be genetic factors
that influence risk. Poorly penetrant mutations and/or polymorphisms in
the genes that result in congenital long-QT syndrome have been found in
10-15% of patients with drug-associated long QT [49]. Therefore, there may
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be individuals carrying silent mutations and/or predisposing polymorphisms
on LQTS genes who may manifest ventricular arrhythmias only when the
arrhythmogenic substrate is destabilized further by QT-prolonging drugs.

Type IC antiarrhythmic agents can result in proarrhythmia through other
mechanisms not dependent on QT-prolongation. Although these agents are
safely utilized in younger patients without structural heart disease for a vari-
ety of supraventricular arrhythmias, the same agents can result in devastating
consequences when used in patients with known ischemic heart disease. In
this setting, otherwise nonfatal ischemic events can result in fatal ventricu-
lar arrhythmias and SCD [50]. Other classes of pharmacologic agents that
can induce ventricular arrhythmias and SCD through a variety of mechan-
isms include sympathomimetic agents (cocaine, amphetamines, etc.), digoxin,
diuretics, and heavy alcohol consumption (>5 drinks/day).
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CHAPTER 7?7
Ischemic heart disease

William Wijns and Elliott M. Antman

Epidemiology/scope of problem

Although considerable advances have occurred in the management of patients
with cardiovascular diseases over the last 50 years, it still remains the single
most common cause of natural death in industrialized countries. It is difficult
to obtain precise estimates of the worldwide incidence of sudden cardiac death
(SCD), but it is generally accepted that about 50% of cardiovascular deaths
in industrialized countries are due to SCD [1]. Therefore, extension of the
pandemic of ischemic heart disease to developing countries may lead to an
increase in the incidence of SCD in developing nations of the world as well.

Epidemiologic studies have established ventricular tachycardia/ventricular
fibrillation (VT/VF) as the typical sequence of electrical events leading to SCD.
The pathophysiologic construct that has been proposed to explain SCD holds
that patients experiencing SCD have an underlying high-risk substrate upon
which certain triggers are superimposed (transient ischemia, hemodynamic
fluctuations, neurocardiovascular influences, environmental factors) followed
by precipitation of the fatal sequence of electrical events. Ischemic heart dis-
ease is estimated to be the cause of the high-risk underlying substrate in 80%
of patients suffering from SCD [1,2] (Figure 7.1). Two broad patterns of ini-
tiation of the fatal arrhythmia have been reported in patients with ischemic
heart disease: (1) acute myocardial ischemia triggers a ventricular tachyar-
rhythmia in patients who may or may not have a preexisting myocardial scar,
and (2) a ventricular tachyarrhythmia occurs in the setting of a myocardial scar
from a previous infarction but without evidence of acute myocardial ischemia
occurring at the time of the ventricular tachyarrhythmia.

The important factors for identification of patients at risk when consider-
ing strategies for prevention of SCD in patients with ischemic heart disease
include: (1) the size of the population subgroup at risk and (2) the time
dependence of risk of SCD. Figure 7.2 illustrates the challenge of predict-
ing and managing patients at risk of SCD [3]. While the overall incidence of
SCD in the adult population is low, the large denominator of patients in that
subgroup results in a large contribution to the total number of SCD events
per year. Similarly, patients at high risk, such as those with a previous out-
of-hospital cardiac arrest or those with a previous myocardial infarction (MI),
reduced ejection fraction, and history of VT/VF, have a higher incidence of SCD
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Figure 7.1 Pathophysiology and epidemiology of sudden death from cardiac causes.
Reproduced from Reference 1 (p. 1475), with permission from the Massachusetts
Medical Society.

when considered as a specific subgroup, but the smaller absolute number of
patients relative to the overall adult population results in a relatively smaller
contribution to the total number of sudden cardiac events per year.

The risk of SCD following a major cardiovascular (CV) event varies in a
nonlinear fashion after the acute event. The idealized survival curves shown
in Figure 7.3 emphasize that the highest risk of mortality is in the first
6—18 months after which the slope of the survival curve in high-risk patients
appears to be roughly parallel to the slope of the survival curve for low-
risk patients. Of note, the data on which these curves are based may not
reflect the impact of contemporary interventions in patients with ischemic
heart disease. For example, aggressive interventions at limitation of infarct
size in patients with ST elevation myocardial infarction (STEMI) theoretic-
ally would decrease the proportion of patients with a large myocardial scar,
putting them at risk for a VT. On the other hand, the increasing age of the
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Figure 7.2 Incidence of sudden and nonsudden cardiac deaths in population
subgroups, and the relation of total number of events per year to incidence figures.
Approximations of subgroup incidence figures, and the related population pool from
which they are derived, are presented. Approximately 50% of all cardiac deaths are
sudden and unexpected. The incidence triangle on the left (“percent/year”) indicates
the approximate percentage of sudden and nonsudden deaths in each of the
population subgroups indicated, ranging from the lowest percentage in unselected
adult populations (0.1-2% per year) to the highest percentage in patients with VT or
VF during convalescence after an MI (approximately 50% per year). The triangle on
the right indicates the total number of events per year in each of these groups, to
reflect incidence in context with the size of the population subgroups. The highest
risk categories identify the smallest number of total annual events, and the lowest
incidence category accounts for the largest number of events per year (EF = ejection
fraction; VT = ventricular tachycardia; VF = ventricular fibrillation; MI = myocardial
infarction). Reproduced from Reference 3 (p. 1620), with permission from the
McGraw-Hill Company.
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Figure 7.3 Idealized curves of survival from sudden death are shown for a population
of patients with known cardiovascular disease but at low risk because of freedom
from major cardiovascular (CV) events (top curve) and for populations of patients
who have survived a major cardiovascular event (bottom curve). Attrition over time
is accelerated in both absolute and relative terms for the initial 6-18 months after the
major cardiovascular event. After the initial attrition, the slopes of the curves for the
high-risk and low-risk populations parallel each other, highlighting both the early
attrition and the attenuation of risk after 18-24 months. These relations have been
observed in diverse high-risk subgroups (cardiac arrest survivors, post-myocardial
infarction patients with high-risk markers, recent onset of heart failure), and
highlight the changing risk pattern as a function of time and the importance of the
time dimension for recognition and intervention in strategies designed to alter
outcome. Reproduced from Reference 4 with permission from Elsevier.

population results in an expanding epidemiologic cohort at increased risk
for SCD events. Finally, the impact of primary prevention strategies with
an implantable cardioverter-defibrillator (ICD) is not reflected in the curves
shown in Figure 7.3.

Diagnostic modalities

Table 7.1 shows a summary of clinical markers that have been identified as
placing patients at increased risk of SCD [1]. With the exception of specific
ECG abnormalities indicative of the Brugada or Wolff-Parkinson—-White syn-
dromes, all of the markers listed are applicable to evaluation of patients with
ischemic heart disease. However, a fundamental problem in using the indic-
ators listed in the table is the unsatisfactory predictive power in an individual
patient. While the indicators shown in Table 7.1 are valid when discussing
risk from a broad population perspective, the sensitivity and specificity of the
indicators in an individual patient are far from ideal. This has inspired clini-
cians to continue in their search for additional indicators of risk of SCD and
also to seek alternative treatment strategies, especially those that focus on
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Table 7.1 Indicators of an increased risk of sudden death from arrhythmia.

Variable Measure Predictive power
Conventional coronary risk factors Risk of Low power to

High cholesterol underlying discriminate the

High blood pressure disease individual person

Smoking at risk for

Diabetes sudden death

from arrhythmia

Clinical markers Extent of High power to predict

NYHA functional class structural death from cardiac

Ejection fraction disease causes; relatively

Ambient ventricular arrhythmia
Frequency of premature
ventricular depolarizations
Nonsustained ventricular
tachycardia
Sustained ventricular
tachycardia

Electrocardiographic variables
Standard ECG
Left ventricular hypertrophy
Width of QRS complex
QT dispersion
Specific abnormalities
(e.g. prolonged QT interval,
right bundle-branch block plus
ST-segment elevation in
lead V1 (Brugada syndrome),
ST-segment and T-wave
abnormalities in leads V1
and V2 (right ventricular
dysplasia), delta waves
(Wolff-Parkinson-White
syndrome))

High resolution ECG
Late potentials on
signal-averaged
electrocardiography
T-wave alternans

Presence of
transient
triggers

Presence of
electrical
abnormalities

low specificity at
predictors of death
from arrhythmia

Low overall power if not
combined with

other variables

Higher predictive power,
with low ejection fraction

Low power to predict
death from arrhythmia

High degree of accuracy
in identifying specific
electrical abnormalities

High negative predictive
value but low positive
predictive value

Primary predictive value
unknown

(Continued)
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Table 7.1 (Continued).

Variable Measure Predictive Power
Markers of autonomic Presence of Exact predictive value
nervous function conditioning unknown

Heart-rate variability factors

Baroreflex sensitivity

Electrophysiological testing Presence of High degree of accuracy in
Inducibility of sustained permanent specific high-risk subgroups
tachyarrhythmia by substrate for
programmed electrical ventricular
stimulation arrhythmias

Notes: ECG, electrocardiogram; NYHA, New York Heart Association.
Source: Reproduced from Reference 1, with permission from the Massachusetts
Medical Society.

primary prevention of SCD. The ICD, although expensive, has emerged as an
important and effective treatment strategy not only for primary prevention
but also for secondary prevention of SCD.

In addition, even in the absence of anginal symptoms, 55-60% of patients
with ischemic cardiomyopathy present with areas of myocardium that suffer
from chronic ischemic damage, the so-called hibernating myocardium [5].

The assessment of myocardial hibernation in view of defining the need for
subsequent revascularization requires the use of specific imaging techniques,
to be integrated with the roadmapping information that is provided by coron-
ary angiography [6]. Nuclear techniques (positron tomography with fluoro-
deoxyglucose, thallium SPECT using a reinjection or a rest-redistribution
protocol, or technetium SPECT) are more sensitive (higher negative predictive
value) while stress echocardiography is more specific (higher positive predict-
ive value) in predicting functional improvement following revascularization
[7]. The choice of technique most often depends on local availability and
expertise.

Treatment strategies

General medical treatment and role of

nonantiarrhythmic drugs

Given the major contribution of ischemic heart disease to the global burden
of SCD, it is critically important that clinicians rigorously screen for and
treat established risk factors for the development of coronary atherosclero-
sis. The INTERHEART study of 15152 cases of acute MI and 14 820 con-
trols across 52 countries found that the following nine risk factors were
strongly associated with the development of acute MI worldwide: cur-
rent smoking, diabetes, hypertension, abdominal obesity, psychosocial index,
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non-consumption of fruits and vegetables daily, exercise, alcohol intake, and
the ratio of ApoB/ApoAl [8]. Although no data are available specifically doc-
umenting that treatment strategies favorably impacting on the constellation of
risk factors listed above will have a significant impact on the incidence of SCD,
a plausible argument can be made that treatments retarding the development
and progression of coronary atherosclerosis will reduce the burden of infarct-
related scars and ischemia and thereby favorably impact the risk of SCD [9].

The foundation of general medical treatment for ischemic heart disease
is antiplatelet therapy. Although certain antiplatelet agents such as sulfin-
pyrazone have been reported to reduce SCD, the data on which that obser-
vation is based is over 20 years old, and its accuracy and relevance to
contemporary management of ischemic heart disease is uncertain [10]. In
a large systematic overview of antiplatelet therapies in patients at high risk
of vascular disease, the Antiplatelet Trialists” Collaboration reported a 22%
reduction in MI, stroke, or vascular death with the use of antiplatelet therapy
[11]. The majority of the data in that overview involved aspirin treatment,
which underscores the rationale for the class I recommendation on both sides
of the Atlantic for prescription of aspirin to patients with known ischemic heart
disease or who are at risk for it [12—-14]. Alternative antiplatelet agents such
as clopidogrel have only marginal benefit when compared directly to aspirin
but do contribute significantly to mortality reduction in patients with Non ST
segment Elevation Acute Coronary Syndrome (NSTE-ACS) when combined
with aspirin [14]. The precise quantitative impact of aspirin alone or combined
with other antiplatelet agents on SCD cannot be estimated from the available
literature but we believe it is likely to be substantial.

More specific evidence of a reduction in SCD has been reported in some
prior primary prevention trials with beta-blockers. Although reductions in
arrhythmic deaths were initially reported for the subgroup of patients with
prior MI and reduced LV ejection fraction, the benefits of beta-blockade in
reducing SCD have been reported to extend to a wider range of patients with
varying levels of risk including those with coexistent heart failure and diabetes
[9,15-17]. Angiotensin converting enzyme (ACE) inhibitors are an established
class of drugs for lowering mortality in patients with ischemic heart disease
and have been shown in a metaanalysis to be associated with a significant
reduction in SCD after MI (OR 0.80; 95% CI = 0.70-0.92) [18]. The aldos-
terone inhibitors spironolactone and eplerenone have both been reported to
reduce SCD by about 20% when added to ACE inhibitors in patients with
heart failure that in the majority of cases was associated with ischemic heart
disease [19,20]. Dietary supplementation with n-3 polyunsaturated fatty acids
has been reported to reduce the risk of SCD [21]. Finally, although the data has
not been established conclusively, use of statins has been reported to be associ-
ated with lower rates of VT/VF in patients with ischemic heart disease [22,23].
An observational study in high-risk patients treated with an ICD showed a
reduced incidence of recurrent ventricular arrhythmias from 57% to 22% in
patients off-versus on-lipid lowering drugs [24].
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Myocardial revascularization: necessary but
not sufficient

Animal models have shown that myocardial ischemia contributes to the devel-
opment of VT/VE. Revascularization of ischemic myocardial zones in patients
has been shown to reduce the incidence of future episodes of ischemia and
may also reduce the risk of arrhythmias [25].

In patients shortly after M, it has been argued that one of the late benefits
of an open infarct artery of MI even in the absence of ischemia is greater elec-
trical stability of the myocardium. However, the DECOPI trial (DEsobstruction
COronaire en Post-Infarctus) could not establish that opening an occluded
infarct artery in asymptomatic patients in the subacute phase after an MI is
associated with reductions of either total mortality or SCD [26]. The larger
ongoing Occluded Artery Trial (OAT) will provide information to address this
important question [12].

The coronary artery bypass graft (CABG-PATCH) trial evaluated the import-
ance of revascularization in patients scheduled for CABG with an ejection
fraction less than 36% and an abnormal signal-averaged ECG (SAECG). After
cardiopulmonary bypass, patients were randomized to a control group or
implantation of an epicardial ICD [27]. There was no difference in total mortal-
ity. The reasons for the lack of mortality reduction are unclear, but possibilities
include the failure of the SAECG to identify a high-risk cohort, the benefits of
revascularization, and lack of power in the trial to detect any effect or SCD —the
only mode of death that could potentially be reduced by an ICD.

Thus, the benefits of revascularization alone in preventing SCD have not
been demonstrated conclusively, especially in patients with a history of SCD.
Natale [28] has reported cases of ICD shocks in patients who survived SCD
and underwent successful CABG surgery for significant coronary stenoses.
Similar observations were made in patients with sustained ventricular tachyar-
rhythmias receiving both CABG and ICD [29]. New insights were recently
provided by a 3-year follow-up study of 153 patients after aborted sudden
death in whom ischemia, hibernating myocardium, and scar tissue were
evaluated by stress-rest perfusion imaging using Technetium-99m tetrofos-
min gated SPECT [30]. Patients with death or recurrence exhibited depressed
ejection fraction below 30%, more extensive scar tissue, less ischemic/viable
myocardium, and less frequently underwent revascularization.

In a pooled analysis of 18 studies involving 1749 patients and using either
nuclear or echocardiographic preoperative evaluation, revascularization alone
was associated with improved outcome and reduced mortality only in patients
with hibernation (annual mortality rate of 7%). The annual mortality rate
was 20% in patients with hibernation not undergoing revascularization and
17% in patients without hibernation, irrespective of medical or revasculariz-
ation treatment (Figure 7.4). Taken together, these observations suggest that
both the presence of scar and hibernating myocardium portend increased risk
of SCD. Revascularization alone can only be recommended in the absence
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Annual death rates with/without hibernation
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Figure 7.4 Pooled analysis from retrospective studies evaluating annual mortality
rates in patient groups based on the selected therapy (medical versus
revascularization) and the presence/absence of hibernating myocardium at
preoperative testing (Hib = hibernation; rev = revascularization; med = medical
therapy only). Reproduced from Reference 6.

of significant residual scar tissue. However, it is important to consider that
after revascularization of hibernating myocardium, the ejection fraction is
reported to increase by 6-10% in absolute units. Under these circumstances,
depending on the preoperative value, the 40% threshold value for considering
ICD implantation may no longer be reached [6]. These working hypotheses
are currently being tested in two ongoing large, prospective, randomized
trials [31,32].

Antiarrhythmics drugs

The role of antiarrhythmic drugs is discussed in detail in Chapter 14. As it
pertains to post-MI patients, the premise that suppressing ectopic beats
might confer survival benefit was invalidated by the results of several trials
(Table 7.2). Results with amiodarone are either neutral or suggest reduction
in arrhythmic deaths. However, in patients with heart failure and reduced
ejection fraction, there is no indication for reduced total mortality.

Implantable cardioverter-defibrillator

A major advance in the management of SCD was the development of the ICD.
Evidence for prevention of SCD using the ICD is quite robust and undoubtedly
has contributed to the sharp increase in the use of ICDs. For example, in the
EUROHEART survey, the implantation of ICDs occurred at a rate between 5
and 20 per 1 million inhabitants per year in 1995, but in just over 5 years rose
to between 20 and 110 per 1 million inhabitants per year across a range of
European countries [42].



Table 7.2 Clinical trials of antiarrhythmic drugs.

Study Name Year Patients (n) Inclusion Test Drug Primary Endpoint p-Value Placebo/drug
1 D-sotalol after Ml 1982 1456 Post-MlI Placebo/D-sotalol Mortality at 1 year NS 8.9%/7.3%
2 IMPACT group 1984 630 Post-MlI Placebo/mexiletine Mortality at 1 year NS 4.8 %/7.6%
3 CASTI2 1991 1498 Post-Ml Placebo/encainide/ Mortality at 1 year .0004 2.1%/5.7%
flecainide
4 CASTIIR 1992 2699 Post-Ml Placebo/moricizine Mortality and SCD NS Early: 0.5%/2.6%
Late: 3.2%/3.6%
5 STATCHF 1995 674 CHF Placebo/amiodarone Mortality at 2 year NS 29.2%/30.6%
EF < 40%
6 SWORD? 1996 3121 Post-MI/HF Placebo/D-sotalol Mortality .006 3.1%/5.0%
EF <40%
7 EMIAT 1997 1486 Post-Ml Placebo/amiodarone Mortality at 1 year NS 13.7%/13.9%
EF < 40%
8 CAMIAT 1997 1202 Post-Ml Placebo/amiodarone Arrhythmic death .029 6.9%/4.5%
and aborted VF
9 SCD-HeFT 2005 2521 CHF Placebo/amiodarone/ICD Mortality at 60 m NS 7.2%year
EF <35% Cl: 1.06 (0.86-1.30)°

Notes: ICD = implantable cardioverter defibrillator; Ml = myocardial infarction; EF = ejection fraction; Cl = confidence interval; VPB

ventricular premature beat; VPS = ventricular premature stimulus.

@ These studies were stopped prematurely.

b This hazard ratio compares patients who received amiodarone on top of conventional treatment, but no ICD (“placebo”).
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Trials of ICD therapy initially focused on secondary prevention of SCD
in patients who had already sustained an episode of VT/VE. Three major
randomized trials for secondary prevention among survivors of out-of-hospital
cardiac arrest or high risk VI/VF have been completed: Antiarrhythmics
Versus Implantable Defibrillators (AVID) [43], Canadian Implantable Defib-
rillator Study (CIDS) [44], and Cardiac Arrest Study Hamburg (CASH) [45].
Although the focus of these studies was not specifically on patients with
ischemic heart disease, as expected from the epidemiologic discussions earlier
in this chapter, the cohorts of patients enrolled in these three trials had a
high prevalence of coronary disease and prior MI (Table 7.3). A metaana-
lysis combining AVID, CIDS, and CASH demonstrated directionally consistent
observations and strong evidence favoring ICD therapy. The summary hazard
ratio for total mortality was 0.72 (95% CI = 0.60-0.87, p = .0006) and for
arrhythmic death was 0.50 (95% CI = 0.37-0.67, p < .0001) [47]. Based
upon the secondary prevention trials noted above, we believe that patients
with ischemic heart disease should have an ICD implanted, if they experience
VF or hemodynamically compromising sustained VT more than 2 days after an
MI, provided the arrhythmia is not judged to be due to transient or reversible
ischemia or reinfarction.

Patients surviving the acute phase of MI enter the phase of chronicischemic
heart disease where they remain at risk for SCD. The risk of SCD is highest in
the first few months after recovering from MI (annualized rate of 5-30 events
per 100 patient-years depending upon ejection fraction) and then falls sharply
over the ensuing months to years but remains in a range of 2-3 events per
100 patient-years [48]. Given the large cohort of patients who are at risk for
SCD by virtue of recovering from an acute MI, primary prevention strategies
are of utmost importance. Four randomized trials studied the use of an ICD in
a primary prevention strategy following MI: Multicenter Automatic Defibril-
lator Implantation Trial (MADIT) [49], Multicenter Unsustained Tachycardia
Trial (MUSTT) [50], MADIT I [51], Sudden Cardiac Death in Heart Failure
Trial (SCD-HeFT) [41], and Defibrillators in Acute Myocardial Infarction Trial
(DINAMIT) [53]. A consistent pattern of significant improvement in overall
mortality was observed in the first three trials (Table 7.4).

In an effort to focus on first months after MI, the DINAMIT [53] investigat-
ors enrolled patients with an acute MI within the preceding 6-40 days if they
had a left ventricular ejection fraction less than 35% and evidence of abnor-
mal heart-rate variability (standard deviation of normal beat to beat intervals
less than 70 ms (SDNN)). Patients with sustained VT more than 48 h after MI
and those with class IV heart failure were excluded, as were those with CABG
surgery or three-vessel Percutaneous Coronary Intervention (PCI) after MI.
Most patients had large anterior MIs, and attempts at reperfusion were under-
taken in more than 60% of patients. Of the 674 patients randomised, 332 were
allocated to ICD therapy and 342 to no ICD therapy. The ICD was implanted a
median of 7 days after the index MI. The primary endpoint of all-cause mor-
tality did not differ between treatment arms (7.5% per year in the ICD arm



Table 7.3 Clinical trials of secondary prevention of SCD with ICDs.

Study N Patient Inclusion % Patients EF Endpoint(s) Treatment Arms Key Results
Criteria with Prior-Mli % (Mean)
AVID 1016 Survivor of cardiac arrest VT 61 32 Total mortality Amiodarone or Significant
with syncope Mode of death sotalol improvement in
Symptomatic sustained VT Quiality of life overall survival
with LVEF < 0.40 Cost benefit with ICD
(RRR = 29%)
CASH 191 Survivor of cardiac arrest 51 45 Total mortality ICD; amiodarone, Trend toward 23%
Recurrences of propafenone, or improvement in
arrhythmias metoprolol survival with ICD
requiring CPR
Recurrence of
unstable VT
CIDS 659  Survivor of cardiac arrest 77 34 Total mortality Amiodarone Trend toward 20%

Syncope with symptomatic
sustained VT with

LVEF < 0.35 or syncope
with inducible VT

improvement in
survival with ICD

Notes: AVID = Antiarrhythmics Versus Implantable Defibrillators; CASH = Cardiac Arrest Study Hamburg; CIDS = Canadian Implantable Defibril-

lator Study; RRR = relative risk reduction.
Source: Modified from Reference 46 with permission from Elsevier.
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Table 7.4 Clinical trials of primary prevention of sudden death with ICDs: applicability to the post-MI population.

Study Name Year Patients (n) Days After MlI Qualifying Arrhythmia EF Upper Limit EPS Mortality Hazard
(Mean) ICD Versus No ICD
(95% CI)

MADIT [49] 1996 196 More than 20 3-30 VPBs; rate greater 35%, 26% Yes? 0.46 (0.26-0.82)
than 120 bpm

MUSTT [50] 1999 704 More than 3P Greater than 2 VPS; rate  40%, 30% Yes¢  0.42 (0.28-0.62)¢
greater than 100 bpm

MADIT Il [51] 2002 1232 More than 29 None necessary 30%, 23% No 0.69 (0.51-0.93)

SCD-HeFT® [41] 2005 2531 — None necessary 35%, 25% No 0.77 (0.62-0.96)

DINAMIT [53] 2004 674 6-40 None necessary 35% No 1.08 (0.76-1.55)

Notes: ICD = implantable cardioverter-defibrillator; Ml = myocardial infarction; EP = electrophysiological; EF = ejection fraction; EPS = EP study;
Cl = confidence interval; VPB = ventricular premature beat; VPS = ventricular premature stimulus.

Source: Modified from table 27 in Reference 12, with permission from the ACC’/AMA.

@ Randomized MADIT patients had inducible VT not suppressed by a procainamide infusion during EP study.

b Only 16% of the overall MUSTT population was randomized within 1 month of MI.

¢ Randomized MUSTT patients had inducible VT and were randomized to antiarrhythmic drug therapy. On the basis of clinical indications, some
patients received ICDs during the course of follow-up.

d This hazard ratio compares MUSTT patients in the antiarrhythmic arm who received ICDs with those who received only EP-guided antiarrhythmic
therapy.

€ SCD-HeFT included a population of heart failure patients with ischemic (52%) and non ischemic cardiomyopathies.
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versus 6.9% per year in the control arm). Death due to arrhythmia was lower
in the ICD arm (1.5% per year versus 3.5% per year; hazard ratio 0.42, 95%
CI = 0.22-0.83, p = .009). However, nonarrhythmic deaths were higher in
the ICD arm (6.1% per year versus 3.5% per year; hazard ratio 1.75, 95%
CI=1.11-2.76, p = .016).

The reason that ICD therapy was associated with an increased risk of nonar-
rhythmic death in DINAMIT is speculative. Potential causes include worsened
hemodynamics induced by back-up right ventricular apical pacing, change in
the mode of death shifting it from arrhythmic death to pump failure related
mortality because of recurrent ischemia and infarction, and potential recovery
of ventricular function after the first 3 months placing patients in a lower-
risk group with no established benefit from an ICD. Also, implantation of an
ICD may involve interruption of anticoagulation, induction of VF for testing,
and delayed patient mobilization that could increase early mortality in ICD
recipients.

1 month after STEMI,
No spont VT/VF 48 h p STEMI

Path B

EF <30% EF 31-40% EF>40%

Class Il Additional marker of

electrical instability?

1836,2003 LOE: B

Figure 7.5 An evidence-based algorithm for primary prevention of SCD in
post-STEMI patients without spontaneous VF or sustained VT at least 1 month
post-STEMI to aid in selection of ICD in patients with STEMI and diminished ejection
fraction. The appropriate management path is selected based upon left ventricular
ejection fraction (LVEF) measured at least 1 month after STEMI. All patients, whether
an ICD is implanted or not, should receive medical therapy (EF = ejection fraction;
VF = ventricular fibrillation; VT = ventricular tachycardia; STEMI = ST-elevation
myocardial infarction; NSVT = nonsustained VT; LOE = level of evidence;

EPS = electrophysiological study). Reproduced from Reference 12, with permission
from Oxford University Press.
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An evidence-based algorithm for primary prevention of SCD in patients
following STEMI without spontaneous VF or sustained VT at least 1 month
post-STEMI is shown in Figure 7.5. The ejection fraction should be measured
atleast 1 month post-STEMI and then patients are managed according to three
pathways. Path A includes those patients with ejection fraction less than or
equal to 30% - they should be referred for ICD implantation without other
testing. Path C involves those patients with ejection fraction greater than 40%;
no ICD is recommended in such patients but evidence-based medical therapy
following STEMI should be provided. Patients whose ejection fraction falls
between 31% and 40% are managed according to pathway B. These patients
with an intermediate level ejection fraction should be screened for additional
evidence of electrical instability. This might include nonsustained VT on ECG
monitoring, abnormal SAECG, abnormalities on autonomic baroreflex testing,
or microvolt T-wave alternans. When there is additional evidence of electrical
instability, patients should be referred for an electrophysiology study. If the
VT/VFisinducible, an ICD should be implanted. If the electrophysiology study
shows no inducible VT/VF, the usefulness of an ICD is not well established.
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CHAPTER 8
The cardiomyopathies

William J. McKenna, Srijita Sen-Chowdhry, and Barry J. Maron

The cardiomyopathies are genetically determined heart muscle disorders that
represent the leading cause of sudden cardiac death (SCD) after coronary
artery disease (CAD). Hypertrophic cardiomyopathy (HCM), dilated cardio-
myopathy (DCM), and arrhythmogenic right ventricular cardiomyopathy
(ARVC) are the three main diseases in this group [1]. HCM and ARVC are
particularly noteworthy as SCD is often the first clinical manifestation, particu-
larly in young people engaged in strenuous activity. A fourth cardiomyopathy,
isolated left ventricular non-compaction, is newly recognized and relatively
few cases have been reported. It is thought to be caused by the arrest of
normal myocardial compaction during embryogenesis, resulting in persist-
ence of prominent ventricular trabeculation and deep intertrabecular recesses.
Isolated non-compaction may be associated with congestive heart failure,
thromboembolism, arrhythmia, and SCD [2]; however, risk stratification
remains poorly defined and is not covered in further detail here.

Patients with cardiomyopathy are often young and otherwise in good
health. In HCM and ARVC, the arrhythmic risk may be significant without
concurrent systolic dysfunction or debilitating symptoms. Thus, prevention of
SCD in this group yields an exceptional number of quality-adjusted life years.
The implantable cardioverter-defibrillator (ICD) can theoretically nullify this
risk; however, the need for lifelong device maintenance and lead replace-
ments increases the likelihood of complications, underscoring the importance
of accurate risk stratification. The role of antiarrhythmic agents in the ICD era
should not be discounted. Beta-blockers and amiodarone can be safely admin-
istered to patients with structural heart disease and may be of particular value
in controlling arrhythmic symptoms. Drug therapy is also indicated for sup-
pressing electrical storm in patients with devices. This chapter aims to provide
an overview of the underlying mechanisms, predictors, and prevention of SCD
in HCM, DCM, and ARVC.

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is caused by mutations in sarcomeric proteins,
which may result in myocardial hypertrophy, myocyte disarray, fibrosis, and
small vessel disease. Autosomal dominant transmission is typical. Penetrance
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in a genotyped population was 55 % between the ages of 10 and 29 and 75% by
the age of 50 [3]. The clinical features often develop during puberty, although
late-onset forms are also recognized, particularly in association with muta-
tions in myosin-binding protein C. When a genetic diagnosis is not available,
relatives are encouraged to undergo annual cardiac evaluation throughout
adolescence and 5-yearly thereafter. This should comprise a full history, with
particular focus on symptoms such as chest pain, dyspnoea, palpitation, and
syncope; 12-lead electrocardiogram (ECG); and two-dimensional (2D) echo-
cardiogram. First-degree relatives of probands with HCM have a 50% chance
of carrying the disease-causing mutation; minor cardiac abnormalities are thus
more likely to represent disease expression than in the general population.
Modified diagnostic criteria have therefore been proposed for the diagnosis of
familial HCM [4].

Phenocopies of HCM have been observed in Noonan’s syndrome, mito-
chondrial myopathies, Friedreich’s ataxia, Anderson-Fabry disease, and gly-
cogen storage disorders. The clinical profile of these disease states is fre-
quently distinct from that of sarcomeric HCM; mutations in AMP kinase,
for example, may be associated with preexcitation, conduction system dis-
ease, and propensity towards cavity dilation and heart failure [5]. The advent
of specific therapies, such as enzyme replacement in Fabry’s disease, further
underlines the need for early recognition. Energy depletion has been proposed
as the central unifying mechanism [5].

Natural history of HCM

The estimated prevalence of HCM in the general adult population is around
1:500. Much of our initial understanding of natural history and prognosis
was derived from tertiary center studies, which inevitably included a high
proportion of patients with severe disease expression. The annual mortality
rate was reported as 2—3% in adults and up to 6% in children. Conversely, in
community-based populations without referral bias, the annual cardiac mor-
tality may be less than 1% [6]. Thus, HCM is a common disease that follows
a prolonged stable clinical course in the majority of patients. Complications
include left ventricular outflow tract obstruction (LVOTO), diastolic dysfunc-
tion, ischemia, embolic stroke, and left ventricular failure (LVF). The latter,
also known as the “burnt-out” phase, occurs in less than 5% of patients, and is
characterized by left ventricular (LV) wall thinning and systolic dysfunction.
SCD remains nonetheless the most frequent cause of premature mortality in
HCM, with high-risk patients constituting an important minority of the overall
population.

Mechanisms of SCD in HCM

Sudden cardiac death in HCM is frequently not preceded by premonitory
symptoms. A bimodal pattern of circadian variability has been observed, with
anotable peak in the morning hours after awakening, similar to that described
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in patients with CAD; a second, less prominent peak is observed in the early
evening. Adolescents and young adults below the age of 35 show the highest
incidence of SCD, although this does not translate into low risk through mid-
life and beyond. The majority of deaths occur during mild exertion, sedentary
activities, or even sleep; however, strenuous activity is not uncommonly a pre-
cipitant. HCM is consistently reported as the most common aetiology of SCD
among athletes [7]. A noteworthy exception is the Veneto region of north-
ern Italy, where ARVC is the leading cause of sports-related fatalities and
deaths from HCM appear to be less frequent. This difference may be a direct
consequence of preparticipation screening with electrocardiography, under-
scoring the effectiveness of such programmes in reducing deaths from HCM
in trained athletes [8]. It is also apparent that timely diagnosis of ARVC may
be more problematic.

Analysis of appropriate ICD interventions and fortuitously recorded
arrhythmic events suggests that ventricular tachyarrhythmia is the most com-
mon mechanism of SCD in HCM [9]. The role of bradyarrhythmia is less clear
from ICD interrogation as backup pacing may obscure its presence. Ventricu-
lar fibrillation (VF) may be spontaneous, or triggered by monomorphic or
polymorphic ventricular tachycardia (VT), paroxysmal atrial fibrillation (AF),
or rapid atrioventricular conduction via an accessory pathway. Myocyte dis-
array and fibrosis provide the arrhythmogenic substrate; precipitating factors
include ischemia, LVOTO, and vascular instability. The contribution and inter-
action of these determinants will be complex, variable, and highly dependent
on clinical status and circumstances.

Predictors of SCD in HCM

Noninvasive predictors of adverse outcome in HCM are summarized in
Table 8.1 [1]. All patients with HCM should be offered comprehensive car-
diac evaluation on an annual basis, comprising personal and family history,
12-lead ECG, 2D echocardiography, 24- or 48-h ambulatory ECG monitoring,
and maximal upright exercise testing. The current algorithm identifies the
majority of high-risk patients; however, up to 3% of sudden deaths occur in
the absence of conventional prognostic indicators [10]. Definitive risk strati-
fication for all HCM patients therefore remains elusive, although considerable
progress has been made over the past two decades. The clinical markers of
increased risk are discussed individually below.

Previous cardiac arrest or spontaneous sustained VT

An ICD is mandatory for secondary prevention in all cardiac arrest survivors
with any form of cardiomyopathy, be it HCM, DCM, or ARVC. Spontaneous,
sustained VT is rare in HCM and DCM, but an important predictor of adverse
outcome in both, with a prognostic impact paralleling that of previous VF.
In patients with HCM, sustained monomorphic VT should additionally raise
suspicion of a left ventricular apical aneurysm.
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Table 8.1 Risk factors for sudden cardiac death in hypertrophic cardiomyopathy.

Major Risk Factors Possible in Individual Patients
Previous VF arrest Atrial fibrillation
Spontaneous sustained VT Myocardial ischemia

Family history of premature sudden death LV outflow obstruction
(particularly, in a first-degree relative High-risk mutation

and/or multiple in occurrence) Intense competitive

Syncope one or more episode (particularly if physical exertion

recurrent, exertional, or in the young) “Burnt out” stage

LV thickness >30 mm

Abnormal blood pressure response to exercise (a fall or
failure to rise >25 mm Hg during maximum upright
exercise testing in patients <50 years of age)
Nonsustained ventricular tachycardia

(3 or more consecutive beats at >120 bpm)

Source: Reproduced from Reference 1.

Family history of HCM-related death

The prognostic impact of a malignant family history is greatest when deaths
have occurred among close relatives, or multiple instances are documented.
In smaller families, a single death may have greater bearing on management
decisions. Although fatalities under the age of 40 are of particular signific-
ance, sudden and unexpected deaths in older relatives may also be relevant,
particularly in families with late-onset disease.

Syncope

Ventricular tachyarrhythmia with hemodynamic compromise is a harbinger
of SCD in many patients with cardiomyopathy, be it HCM, DCM, or ARVC.
Thus, episodes of impaired consciousness in the context of cardiac disease
may warrant investigation to establish the underlying cause. Conversely, it
should be noted that the sensitivity and specificity of unexplained syncope as
a prognostic indicator in HCM are low, probably because the majority of these
events are not secondary to ventricular tachyarrhythmia. Supraventricular
arrhythmia and LVOTO will account for a proportion of syncopal episodes in
HCM patients. Exercise stress echocardiography may be indicated if exertional
obstruction is suspected in a patient without evidence of a resting gradient. As
in the general population, however, syncope in patients with HCM is likely to
be neurally mediated frequently and unrelated to the disease state. Extended
monitoring with a loop recorder is the most unambiguous means of determin-
ing whether unexplained syncope has an arrhythmic aetiology. Nevertheless,
when syncope is recurrent, exertional, or associated with other risk factors,
an ICD may be preferred as a safeguard intervention against lethal arrhythmic
events.
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Extreme left ventricular hypertrophy
About 10% of patients with HCM have massive left ventricular hypertrophy
(LVH), with a maximum wall thickness >30 mm. Long-term unfavorable pro-
gnosis with SCD has been reported in this subgroup, many of whom are young
(mean age <30) and minimally symptomatic [10,11]. A subsequent study,
however, suggested that marked LVH was a significant predictor of SCD but
only in association with other risk factors [12]. The impact of marked LVH on
management will therefore depend on the overall clinical profile of the patient.
It should be noted that lesser degrees of hypertrophy do not necessarily
imply low risk; in fact, the majority of sudden deaths occur among patients
with a maximum wall thickness of <30 mm. Furthermore, mutations in
Troponin T and Troponin I have been linked to sudden deaths in some
patients with minimal or no hypertrophy [13-14]. The distribution of hyper-
trophy appears to have no clear prognostic significance, although hypertrophy
confined to the LV apex has been associated with a favorable outcome.

Abnormal blood pressure response to exercise

Failure of the systolic blood pressure to rise by at least 25 mm Hg, or a fall
in blood pressure during exercise, is observed in about one third of patients
with HCM. The underlying mechanism appears to be inappropriate vasodila-
tion in nonexercising muscles, which causes an exaggerated fall in systemic
vascular resistance. Increased baroreceptor activity, secondary to wall stress
or ischemia, has been invoked as the initial trigger [15]. Vascular instability
is associated with an increased risk of SCD, although its prognostic impact is
confined largely to patients under the age of 50.

Nonsustained VT

Ventricular arrhythmia has been documented in 90% of adults with HCM on
a 24-h ambulatory ECG monitoring. Of these one-fifth have in excess of 200
ventricular extrasystoles and ventricular couplets are detected in at least 40%.
Nonsustained ventricular tachycardia (NSVT), defined as three or more beats
atarate of >120 bpm, is found in about 20% of patients on Holter monitoring.
The incidence of NSVT increases with age, although the associated risk is most
prominent in young patients [16].

Other risk factors
Patients with LVOTO (gradient >30 mm Hg) at rest are at increased risk
of death and progression to severe, disabling symptoms [17]. However, the
positive predictive value of obstruction for SCD is not sufficient to justify
prophylactic ICD insertion solely on this basis. Treatment should be direc-
ted towards gradient reduction; options include beta-blockers, disopyramide,
alcohol septal ablation, and surgical myectomy.

In patients with symptoms of angina, coronary angiography may be indic-
ated to identify coexisting CAD, which is associated with an increased risk of
SCD. Risk factors for ischemic heart disease should also be optimized [18].
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AF, either paroxysmal or chronic, has been documented in 20-25% of HCM
patients. While AF is not a strong independent predictor of SCD, it may pro-
voke ventricular tachyarrhythmia in susceptible patients and is associated with
significant thromboembolic risk, warranting anticoagulation. Amiodarone is
often effective in maintaining sinus rhythm.

The role of genotyping in risk stratification remains to be fully defined.
Limited studies suggest that the clinical phenotype of troponin T mutations
in some families is characterized by mild or subclinical hypertrophy [13], but
a high incidence of SCD. In contrast, outcomes in families with g-myosin
heavy chain mutations are heterogeneous and allele dependent [19]. It
should be emphasized, however, that these inferences were drawn from rel-
atively small numbers of genotyped families subject to referral bias. Increased
availability of molecular genetic analysis in the future should facilitate elu-
cidation of genotype-phenotype correlations, and the recent development
of a rapid laboratory DNA test for HCM will undoubtedly contribute sig-
nificantly. The Laboratory for Molecular Medicine (a clinical diagnostic
testing facility within the Harvard Partners Center for Genetics and Genom-
ics [http://www.hpcgg.org/LMM/tests.html]) currently analyses the five most
common HCM genes (i.e. B-myosin heavy chain, myosin-binding protein C,
cardiac troponin T, cardiac troponin I, and «-tropomyosin) for disease-causing
mutations.

Electrophysiological study (EPS)

Programmed ventricular stimulation offers no advantage over noninvasive
risk stratification in HCM. In contrast to CAD, monomorphic VT is rarely indu-
cible in patients with HCM. Stimulation with three premature depolarizations
in right and left ventricular sites commonly induces polymorphic VT or VF, a
nonspecificresponse frequently observed in patients with CAD or nonischemic
cardiomyopathy. Paradoxically, a substantial proportion of VE-arrest survivors
with HCM are not inducible. Programmed ventricular stimulation is therefore
of limited value in predicting arrhythmic risk in HCM. Conversely, EPS has
an important role in the investigation and ablation of accessory pathways in
patients with HCM and preexcitation.

Prevention
Patients with any form of cardiomyopathy, be it HCM, DCM, or ARVC,
are generally discouraged from participating in competitive sports. Intense
physical activity involving burst exertion (e.g. sprinting), strenuous isometric
exercise (e.g. heavy lifting), or endurance training (e.g. marathon running)
is best avoided, as are the dehydration and electrolyte imbalances to which
athletes may be prone. Recreational activity and moderate levels of exercise
may continue.

ICD therapy is strongly warranted for secondary prevention of SCD in
HCM patients with a previous cardiac arrest or sustained, spontaneously
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occurring VT. A retrospective multicenter study reported an appropriate dis-
charge rate of 11% per year in this high-risk subgroup [9]. Among patients
who underwent device implantation for primary prevention, the annual inter-
vention rate was about 5%. There may, however, be a substantial time lag
between ICD insertion and discharge. Extended follow-up is therefore critical
for assessing the survival benefit of ICDs in patients with HCM. An ongo-
ing multicenter international study of HCM patients with ICDs is currently in
progress to address this.

The presence of multiple clinical risk factors conveys greater likelihood for
future sudden death events of sufficient magnitude to justify aggressive pro-
phylactic treatment with the ICD for primary prevention of sudden death.
Nevertheless, strong consideration should be afforded for a prophylactic ICD
in any individual patient on the strength of at least one risk factor regarded
to be major with respect to the clinical profile (e.g. a family history of sudden
death in close relatives).

However, because the positive predictive value of any single risk factor for
sudden death in HCM is low, such management decisions must often be based
on individual judgment for the particular patient, by taking into account and
integrating an overall clinical profile that includes age, the strength of the risk
factor identified, the level of risk acceptable to the patient and family, and the
potential complications largely related to the lead systems and to inappropriate
device discharges. It is also worth noting that physician and patient attitudes
toward ICDs (and the access to such devices within the respective health care
system) can vary considerably among countries and cultures, and thereby
impact importantly on clinical decision-making and the threshold for implant
in HCM. The ACC/AHA/NASPE 2002 guidelines have designated the ICD for
primary prevention of sudden death as a class IIb indication and for secondary
prevention (after cardiac arrest) as a class I indication. The risk stratification
pyramid in Figure 8.1 summarizes the contributing factors.

High-risk children with HCM pose a particularly difficult management prob-
lem. Device implantation at an early age will necessitate multiple upgrades,
replacements, and lead revisions; growth can lead to displacement of trans-
venous leads. Paradoxically, the propensity towards SCD appears particularly
high in childhood, often creating a clinical dilemma in management.

Dilated cardiomyopathy

Dilated carodiomyopathy is a chronic heart muscle disease characterized by
enlargement and impaired systolic function of the LV or both ventricles.
The degree of myocardial dysfunction is not explained by secondary causes
such as systemic hypertension, valve disease, previous infarction, or ongoing
ischemia. Patients with DCM typically present with symptoms of left ventricu-
lar failure such as dyspnoea, fatigue, and diminished exercise tolerance.
Occasionally, however, stroke and SCD are the first clinical manifestations.
Onset may be at any age, although the clinical impact of DCM is most
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Figure 8.1 Risk pyramid for HCM.

prominent in young people, in whom it represents the leading indication for
cardiac transplantation. Advances in pharmacological and device therapy over
the past two decades have effected significant reductions in morbidity and
mortality from the disease. Optimal identification of patients at risk of SCD
continues to pose a major clinical challenge.

Aetiology of DCM
While the majority of cases of DCM were previously considered sporadic and
idiopathic, the familial form is now recognized to account for at least 40—-60%
[20]. Pedigree analysis reveals autosomal dominant transmission in most fam-
ilies with DCM. Autosomal recessive, mitochondrial, and X-linked inheritance
are also described. Since DCM is a genetically heterogeneous disease, multiple
underlying molecular mechanisms have been invoked (Table 8.2) [21].
Other factors implicated in the pathogenesis of DCM include persistent viral
infection, autoimmunity, infiltrative processes such as hemochromatosis, and
toxins (notably alcohol and anthracycline derivatives such as doxorubicin).
The final common pathway involves triggering neuroendocrine activation
and local production of cytokines, causing maladaptive myocyte hypertrophy,
apoptosis, and fibrosis, with consequent ventricular remodeling.

Familial evaluation

Variable penetrance and incomplete disease expression in relatives contrib-
ute to underestimation of the true prevalence of familial DCM. Isolated
LV enlargement (LV end diastolic diameter >112% predicted) and mild
contractile impairment are common among asymptomatic relatives [22],
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Table 8.2 Molecular pathways underlying disease expression in DCM.

Mechanism Mutations Comments
Impaired transmission Cytoskeletal proteins such as actin, May be associated
of force from desmin, metavinculin, dystrophin, and with skeletal
sarcomere to the sarcoglycans myopathy

extracellular matrix

Deficit in force Sarcomeric proteins such as cardiac More frequently

generation B-myosin and troponin T (autosomal associated with
dominant); troponin | (autosomal hypertrophic
recessive) cardiomyopathy

Compromised cellular Recessive mutations in carnitine,

energy production required for transport of long-chain

fatty acids into the mitochondria, and
related proteins

Nuclear envelope Emerin (X-linked) and Lamin A/C DCM with
disruption, leading to (autosomal dominant) atrioventricular
myocyte damage and block +/—

death muscular dystrophy

many of whom have immunohistologic findings similar to those with estab-
lished disease [23].

History and physical examination alone are therefore insufficient to detect
the disease. Evaluation of family members with 12-lead ECG and 2D echo-
cardiography is encouraged. Cardiopulmonary exercise testing is useful as
an adjunct; peak oxygen consumption may be reduced in relatives with LV
enlargement [24]. Abnormalities remain mild and static in most relatives, but
a significant proportion develops overt DCM. Since predictors of disease pro-
gression are currently lacking, continued follow-up for all affected relatives
is recommended. Whether adults with a normal evaluation should undergo
periodic rescreening is unresolved. Although age-related penetrance is doc-
umented, the onset of overt disease expression is often unpredictable, even
within the same family. However, a small proportion of adults will benefit
from surveillance, leading some investigators to advocate serial assessment on
a 3-5 yearly basis [25].

Pharmacological therapy for heart failure

Large-scale clinical trials have demonstrated the efficacy of angiotensin con-
verting enzyme (ACE) inhibitors, angiotensin receptor antagonists, and beta-
blockers in reducing morbidity and mortality in DCM. Spironolactone, an
aldosterone receptor antagonist, is associated with a survival benefit in patients
with advanced heart failure (New York Heart Association [NYHA] class IV)
[26]. Anticoagulation is recommended in patients with moderate to severe
LV dilation to reduce the risk of thromboembolism. Brain natriuretic peptide
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appears to correlate with LV dimensions and ejection fraction; monitoring of
plasma levels may be of value in assessing the therapeutic response [27].

Interventional therapy for heart failure

Inter- and intraventricular conduction disturbances often occur in chronic
heart failure, with prolongation of the QRS duration to >120 ms, most com-
monly observed as left bundle branch block (LBBB). Conduction delay appears
to an independent predictor of increased risk in DCM [28], and the resulting
mechanical dyscoordination is the target of cardiac resynchronization ther-
apy (CRT). Between 7% and 14% of patients with DCM are candidates for
CRT, depending on the stringency of the selection criteria [29]. A number
of recent studies have shown improvements in LV ejection fraction, exer-
cise capacity, and quality of life with atrial-synchronized biventricular pacing.
The hemodynamic benefit appears to be related to decreased septal dyskinesia
and mitral regurgitation, and increased LV filling time. Reversal of chamber
remodeling and reduction in myocardial energy demand are also observed
[30]. Evidence of mechanical dyssynchrony on tissue Doppler echocardio-
graphy is proving more reliable than electrical markers in the prospective
identification of responders to CRT [31].

Arrhythmia in DCM

Atrial fibrillation affects 15-30% of patients with heart failure due to DCM,
becoming more prevalent with increasing disease severity. New onset of AF
may precipitate acute decompensation, particularly in the presence of a rapid
ventricular response rate. However, the prognosis of patients with advanced
heart failure and AF is becoming more favorable, consequent perhaps to
avoidance of class I antiarrhythmic agents and more widespread use of ACE
inhibitors, amiodarone, and warfarin [32].

Patients with DCM show a high incidence of ventricular arrhythmia. Almost
half have frequent ventricular extrasystoles (>10/h) on ambulatory ECG
monitoring; NSVT is present in up to 35%. However, sustained monomorphic
VT is rare, occurring in 1-2% [33].

Arrhythmogenesis in DCM is generally attributed to the interstitial and
replacement fibrosis observed on histology. Fractionated electrocardiograms
suggest slow and inhomogeneous conduction in these areas, predisposing to
reentrant arrhythmia. Indeed, mapping of explanted DCM hearts during VF
has demonstrated epicardial reentrant wavefronts with conduction block at
sites of increased fibrosis [34].

In contrast, VT in DCM does not appear to be related to reentry. Three-
dimensional intraoperative mapping has been performed on hearts from
patients undergoing transplantation for DCM. Both, spontaneous and induced
ventricular extrasystoles and NSVT originated primarily in the subendocar-
dium by a focal mechanism, the exact nature of which remains to be defined.
There was no clear correlation with the histology at these locations [35]. How-
ever, abnormal conduction at sites of extensive collagen infiltration may play
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a key role in promoting acceleration of VT and deterioration into VF, with
its hallmark multiple reentrant circuits. Deranged electrolytes and stretch-
induced arrhythmia secondary to mechanical overload may also contribute to
arrhythmogenesis in DCM.

SCD in DCM

Sudden cardiac death accounts for at least 30% of overall mortality from
DCM. Ventricular tachyarrhythmia is the most prominent aetiology in other-
wise stable patients. However, pulmonary or systemic embolization, brady-
arrhythmia, and electromechanical dissociation (EMD) are also important
precipitants, particularly in advanced disease. Cardiac arrest secondary to
bradyarrhythmia or EMD may be more frequent in patients with NYHA class
IV heart failure requiring treatment with intravenous inotropic drugs and
high-dose loop diuretics [36].

An ICD is mandatory for DCM patients with a previous cardiac arrest or
spontaneous sustained VT. Annual discharge rates of at least 12% have been
reported in patients who underwent device implantation for secondary pre-
vention [37]. The incidence of appropriate shocks was almost as high in DCM
patients with unexplained syncope, which is also a compelling indication for
an ICD [38]. Programmed ventricular stimulation is not useful in the risk
stratification of these patients, and may unnecessarily delay ICD insertion [39].

The utility of programmed ventricular stimulation has also been assessed
in DCM patients with nonsustained VT. Inducibility of sustained mono-
morphic VT varies from 0-14%, with low positive and negative predictive
value. A further 0-29% has inducible polymorphic VT or VF, which is widely
considered a nonspecific response to aggressive stimulation protocols [40].
The low induction rate in DCM is in contrast to the myocardial infarction
population, probably reflecting the lack of stable reentrant circuits in the
former.

The prospective observational Marburg Cardiomyopathy Study (MACAS)
was designed to determine the clinical value of noninvasive prognostic
indicators in a large cohort of patients with DCM. The exclusion criteria
included a history of sustained VT or VF, unexplained syncope within the
previous 12 months, and amiodarone therapy. Over 340 patients were
enrolled and underwent evaluation with echocardiography, signal-averaged
ECG (SAECG), ambulatory ECG monitoring, and microvolt T-wave altern-
ans. Heart-rate variability, baroreflex sensitivity, and QTc dispersion were also
analyzed.

During a mean follow-up period of 52 months, major arrhythmic events,
defined as sustained VT, VF, or SCD, occurred in 13%. The only significant
predictor of arrhythmic risk was reduced LV ejection fraction. In addition,
there was a tendency towards increased arrhythmic risk in patients with NSVT
on Holter monitoring and those who were not on beta-blocker therapy at
enrolment. The combination of LV ejection fraction <30% and nonsustained
VT was associated with an 8.2-fold risk of major arrhythmic events [41].
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Conversely, SAECG, baroreflex sensitivity, heart-rate variability, and
T-wave alternans were not helpful in risk stratification. This is in apparent
contrast to the findings from several previous reports; smaller study popula-
tions, inclusion of patients with sustained VT, and shorter follow-up periods
have been cited as possible explanations [38].

ICD or amiodarone?

The Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) [42] compared
placebo, amiodarone, and ICD insertion in >2500 patients with NYHA class II
or III heart failure, and LV ejection fraction <35% in spite of optimal medical
therapy. Approximately equal number of patients with ischemic heart failure
and DCM were recruited. There was a 23% reduction in all-cause mortal-
ity at 5 years in the ICD group compared with placebo, while no effect was
observed for amiodarone versus placebo. The findings appear to argue against
the effectiveness of amiodarone in preventing SCD, and strengthen the case for
ICD placement in patients with significant impairment of LV systolic function.

In contrast, the earlier Amiodarone Versus Implantable Defibrillator
(AMIOVIRT) study [43] had failed to demonstrate a statistically significant
difference in 1- and 3-year survival rates among DCM patients on amiodarone
therapy compared with those who received an ICD. Indeed, a trend towards
improved arrhythmia-free survival rates and cost of medical care was observed
in the patients treated with amiodarone. All patients had LV ejection fraction
<0.35, documented NSVT, and NYHA functional class I-III. However, both
population size and duration of follow-up were considerably smaller than in
SCD-HeFT.

Low-dose amiodarone may nonetheless have an important role in suppress-
ing AF in patients with DCM. Furthermore, similar improvements in cardiac
symptoms, function, and sympathetic nerve activity over a 1-year treatment
period have been reported in patients treated with either beta-blockers or ami-
odarone [44]. Thus, amiodarone may be a useful alternative in patients with
heart failure who cannot tolerate beta-blocker therapy.

At present, a pragmatic approach to risk stratification entails prioritizing
patients with a prior cardiac arrest, sustained VT, or syncope for ICD inser-
tion. For the remainder, medical therapy with serial assessment of LV function
and ambulatory ECG monitoring is recommended. The evidence appears to
support offering prophylactic ICD insertion to patients with LV ejection frac-
tion <30% on optimal medical therapy, particularly in the presence of NSVT.
Low-dose amiodarone therapy may be a useful adjunct to treatment in asymp-
tomatic patients with improved LV function (>35%) and NSVT on ambulatory
ECG monitoring. The current recommendations are summarized in Figure 8.2.

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy has long been defined by
its pathological hallmark of myocardial atrophy and fibrofatty replacement
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Figure 8.2 Flow chart of recommended approach to risk stratification in DCM.

within the right ventricle (RV). Initial clinical descriptions were of adults with
monomorphic VT of LBBB morphology, indicating its right ventricular ori-
gin, and an enlarged RV in the presence of normal pulmonary vasculature.
The condition was thought to arise from a developmental abnormality of
the RV myocardium, leading to the original designation of right ventricular
cardiomyopathy. This conception has evolved, over the last 25 years, into
our current perspective of a genetically determined heart muscle disease with
diverse phenotypic manifestations. Although heart failure is an important
complication of advanced disease, ARVC exerts far greater clinical impact as a
cause of ventricular arrhythmia and SCD, which represents a key distinction
from DCM.
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Natural history of ARVC

Four distinct phases have been described in the natural history of ARVC [45],
although familial evaluation suggests that stepwise progression to advanced
disease occurs in only a minority of patients:

1 The early “concealed” phase, which may be associated with minor ventricu-
lar arrhythmia. Patients are often asymptomatic, but may nonetheless be
at risk of SCD, notably during extreme exertion. Structural changes, when
present, are subtle and may be confined to one region of the so-called triangle
of dysplasia: the inflow, outflow, and apical portions of the RV.

2 Overt electrical disorder, in which symptomatic ventricular arrhythmia is
observed, accompanied by more obvious morphological and functional abnor-
malities of the RV. This is typically of LBBB morphology, indicating its RV
origin, and ranges from isolated ventricular extrasystoles to nonsustained or
sustained VT.

3 Progression of myocardial disease results in RV failure with relatively
preserved LV function.

4 Significant LV involvement with biventricular failure occurs in the advanced
stage, leading to a phenotype that resembles DCM. Fibrofatty substitution of
the LV myocardium was present on histology in 76% of postmortem and
explanted hearts in a multicenter study correlating clinical and pathologic
features of ARVC [46]. Arrhythmic events, heart failure, and inflammatory
infiltrates were more frequent in patients with disease involving the LV.

Genetic basis of ARVC

One of the landmarks in our understanding of the disease came with the
identification of a mutation in plakoglobin as the cause of Naxos disease,
an autosomal recessive variant of ARVC associated with palmoplantar ker-
atoderma and woolly hair [47]. More recently, mutations in desmoplakin
have been linked to autosomal dominant forms of ARVC [48]. Plakoglobin
and desmoplakin are key components of desmosomes, the adhesive junctions
between cells. Under conditions of mechanical stress, the inherent weakness
of the mutant cell adhesion proteins results in myocyte detachment and death.
An inflammatory response may accompany the injury; scattered foci of lymph-
ocytes have been documented in up to 67 % of hearts on post-mortem. Repair
by fibrofatty replacement follows. The inverse relationship between wall stress
and wall thickness may explain the increased susceptibility of the thin-walled
RV, and the predilection of early ARVC for its thinnest portions: the triangle
of dysplasia.

Clinical presentation of ARVC

Arrhythmogenic right ventricular cardiomyopathy typically presents with
symptoms of arrhythmia, such as palpitation, presyncope, and syncope. Unfor-
tunately, VF arrest is the first clinical manifestation of the disease in over
50% of index cases [49], often young people engaged in strenuous activity.
This underscores the need to evaluate the family members of SCD victims
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for the disease. Since penetrance may be as low as 15-30% in some families,
second-degree relatives should also be offered screening. Serial assessment
of asymptomatic relatives is generally advised from early puberty; childhood
cases of ARVC are documented but extremely rare. Contrary to traditional
thinking, there is no age limit beyond which disease expression becomes
unlikely. Presentation in later life is probably under-recognized; many older
patients with ARVC undoubtedly have a presumptive diagnosis of heart fail-
ure secondary to CAD. From a practical standpoint, however, the frequency
of evaluation may be reduced after middle age.

Affected relatives identified during familial assessment are increasingly rep-
resented among the ARVC population. Similarly, preparticipation screening
of athletes consistently yields a small but significant proportion of cases.
A minority of patients may present with RV failure in the absence of pulmon-
ary hypertension, or biventricular failure mimicking DCM. There is growing
appreciation of early biventricular involvement in ARVC. Disease variants that
primarily affect the LV are also recognized, highlighting the potential overlap
with DCM [50]. A family history of sudden premature death without previ-
ously established heart failure raises the suspicion of ARVC, as does prominent
ventricular arrhythmia with minimal ventricular enlargement or dysfunction
in a relative.

Clinical diagnosis of ARVC

Patients in whom ARVC is suspected should be evaluated with 12-lead ECG,
SAECG, 2D echocardiography and/or cardiac magnetic resonance, and ambu-
latory ECG monitoring. Exercise testing may unmask ventricular arrhythmia
and is also recommended. A similar noninvasive evaluation should be offered
to all first and second-degree relatives of ARVC index cases.

The clinical features of ARVC tend to be nonspecific, and a single test is
seldom diagnostic. To facilitate and standardize clinical diagnosis, an inter-
national task force proposed a criteria for ARVC in 1994 (Table 8.3)[42].
The guidelines were developed by expert consensus at a time when the pre-
vailing perception of ARVC was dominated by experience with symptomatic
index cases and SCD victims — that is, the severe end of the disease spectrum.
Accordingly, the task force criteria are highly specific but lack sensitivity for
the concealed phase of ARVC and the familial form, where disease expres-
sion is incomplete. As such, their main use is in establishing the diagnosis in
index cases. Furthermore, the breadth of phenotypic variation in ARVC is only
now being elucidated. Revision of existing guidelines will ultimately become
a necessity, and has already been addressed to some extent in the setting of
familial disease.

Prospective evaluation of the relatives of ARVC index cases has identified
a subset with isolated, minor cardiac abnormalities that do not fulfill the task
force criteria. Since these features are likely to represent disease expression
within the context of autosomal dominant inheritance, modified criteria have
been proposed for familial ARVC (Table 8.4)[51].
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Table 8.3 Task force criteria for diagnosis of ARVC in index cases.

1. Family history

Major

Familial disease confirmed at necropsy or surgery.

Minor

Family history of premature sudden death (<35 years of age) due to suspected
ARVC.

Family history — clinical diagnosis based on present criteria.

2. ECG depolarization/conduction abnormalities

Major

Epsilon waves or localized prolongation (>110 ms) of QRS complex in right
precordial leads (V1-V3).

Minor

Late potentials on signal-averaged EKG.

3. ECG repolarization abnormalities

Minor

Inverted T waves in right precordial leads (V2 and V3) in people >12 years of age
and in absence of right bundle branch block.

4. Arrhythmias

Minor

Sustained or nonsustained LBBB-type VT documented on EKG or Holter monitoring or
during exercise testing.

Frequent ventricular extrasystoles (>1000/24 h on Holter monitoring).

5. Global or regional dysfunction and structural alterations

Major

Severe dilatation and reduction of right ventricular ejection fraction with no or
mild left ventricular involvement.

Localized right ventricular aneurysms (akinetic or dyskinetic areas with diastolic
bulgings).

Severe segmental dilatation of right ventricle.

Minor

Mild global right ventricular dilatation or ejection fraction reduction with normal
left ventricle.

Mild segmental dilatation of right ventricle.

Regional right ventricular hypokinesia.

6. Tissue characteristics of walls
Major
Fibrofatty replacement of myocardium on endomyocardial biopsy.

ARVC or idiopathic right ventricular arrhythmia?

In evaluating a patient with arrhythmia of RV origin, the differential diagnosis
is between ARVC and idiopathic right ventricular arrhythmia (IRVA), a focal
arrhythmic disorder that is widely reported to have an excellent prognosis. The
original description of “idiopathic right ventricular outflow tract tachycardia”



The cardiomyopathies 125

Table 8.4 Proposed modification of task force criteria for the diagnosis of
Familial ARVC.

ARVC in first-degree relative plus one of the following:

ECG
T-wave inversion in right precordial leads (V2 and V3).

Signal-averaged electrocardiogram
Late potentials seen on signal-averaged electrocardiogram.

Arrhythmia

Left bundle branch block-type ventricular tachycardia on EKG, Holter monitoring or
during exercise testing.

Extrasystoles >200 over a 24-h period.

Structural or functional abnormality of the right ventricle

Mild global right ventricular dilatation and/or reduction in ejection fraction with
normal left ventricle.

Mild segmental dilatation of the right ventricle.

Regional right ventricular hypokinesia.

Note: Applicability is confined to first-degree relatives who do not fulfil the original
task force guidelines.

reflected the significant proportion that arises from discrete sites in the free
wall of the pulmonary infundibulum. An inferior-axis QRS configuration of
the VT is typical but not requisite; 10% of cases of IRVA in a recent series did
not map to the right ventricular outflow tract [52]. Conversely, VT associated
with ARVC may be localized to the outflow tract, limiting the diagnostic value
of this feature. Discrimination is critical, as management of the two diseases
is quite distinct. IRVA frequently responds to verapamil and radio frequency
ablation may be curative. Furthermore, a diagnosis of IRVA obviates the need
for familial assessment since it has no hereditary basis.

In IRVA 12-lead ECG, SAECG, and imaging studies are unremarkable; how-
ever, thisis also true of many patients with early ARVC. A history of premature
SCD or unexplained heart failure in a relative, raises suspicion of ARVC. How-
ever, absence of a conspicuous family history does not exclude ARVC, owing
to variable penetrance and the possibility of a de novo mutation.

Invasive EPS, while not a routine component of the diagnostic work-up for
ARVC, may have a role in the differentiation of IRVA from ARVC. Consistent
with a reentrant mechanism, VT in overt ARVC may be inducible by pro-
grammed ventricular stimulation, exhibits entrainment, and is associated with
fragmented diastolic potentials. In contrast, VT in IRVA has electrophysiolo-
gical characteristics compatible with the proposed focal mechanism, including
the frequent requirement of an isoprenaline infusion and/or burst pacing
for provocation. Nevertheless, a proportion of patients with spontaneous
ventricular arrhythmia will not be inducible at EPS, regardless of the under-
lying diagnosis. Indeed, establishing a definitive diagnosis may not be possible
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at first presentation; patients have been assigned a diagnosis of IRVA until
typical features of ARVC evolved some years later. Continued follow-up of
patients with presumed IRVA is therefore recommended.

Risk stratification in ARVC

All patients with a confirmed diagnosis of ARVC are discouraged from parti-
cipating in competitive sports and endurance training. The rationale for this is
two-fold; sympathetic stimulation is known to precipitate arrhythmia, while
excessive mechanical stress may aggravate the underlying disease process. As
in HCM, however, the majority of deaths occur during sedentary activity [53].
Ventricular arrhythmia in ARVC may respond to beta-blockers, which are fre-
quently prescribed first-line. Amiodarone may be used in conjunction or as
lone therapy. Sotalol and mexiletine have also been advocated. Standard heart
failure therapy is indicated for patients with ventricular dysfunction.

The annual mortality rate in ARVC patients on medical treatment has been
reported as around 1%. Arrhythmic death accounts for the majority of fatal-
ities; however, advanced heart failure and embolic stroke are causative in a
small proportion. SCD may occur without premonitory symptoms and the
disease course is often unpredictable. Consequently, recent years have seen
a trend towards ICD insertion when the diagnosis of ARVC has been estab-
lished. Follow-up studies have confirmed a high incidence of appropriate ICD
shocks in certain high-risk groups, underscoring the significant survival bene-
fit [54,55]. The annual discharge rate was 10% among ARVC patients with a
previous cardiac arrest or hemodynamically unstable VT, and 8% in patients
with unexplained syncope [54]. Conversely, intervention for VF occurred in
only 3% of ARVC patients who underwent ICD placement for VT without
hemodynamic compromise.

In patients without recognized predictors of SCD, the potential prognostic
value of prophylactic ICD therapy may be somewhat tempered by a significant
risk of complications. Only 56% of ARVC patients with ICDs remained free
from severe adverse events 7 years after device implantation in one tertiary
centre series [55]. Thus, indiscriminate ICD recommendations are unlikely to
benefit the majority of patients. Even less is known about long-term outcomes
in the growing cohort of patients with familial ARVC. The majority may have
a favorable prognosis, analogous to the benign course of HCM in community-
based populations without referral bias. Developing a risk stratification
algorithm for ARVC will be one of the key challenges for the next decade.

Long-term follow-up of patients with Naxos disease has yielded the fol-
lowing predictors of SCD: arrhythmic syncope, LV involvement, early onset
of symptoms, and early structural progression [41]. The 3% annual disease-
related mortality was higher than that reported in other populations, suggest-
ing that recessive ARVC may have a worse prognosis. Of note, QRS dispersion
>40 ms, well-tolerated sustained VT, and a family history of SCD were not
significantly related to adverse outcome.
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Applicability of the Naxos data to autosomal dominant forms of the dis-
ease awaits validation. However, a multicenter study of 132 ARVC patients
with ICDs confirmed that prior cardiac arrest, VT with hemodynamic com-
promise, and LV involvement (LV ejection fraction <55%) were independent
predictors of ventricular flutter or fibrillation. Furthermore, younger patients
with progressive disease appear more predisposed to VF [54], probably in
association with so-called “hot phases”; recurrent bouts of myocyte loss and
inflammation. Repair by fibrofatty replacement eventually leads to the form-
ation of stable reentrant circuits; thus patients with later stages of the disease
may have sustained monomorphic VT that is well tolerated and less likely to
deteriorate into VF.

Asin DCM and HCM, programmed ventricular stimulation was not helpful
in risk assessment of patients with ARVC. Over 50% of patients with inducible
VT did not experience ICD therapy in the 3-year follow-up period, whereas
a similar proportion of patients who were not inducible had appropriate
interventions.

At present, overwhelming indications for ICD insertion in ARVC include
previous VF arrest, VT with impairment of consciousness, or sustained VT

Prior cardiac arrest

Sustained VT

with “Hot phase”
hemodynamic
compromise Recent

Syncope or unexplained
presyncope with syncope
documented
ventricular arrhythmia

Early onset structurally severe disease (age <40)

Advanced disease involving both ventricles

Severe dilation and/or systolic dysfunction confined to one ventricle

Fulfills task force criteria for ARVC (proband)

Fulfills modified diagnostic criteria for familial ARVC (relative)

Figure 8.3 Risk stratification pyramid for ARVC.
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that is refractory to drug treatment. The evidence also favors offering device
implantation to patients with LV involvement or unexplained syncope. Young
patients with prominent structural abnormalities, such as marked RV dilation
or systolic dysfunction, may also be candidates, as are those with sympto-
matic exacerbation and/ or ECG changes suggestive of a “hot phase.” A risk
stratification pyramid illustrating these concepts is shown in Figure 8.3.

In contrast, the evidence supporting ICD therapy for sustained mono-
morphic VT without hemodynamic compromise is more limited. The excep-
tion is the patient who is intolerant to antiarrhythmic drugs and may benefit
from antitachycardia pacing to terminate the events. Other proposed pre-
dictors of arrhythmic risk include inverted T waves beyond V3, which may
correlate with LV involvement, and QRS dispersion >40 ms [56]. While pro-
spective trials are lacking, clinical judgment on an individual basis should
dictate the need for intervention in these instances.
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CHAPTER9

Inherited arrhythmogenic
diseases

Silvia G. Priori and Charles Antzelevitch

Genetic disorders in the structurally normal heart

Cardiac arrhythmias developing in the absence of structural heart disease have
often been referred to as “idiopathic” [1] or “primary” electrical disorders. Only
recently it has become evident that most of these disorders are associated
with defects in the genes that encode cardiac ion channels and other proteins
involved in their regulation (Table 9.1). The presenting symptoms of these
diseases include palpitations, syncope, and sudden cardiac death. All these
syndromes are characterized by genetic heterogeneity that is, the same clin-
ical phenotype is associated with multiple genetic “loci.” To further increase
the complexity of the genetic heterogeneity of the arrhythmogenic syndromes
it has become clear that within each locus there are many different mutations
that are distributed throughout the open reading frame of the gene. A continu-
ously updated list of the mutations identified in these genes is provided on the
website “Gene connection for the heart” (http://pc4.fsm.it:81/cardmoc). Since
there are no “common” mutations that account for a substantial percentage of
the disease-related genes, it is necessary to screen the entire coding sequence
of each gene: this feature of the arrhythmogenic syndromes accounts for the
long time required to complete molecular diagnosis in these diseases.

It is important to remember that not all the genes responsible for inherited
arrhythmogenic diseases have been identified. Therefore not all patients with a
clinical diagnosis of any of these diseases can be successfully genotyped. As
a consequence, a “negative” result of DNA screening does not rule out the
presence of the disease, it simply implies that the gene on which the mutation
is located has not been discovered yet.

This chapter will examine the clinical, molecular, and cellular aspects of
inherited arrhythmogenic diseases with specific focus on clinical management.

Long-QT syndrome

Clinical presentation
The long-QT syndrome (LQTS) is characterized by syncopal events caused by
ventricular tachyarrhythmias (torsades des pointes (Tdp)) that begin manifesting

132



Inherited arrhythmogenic diseases 133

during childhood or adolescence. The estimated prevalence of this disorder is
1-2: 10 000. The ECG diagnosis is based on the presence of prolonged repol-
arization (QT interval) and abnormal T-wave morphology; cardiac events are
often precipitated by physical or emotional stress but they may also occur at
rest [2].

Patterns of inheritance and extracardiac manifestations

Two clinical variants of LQTS have been identified: one inherited as an auto-
somal dominant trait, the Romano Ward syndrome and the other inherited
as an autosomal recessive trait, the Jervell and Lange-Nielsen syndrome
that combines long-QT intervals, arrhythmia susceptibility, and neurosen-
sorial deafness (Table 9.1). More recently two other forms of LQTS with
extracardiac manifestations have been described: (1) Andersen syndrome or
LQT?7, that combines a skeletal muscle phenotype, prolonged QT interval, and
arrhythmias [3,4]; and (2) Timothy syndrome or LQT8 [5,6] that is charac-
terized by syndactyly, cardiac malformations, mental retardation, and other
phenotypes in addition to long-QT intervals and arrhythmias.

As many as 35% of LQTS cases appear to occur in sporadic individuals,
however molecular analysis has shown that in many of such cases the disease
is inherited by parents who are carriers of the genetic defect without clinical
manifestations of the disease [7]. More recently it has been reported that
parental mosaicism may also account for apparently sporadic cases [6,8].

Genetic bases

In the early 1990s, four LQTS loci were identified on chromosomes 11, 3, 7,
and 4 [9-11]. Subsequently positional cloning allowed the identification of
KCNQI as the gene of LQT1 on chromosome 11 [12]; shortly after the can-
didate gene approach led to the identification of KCNH2 and SCN5A as the
genes on chromosomes 7 (LQT2) and 3 (LQT3) [13,14]. More recently muta-
tions in two additional genes on chromosome 21, KCNEI (LQT5) and KCNE2
(LQT6) were identified. All the LQTI-3 and LQT5-6 genes encode for cardiac
ion channels subunits and therefore it was suggested that LQTS is a cardiac ion
channel disease. Recent data, however, showed that the gene associated with
LQT4 is ANK2 that encodes for an intracellular protein called Ankyrin that is
responsible for “anchoring” ion channels to the cellular membrane [15]. At
this point it is clear that the phenotype of LQTS may also be derived by muta-
tions in protein that regulate assembly, trafficking, or function of cardiac ion
channels.

The genetic bases of LQTS with extra-cardiac phenotypes has also been iden-
tified. One gene has been linked to Andersen’s syndrome, JCNJ2, encoding
for the ion channel Kir 2.1 conducting the inward rectifier current, mutations
for these gene account for approximately 50% of cases of LQT7 [16]. The
gene for Timothy syndrome is CACNAIC, that encodes for the cardiac L-type
calcium-channel gene. All LQT8 patients carry the same mutation G406R: it is



Table 9.1 Genetic loci and genes of inherited disorders with normal heart.

Locus Name Chromosomal Locus Inheritance  Gene Symbol Protein Phenotype OMIM ID
LQT1 11p15.5 AD KCNQT1 Iks potassium channel alpha Long QT 192500
subunit (KvLQT1)
LQT2 7935-936 AD KCNH2 Ikr potassium channel alpha Long QT 152427
subunit (HERG)
LQT3 3p21 AD SCN5A Cardiac sodium channel alpha Long QT 603830
subunits (Nav 1.5)
LQT4 4925-q27 AD ANK2 Ankyrin B, anchoring protein Long QT, atrial fibrillation 600919
LQT5 21922.1-q22.2 AD KCNET Iks potassium channel beta Long QT 176261
subunit (MinK)
LQT6 21922.1-9q22.2 AD KCNE2 Ikr potassium channel beta Long QT 603796
subunit (MiRP)
LQT7 17923.1-924.2 AD KCNJ2 Ik1 potassium channel (Kir2.1) Long QT, Potassium sensitive 170390
periodic paralysis, dysmorphic
features
LQT8 12p13.3 AD CACNA1IC ICa L-type Long QT, syndactyly, 601005
hypoglicemia, hypothermia,
mental retardation cardiac
malformation
JLNS1 11p15.5 AR KCNQT1 Iks potassium channel alpha Long QT, Deafness 220400
subunit (KvLQT1)
JLNS2 21922.1-922.2 AR KCNE1 Iks potassium channel beta Long QT, Deafness 176261

subunit (MinK)
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BrS1
BrS2
SQTS1

SQTS2

SQTS3
ATFB1

ATFB2
ATFB3
ATFB4

CPVT1

CPVT2

3p21
3p22-25
7935-q36

11p15.5

17923.1-q24.2
11p15.5

10022-924
6q14-16
21g22.1-q22.2

1942.1-q43

1p13.3-p11

AD
AD
AD

AD

AD
AR

AD
AD
AD

AD

AR

SCN5A
Unknown

KCNH2

KCNQT1

KCNJ2
KCNQT1

Unknown
Unknown

KCNE2

RyR2

CASQ2

Cardiac sodium channel (Nav 1.5)

Unknown

Ikr potassium channel alpha
subunit (HERG)

Iks potassium channel alpha
subunit (KvLQT1)

Ik1 potassium channel (Kir2.1)

Iks potassium channel alpha
subunit (KvLQT1)

Unknown
Unknown

Ikr potassium channel beta
subunit (MiRP)

Cardiac ryanondine receptor

Cardiac calsequestrin

ST segment elevation, RBBB
ST segment elevation, RBBB
Short-QT interval

Short-QT interval

Short-QT interval

Atrial fibrillation

Atrial fibrillation
Atrial fibrillation

Atrial fibrillation

Exercise-induced arrhythmias,
normal resting ECG,
bradycardia

Exercise-induced arrhythmias,
normal resting ECG,
bradycardia

601144

607554

608583
608988
607554

604772

114251

Notes: AD = autosomal dominant; AR = autosomal recessive; RBBB = right bundle branch block.
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too early to know if other genes or other mutations may also cause this form
of LQTS [6].

Approximately 95 % of patients with a known genetic defects are affected by
LQTI, LQT2, or LQT3, accordingly a substantial body of genotype—phenotype
correlations have been established in patients with these forms of the disease.

Genotype-phenotype correlation

LQT1 is the most prevalent variant of LQTS, accounting for approximately
50% of genotyped patients [17]. Loss of function of the ion channel that con-
ducts the slowly activating delayed rectifier (Ixs) underlies congenital LQT1.
LQTI patients have a typical ECG morphology with a broad-based T-wave
with a smooth morphology [18], the prolongation of QT interval in LQT1
patients is often moderate and a high percentage of carriers of mutations
have a normal QTc (incomplete penetrance). Patients with a QTc > 500 ms
are at a higher risk of becoming symptomatic for cardiac events [19]. The
majority of arrhythmic episodes are precipitated by physical exercise [20], for
unknown reasons swimming is frequently implicated in arrhythmias devel-
opment in LQT1 [21]. Interestingly LQT1 patients have a very good response
to beta-blockers [22].

The typical features of LQT1 patients have been replicated in in-vitro models,
in arterially-perfused wedge preparations, inhibition of Ixs using chromanol
293B led to uniform prolongation of action potential duration (APD) in epi-
cardial, M cells (M) and endocardial cells, causing little change in transmural
dispersion of repolarization (TDR). Although the QT interval is prolonged, TdP
never occurred under these conditions. Addition of isoproterenol resulted in
abbreviation of epicardial and endocardial APD while in the M cells, APD
either prolonged or remained the same, thus causing an increase in TDR and
TdP [23]. The combination of Ixs block and B-adrenergic stimulation created a
broad based T wave in the perfused wedge, similar to that observed in patients.
These findings help to provide us an understanding of the great sensitivity of
LQTI1 patients, to sympathetic influences [22,24].

LQT2

The distinguishing ECG feature of LQT2 patients is the presence of flattened
T waves with typical second components of the T wave called “notches” [18].
As an average, the QT interval is more prolonged in LQT2 patients than in
LQT1 and a smaller percentage of LQT2 patients than LQTI1 patients have a
normal QTc (incomplete penetrance). Patients with a QTc > 500 ms are at
higher risk of becoming symptomatic for cardiac events [19]. The majority of
arrhythmic episodes are precipitated by emotional stress [20]: interestingly,
acoustic stimuli represent a specific trigger of cardiac events in LQT2 [25].
The response of LQT2 patients to beta-blockers is less remarkable than that
of LQT1 patients and therefore in LQT2 patients with a longer QT interval or
in those with the occurrence of syncopal events during childhood, the use of
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a prophylactic implantable cardioverter-defibrillator (ICD) may be considered
in combination with beta-blockers [22].

KCNH2 (HERG; causing LQT2) gene encodes for the o subunit of the channel
conducting the rapidly activating delayed rectifier potassium channel, Ixy.Ixr
inhibition is also responsible for most cases of acquired or drug-induced LQTS
thus suggesting that similar pathophysiological mechanisms link LQT2 and
acquired LQTS. In vitro studies have provided very interesting insights on the
electrophysiological mechanisms of LQT2. In the wedge, inhibition of Ik, with
p-sotalol produces a preferential prolongation of the M cell action potential,
resulting in accentuation of TDR and spontaneous as well as stimulation-
induced TdP. If Ix; block is accompanied by hypokalemia, a deeply notched or
bifurcated T wave is observed in the wedge preparation, similar to that seen
in patients with LQT2. Isoproterenol further exaggerates TDR and increases
the incidence of TdP in this model, but only transiently [26].

SCN5A (LQT3)

The prevalence of LQT3 is estimated to be 10-15% of all genotyped patients.
For this reason, a much smaller number of LQT3 patients are available and
data on genotype-phenotype correlation are therefore less solid than for
the other two genotypes in which they are based on a large population of
patients.

The ECG of LQT3 patients presents a typical pattern with a very prolonged
ST segment and a small, peaked T wave [18]. Most of cardiac events in LQT3
occur at rest or during sleep. The response of LQT3 to therapy with beta-
blockers is often incomplete and therefore the implant of an ICD should be
considered in these patients for primary prevention of cardiac arrest.

In vitro studies have been able to explain several features of this form of
LQTS. SCN5A mutations identified in LQT3 cause a gain of function by enhan-
cing the late sodium current (late Ina). In vitro augmentation of late Iy, using
the sea anemone toxin ATX-II produced a preferential prolongation of the
M cell action potential in the wedge, resulting in a marked increase in TDR
and development of TdP. Because epicardial APD was also significantly pro-
longed, there was a delay in the onset of the T wave in the wedge, as observed
in the clinical syndrome [27]. B-adrenergic stimulation abbreviates APD of
all cell types under these conditions, reducing TDR and suppressing TdP [26];
thus providing an explanation for the prevalence of cardiac events at rest in
LQT3 patients.

Management of LQTS

All patients with LQTS should be advised to restrict physical activity and
exposure to stressful environments; they should avoid QT-prolonging drugs
and should receive beta-blockers. In patients who have experienced a cardiac
arrest, an ICD is indicated in addition to beta-blockers based on the evidence
that these individuals remain at high risk of experiencing cardiac events while
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on therapy [28]. Patients genotyped as LQT3 and LQT2 may be candidates for
an ICD as a primary prophylaxis of cardiac arrest [22].

Brugada syndrome

Clinical presentation

Brugada syndrome (BrS) is an inherited arrhythmogenic disease character-
ized by ST segment elevation in the right precordial leads (more than 2 mm
in leads V1,V2, and/or V3), with or without right bundle branch block and
susceptibility to ventricular tachyarrhythmias. The age of onset of clinical
manifestations (syncope or cardiac arrest) is the third to fourth decade of
life, although malignant forms with onset during early childhood have been
reported [29]. Cardiac events typically occur during sleep or at rest [30]. The
disease is inherited as an autosomal dominant trait but there is a striking male
to female ratio of 8 : 1 in the occurrence of clinical manifestations. The reason
for the increased risk of males is not understood. Interestingly the diagnostic
pattern of coved ST segment elevation is not spontaneously present in all
affected patients and in some individuals a concealed form of BrS is present
that can be unmasked by administration of sodium channel blocking drugs.
These patients are at lower risk of cardiac arrhythmias than patients with an
overt diagnostic ECG pattern.

Genetic basis and pathophysiology

In 1998, the gene responsible for at least some cases of BrS was identified
as the cardiac sodium channel gene (SCN5A), thus defining BrS as an allelic
disease to LQT3 [31]. Mutations in SCN54, including missense mutations, in
frame deletions or frameshifts leading to and early truncation of the protein,
have been identified in approximately 20% of patients with BrS. Another BrS
locus was reported [32] on the short arm of chromosome 3, but no gene has
been identified.

SCN5A mutations identified in BrS cause a reduction of the sodium cur-
rent that is believed to amplify the heterogeneities intrinsic to the early
phases (phase 1-mediated notch) of the action potential of cells residing in
different layers of the right ventricular wall of the heart. The presence of
a transient outward current ([,)-mediated spike and dome morphology, or
notch, in ventricular epicardium but not endocardium, creates a transmural
voltage gradient that is responsible for the inscription of the electrocardio-
graphicJ wave [27,33]. Accentuation of the notch in RV epicardium underlies
the accentuation of the J wave or ST segment elevation that characterizes BrS.
The arrhythmogenic substrate develops when some RV epicardial site undergo
an all-or-none repolarization at the end of phase 1, leading to loss of the action
potential dome. Conduction of the action potential dome from sites at which
it is maintained to sites at which it is lost causes local reexcitation via phase 2
reentry leading to the development of a closely coupled extrasystole capable of
capturing the vulnerable window across the ventricular wall, thus triggering
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a circus movement reentry in the form of ventricular tachycardia/ventricular
fibrillation (VT/VF) [33,34].

A rebalancing of currents active at the end of phase 1 also underlies the
unmasking of the syndrome in response to drugs. Vagotonic agents, Ix-atp
activators and hypokalemia achieve this by augmenting outward currents,
whereas sodium channel blockers, beta-blockers, cocaine, antidepressants,
and antihistamines like terfenadine are likely to accomplish this by reducing
inward currents.

Management of BrS

There are no drugs with a proven efficacy in patients with BrS. As a con-
sequence, the only treatment to prevent sudden death is represented by the
ICD. To target the use of the ICD it is important to be able to identify patients
at highest risk of cardiac events. There is consensus that patients who have
experienced syncope and have a spontaneous ECG diagnostic for BrS are at
high risk of cardiac events and should receive a defibrillator. The most difficult
patients to manage are those who are diagnosed after provocative pharma-
cologic challenge (i.v. flecainide, propafenone, or ajmaline) or those who are
asymptomatic. For these patients the use of programmed electrical stimulation
has been proposed by some authors [35] but other groups failed to confirm
that the test is of any value [36-38], therefore at present time the management
of asymptomatic patients remains empirical.

Familial atrial fibrillation

Clinical presentation

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered
in clinical practice, most often it develops in the context of ischemic heart dis-
ease, hypertension, and congestive heart failure. However, in 3-30% of cases
of AF no underlying cardiovascular disease can be detected and occasionally
a familial segregation of the phenotype is observed [39]. Darbar et al. [40]
recently reported that 5% of AF is familial and this percentage is even higher
among patients with lone AF (15%).

Genetic bases and pathophysiology

Brugada et al. [41] in 1997, provided the first hint for a genetic predisposition
to AF (also called familial atrial fibrillation, FAF). In this report an autosomal
dominant inheritance was demonstrated and linkage analysis mapped the FAF
locus to a 10cM region on the long arm of chromosome 10 (10q22-q24) in
three families; the specific gene is yet to be identified. An additional locus was
mapped [42] to chromosome 6q 14-16. More recently Chen et al. [43]. and
Yang et al. [44] demonstrated two additional loci for FAF. In a four-generation
Chinese family, AF mapped to chromosome 11p15.5 and a gain of function
mutation in the KCNQI gene was identified and shown to segregate with the
clinical phenotype. Shortly after, the same authors identified mutations in the
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KCNE?2 in FAF patients [44]. It is therefore apparent that at least some forms
of AF are allelic disorders to LQTS in which gain of function mutations cause
an accelerated repolarization that predisposes to atrial arrhythmias.

Atrial fibrillation may also occur in families in the presence of cardiac
channelopathies such as the long-QT [45], short-QT [46], and Brugada [47]
syndromes; these congenital ion channelopathies may lead to enhanced spatial
dispersion and phase 2 reentry in the atria, thus providing both the substrate
and the trigger for the induction of AF. At present time, nothing is known on
specific features that may distinguish patients with inherited AF from those
with acquired forms of the disease.

Short-QT syndrome

Clinical presentation

The first anecdotal report of a disease characterized by abnormally abbrevi-
ated repolarization detected at the surface ECG was made by Gussak et al.
in 2000 [48]. They described two siblings and their mother with persistently
short-QT-interval ranging from 260 to 275 ms. Sudden death was also present
in another unrelated patient showing a similar electrocardiographic pattern.
More recently Gaita et al. [46], reported two additional families with a history
of sudden cardiac death showing this phenotype in the absence of structural
heart disease. VF was inducible with programmed electrical stimulation (PES)
in all surviving affected individuals.

Another distinctive feature of the ECG identified in some patients with the
short-QT syndrome (SQTS) is the appearance of tall peaked T waves, similar
to those encountered with hyperkalemia. Patients are easily inducible into VF
during programmed electrical stimulation. The ICD is a reasonable therapy
even if more recently it has been suggested [49] that quinidine may provide
a reasonable pharmacological treatment able to prolong repolarization and
prevent arrhythmias inducibility. More data will be required to define the
optimal risk stratification and treatment strategy for SQTS patients

Genetic bases and pathophysiology

The SQTS has been linked to mutations causing a gain of function in either
Ixr [50], Ixs [51], or Ix1 [52]. The augmented Tpeak—Teng interval associated
with the peaked T wave observed in SQTS suggests that a TDR underlies the
arrhythmogenic substrate. Recent studies conducted using the wedge prepar-
ation have provided evidence in support of this hypothesis. The potassium
channel opener pinacidil caused a heterogeneous abbreviation of action
potential duration among the different cell types spanning the ventricular
wall, thus creating the substrate for the genesis of VT under conditions asso-
ciated with short-QT intervals. Polymorphic VT could be readily induced with
PES. The increase in TDR was further accentuated by isoproterenol, leading
to easier induction and more persistent VI/VFE. The latter is likely due to the
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reduction in the wavelength of the reentrant circuit, which reduces the path
length required for maintenance of reentry [53].

Catecholaminergic polymorphic ventricular tachycardia

Clinical presentation

The catecholaminergic polymorphic ventricular tachycardia (CPVT) is a dis-
ease described by Coumel ef al. in 1978 [54], and characterized by exercize-
induced polymorphic ventricular arrhythmias, syncope occurring during
physical activity or acute emotion, a normal resting electrocardiogram, and
the absence of structural cardiac abnormalities. Supraventricular tachyarry-
thmias are also part of the manifestations of CPVT. Family history of one or
multiple sudden cardiac deaths is evident in 30% of cases [55]. Symptoms usu-
ally develop during childhood or adolescence, although cases in which the first
symptoms appeared during adulthood have been reported. The resting ECG
is unremarkable with the exception of sinus bradycardia and prominent “U”
waves reported in some patients [54]. Therefore the diagnosis is not always
straightforward. Given the fact that in approximately 15% of patients cardiac
arrest is the first manifestation of the disease [56], in some patients it may be
initially considered as “idiopathic ventricular fibrillation” (IFV) [55-57].

To establish the diagnosis of CPVT, it is critical to observe exercise or emo-
tion induced polymorphic VT. These arrhythmias are reproducibly induced by
exercise stress test, but not by PES. The most typical arrhythmias of CPVT is
the so-called bidirectional VT in which the VT presents with an alternating
180° QRS axis on a beat-to-beat basis.

Genetic bases

CPVT1 - autosomal dominant

The first locus for CPVT was identified by Swan et al. who mapped the disease
to chromosome 1q42-43 [58]. In 2001, Priori ef al. demonstrated that the
disease is caused by a mutation in the RyR2 gene encoding for the cardiac
Ryanodine receptor [55]. RyR2 is a large protein that tetramerizes across the
membrane of the sarcoplasmic reticulum (SR) and forms the SR Ca’* release
channel in heart, essential for the regulation of the intracellular calcium and
excitation—contraction coupling [59].

CPVT2 - autosomal recessive

Lahat et al. [60] in 2001, provided the first evidence for a variant of CPVT
inherited as an autosomal dominant trait. They mapped the disease seven con-
sanguineous Bedouin families in a 16 ¢cM interval on chromosome 1p23-21
and subsequently identified CASQ2 as the responsible gene [61]. CASQ2
encodes calsequestrin, a protein that serves as a major Ca?* binding protein
and is localized in the terminal cisternae of the SR. Calsequestrin is bound to
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the Ryanodine receptor and participates in control of excitation—contraction
coupling [62].

Pathophysiology

Several lines of evidence point to delayed afterdepolarization (DAD)-induced
triggered activity (TA) as the mechanism underlying monomorphic or
bidirectional VT in CPVT patients. These include the identification of genetic
mutations involving Ca®* regulatory proteins, a similarity of the ECG features
to those associated with digitalis toxicity, and the precipitation by adrenergic
stimulation. The cellular mechanisms underlying the various ECG pheno-
types, and the transition of monomorphic VT to polymorphic VT or VF, were
recently elucidated with the help of the wedge preparation [63].

The wedge was exposed to low-dose caffeine to mimic the defective calcium
homeostasis encountered under conditions that predispose to CPVT. The com-
bination of isoproterenol and caffeine led to the development of DAD-induced
TA arising from epicardium, endocardium, or the M region. Migration of the
source of ectopic activity was responsible for the transition from monomorphic
to slow polymorphic VT. Alternation of epicardial and endocardial source of
ectopic activity gave rise to a bidirectional VT. Epicardial VT was associated
with an increased Tpeak—Tend interval and TDR due to reversal of the normal
transmural activation sequence, thus creating the substrate for reentry, which
permitted the induction of a more rapid polymorphic VT with PES. Propranolol
or verapamil suppressed arrhythmic activity [63].

Clinical management

Patients affected by CPVT should be treated with beta-blockers and they should
be advised to limit physical activity and exposure to stressful situations. Beta-
blockers often reduce the duration and the rate of VT elicited by exercise or
emotion but rarely obtain complete suppression of ventricular arrhythmias.
When sustained VT persists despite beta-blockers, the addition of an ICD may
be considered [56]. Since several patients with CPVT also have supraventricu-
lar tachyarrhythmias, careful programming of the devise should be planned
to avoid inappropriate ICD shocks; the use of dual chambers ICD may also be
indicated.
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CHAPTER 10

Sudden cardiac death
and valvular heart diseases

David Messika-Zeitoun, Bernard J. Gersh, Olivier Fondard,
and Alec Vahanian

Sudden cardiac death is a major public health problem. In the United States,
its incidence has been estimated as high as 400 000 each year. Despite progress
made in resuscitation, treatment of sudden death is usually unsuccessful and
apart from some notable exceptions, the vast majority of patients with cardiac
arrest do not survive [1]. From a pathological registry of 1000 adults under
65 years of age with no previous history of cardiac disease, valvular heart
disease was the fourth largest cause of sudden death after coronary artery
disease, left and right cardiomyopathies, and tissue conduction abnormalities
[2]. However, even if valvular diseases account for only a small proportion of
sudden deaths overall, the relatively high frequency of valvular heart disease
in the general population increases the importance of sudden cardiac death
and valvular heart disease as a clinical entity. In this chapter, we present the
currently available data regarding the incidence and determinants of sudden
death for each major organic valvular disease, that is, aortic stenosis, aortic
regurgitation, mitral regurgitation, and mitral stenosis.

Aortic stenosis

Aortic stenosis is the most common valvular disease in Western countries
and its prevalence increases with aging population. Pioneering studies per-
formed prior to the area of catheterization and cardiac surgery have shown
that patients with aortic stenosis experienced sudden death.

Symptomatic patients with aortic stenosis

Development of symptoms is a turning point in a patient’s history. In 1968,
Ross and Braunwald, in their classic review of the natural history of aor-
tic stenosis, underlined the critical importance of the functional status [3].
Fifty percent survival is 5 years in patients who present with angina, 3 years
for those with syncope, and 2 years with dyspnoea or congestive heart fail-
ure. Approximately half of the deaths were sudden [4,5]. A specific cause of
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sudden death is often difficult to establish and sudden death in aortic sten-
osis is probably multifactorial. Several mechanisms have been suggested, such
as malfunction of the baroreceptor mechanism [6], ventricular arrhythmias
caused by ischemia or atrioventricular block due to aortic valve calcification
extending into the conduction system. It is worthy to note that, myocardial
ischemia may be observed in aortic stenosis even in the absence of coronary
artery disease.

Thus, symptomatic patients with severe aortic stenosis must be oper-
ated on without delay. Patients with left ventricular dysfunction with or
without low gradients [7,8], especially if there is a contractile reserve, should
also be considered for surgery as well as patients with severe pulmonary
hypertension [9].

Asymptomatic patients with aortic stenosis
In contrast, management of asymptomatic patients with severe aortic stenosis
is more controversial.

Incidence of sudden death

Recent prospective studies provide important information regarding the incid-
ence of sudden death. Results of major retrospective and prospective studies
[4,5,10-17] are summarized in Table 10.1. All these studies show that sudden
death is an uncommon complication of asymptomatic aortic stenosis — prob-
ably less than 1% [19,20]. In regard to the mortality and morbidity of surgery
for aortic stenosis and the risk of serious prosthetic valve complication, sur-
gery in all asymptomatic patients to prevent the risk of sudden death, should
not be recommended.

However, several important facts need to be emphasized. First, the current
definition of severe aortic stenosis (aortic valve gradient >50 mm Hg or aortic
valve area <1 cm? or <0.6 cm?/m? of body surface area) is not universally
accepted [19,20]. Second, the correlation between the onset of symptoms and
the severity of stenosis is highly variable [15]. Third, New York Heart Asso-
ciation (NYHA) classification is subjective and symptoms may be absent in
sedentary patients or because patients progressively limit their physical activ-
ity. Finally, even if the occurrence of sudden death not preceded by symptoms
in initially asymptomatic patients is rare, the interval between occurrence of
symptoms and sudden death may be very short and the window for surgical
correction may be missed [21]. Moreover, patients do not always report symp-
toms promptly, which highlights the critical importance of education and of
periodic follow-up. Patients who understand the expected course of the dis-
ease and are aware of potential symptoms are more likely to report the onset of
even mild symptoms promptly. Also, it has been shown that there is an import-
ant variability [15,18,22] in aortic stenosis progression and that even mild or
moderate aortic stenosis incur an excess mortality [18]. Thus, because sud-
den death does not leave any opportunity for review of therapeutic options,
it is essential to identify asymptomatic patients at high risk of sudden death



Table 10.1 Natural history of asymptomatic patients with aortic stenosis.

Study Year Number Severity of Age, Follow-up, Deaths, Event-free
of Aortic Stenosis Years Years Number of Patients Survival®
Patients
Total Sudden  Sudden Death
Death Death not Preceded

by Symptoms
Chizner et al. [4] 1980 8 AVA < 1.1 cm? 24 5.7 0 0 0 —
Turina et al. [11] 1987 17 AVA < 0.9 cm? — 2.0 0 0 0 75% at 5 years
Horstkotte and 1988 35 AVA = 0.8-1.5 cm? — "Years"” — 3 3 —
Loogen [12]
Kelly et al. [5] 1988 51 PV =3.5-5.8 m/s 63 1.4 8 0 —
Pellikka et al. [13] 1990 113 PV >4.0m/s 70 1.8 14 1 74 £ 6% at 2 years

(aortic

dissection)
Kennedy et al. [10]b 1991 28 AVA = 0.9+ 0.1 cm? 69 2.0 NA 0 0 70% at 4 years
Faggiano etal.[14] 1992 37 AVA = 0.85+0.15cm? 72 1.7 3 1 0 —
Otto et al. [15] 1997 123 PV >25m/s 63 2.5 8 0 0 76% at 2 years
Rosenhek et al. [16] 2000 128 PV >4 m/s 60 1.8 8 1 1 56 + 5% at 2 years
Amato et al. [17] 2001 66 AVA < 1 cm? 50 0.7-2 NA 4 4 38 £ 6% at 2 years
Rosenhek et al. [18] 2004 176 PV =2.5-4m/s 58 4.6 34 NA 1 75+ 3% at 5 years ©

Notes: AVA = aortic valve area, NA = not available, PV = peak aortic velocity.
@ Death or aortic valve replacement.

b No or minimal symptoms.

¢ Including perioperative and late deaths after aortic valve replacement.
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(and/or of developing symptoms) who may benefit from a more aggressive
strategy.

High-risk subgroups
Prospective studies have identified several criteria associated with high risk of
developing symptoms and of requiring valve replacement.

Severity of the stenosis. Aortic jet velocity has been recognized in multiple
studies as a reliable predictor of outcome [13,15,16]. For example, in 123
patients with aortic stenosis followed for 2.5 years, when the initial peak velo-
city was >4 m/s event-free survival (death or aortic valve replacement) was
21+ 18% at 2 years compared to 84 + 16% when the jet velocity was <3 m/s.
Rapid increase of aortic jet velocity (>0.3 m/s per year) is also an important
predictor of poor outcome [15,16]. Amato et al. also identified an extremely
reduced aortic valve area (<0.7 cm?) as a predictor of poor outcome [17].

Exercise testing. Aortic stenosis, even moderate, has traditionally been
regarded as a contraindication to exercise testing. Although exercise test
should not be performed in symptomatic patients, recent studies show that, in
asymptomatic patients, under strict medical supervision, it is safe and inform-
ative [15,17,23]. It can unmask symptoms in reputed asymptomatic patients
and provide important prognostic information. Of note, in Amato’s study [17],
four patients (6 %) experienced sudden death. None had preceding symptoms,
but all had an aortic valve area <0.7 cm? and a positive exercise test.

Aortic valve calcification. Aortic valve calcification is the process that leads
to aortic valve stenosis and its degree has been shown to provide important
prognostic information[16,18,24]. In 128 asymptomatic patients with severe
aortic stenosis, moderate or severe calcification, assessed by echocardiography,
identifies patients with poor prognosis [16]. Similarly, in 100 patients with aor-
tic stenosis, after adjustment for age, gender, symptoms, ejection fraction, and
aortic valve area, degree of aortic valve calcification quantitatively assessed
by Electron-Beam-Computed Tomography was independently predictive of
event-free survival (p < .001) [24].

Associated coronary artery disease. There is an increasing body of both clin-
ical and experimental data demonstrating a pathophysiological link between
aortic stenosis and atherosclerosis, especially in the coronary bed. Thus, a
50% increase in cardiac mortality due to myocardial infarction has been
reported in patients with aortic sclerosis — valve thickening without hemo-
dynamic obstruction — suggesting an association between aortic valve disease
and coronary artery disease [25]. More recently, in patients with mild or mod-
erate aortic stenosis, associated coronary artery disease was an independent
predictor of outcome [18].

It has not been fully proven that patients with these characteristics should
be operated on but the risk of developing symptoms and of sudden death
seem reasonable justifications for surgical intervention. These conditions have
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been included in the current recommendations of the European Society of
Cardiology Working Group on valvular heart disease [20].

Recommendations for surgery in asymptomatic patients with aortic
stenosis — European Society of Cardiology Working Group
recommendations

Surgery should be considered in asymptomatic patients with severe aortic
stenosis in the following circumstances:

1 Patients with an abnormal response to exercise: development of symptoms,
drop in blood pressure, inadequate blood pressure rise, and markedly impaired
exercise tolerance.

2 Patients with moderate to severe calcification, peak jet velocity >4 m/s, or
accelerated rate of progression of peak velocity (>0.3 m/s/year).

3 Patients with left ventricular dysfunction (left ventricular ejection fraction
(LVEF) <50%). This situation is however rare in asymptomatic aortic stenosis.
Even if there is a lower level of evidence, surgery can probably also be
considered in the following situations:

1 Severe left ventricular hypertrophy (>15 mm wall thickness) unless this is
due to hypertension.

2 Severe ventricular arrhythmias for which no other cause than severe aortic
stenosis can be identified.

Aortic regurgitation

Aortic regurgitation is a less common valvular disorder but still represents
10% of native valve disease in the recent Euro Heart Survey [26]. As with
aortic stenosis, onset of symptoms marks an important shift in the course of
the disease.

Symptomatic patients with aortic regurgitation

Symptoms in patients with severe aortic regurgitation are a major inde-
pendent prognostic factor [27,28]. When not operated on, the prognosis of
symptomatic patients is grim. Natural history studies of nonoperated patients
who experienced symptoms of heart failure report very high mortality rates
including sudden death [11,27-29]. Not operated on, mortality rate is as high
as 72 + 12% at 5 years (24.6% vyearly) [27]. Even mild [27] or transient
[11] symptoms are associated with an excess mortality and NYHA functional
class IT shows a significant association to subsequent sudden death [30]. Thus,
symptomatic patients must be promptly referred for surgery [19,20]. When
operated on early in the course of the disease, surgical correction of the regur-
gitation provides an excellent long-term outcome [28]. On the other hand,
patients in NYHA class II/TV, even with markedly reduced ejection frac-
tion, should also be considered for surgery. They incur excess operative and
postoperative mortality rates but mid-term symptoms free is obtained in most
patients [31].
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Asymptomatic patients with aortic regurgitation

Incidence and determinants of sudden death

Asymptomatic patients with severe aortic regurgitation may also be at risk
of sudden death. Table 10.2 summarizes the seven most important studies
regarding the natural history of asymptomatic patients [30,32-37]. These stud-
ies show that the risk of sudden death in asymptomatic patients is low (<0.2%
per year). However, the risk is not zero and subgroups at higher risk can be
defined.

Extreme left ventricular dilatation and dysfunction are associated with
sudden death. Turina reported five sudden deaths in patients awaiting for
surgery [29], two of whom (not recorded in Table 10.2) were asymptomatic
but with a severely enlarged left ventricle and low ejection fraction. Simil-
arly, among 104 asymptomatic patients with severe aortic regurgitation, two
sudden deaths were observed in patients with severely enlarged left vent-
ricle (end-diastolic diameter >80 mm and end-systolic diameter >55 mm)
and subnormal LVEF (40-45%) [34]. In another study of 104 asymptomatic or
minimally symptomatic patients, four died suddenly [30]. These four deaths
were not preceded by symptoms or the development of resting left ventricu-
lar dysfunction at their last evaluation 6-10 months before. In this study,
the predictors of sudden cardiac death were the LVEF during exercise and
particularly the ratio of A (exercise — rest) LVEF/A (exercise — rest) end-
systolic wall stress that relates more closely to left ventricular contractility
than ejection fraction. In the high-risk tercile, the 5-years rate of sudden death
was 3.3 %. Patients who demonstrate progression of left ventricular dilatation
or progressive decline in ejection fraction on serial studies also represent a
higher-risk group that requires careful monitoring [34].

Identification of such predictors is fully in agreement with a previous study
showing that in patients with aortic valve diseases, the severity of ventricular
arrhythmias (recorded by 24-h ambulatory ECG) is strongly associated with
myocardial performance [38]. It is also important to note that left ventricular
dimensions and function parameters can be dissociated from the functional
status, and more than 40% of patients with severe aortic regurgitation and
markedly reduced ejection fraction (<35%) [31] or severely enlarged left
ventricle (>80 mm) [39] had no or minimal symptom:s.

Recommendations for surgery in asymptomatic patients with aortic
regurgitation — European Society of Cardiology Working Group
recommendations

Surgery is recommended in asymptomatic patients with severe aortic regur-
gitation and left ventricular dysfunction (<50%) and/or severe dilatation
(end-diastolic diameter >70 mm, end-systolic diameter >50 mm or even
better >25 mm/m? of body surface area) [19,20]. A rapid increase in left
ventricular diameters on serial testing is a further incentive to consider
surgery.



Table 10.2 Natural history of asymptomatic patients with aortic regurgitation.

Study Year Number of Age, Ejection Functional Follow-up, Sudden Death, Symptoms,
Patients Years Fraction, %  Class Years Number of Left Ventricular
Patients Dysfunction
or Death,
Annual
Progression Rate
Henry et al. [32] 1980 37 35 — 1: 100% 2.8 0 38% “during
follow-up”
Siemenczuk et al. [33] 1989 50 48+ 16 67+8 lorll 3.7 0 4%
Bonow et al. [34] 1991 104 36 55 1: 100% 8 2 <5%
Scognamiglio et al. [36] 1994 1432 354+13 63 1: 100% 6 0 At 6 years
Digoxin: 69 34+6%
Nifedipine: 74 15+3%
Tornos et al. [37] 1995 101 41414 58+7 1: 100% 4.6 0 3%
Ishii et al. [35] 1996 27 42+12 36+5P 1: 100% 14.2 0 3.6%
Borer et al. [30] 1998 104 46+ 15 5545 1: 80%
“Early I1": 20% 7.3 4 6.2%

2 Patients enrolled in a prospective randomized pharmacological study (74 were assigned to digoxin and 69 to nifedipine).
b Fractional shortening.
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In addition, aortic root dilatation is a common feature associated with aortic
regurgitation (AR). Surgery should be undertaken, irrespective of the degree of
AR or left ventricular function, in patients with aortic root dilatation >55 mm.
In patients with bicuspid aortic valves or Marfan syndrome, a lower degree of
root dilatation (50 mm) can be used as a threshold for surgery, in particular
if a valve-sparing operation is possible or if there is a rapid increase of aortic
diameter.

Mitral regurgitation

Organic mitral regurgitation is increasingly observed because of population
aging and the high prevalence of degenerative lesions in the adult and elderly
age strata.

Symptomatic patients with mitral regurgitation

As for aortic valve diseases, the development of symptoms is a critical turning
point. Patients in NYHA class III-IV incur an excess mortality when conser-
vatively managed [40] and postoperatively, they display an excess short- and
long-term mortality [41]. This excess mortality encompasses sudden death.
The prognosis of 216 patients with severe mitral regurgitation conservatively
managed was poor (33 = 9% at 8 years), and 11 patients experienced sudden
death (60% of cardiac deaths) [42]. More recently, Grigioni etal. [43] analyzed
the occurrence of sudden death in 348 patients (age 67+12 years) with mitral
regurgitation due to flail leaflet, which represents the most common cause of
mitral regurgitation requiring surgical correction. During a mean follow-up of
48+ 11 months, 99 deaths occurred under conservative management. Among
the 74 cardiac deaths, 25 were sudden (one quarter of all deaths). At 5 and 10
years, total mortality rates were 29 £ 3% and 53 £ 5%, respectively; cardiac
death rates 21 £ 3% and 43 £ 5%; and sudden death rates 8.6 & 2% and
18.8 + 4% (yearly rate 1.8%). Yearly rate of sudden death was significantly
higher (p < .0001) in patients in NYHA class III-IV (7.8%) than in those in
class I (1.0%) or II (3.1%) (Figure 10.1(a)). Thus, patients who present with
symptoms, even transient or regressive on diuretics, should be offered surgery
whatever be their LVEF.

Asymptomatic patients with mitral regurgitation

Incidence and predictors of sudden death

However, sudden death can occur even in asymptomatic patients. In the
Grigioni et al. study, in addition to symptoms, independent determinants of
sudden death were LVEF and atrial fibrillation. Yearly rate of sudden death
increased from 1.5% in patients with normal ejection fraction to 12.7% in
patients with ejection fraction <50% (p < .0001) (Figure 10.1(b)) and from
1.3% in patients in sinus rhythm to 4.9% in patients in atrial fibrillation
(p = .0004) (Figure 10.1(c)). A striking finding of this study was that even
if independent predictors of sudden death could be identified, it remained
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Number of sudden death events according to NYHA class (a), LVEF (b), and rhythm
(c). Reproduced from Reference 43, with permission from Elsevier.
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a poorly predictable event and the majority of sudden deaths occurred among
patients in NYHA functional class I or II, in sinus rhythm, and with ejection
fraction >60%. Therefore, the risk of sudden death in this low-risk population
(0.8% per year) should be balanced against the operative risk, especially in
young patients when the valve is repairable [44].

To date, there are no randomized trials comparing the outcome after early
surgery for organic mitral regurgitation to the outcome with medical man-
agement. However, survival of patients with severe mitral regurgitation when
operated on in NYHA functional class I or IT with normal LVEF is identical to
expected [41] suggesting that early surgery, in this subgroup, may suppress
the excess risk of sudden death. Also, mitral valve surgery (repair or replace-
ment), was independently associated with a reduced risk of sudden death [43].
Finally, surgery prevents the occurrence of symptoms, left ventricular dys-
function [45,46], and atrial fibrillation [47] which, as mentioned above, are
independent predictors of sudden death.

Mechanisms of sudden death

Mitral valve prolapse versus requrgitation

Mitral valve prolapse is a common feature in the general population (2.4%
according to the Framingham Heart Study) [48] and is the most frequent
cause of mitral regurgitation in Western countries [26]. The link between
sudden death and mitral valve prolapse has been recognized for decades but,
until recently, it remained highly debated. Previous reports have documented
specific anatomic lesions associated with mitral valve prolapse — endocardial
friction lesions and thrombotic lesions in the angle between the posterior leaf-
let and the left atrial wall — and leaflet lengths and valve thickness has been
associated with an increased risk of sudden death.

Even if one cannot rule out a possible association between mitral valve
prolapse and an increased incidence of sudden death, there are strong argu-
ments suggesting that sudden death in mitral valve disease is related more to
the regurgitation and its consequences on cardiac remodeling and function
than to the valve prolapse itself. First, in 1000 autopsies performed on adults
with no previous medical history, 14 patients with isolated mitral valve pro-
lapse were observed and all presented with severe mitral regurgitation [2].
A second argument emanated from the recently published natural history of
mitral valve prolapse [49]. In this community study, mortality and morbidity
of 833 Olmsted County, MN, residents diagnosed with asymptomatic mitral
valve prolapse by 2D-echocardiography were prospectively evaluated (4581
person-years of follow-up). At 10 years, cardiac mortality was 9+2% and was
predicted by the severity of the regurgitation and, to a lesser degree, by LVEF.
This analysis did not specifically state the rate of sudden death, but the sur-
vival of patients with neither a moderate to severe mitral regurgitation nor an
LVEF <50% was similar to expected. Finally, major determinants of sudden
death are the NYHA class, right or left ejection fraction, and atrial fibrillation,
which are all direct consequences of the regurgitation [43].
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Mitral requrgitation and ventricular arrhythmias

Even if the influence of bradyarrhythmia and electromechanical dissociation
seems to have been underestimated, the majority of sudden deaths are caused
by acute ventricular tachyarrhythmias. Thus, in the study by Grigioni et al.
[43], in 10 patients in whom the cardiac rhythm could be ascertained during
the episode of circulatory collapse, ventricular tachyarrhythmia was observed
in all (ventricular fibrillation in seven and ventricular tachycardia in three).
Of note, a high frequency of severe ventricular arrhythmia are observed in
patients with mitral valve prolapse with and without mitral regurgitation
(between 27% and 35%) and the predictive value of ambient ventricular
arrhythmia and Holter monitoring remains controversial requiring future
large prospective studies. Similarly, the role of heart-rate variability or pro-
grammed ventricular stimulation may also be of interest in the prediction of
sudden death but needs to be further evaluated.

Recommendations for surgery in asymptomatic patients with mitral
regurgitation — European Society of Cardiology Working Group
recommendations

Surgery can be recommended in selected asymptomatic patients with severe
mitral regurgitation:

1 Asymptomatic patients with signs of left ventricular dysfunction (ejection
fraction <60% and/or left ventricular end-systolic dimension >45 mm), even
in patients with a high likelihood of valve replacement, to prevent further
deterioration of left ventricular function.

2 Patients with atrial fibrillation and “preserved” left ventricular function.

3 Patients with “preserved” left ventricular function and pulmonary hyper-
tension (pulmonary systolic pressure >50 mm Hg at rest or 60 mm Hg on
exercise) with a high likelihood of valve repair.

The other indications are controversial:

1 Asymptomatic patients with no signs of left ventricular dysfunction; surgical
correction can be considered in patients younger than 75 years with high
likelihood of valve repair and a low operative risk.

2 Patients with mitral valve prolapse and “preserved” left ventricular function
with recurrent ventricular arrhythmias despite medical therapy.

Mitral stenosis

Rheumatic mitral stenosis is a frequent cause of valve disease in developing
countries [26]. In Western countries, as a result of immigration trends from the
developing world, it remains a significant problem despite the striking decrease
in the prevalence of rheumatic fever. The natural history of untreated mitral
stenosis had been carefully studied prior to the advent of cardiac surgical and
percutaneous techniques. In those pioneering studies [50], the main causes of
death were congestive heart failure or pulmonary edema, thrombo-embolic
complications and infections. No sudden death relating to mitral stenosis
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has been reported. Absence of left ventricular remodeling in mitral stenosis
probably explains this finding.

Conclusion

Sudden death is not an uncommon complication in patients with valvular
heart disease but its occurrence in patients without significant symptoms is
devastating. For the clinical management of those patients, the key is the tim-
ing of surgical intervention and the need to balance spontaneous risk under
conservative management against the operative and long-term postoperat-
ive risk. Valvular diseases are conditions that can be “easily” and effectively
treated by surgical interventions and therefore, it is essential to define sub-
groups at higher risk of sudden death in whom an aggressive strategy should
be considered. Overall, development of symptoms and signs of left ventricular
dysfunction are major predictors of sudden death and are by themselves strong
indications for a surgical intervention. It should be emphasized that the data-
base regarding sudden cardiac death in patients with valvular heart disease
is quite limited and there exists a paucity of data with which to risk stratity
in comparison to what is known in patients with ischemic heart disease and
the cardiomyopathies. In the majority of trials of antiarrhythmic therapy and
implantable cardioverter-defibrillator (ICD), patients with significant valvular
heart disease were excluded. Currently, the only documented indication for
an ICD in patients with valvular heart disease is a history of cardiac arrest
or symptomatic ventricular arrhythmias. For the primary prevention of sud-
den cardiac death using an ICD, there is a dire lack of data and perhaps the
best approach is to determine the optimal time for surgical intervention. This
would be a fruitful and needed area of future investigation.
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CHAPTER 11
Heart failure

William G. Stevenson and Helmut Drexler

Introduction

Sudden death is an important cause of mortality in patients with heart failure,
with 20% to more than 50% of all deaths occurring suddenly. The term
heart failure includes a wide variety of cardiac disorders characterized by
symptoms related to elevated cardiac filling pressures and, in some cases
diminished cardiac output that are associated with a number of other physiolo-
gical derangements. The incidence and causes of sudden death varies with the
type of heart disease and the severity of heart failure.

Heart failure with preserved systolic function

Heart failure with preserved systolic function encompasses a heterogeneous
group of patients with valvular heart disease, restrictive cardiomyopathies,
hypertrophic cardiomyopathy, and endomyocardial fibrosis. Sudden death
in hypertrophic cardiomyopathy has been well studied (Chapter 8). In the
other syndromes, knowledge is limited. Most patients with heart failure and
preserved systolic function, however, do not have these causes, but rather are
elderly patients, often with diabetes mellitus, long standing hypertension, and
ventricular hypertrophy. Although mortality is only slightly less than that for
patients with depressed systolic function, the risk of sudden death and mark-
ers for risk are not well defined. In the DIG trial, 2.8% of 395 patients with
heart failure and left ventricular (LV) ejection fraction >0.55 died due to a pre-
sumed arrhythmic cause during a median follow-up of 37 months, accounting
for 12% of all deaths in that subgroup [1].

Sudden death in heart failure with depressed
systolic function

For chronic heart failure and depressed systolic function, the incidence of sud-
den death increases with the severity of heart failure as reflected in New York
Heart Association (NYHA) functional classification and LV ejection fraction
(Figure 11.1) [1,2]. Patients with minimal to modest symptoms (class I-II)
have a sudden death risk that ranges from 2% to 6% per year. With more
advanced symptoms (class III to IV), the risk increases from 5% to 12%
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Figure 11.1 One-year mortality in recent trials enrolling heart failure patients or
patients with arrhythmias and depressed ventricular function is shown. For each bar
the lower portion is sudden death (if reported). The upper segment is nonsudden
death. Trials are arranged according to predominant NYHA functional class of the
patients enrolled as indicated by the arrow below the graph from left to right, unless
specified results are shown for the treatment group with the therapy specified above
the bar. ACE = angiotensin converting enzyme inhibitor, ARB = angiotensin receptor
blocker, BB = beta-blocker, CRT-ICD = cardiac resynchonization therapy-ICD,

ICD = implantable cardioverter-defibrillator.

per year. As heart failure severity increases, deaths from pump failure increase
to a greater extent than sudden deaths and the proportion of deaths that are
sudden decreases from 50% or more for mild to moderate heart failure, to
5% to 30% for severe heart failure. Of patients with advanced ventricular
dysfunction but sufficient stability to be accepted onto out-patients waiting
lists for cardiac transplantation, the risk of sudden death ranges from 10% to
20% per year [3,4].

Left ventricular ejection fraction, LV dilation, and natriuretic peptides that
are markers of heart failure severity, ventricular dysfunction, and mortality
also predict sudden death [1,5]. Elevated natriuretic peptide levels predict an
increased risk of sudden death in survivors of myocardial infarction and
in patients with chronic heart failure [6,7]. Left bundle branch block has been
associated with greater mortality and sudden death in heart failure [8].

Causes of arrhythmias in heart failure

Ventricular tachycardia (VT) and ventricular fibrillation (VF) are probably the
most frequent arrhythmias that cause sudden death in heart failure. How-
ever, different pathophysiologic mechanisms can lead to these arrhythmias
(Table 11.1).
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Table 11.1 Causes of sudden death in heart failure.

Primary arrhythmias

Monomorphic VT

Polymorphic VT

VF

AV block without sufficient escape rhythm

Sinus arrest without sufficient escape rhythm

Causes of secondary cardiac arrests

Acute myocardial infarction

Stroke

Pulmonary emboli

Ruptured abdominal aortic aneurysm

Hyperkalemia

Hypokalemia

Hypoglycemia

Drug induced arrhythmias
Torsade de pointes with QT prolongation
Ventricular flutter — sodium channel blockade
Bradyarrhythmias
Beta-blockers, amiodarone, others

Sleep apnea?

Scar-related reentry

Patients with prior myocardial infarction and heart failure typically have large
areas of infarction (Chapter 3). Programmed stimulation studies suggest that
more than a third of large infarcts can support reentry circuits [9]. The VTs that
result are typically monomorphic, but can degenerate to VF. The arrhythmia
substrate is relatively stable over time, such that victims that survive are sub-
ject to recurrences and VT is usually inducible at electrophysiologic testing,
allowing this method to be potentially used to select high-risk patients for
treatment.

In nonischemic cardiomyopathy, large areas of scar or infarction are usu-
ally absent. Sustained monomorphic VT is uncommon, but patients who do
develop monomorphic VT are often found to have areas of low voltage con-
sistent with scar, similar to those that are identified in areas of infarction [10].
The scar may be a consequence of replacement fibrosis due to the myopathic
process itself or coronary embolism from left ventricular or atrial thrombus.

Bundle branch reentry VT

Approximately 8% of monomorphic VTs in patients with depressed ventricu-
lar function are due to reentry involving the his Purkinje system [10]. In
the most common form, the reentrant excitation wavefront propagates up
the left bundle branch, down the right bundle branch, and then through the
interventricular septum to reenter the left bundle. These VTs are often rapid,
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causing syncope or cardiac arrest. They should be particularly suspected in
patients who have sustained monomorphic VT associated with valvular heart
disease, cardiomyopathy, or muscular dystrophy.

Hypertrophy

Chronic heart failure is usually accompanied by ventricular hypertrophy,
with changes in myocardial structure and myocyte function that promote
arrhythmias (Chapter 3). Action potential duration is prolonged due to
reduced repolarizing potassium currents (reduced Ik, Ix1, and I, have all been
described) and abnormal intracellular calcium handling including increased
Na—-Ca exchanger expression and activity [11,12]. These changes are likely to
increase susceptibility to the polymorphic VT forsade de pointes.

Hypertrophy is also accompanied by interstitial fibrosis, replacement
fibrosis, and decreased gap junction surface area. Electrical coupling between
myocytes is reduced, conduction slowing that results would be expected to
promote reentry [13].

Myocardial ischemia and infarction

Acute myocardial ischemia and infarction are important causes of sudden
death in patients with chronic heart failure [14]. Evidence of acute myocardial
infarction or coronary artery lesions were identified in 42% of autopsies in
sudden death victims from one heart failure trial [14].

Sympathetic nervous system activation, neurohumoral,
and electrolyte abnormalities
Heart failure is associated with sympathetic activation and parasympath-
etic withdrawal, which increase susceptibility to VF during acute ischemia
and promote automaticity [5,15]. Diuretic induced hypokalemia and mag-
nesium depletion cause QT prolongation and promote arrhythmias [16-18].
Hyperkalemia is also a risk from treatment with medications that antagonize
secretion and actions of aldosterone, administration of potassium supple-
ments, and renal impairment [19,20]. One survey observed a 12% incidence of
hyperkalemia >6.0 meq/L with the addition of spironolactone to heart failure
regimens [20]. Hyperkalemia can present as either VT or bradyarrhythmias.
Sleep apnea with peripheral oxygen desaturation occurs in upto approx-
imately 50% of patients with chronic heart failure and can contribute to
sympathetic activation, exacerbation of heart failure, bradyarrhythmias, and
ventricular ectopy and is a marker for increased mortality [21,22]. However,
a relation of sleep apnea to sudden death has not been established.

Bradyarrhythmias

Atrio-ventricular (AV) block, and prolonged QRS duration are common in
patients with heart failure [23,24]. In a series of 94 patients with nonischemic
dilated cardiomyopathy, first or second degree AV block on ambulatory
electrocardiogram monitoring was seen in 28% of patients and was associated
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with a greater than four-fold increase in sudden death [24]. Bradyarrhythmias
at the time of cardiac arrest are more common in end-stage heart failure, in
nonischemic cardiomyopathy, and in hospitalized patients [25].

Nonarrhythmia-dependent causes of sudden death

Although the majority of sudden deaths are probably due to VI/VF, causes that
would not be addressed by a strategy that focuses on treatment of ventricular
arrhythmias also occur, including thromboemboli from left atrium or vent-
ricle causing stroke or myocardial infarction, pulmonary emboli, and ruptured
aortic aneurysms. These events are consistent with implantable cardioverter-
defibrillator (ICD) interrogations in patients who die suddenly, that often
suggest pulseless electrical activity either after termination of VT or VF, or
with no detected tachyarrhythmia [26,27].

Patients with chronic heart failure who survive a cardiac arrest that is
due to a presumed “secondary” cause, such as pulmonary edema, myocar-
dial ischemia, or hyperkalemia remain at high risk for sudden death even if
the precipitating cause is recognized and treatment instituted. Whether ICDs
reduce sudden death in this population is not yet known.

Identifying patients at high risk for arrhythmic
sudden death

Identifying patients at greatest risk of arrhythmic sudden death is of great
interest with the wider availability of ICDs. Unfortunately, the risk of sudden
death increases with the severity of heart failure and markers of arrhythmia
risk also increase with severity of heart failure and often with the risk of death
from pump failure. For most noninvasive markers, strategies using them to
select patients for ICDs have not yet been adequately tested in prospective
trials.

Syncope

Unexplained syncope is a marker for a high risk of sudden death or sus-
tained VT exceeding 20% per year [28]. A careful arrhythmia evaluation and
consideration for ICD is often warranted.

Nonsustained VT

Nonsustained VT and frequent ventricular ectopy are markers of severity
of heart failure, increased mortality, and sudden death, but are present in
upto 79% of patients [5,29,30]. Nonsustained VT has been associated with
a 1.5-1.7-fold increase in mortality and a 2-2.8-fold increase in sudden
death, but is not always independent of the severity of ventricular dysfunc-
tion [29,30]. Suppression of nonsustained VT by amiodarone therapy did not
improve survival in a Veterans Administration (VA) cooperative study [30].
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Heart-rate variability

The increase in sympathetic tone in chronic heart failure is associated with
diminished heart-rate variability [5]. Diminished heart-rate variability par-
allels the severity of heart failure and is associated with increased mortality
[31]. It has been an independent predictor of sudden death in some, but not
all studies [31].

La Rovere et al. assessed heart-rate variability from 5 min recordings dur-
ing controlled breathing, position, and activity (resting supine) to standardize
these potentially confounding factors [5]. In 242 patients with a sudden death
rate of approximately 3% per year, diminished power in the low frequency
band (0.04-0.15 Hz) was associated with approximately a three-fold increased
risk of sudden death independent of ventricular function and ventricular
ectopy. Use of this method to select patients for ICDs has not been tested.

Abnormalities of repolarization assessed from the QT interval
Vrtovec and coworkers observed that a corrected QT interval >440 ms was
associated with increased risk of sudden death in patients with class III or IV
heart failure who also had elevated natriuretic peptide levels [32].

The difference in QT intervals in different ECG leads, referred to as QT dis-
persion, has been proposed as an indicator of ventricular dispersion of
recovery, but was not a predictor of outcome in two relatively large heart
failure studies [33,34].

T-wave alternans at relatively low heart rates during exercise (e.g.
<110 beats/min) is associated with inducible and spontaneous arrhythmias
and is a marker for worse heart failure and ventricular dysfunction (Chapter 4)
[35,36]. Use will be limited by the inability of some patients to adequately
increase heart rate during exercise. Utility for selecting patients for ICDs
remains to be established.

Programmed electrical stimulation in patients with

coronary artery disease

In patients with coronary artery disease and depressed ventricular function,
inducible VT is a marker of sudden death risk that identifies patients who
benefit from an ICD (Chapter 15) [37,38]. The Multicenter Unsustained
Tachycardia Trial (MUSTT) found inducible sustained VT present in 35% of
patients with left ventricular ejection fraction <0.4 and nonsustained VT [37].
Inducible VT was associated with a 9% per year risk of cardiac arrest compared
to 6% per year for those without inducible VT [9]. Although treatment with
an ICD was not randomized, the patients with inducible VT who received an
ICD had a lower 5-year mortality and 5-year risk of sudden death or cardiac
arrest of 9% as compared to 37% for patients without ICDs. Thus, the value
of both EP studies and ICDs are established in patients with coronary heart
disease.
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Programmed electrical stimulation in patients with

nonischemic cardiomyopathies

Programmed stimulation is not a useful screening test for patients with non-
ischemic causes of heart failure. Sustained monomorphic VT is inducible in
approximately 7% of patients and those without Inducible VT remain at risk
for sudden death.

Prevention of sudden death with
pharmacologic therapies

A number of therapies that do not specifically-target arrhythmias reduce sud-
den death in patients with heart failure [39]. Beneficial effects are likely due to
a reductions in the nonarrhythmic causes of sudden death, reducing myocar-
dial ischemia or infarction, and by slowing the progression of heart failure
and blunting neurohormonal factors and electrical remodeling that promote
arrhythmias.

Beta-adrenergic blockers reduce sudden death in chronic heart failure pop-
ulations with ischemic and nonischemic causes of heart failure [40,41]. The
Metoprolol CR/XL Randomized Intervention Trial (MERIT) randomized 3991
patients with chronic heart failure (class II-IV) and LV ejection fraction of
<0.40 to sustained-release metoprolol or placebo [42]. After a mean follow-up
of 1 year, mortality was lower with metoprolol treatment (7% versus 11%,
relative risk reduction 34%, p = .0062). Sudden death was reduced from 6.5 %
to 4% (relative risk reduction 41%, p = .0002). The carvedilol prospective ran-
domized cumulative survival trial (COPERNICUS) randomized 2289 patients
with functional class ITI or IV heart failure to carvedilol or placebo [41]. After a
mean follow-up of 10 months, sudden death was reduced from 6.1% to 3.9%
(p = .016). The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II) random-
ized 2647 patients with class III or IV heart failure and LV ejection fraction
of <0.35 to bisoprolol or placebo [43]. After a mean follow-up of 1.3 years,
bisoprolol reduced mortality from 17.3% to 11.8% (relative risk reduction
34%, p < .0001). Sudden death was reduced from 6.3% to 3.6% (relative
risk reduction 44%, p = .0011).

Antagonism of the renin angiotensin system was found to have a favorable
effect on sudden death potential mechanisms including reductions in adrener-
gic stimulation, aldosterone secretion, electrolyte depletion, ischemic events,
and electrical remodeling [39]. Angiotensin converting enzyme inhibitors
reduce sudden death in survivors of myocardial infarction [44]. In heart fail-
ure trials they reduce mortality, but many trials have not specificially assessed
the impact on sudden death [39]. The angiotensin receptor blocking agent
valsartan reduced mortality in heart failure patients who were not receiving a
concomitant angiotensin converting enzyme inhibitor, with a favorable trend
toward a reduction in sudden death with small numbers of patients [45].

Direct aldosterone antagonists spironolactone and eplerenone reduce mor-
tality and sudden death in heart failure, provided precautions are taken to
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reduce the risk of hyperkalemia [16]. Attention to avoiding hyperkalemia is
particularly important when these drugs are combined with other antagonists
of the renin angiotensin system, beta-blockers, and potassium supplements.
The risk of hyperkalemia is particularly high in patients with increased serum
levels of creatinine receiving these combinations. In a randomized trial of 1663
patients with predominantly class Il and IV heart failure and LV ejection frac-
tion <0.35 followed for a mean of 2 years, spironolactone reduced mortality
from 46% to 35% (relative reduction 30%, p < .001) [16]. Sudden death was
reduced from 13% to 10% (relative reduction 29%, p = .02). In a randomized
trial enrolling 6632 patients with recent myocardial infarction complic-
ated by heart failure, eplerenone reduced mortality from 16.7% to 14.4 %
and sudden death from 6% to 4.9% (p = .03) during a mean follow-up of
16 months [17].

Lipid lowering hydroxy methyl glutarate-Co (HMG-Co) reductase inhibit-
ors, statins, reduce mortality with favorable trends toward reduction in sudden
death in patients with coronary artery disease [39]. In the AVID trial, ther-
apy with a statin was associated with a reduction in recurrences of sustained
VT/VF [46]. Benefit may be due to reduction of ischemic episodes, but other
antiarrhythmic effects have also been postulated and benefit in heart failure
patients without coronary artery disease has also been suggested [47].

Antiarrhythmic drug therapy

Class I antiarrhythmic drugs have negative inotropic effects and proarrhythmic
effects that have the potential to increase mortality in patients with depressed
ventricular function. Dofetilide is a class III antiarrhythmic drug that blocks
the repolarizing potassium current Ik, prolonging action potential duration.
In a randomized trial of 1518 patients who had been hospitalized with class III
or IV heart failure dofetilide had no impact on survival [48]. Sotalol blocks
the same potassium channel as dofetilide and additionally has nonselective
beta-adrenergic blocking activity, but has not been well studied in heart fail-
ure. Torsade de pointes is an important proarrhythmia concern with sotalol and
dofetilide.

Amiodarone is inferior to ICDs in preventing death from arrhythmias, but
a meta-analysis of trials in heart failure concluded that amiodarone therapy
produced a 17% reduction in mortality and 23 % reduction in sudden death
compared to no antiarrhythmic therapy [49]. Toxicity is a major problem
with 14% more patients discontinuing amiodarone than placebo by 2 years
of follow-up. In the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT),
amiodarone did not improve mortality compared to placebo in patients with
class I or III heart failure and LV ejection fraction <0.35 and analysis of the
497 patients with class III symptoms observed an adverse effect on mortality
(hazard ratio 1.44, 95% confidence intervals: 1.05-1.97). Amiodarone was
maintained at the relatively high dose of 400 mg daily for the first year in
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the majority of patients; toxicities could be a factor in unfavorable outcomes
compared to prior trials.

Implantable defibrillators for primary prevention of
sudden death in heart failure

Implantable cardioverter-defibrillators offer the most effective protection from
sudden arrhythmic death and reduce mortality by preventing sudden death in
selected patients with depressed ventricular function (Chapter 15). Heart fail-
ure severity and etiology are important considerations in considering patients
for ICD therapy.

In patients with coronary artery disease the Multicenter Automatic Defib-
rillator Implantation Trial (MADIT) and MUSTT trials demonstrated that ICDs
improved survival for patients with depressed LV function, nonsustained VT
and inducible VT [37,38,50]. The MADIT II trial demonstrated a survival
benefit of ICDs for patients with coronary artery disease and LV ejection
fractions of 0.30 or less [50]. The SCD-HeFT trial demonstrated that ICDs
improved survival of patients with LV ejection fraction of 0.35 or less, includ-
ing patients with nonischemic cardiomyopathies [51]. There are important
caveats in extrapolating the results of the ICD primary prevention trials to
patients with heart failure.

Although the MADIT II and MUSTT trials of primary prevention included
only patients with significantly depressed ventricular function, these were
not heart failure trials and only 25% of these patients had functional class III
symptoms; 75% were functional class I or II. In SCD-HeFT, all patients had
symptomatic heart failure, but 70% were functional class II and only 30%
had functional class IIT symptoms; again, class IV patients were excluded. In
both MADIT II and SCD-HeFT, a survival benefit did not become apparent
until after the first year. In MADIT II, the difference in survival for ICD and
no ICD patients was 1% at 1 year. In SCD-HeFT, the curves for placebo and
ICD groups do not diverge until approximately 18 months. These trials suggest
that ICDs benefit patients who have reasonably preserved functional capacity
despite significantly depressed LV function, and who are likely to survive more
than 1 year without death from pump failure. The magnitude of the benefit is
in the range of a 6-8% absolute increase in survival (relative risk reduction of
28-31%) over follow-up of 20 months for MADIT Il and 5 years for SCD-HeFT.
Thus, for every 12-16 patients who receive an ICD one life is saved.

It seems likely that ICDs can benefit patients with nonischemic cardi-
omyopathy, although the magnitude of the benefit may be less than for
patients with ischemic cardiomyopathy. Four randomized trials included
patients with nonischemic cardiomyopathy. Two relatively small trials, the
AMIOdarone Versus Implantable cardioverter-defibrillator Randomized Trial
(AMIOVIRT) and the Cardiomyopathy Trial (CAT) found no benefit of an
ICD over amiodarone or no antiarrhythmic therapy, respectively [52,53]. The
DEFibrillators In NonIschemic cardiomyopathy Treatment Evaluation trial
(DEFINITE) found that a third of deaths were sudden, and sudden deaths
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were reduced by the ICD, but the overall mortality of 7% per year was lower
than anticipated and the trend for reduction in mortality did not reach statist-
ical significance [54]. Notably the number of sudden deaths in the DEFINITE
trial was low (17 sudden deaths, 14 in the control group versus three in the
group with ICDs) and therefore, although statistically significant, the result
is not statistically robust. Based on the presented, but yet unpublished data
of the SCD-HeFT trial, 48% of the 2521 patients enrolled had nonischemic
cardiomyopathy. Subgroup analysis suggests similar benefit for ischemic and
nonischemic cardiomyopathy.

Appreciation of the magnitude of benefit and limitiations of ICDs are import-
ant considerations in the use of ICDs in heart failure populations. In advanced
heart failure, the risk of death from pump failure and options for ventricular
assist devices, cardiac transplantation, and potential for benefit from cardiac
resynchronization therapy are important considerations. Although patients
with severe class IV heart failure are at high risk for sudden death, benefit
from an ICD is limited by deaths from pump failure, and an ICD is not appro-
priate therapy for many. Patients with class IV symptoms have been excluded
from all ICD trials. Those patients who are candidates for cardiac transplant-
ation, however, may receive substantial benefit despite severe heart failure if
an ICD prevents sudden death while they are on an out-patient list awaiting
transplantation [3,4].

Although the risk of ICD implantation is low, occasional patients with
advanced heart failure experience deterioration in heart failure following the
implantation procedure. In addition, it is important to consider the potential
adverse impact that can occur when implantation of an ICD results in right
ventricular pacing with consequent change in ventricular activation similar
to that of left bundle branch block. This effect likely contributed to the excess
mortality observed with dual chamber (DDD) compared to ventricular inhib-
ited (VVI) pacing from ICDs in the Dual Chamber VVI Implantable Defibrillator
(DAVID) trial, and to the increase in hospitalizations for heart failure in the
ICD group in MADIT 1I [50,55].

Cardiac resynchronization therapy

Implantation of an ICD with left ventricular pacing is also a reasonable consid-
eration for patients with functional class III or IV heart failure and prolonged
QRS duration who may receive hemodynamic benefit from cardiac resyn-
chronization therapy. The COMPANION trial randomized 1520 patients with
NYHA functional class III or IV heart failure and QRS duration >120 ms in
a1l :2:2 scheme to medical therapy, a biventricular pacemaker (cardiac
resynchronization therapy — CRT) or a biventricular pacer-defibrillators (CRT-
D) [56]. After median follow-ups of 15-16 months, mortality in the medical
treatment only group was 25% and was reduced to 18% for the CRT-D group
(HR = 0.64, p = .004). Mortality was 21% in the CRT group (who did not
have an ICD); this favorable trend to reduction in mortality did not reach
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statistical significance. The more than two-fold greater annual mortality in
this trial as compared to MADIT II, MUSTT, and SCD-HeFT is consistent with
the more advanced heart failure and inclusion of class IV patients as com-
pared to previous ICD trials. Although the impact on sudden death was not
reported, the benefit in the ICD groups supports a reduction in arrhythmic
death as a likely benefit. CRT has been suggested to have beneficial effects
on arrhythmias by improving heart failure and reducing sympathetic tone,
but can also potentially have proarrhythmic effects due to the change in
ventricular activation induced by LV epicardial pacing [57].

Conclusions

Improvements in medical management of heart failure are reducing both
total mortality and sudden death. As therapies that favorably impact on
hypertrophy and electrical remodeling evolve, further improvements can be
anticipated. ICDs provide protection from arrhythmic sudden death and com-
bining this technology with cardiac resynchronization therapy holds promise
for further benefit in patients with advanced heart failure. Substantial costs of
device therapy warrant further development of methods to select patients at
high risk for arrhythmic sudden death.
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CHAPTER 12

Drug-induced sudden death

Dan M. Roden and Milou-Daniel Drici

The notion that drugs can provoke serious arrhythmias is well established
in the cardiovascular, general medical, and regulatory communities. Multiple
syndromes of proarrhythmia, each with specific clinical characteristics, reas-
onably well-understood basic electrophysiologic mechanisms, culprit drugs,
clinical risk factors (including, in some cases, well recognized genetic predis-
position), and approaches to therapy have been described [1-8]. It is not the
goal of this chapter to revisit this material in detail; rather, we focus here
on features common among these syndromes, and the extent to which they
underlie the problem of sudden death in general.

Approaches to identifying drug-induced
sudden death

The cases of terfenadine and cisapride-induced forsades de pointes highlight this
question; the initial reports to the US Food and Drug Administration (FDA)
focused on marked QT prolongation and torsades de pointes, and included a
smaller number of deaths (2/25 and 4/34, respectively), also attributed to the
drugs [9,10]; the numbers of cases grew rapidly after these initial publications,
and even then likely represent a small fraction of true cases due to under-
reporting. The cases of these two agents highlight a problem in establishing
a clear causal link between drug administration and a generally unwitnessed
event such as sudden death. At one end of the spectrum will be cases of
otherwise completely healthy individuals who after a dose or two of a cul-
prit drug have witnessed a cardiac arrest and require external DC shock for
resuscitation from ventricular fibrillation. At the other end of the spectrum
may be a patient with multiple comorbidities and polypharmacy that includes
a drug that has been associated with sudden death. When such a patient dies
suddenly, a role for recently initiated or even chronic drug therapy may not
even be considered as a contributor. Conversely, the death may be attributed
to the drug even if some other common cause of sudden death were respons-
ible. Thus, cases of sudden death occurring during therapy even with drugs
that are clearly associated with proarrhythmia through well-understood basic
electrophysiologic mechanisms may be difficult to interpret.

A second method that has been used to establish drug-induced sudden
death is the placebo-controlled trial. The outcome of the Cardiac Arrhythmia
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Suppression Trial (CAST) is the best example demonstrating increased mor-
tality during drug therapy [1], but many others have now been presented.
CAST-I studied encainide and flecainide, drugs with predominant although
not exclusive sodium channel blocking properties [11]. Other trials studied
sodium channel blocking drugs (moricizine [12], mexiletine [13], disopyr-
amide [14], and QT-prolonging agents (D-sotalol [15]), and, in heart failure
studies, positive inotropic agents (vesnarinone [16], milrinone [17], flose-
quinan [18], ibopamine [19], and others [20]), and the antihypertensive
mibefradil [21]. While the placebo-controlled trial provides inconvertible
evidence that a drug increases mortality, assignment of a mechanism is some-
times more difficult. Trials use a variety of definitions of “sudden death” and
such definitions often include cases that, even if classified as sudden, may
not be directly due to an arrhythmia. Nevertheless, use of standard criteria
and adjudication by events committees has lead to the conclusion in these
trials that mortality was related, at least in part, to an increase in sudden
death.

It is also crucial to recognize that even when a drug can be incontrovertibly
associated with a risk of sudden death, the mechanism underlying the risk may
not be as obvious as it seems. Thus, although D-sotalol can cause forsades de
pointes [22], at least one report suggests that other mechanisms may underlie
its effect to increase mortality in the survival with oral D-sotalol (SWORD)
study [23]. Similarly, although some deaths in CAST were doubtless due to
well-recognized syndromes of sodium channel blocker-induced arrhythmia,
the possibility of novel or unanticipated mechanisms playing a role cannot be
excluded. Keeping an open mind with respect to what is known and what
is inferred is a key step to elucidating new mechanisms in disease and drug
response.

The major recognized causes of proarrhythmia include cardiac glycosides,
QT-prolonging agents, sodium channel blocking drugs, positive inotropic
agents, and drugs that cause coronary vasoconstriction and acute myocar-
dial ischemia (Table 12.1). In addition, certain drugs may cause cardiomy-
opathy that, ultimately, leads to sudden death; anthracyclines used in cancer
chemotherapy are an example. These proarrhythmia syndromes share certain
common characteristics, discussed here.

Pharmacokinetic risk factors

In most cases, the risk of proarrhythmia rises with increasing drug dosages
or plasma concentrations. Indeed, death due to arrhythmias during sui-
cidal ingestion may be an initial clue that the drug, when administered
at therapeutic dosages, may have proarrhythmic potential [47-50]. Such
proarrhythmic potential may become manifest at usual doses under two
groups; patients who happen to be especially sensitive to the electro-
physiologic effects of the culprit drug (discussed below; pharmacodynamic
sensitivity), or patients in whom usual drug dosages nevertheless lead to
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extreme elevations of plasma concentrations due to pharmacokinetic factors.
Occasionally, especially with drugs that have multiple pharmacologic actions,
proarrhythmia may be more readily observed at low concentrations, and
resolve at higher ones; quinidine seems to be an example [51,52].

Pharmacokinetic sensitivity most commonly occurs when a culprit drug
is eliminated by a single metabolizing or excretory pathway, a situation
termed “high-risk pharmacokinetics” [53]. If this pathway is inhibited by
coadministration of other drugs or by genetic factors, then marked elev-
ation of parent drug concentrations and electrophysiologic toxicity can
ensue. This was the case with terfenadine and cisapride, both of which
are eliminated to noncardioactive metabolites by the intestinal and hep-
atic P450 system, CYP3A. While CYP3A activity varies strikingly among
individuals, subjects completely lacking activity of this enzyme have not
been described. However, many commonly used drugs are potent CYP3A
inhibitors; erythromycin, clarithromycin, ketoconazole, itraconazole, certain
HIV protease inhibitors (particularly ritonavir), and some calcium-channel
blockers, notably mibefradil whose withdrawal after marketing was attrib-
uted to CYP3A-based interactions (although a mortality trial in heart fail-
ure [21,35] also showed an unfavorable outcome). Indeed, most initial
reports to the FDA involving terfenadine or cisapride arose through this
mechanism.

Digoxin is eliminated largely by P-glycoprotein mediated efflux in intest-
ine, biliary tract, and kidney. Many commonly used drugs are P-glycoprotein
inhibitors and the well recognized effect of drug interactions to elevate digoxin
concentrations likely arises through this mechanism [54]; culprit interacters
include quinidine, amiodarone, verapamil, erythromycin, itraconazole, and
cyclosporine.

In 7% of individuals of Caucasian or African descent, activity of the P450
CYP2D6 is absent [55]. In addition, enzyme activity is inhibited by certain
interacting drugs; notably some tricyclic antidepressants, propafenone, and
quinidine. In situations in which CYP2D6 is the sole eliminating pathway, indi-
viduals with the “poor metabolizer” trait (or those receiving interacting drugs)
may display markedly aberrant drug concentrations and responses. Flecainide
is a CYP2D6 substrate, but also undergoes renal excretion as the unchanged
drug. Hence, the CYP2D6 polymorphism is not usually an important factor in
determining toxicity. However, occasional cases of patients with renal dys-
function and lack of CYP2D6 activity have been described [56]. Another
CYP2D6 substrate that is well recognized as a cause of proarrhythmia is thior-
idazine, although data attesting to an increased risk among poor metabolizers
have not been definitively generated [57].

Pharmacodynamic sensitivity

A second common feature of all proarrhythmia syndromes is that the incid-
ence of proarrhythmia appears to be higher among patients with multiple



Table 12.1 Mechanisms underlying drug-induced proarrhythmia and sudden death.

Drug Action

Cellular Arrhythmogenic Consequence

Clinical Arrhythmia

Drugs

ATPase inhibition

Ikr block

Late Ina
enhancement
(much rarer) [28]

Sodium channel
block [7,8]

Positive inotropic
agents

Intracellular calcium overload-induced
delayed afterdepolarizations due to
sodium—calcium exchange

Vagotonia

Action potential prolongation
heterogeneous across the
ventricular wall

Early afterdepolarizations
Intramural reentry

Decreased excitability

Conduction slowing

Loss of epicardial action potential

“dome,” with increased dispersion of
repolarization

Intracellular calcium overload

Sinus bradycardia; AV block; atrial,
junctional, and/or ventricular
arrhythmia [24]

Torsades de pointes

Altered pacing or defibrillation threshold
Incessant VT

Drug-modified atrial flutter

VF risk

Sudden death

Digitalis glycosides, including herbal
remedies containing glycosides [25-27]

QT-prolonging antiarrhythmics
“Noncardiovascular” drugs that
prolong QT [29,30]

Sodium channel blocking,
antiarrhythmics

Other agents: tricyclic antidepressants
[31,32], cocaine [33,34]

Milrinone [17]

Others not marketed vesnarinone,
flosequinan, ibopamine, and others
[16,18-20]
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Calcium-channel
blocker/CYP3A4
inhibitor
Activation of atrial

K* current

Uncertain

Coronary vasospasm
and/or acute
hypertension

Multiple

Shortening of atrial refractoriness

Multiple

Mortality in heart failure

AF, often with rapid ventricular rate

Increased ventricular response during
AF in WPW

Ischemic VF

Increased mortality during long-term
therapy

Mibefradil [21,35]

Adenosine [4]

Digitalis [36]; verapamil [37,38]

Cocaine, ecstasy [39]

Some anti-cancer drugs [40-43]
Anti-migraine agents (triptans) [44]
Ephedra [45],
phenylpropanolamine [46] (?)

Many (see text)

Note: AF — atrial fibrillation; VF — ventricular fibrillation; VT — ventricular tachycardia; WPW-Wolff-Parkinson-White syndrome
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comorbidities. Thus, flecainide is a safe antiarrhythmic in patients with atrial
fibrillation and no structural heart disease. However, the same dose of the
same drug (attaining the same plasma concentrations) may cause incessant
hemodynamically destabilizing ventricular tachycardia when used in a patient
with myocardial scarring due to remote myocardial infarction [58]. An ana-
lysis of the CAST database provides evidence that recurrent acute myocardial
ischemia also potentiated the risk of death related to flecainide [59]. Patients
entered CAST after an index myocardial infarction and after a run-in period,
were randomly assigned to placebo or drug. In those whose index myocar-
dial infarction was transmural (and hence, in the vernacular of the 1980s,
“complete”), drugs increased mortality 1.7-fold. By contrast, those whose
index myocardial infarction was a non-Q wave event, a population with a
very high incidence of recurrent ischemia, had an 8.7-fold increase in mor-
tality with drug. Thus, these data provide compelling evidence that recurrent
ischemia potentiates the proarrhythmic potential of sodium channel blocking
agents such as flecainide.

The Danish Investigations of Arrhythmia and Mortality ON Dofetilide
(DIAMOND) studies provide evidence from a large trial context that heart
failure is a risk factor for drug-induced forsades de pointes [60,61]. The
two DIAMOND studies, randomized patients with recent acute myocardial
infarction or recent hospitalization for heart failure to placebo or to the QT-
prolonging agent dofetilide. The potential of dofetilide to cause torsades de
pointes was well recognized so the drug was initiated with continuous mon-
itoring of cardiac rhythm in in-patients. In the myocardial infarction arm,
there were seven cases of torsades de pointes among 749 patients randomized to
receive drug versus 0/761 who received placebo. By contrast, in the heart fail-
ure study, forsades de pointes occurred in 25/762 patients on drug (and 0/756 on
placebo). In addition, despite continuous cardiac monitoring and prompt initi-
ation of resuscitation, three of the forsades patients died. These well-controlled
clinical trial data demonstrate that drug-induced proarrhythmia can, indeed,
lead to drug-induced sudden death and that recent exacerbation of heart fail-
ure appears to be a potent risk factor for the development of torsades de pointes.
In these trials, under the best controlled clinical situation, the drug caused
torsades de pointes in over 3% of patients.

This heart failure experience may reflect some fundamental patho-
physiology, such as potassium channel down-regulation [62,63] or aberrant
intracellular calcium handling [64], that predisposes to arrhythmias when a
QT interval prolonging drug is superimposed. Alternatively, therapies used
in heart failure may increase risk. The most important example is diuretic
therapy; diuretics not only decrease serum potassium, a critical modulator of
QT interval and its sensitivity to drugs, but also may directly block potassium
channels and potentiate QT prolongation by other drugs through this mech-
anism [65,66]. Non-potassium-sparing diuretics have been associated with
increased mortality in hypertension trials [67,68], suggesting a common
mechanism.
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Genetic predisposition

Occasionally by patients develop proarrhythmia in the absence of obvi-
ous pharmacokinetic or pharmacodynamic explanations. When reasonably
healthy people develop such an extreme response to drug therapy, a role for
genetic influences is frequently invoked. In some cases, as discussed above,
the genetics of drug disposition may play a role. In other cases, administration
of a drug may expose a subclinical monogenetic arrhythmia syndrome. Thus,
cases of subclinical long-QT syndrome account for a small number of drug-
induced forsades de pointes [69-71]. Similarly, drugs may expose the Brugada
syndrome ECG [72-74], and such exposure during provocative testing is now
well recognized to confer a risk for ventricular fibrillation [75,76]. In these
monogenetic syndromes, it is clear that penetrance of the electrocardiographic
phenotype (QT prolongation or J point elevation) can be highly variable, an
effect often attributed to as-yet-unidentified modifier genes [75,77]. It is also
possible that sudden death risk in these syndromes is determined by separate
loci. Such loci could determine, for example, whether patients with equival-
ent degrees of QT prolongation have varying risks of torsades de pointes [78], or
even whether forsades de pointes self-terminates or degenerates to ventricular
fibrillation.

In addition to cases of drugs exposing disease-associated mutations in indi-
vidual patients, polymorphisms (relatively common DNA variants) have been
identified that may increase risk for drug-associated arrhythmias. For example,
approximately 10% of African Americans carry a variant in their sodium chan-
nel gene that results in a tyrosine (Y) rather than a serine (S) at position 1103
of the protein [79]. When the variant protein is studied in vitro, it appears to
confer subtle changes consistent with the sodium channel linked variant of
the long-QT syndrome. The frequency of the Y allele was significantly higher
in a group of 23 African Americans with a range of arrhythmia symptoms,
including sudden death and drug-associated arrhythmias, compared to a group
of 100 African American controls. Similarly, the polymorphisms resulting in
D85N [80] in the KCNEI gene, and in T8A [81] and Q9E [82] (initially repor-
ted as a mutation) in the KCNE2 gene have been associated with unusual
in vitro characteristics and/or a higher incidence of torsades de pointes during
drug therapy. The identification of these and other relatively common DNA
variants predisposing to drug responses forms the basis of the nascent field of
pharmacogenomics [53].

Summary

With the increasing recognition of syndromes of drug-induced proarrhythmia,
there seems to be little doubt that some of these cases present as sudden
death. However, the proportion of patients with proarrhythmia who present
with sudden death, and indeed the extent to which proarrhythmia contrib-
utes to the overall problem of sudden death, are unknown. The lessons of the
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last several decades, notably the terfenadine/cisapride experience and CAST,
highlight the potential for drugs to result in unusual, and difficult to detect,
adverse effects. The cardiovascular community must remain alert to the pos-
sibility that drug therapy may cause sudden death, a particularly difficult entity
to recognize, not only through these by now well-recognized mechanisms, but
also through other mechanisms that remain to be described.
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Sudden death in athletes
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Introduction

The cardiovascular conditions that predispose to the rare but tragic sudden
death in the athlete are now known [1-6]. In athletes under 35 years
of age hypertrophic cardiomyopathy, arrhythmogenic right ventricular
cardiomyopathy/dysplasia, and anomalous coronary arteries are among the
most common conditions. In those older than 35 years of age, coronary
artery disease is the most common substrate. Although screening strategies
have been developed to identify those individuals at risk, only rigorous
and expensive programs have sufficient specificity and sensitivity. However,
the cost-effectiveness of such programs is too great to warrant widespread
implementation. Guidelines for athletic participation have been developed
based on the best available information regarding the risks of the underlying
cardiovascular condition.

Epidemiological profile of sudden death in athletes

Sudden death in young competitive athletes is an uncommon event. A pro-
spective population-based study in the Veneto region of Italy reported an
incidence of sudden death of 2.3 (2.6 in males and 1.1 in females) per 100 000
athletes (age 12-35 years) per year by all causes, and of 2.1 per 100 000 ath-
letes per year by cardiovascular diseases [4]. Previous retrospective studies
from the United States reported a lower prevalence of sports-related sudden
deaths. Van Camp et al. [7] in a nationally based survey estimated the preval-
ence of sudden death in high school and college athletes in the United States
to be 0.4 per 100 000 athletes per year. Maron et al. [8] estimated the preval-
ence of cardiovascular sudden deaths in competitive high school athletes (age
13-19 years, mean 16) from Minnesota to be 0.35 per 100 000 sports particip-
ations, and 0.46 per 100 000 individual participants per year (0.77 per 100 000
male athletes). Higher rates of sports-related fatalities (ranging from 1 : 15 000
to 1:50000) have been reported for apparently healthy male joggers or mara-
thon racers. Sudden death in athletes shows a clear gender predilection with
striking male predominance (male to female ratio up to 10 : 1). Although
predominance of fatal events in male athletes has been related to the higher
participation rate of male compared to female athletes in competitive sports,
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Table 13.1 Cardiovascular causes of sudden death
associated with sports.

Age >35 years
Coronary artery disease

Age <35 years

Hypertrophic cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy/dysplasia
Congenital anomalies of coronary arteries

Myocarditis

Aortic rupture

Valvular disease

Preexcitation syndromes and conduction diseases

lon channel disease

Congenital heart disease, operated or unoperated

more recent data suggest that male gender may be in itself a risk factor for
sports-related sudden death. This is likely a consequence of the greater pre-
valence and/or phenotypic expression in young males of cardiac diseases at
risk of arrhythmic cardiac arrest such as cardiomyopathies and premature
coronary artery disease [4,9].

Causes of sudden death in the athlete

A structural cardiovascular abnormality is found at autopsy in most cases of
sudden death in athletes [1,4,5,7,10-12]. The cause of death reflects the age of
participants. Atherosclerotic coronary artery disease is by far the most common
cause of sudden death in athletes over 35 years of age, whereas in younger
athletes a broader spectrum of pathologic conditions, including congenital and
inherited cardiovascular diseases, have been reported (Table 13.1).

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is a heart muscle disease, usually genetically
transmitted, and characterized by a hypertrophied, nondilated left vent-
ricle in the absence of predisposing diseases [13]. The disease has been
implicated as the principal cause of sudden cardiac arrest on the athletic
field in the United States, accounting for up to one third of sport-related
cardiac fatalities [1,7,10]. Predominant morphofunctional cardiac abnormal-
ities (Figure 13.1(a)) include left ventricular hypertrophy, which usually is
“asymmetric” with disproportionate septal thickening, and reduction in left
ventricular chamber size with increased myocardial “stiffness,” which may
critically impair diastolic compliance and intramural coronary blood filling
[15]. A “dynamic” left ventricular outflow tract obstruction is also demon-
strable in a subset of patients. The histopathologic hallmark of the disease
is the so-called “myocardial disarray,” which consists in widespread, bizarre,
and disordered arrangement of myocytes with associated diffuse interstitial
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Figure 13.1 Leading causes of sudden cardiovascular death in young competitive
athletes. (a) hypertrophic cardiomyopathy: long-axis cut of the heart specimen
showing asymmetric septal hypertrophy with subaortic bulging and septal
endocardial fibrous plaque (top); histology of the interventricular septum revealing
typical myocardial disarray with interstitial fibrosis (Heidenhain trichrome x47)
(bottom). Modified from Reference 12, (b) arrhythmogenic right ventricular
cardiomyopathy/dysplasia: cross section of the heart specimen with infundibular and
inferior subtricuspidal aneurysms (top); panoramic histological view of the inferior
aneurysm showing wall thinning with fibrofatty replacement (bottom) (Azan stain;
original magnification, x2.5). Modified from Reference 14, (c) congenital coronary
anomaly: gross view of the aorta showing both left and right coronary arteries arising
from the left aortic sinus of Valsalva (left); at histology, the proximal tract of the
anomalous right coronary artery runs between the aorta and the pulmonary trunk
with an intramural course (right). Modified from Reference 11.
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and/or focal fibrosis. Fibrotic changes are an acquired phenomenon, in part
related to progressive disease of the intramural coronary arteries that show
a dysplasia of the tunica media with or without lumen obstruction (“small
vessel disease”).

Sudden cardiac arrest in athletes with hypertrophic cardiomyopathy has
been attributed to ventricular arrhythmias, most likely arising from the dys-
plastic myocardium. The observation of acquired myocardial damage, either
acute or in the setting of large septal scars, supports the hypothesis that
myocardial ischemia intervenes in the natural history of the disease and
contributes to the arrhythmogenicity. Other potential mechanisms of syn-
cope and cardiac arrest in hypertrophic cardiomyopathy include paroxysmal
supraventricular arrhythmias, hypotension due to inappropriate vasodilator
response to exercise, and acute myocardial ischemia [13,15].

Physiologic cardiac adaptation secondary to regular exercise (athlete’s heart)
may lead to an increase in left ventricular wall thickness that may be difficult
to distinguish from pathologic changes of hypertrophic cardiomyopathy. Cri-
teria in favor of hypertrophic cardiomyopathy include a high degree of left
ventricular hypertrophy (wall thickness >16 mm) with an unusual distri-
bution (heterogeneous, asymmetric, or sparing the anterior septum); a left
ventricular cavity of normal size (<45 mm); the presence of striking ECG
abnormalities; and the persistence of hypertrophy after deconditioning [16].

ECG abnormalities such as an increased QRS voltage, pathologic “q” waves,
and repolarization changes have been reported in up to 95% of patients with
hypertrophic cardiomyopathy. This explains why systematic preparticipation
screening of young competitive athletes in Italy by ECG in addition to history
and physical examination has allowed the successful identification of athletes
with hypertrophic cardiomyopathy [5].

Arrhythmogenic right ventricular cardiomyopathy/dysplasia

Arrhythmogenic right ventricular cardiomyopathy/dysplasia is an inherited
heart muscle disorder that is characterized pathologically by fibrofatty replace-
ment of right ventricular myocardium [14,17,18]. The most frequent clinical
manifestations consist of ECG depolarization/repolarization changes mostly
localized to right precordial leads, global and/or regional morphologic and
functional alterations of the right ventricle and arrhythmias of right ventricu-
lar origin that can lead to sudden death, especially during physical exercise
[19-21]. Arrhythmogenic right ventricular cardiomyopathy/dysplasia has
been reported to be the leading cause of sports-related sudden death in the
Veneto region of Italy, accounting for one-fourth of cardiovascular sudden
death in young competitive athletes [4,5,11]. The most likely explanation of
this finding is that systematic preparticipation screening of young competit-
ive athletes has changed the natural prevalence of cardiovascular causes of
sports-related sudden death. Hypertrophic cardiomyopathy is the most com-
mon underlying anatomic substrate in the US athletes, dying suddenly. By
contrast, in Italy fatalities due to hypertrophic cardiomyopathy have been
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successfully prevented by identification and disqualification of the affected
athletes at preparticipation screening. Therefore, other cardiovascular con-
ditions such as arrhythmogenic right ventricular cardiomyopathy/dysplasia
have come to account for a greater proportion of all sudden death in Italian
athletes.

The heart of young competitive athletes dying suddenly from arrhythmo-
genicright ventricular cardiomyopathy/dysplasia demonstrates right ventricu-
lar dilatation and massive transmural fibrofatty replacement of the right
ventricular musculature resulting in aneurysmal dilatations, located in the
posterobasal, apical, and outflow tract regions, which are potential sources of
life-threatening ventricular arrhythmias (Figure 13.1(b)) [11]. These patho-
logic features of the right ventricle allows differential diagnosis with training-
induced right ventricular changes (“athlete’s heart”), usually consisting in
global RV enlargement without wall motion abnormalities.

The propensity for sudden arrhythmic death during physical exercise
is linked to both hemodynamic and neurohumoral factors [21]. Physical
exercise may acutely increase the right ventricular afterload and cavity
enlargement, which in turn, may elicit ventricular arrhythmias by stretch-
ing the diseased right ventricular musculature. Alternatively, a “denervation
supersensitivity” of the right ventricle to catecholamines has been advanced.
Finally, in a subgroup of patients with familial arrhythmogenic right ventricu-
lar cardiomyopathy/dysplasia (ARVD2) a cardiac ryanodine receptor (RYR2)
missense mutation leading to abnormal calcium release from the sarcoplasmic
reticulum during effort has been identified (see below).

Early identification of athletes with arrhythmogenic right ventricular car-
diomyopathy/dysplasia plays a crucial role in the prevention of sudden death
during sport. The disease should be suspected in the presence of inverted
T waves in right precordial leads. Diagnosis relies on visualization of morpho-
functional right ventricular abnormalities by current imaging techniques, and,
in selected cases, by histopathologic demonstration of fibrofatty substitution at
endomyocardial biopsy [5,21]. Itisnoteworthy that more than 80% of athletes
of the Veneto region series who died from arrhythmogenic right ventricular
cardiomyopathy/dysplasia had had a history of syncope, ECG changes and/or
ventricular arrhythmias. Nevertheless, they had not been identified at pre-
participation screening because the disease was largely unrecognized. More
recently with the increased awareness of clinical findings of arrhythmogenic
right ventricular cardiomyopathy/dysplasia, more affected athletes are being
detected by screening and protected from the risk of the athletic competition.

Congenital coronary artery anomaly

The anomalous origin of a coronary artery from the “wrong” coronary sinus
is a “minor” coronary anomaly with a silent clinical course, which may pre-
cipitate sudden and unexpected ischemic cardiac arrest in young competitive
athletes [22]. The most frequent anatomic findings consist of both (left and
right) coronary arteries arising either from the right or the left coronary sinus.
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In both conditions, as the anomalous coronary vessel leaves the aorta, it shows
an acute angle with the aortic wall, and, thus, it usually runs between the
aorta and the pulmonary trunk, following an early aortic intramural course,
with a “slit-like” lumen (Figure 13.1(c)). Fatal myocardial ischemia has been
related to exercise-induced aortic root expansion that compresses the anomal-
ous vessel against the pulmonary trunk, increases the acute angulation of the
coronary take-off, aggravating the “slit-like” shape of the lumen of the prox-
imal intramural portion of the aberrant coronary vessel. This mechanism of
myocardial ischemia is difficult to be reproduced in clinical setting, as shown
by the occurrence of false negative ECG exercise testing in young athlete who
subsequently died suddenly from the above coronary anomaly [22].

Commotio cordis

Sudden death due to non-penetrating chest wall impact in the absence
of structural injury to the ribs, sternum, and heart is known as commo-
tio cordis. Although once considered to be a particularly rare event, it has
recently become apparent that these events are more common than previously
regarded. Indeed, up to 20% of deaths on the athletic field are due to chest wall
impact [23-27]. The Commotio Cordis Registry, in its 7 years of existence, has
documented 156 cases of commotio cordis [23]. Cardiac workups and autop-
sies are notable for the lack of any significant cardiac or thoracic abnormalities.
Victims are most often found in ventricular fibrillation; resuscitation is possible
with early defibrillation.

An experimental model of commotio cordis has been developed in which
anesthetized juvenile swine struck in the chest by a baseball develop ventricu-
lar fibrillation (Figure 13.2). Important variables include timing of impact
in which only blows occurring in a narrow window of repolarization cause
ventricular fibrillation [24]. Energy of the impact object was also found to be
critical, with 40 miles/h baseballs more likely to cause ventricular fibrillation
than velocities greater or less than 40 miles/h [27]. In addition, more rigid
impact objects, and blows directly over the center of the chest were more
likely to cause ventricular fibrillation [26]. Peak left ventricular pressure gen-
erated by the chest wall blow correlated with the risk of ventricular fibrillation
and activation of the Kp channel is likely to play a role [25].

Coronary artery disease

Sudden cardiac death in those participating in athletic activity over 35 years of
age most commonly occurs due to coronary artery disease [2,28]. For athletes
older than 35 years of age, it is recommended that a careful history for coronary
risk factors or symptoms of coronary artery disease be taken. If an individual
is identified as being at risk for coronary artery disease or if symptoms suggest
ischemia, an exercise stress test should be performed. Stress testing is also
recommended in males over 40 years or females over 50 years of age in whom
coronary artery disease may be present based on the presence of at least two
risk factors other than age and gender or one marked abnormal finding [29].
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Figure 13.2 Six-lead electrocardiogram showing the electrophysiologic and
hemodynamic consequences of an impact to the chest wall by a wooden object at
30 miles/h timed to occur 16 ms before the peak of the T wave in a 9-kg pig.
Ventricular fibrillation began within one cardiac cycle after the impact and was
associated with immediate loss of left ventricular (LV) pressure. Reproduced from
Reference 24, with permission.

In the older athlete with no symptoms of coronary artery disease and no risk
factors, the routine use of exercise testing is limited by its low specificity and
pretest probability.

Other causes

Myocarditis, either in its acute or healed forms, may provide a myocardial
electrical substrate for ventricular arrhythmias and exercise-related sudden
death [1,4,12]. Life-threatening ventricular arrhythmias in athletes may be
associated with focal myocarditis that is clinically silent and difficult to be
detected by endomyocardial biopsy.

Spontaneous laceration or dissection of the ascending aorta with rup-
ture into pericardial cavity and cardiac tamponade is a rare cause of fatal
“electromechanical dissociation” during sports [11]. The basic heart defect is
an elastic fragmentation of the aortic tunica media with cystic medial necrosis,
that may present rarely as isolated histologic feature, but more frequently
in association with aortic coarctation and/or bicuspid aortic valve, or in the
setting of Marfan syndrome.

Despite its high prevalence in the general population, mitral valve prolapse
seems to be a rare cause of sudden death in athletes [4,11]. The pathogen-
esis of the sudden cardiac arrest is still unknown; fatal coronary embolism
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from atrial platelet deposits, and cardiac arrest due to malignant ventricu-
lar tachyarrhythmias attributed to “valve friction,” have been advanced as
possible mechanisms.

Preexcitation syndrome (Wolff-Parkinson—-White (WPW) syndrome) or
progressive cardiac conduction disease (Lenegre disease) may represent an
uncommon substrate of exercise-related sudden death [4].

Ion channel diseases

Five to ten percent of young people and athletes who die suddenly have no
evidence of structural heart diseases and the cause of their cardiac arrest is
in all likelihood related to a primary electrical heart disease such as inher-
ited cardiac ion channel defects (channelopathies) including long-QT syn-
drome, Brugada syndrome, and cathecholaminergic polymorphic ventricular
tachycardia [30,31].

Brugada syndrome is an inherited ion channel disease characterized by the
peculiar ECG pattern of a right precordial “coved type” ST-segment elevation
(both spontaneous or induced by pharmacologic sodium channel block) in
association with arrhythmia-related symptoms such as syncope/cardiac arrest,
inducibility at programmed ventricular stimulation, or a suggestive familial
history [32]. A cardiac sodium channel gene (SCN5A) mutation has been
detected in up to 30% of cases. Ventricular fibrillation leading to sudden
death usually occurs at rest and in many cases at night as a consequence
of an increased vagal stimulation and/or withdrawal of sympathetic activity.
Enhanced adrenergic drive that occurs during sports activity could have an
inhibitory effect and theoretically reduce sudden death risk. On the other
hand, the adaptation of the cardiac autonomic nervous system to systematic
training, which results in increase of resting vagal tone or during the post-
exercise recovery period may enhance the propensity of athletes with Brugada
syndrome to die at rest, during sleep, or immediately after effort [33,34].

Catecholaminergic ventricular tachycardia is an inherited channelopathy
characterized by exercise-induced polymorphic ventricular tachycardia (most
often with the so-called “bidirectional” pattern), which can degenerate in
ventricular fibrillation [35]. Unlike long-QT syndrome and Brugada syn-
drome, this condition is not associated with abnormalities of basal 12-lead ECG
and remains unrecognized unless the athlete undergoes an ECG stress testing.
A genetically defective ryanodine receptor has been reported to account for an
abnormal calcium release from the sarcoplasmic reticulum. Accordingly, the
potential arrhythmogenic mechanism is triggered activity due to late after-
depolarizations, which are provoked by intracellular calcium overload and
enhanced by adrenergic stimulation such as that during sports exercise.

Drugs and performance enhancing substances

Athletes commonly use drugs and dietary supplements because they are con-
sidered to enhance athletic performance [36]. Among these performance
enhancing substances are stimulants, anabolic steroids, and peptide hormones.
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Studies assessing the risks and benefits of these substances are limited and clin-
ical observations indicate that some may have serious side effects. The dietary
supplement ephedra (ma huang) has been associated with life-threatening
toxicity and death resulting on a ban on its sale in the United States and Canada
[37]. Anabolic steroids have been associated with premature coronary disease
and sudden death. Recreational drugs including cocaine have been associated
with fatal myocardial infarctions, sudden death, and strokes. Peptide hor-
mones and analogues such as recombinant erythropoietin (EPO) are used as
a pharmacologic alternative to the procedure of “blood doping” or autotrans-
fusion steroids, peptide hormones, and others that may have life-threatening
toxicity. Comprehensive lists of prohibited drugs and dietary supplements are
available from governing athletic bodies. A rigorous approach to prevent per-
formance enhancing and recreational drug and dietary supplement use should
be taken by all athletic bodies. The crucial elements of programs to discour-
age drug performance enhancing substance include education to the ethical
principles inherent in athletic participation.

Screening prior to athletic participation

The AHA recommendations

Preparticipation screening for detection of cardiovascular abnormalities that
predispose to sudden cardiac death in the athlete is also recommended in the
United States by the American Heart Association and the American College
of Cardiology [2,29]. This systematic examination is intended to identify clin-
ically relevant cardiovascular conditions that may increase the risk of athletic
competition is recommended, before the initial engagement in organized ath-
letics at the high school or collegiate level. This evaluation should be repeated
every 2 years with an interim history obtained in the intervening years.
This screening includes personal and family history and physical examina-
tion. ECGs and echocardiograms are not recommended routinely but should
be selectively used in those with abnormal symptoms, clinical history, and
physical examination.

The ECG has a relatively low specificity as a screening test because of
a high frequency of changes that occur in association with exercise. It
has been estimated that approximately 20-25% of athletes have ECG pat-
terns that are sufficiently abnormal to warrant further evaluation with an
echocardiogram. Patterns that might identify individuals at high risk for
sudden death include ventricular preexcitation with WPW pattern, long-
QT intervals, hypertrophic cardiomyopathy, arrhythmogenic right ventricular
cardiomyopathy/dysplasia, and Brugada syndrome [2,29].

The cost-effectiveness, practicality, and utility of the screening process are
limited by the uncommon occurrence in the general and athletic population
of those cardiovascular conditions that predispose to sudden death. Using
the history and physical examination alone, as recommended in the United
States, has proven to be of marginal or no value in preventing sudden death.
One retrospective study concluded that the history and physical examination
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were able to detect cardiovascular abnormalities in only 3% of high school
and college athletes who ultimately died of cardiovascular disease. ECG and
echocardiography have demonstrated a low yield of identifiable cardiovas-
cular conditions that predispose to sudden death. Despite these limitations,
the American Heart Association recommended the concept of preparticipation
screening for athletes based on medical and ethical considerations [2,29].

The Italian experience

For more than 25 years, a systematic preparticipation screening, predomin-
antly based on 12-lead ECG in addition to history and physical examination,
has been in practice in Italy [5,38]. Such a screening strategy has been
proven to be effective in identification of athletes with previously undiagnosed
hypertrophic cardiomyopathy [5]. Moreover, during a long-term follow-
up no deaths were recorded among disqualified athletes with hypertrophic
cardiomyopathy, suggesting that identification and disqualification from com-
petition has the potential to improve survival [5]. A subanalysis of Italian
data shows that only less than one-fourth of young competitive athletes with
hypertrophic cardiomyopathy detected at preparticipation screening had had a
positive family history or an abnormal physical examination; thus, the major-
ity of them would not have been identified by a limited screening protocol
without 12-lead ECG [5]. Such a three-fold greater number of athletes with
hypertrophic cardiomyopathy identified by the Italian screening and disquali-
fied from competitive sports, is expected to result in a corresponding additional
number of lives saved compared to other strategy.

In addition, 12-lead ECG offers the potential to detect asymptomatic athletes
with other conditions presenting with ECG abnormalities such as arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia, dilated cardiomyopathy,
Lenégre conduction disease, WPW syndrome, long- and short-QT syndromes,
and Brugada syndrome. Overall, these conditions (including hypertrophic
cardiomyopathy) account for up to 60% of sudden death in young competit-
ive athletes [1,4,33]. Of note, most of these conditions have been discovered
only recently and the impact on mortality of their detection at preparticipation
screening will be assessed only in the future.

A recent consensus document of the study group on sports cardiology of
the European Society of Cardiology reinforces the principle of the need of
preparticipation medical clearance of all young athletes involved in organized
sports programs and recommends the implementation of a common European
screening protocol essentially based on 12-lead ECG [39].

Athletic participation

When a definitive cardiovascular condition is identified, the consensus panel
recommendations of the thirty-sixth Bethesda Conference provides guidelines
for continued participation or disqualification from athletics [28]. Although
these recommendation were written for the competitive athlete, as defined
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by participation in an organized team or individual sport requiring systematic
training and regular competition against others while placing a high premium
on athletic excellence and achievement, many of the recommendations are
relevant to the recreational and non-athletes [2,29].

Updated European guidelines are being elaborated by the Sports Cardiology
of the Working Group of Cardiac Rehabilitation and Exercise Physiology of the
European Society of Cardiology and are expected with publication planned in
the European Heart Journal by 2004.

Automated external defibrillators

The concept of public access to defibrillation has received increasing atten-
tion as it has become clear that survival of the cardiac arrest victim is more
likely to be successtul with a system in place to ensure that cardiopulmonary
resuscitation and early defibrillation are promptly provided [40-42]. Over the
last several years, the automated external defibrillator has played a growing
role in improving survival from sudden cardiac death. The current devices
require application of pads to the arrest victims chest wall, allowing analysis
of the patients cardiac rhythm and, if appropriate, delivery of defibrillator
shocks. These devices are approximately the size of a laptop computer, are
low maintenance, and have a shelf life for the battery of several years. Use
of the device is intuitive and allows both nontraditional responders, includ-
ing trainers, coaches, police, and untrained responders to respond rapidly in
emergency situations. The algorithms for detecting ventricular tachycardia
and fibrillation have been shown to be highly sensitive and specific. The suc-
cess of public access to defibrillation programs using the automated external
defibrillator (AED) in improving survival have been demonstrated in many
settings. Many athletic organizations now recommend or mandate AED at
athletic events [40-42].

Conclusion

Recently, there has been considerable advancement in our knowledge regard-
ing the diagnosis, mechanism, and therapy of sudden death in the athlete.
The common cardiovascular conditions that predispose to sudden death are
now known. Strategies for predicting and preventing sudden death are being
refined to identify those at risk and restrict them from athletic activity.
Recommendations regarding screening, evaluation, management, and restric-
tion from athletics are available to assist athletic organizations, trainers, and
clinicians. There remains a clear need to refine and assess guidelines for prepar-
ticipation screening and athletic restriction with cost-effectiveness studies and
tracking of outcomes. Detailed international registries of screening programs
and outcomes are needed. Based on the success of public access to defibrilla-
tion programs on improving outcomes, strong consideration should be given
to developing such programs with the use of AED at athletic events. Finally,
athletic organizations, athletes, coaches, educational institutions, coaches
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trainers, and physicians need to develop strategic partnerships to develop
and refine policies regarding the complex issues related to prediction and
prevention of sudden death in the athlete.
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Pharmacology of sudden
cardiac death

Timothy W. Smith, Michael E. Cain, Giinter Breithardt, and
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The implantable cardioverter-defibrillator (ICD) is an effective therapy for the
primary and secondary prevention of sudden arrhythmic death. Prescription
of ICD therapy for primary prevention is restricted to patients at high risk for
developing sustained ventricular tachycardia (VT) or ventricular fibrillation
(VF). At present, the medical history and objective clinical findings including
the left ventricular ejection fraction and the presence of a myocardial infarct,
are utilized to identify high-risk patients who will benefit from ICD therapy.
Unfortunately, the majority of sudden arrhythmic deaths do not occur in
this high-risk group [1]. Primary prevention of sudden death for patients at
intermediate or low risk is based on the use of pharmacological and lifestyle
interventions.

The indication for pharmacological therapy to prevent sudden death is to
favorably modify the conditions that initiate and maintain sustained VT/VF
[2]. These conditions produce electrophysiological derangements that are
induced transiently or that develop during the course of healing from injury
to ventricular myocardium and persist. Factors known to trigger VT/VF
include changes in autonomic nervous system activity, metabolic disturb-
ances, myocardial ischemia, electrolyte abnormalities, acute volume and/or
pressure overload of the ventricles, ion channel abnormalities, and proar-
rhythmic actions of cardiac, and noncardiac drugs. Death of myocardial cells
from ischemia, toxins, infectious agents, or chronic pressure/volume overload
leads to scar formation, alterations in chamber geometry, and electrical and
anatomical remodeling.

Pharmacological agents to prevent sudden death focused initially on drugs
that directly affected membrane ion channels. However, adverse effects,
proarrhythmia, and low efficacy limit the use of available sodium and
potassium channel blocking drugs for primary and secondary prevention of
VT/VF. Better drug targets appear to be the prevention of myocardial injury
(aspirin, hydroxymethylglutarate CoA reductase inhibitors, beta-blockers),
attenuation of the deleterious effects of increased sympathetic tone (beta-
blockers), and favorable modification of the proarrhythmic anatomical and
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electrophysiological remodeling that occurs in response to myocardial injury
(angiotensin converting enzyme inhibitors, angiotensin receptor blockers,
beta-blockers).

Drugs prescribed to prevent sudden death must favorably alter the elec-
trophysiological derangements that lead to VI/VF and not induce alterations
that lead to proarrhythmia. The latter objective is a challenge because drug-
induced proarrhythmia is not limited to cardiac drugs and it is difficult to
identify patients at risk for this complication. Although VT/VF is the most
common rhythm disturbance leading to sudden cardiac death, bradycardia is
a cause in some patients. This chapter will focus on: (1) drugs that help prevent
sudden cardiac death; and (2) drugs that inadvertently cause sudden death by
inducing VT/VF or bradycardia.

Prevention of VT/VF

Patients with acquired structural heart disease

Depressed ventricular function and/or dilatation of the cardiac chambers are
used clinically to document structural heart disease in patients. Ischemic heart
disease is the most common cause of structural disease and accounts for
75-80% of all sudden cardiac deaths [3]. Electrophysiological derangements
that lead to sudden death may occur: (1) transiently during acute ischemia in
the absence of myocardial infarction; (2) during the early stages of myocardial
injury leading to infarction; or (3) during the healing and remodeling phases
that lead to scar formation following acute infarction. Pharmacological ther-
apies that prevent transient ischemia or infarction should have a beneficial
impact on the incidence of sudden death. Based on the clinical observation
that reduced left ventricular function is by far the best predictor of sudden
cardiac death, pharmacological therapies that minimize myocardial injury or
the adverse remodeling associated with cardiomyopathies due to conditions
other than coronary artery disease would be expected to protect patients from
VT/VEF.

Amiodarone

In contrast to other sodium and potassium channel blocking agents, ami-
odarone has consistently been shown to be effective for secondary prevention
of VT/VF in patients with ischemic heart disease. The CASCADE trial estab-
lished the superiority of amiodarone for this purpose compared to therapy with
conventional sodium channel blocking drugs. However, the sodium channel
blocking drugs used may have had a negative impact on the patient outcomes
because of proarrhythmia. The data from CASCADE do not allow conclusions
concerning the superiority of amiodarone compared to placebo [4]. Data from
other randomized, placebo-controlled trials have shown that amiodarone does
not increase mortality in patients with heart failure [5]. Results of random-
ized secondary prevention studies such as the Amiodarone Versus Implantable
Defibrillator (AVID) trial demonstrated a survival benefit of ICD therapy over
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amiodarone. However, a subgroup analysis of patients with a measured left
ventricular ejection fraction >35%, failed to show superiority of ICD ther-
apy over antiarrhythmic drug therapy (primarily amiodarone) [6]. In patients
with ICDs, amiodarone or other antiarrhythmic drugs [7] can be prescribed
to reduce the number of delivered ICD therapies.

In patients with remote myocardial infarction, two randomized, placebo-
controlled, double-blind trials assessed the impact of amiodarone on pro-
gnosis (EMIAT, CAMIAT). Both studies showed that amiodarone significantly
reduced sudden death rates, the primary endpoint in CAMIAT and a secondary
endpoint in EMIAT [8,9]. Total mortality, however, was not affected, similar
to the CHF-STAT study [5] and the SCD-HeFT study [10], among others [2].

Beta-blockers

Beta-blockers are the only proven pharmacological intervention for primary
prevention of lethal arrhythmias [11]. They have been shown to have a favor-
able impact on the incidence of recurrent ischemic events and myocardial
infarctions. They are also a key to the treatment strategies for patients with
congestive heart failure, even in the presence of severe systolic left ventricular
dysfunction. Although most clinical trials assessed the effect of beta-blockers
on total mortality rather than sudden death rates, the MERIT-HF trial found
a 41% reduction in sudden death rates in patients with NYHA class [I-IV
heart failure [12]. It is generally accepted that reduction of total mortality by
beta-blockers is attributable, at least in part, to an effect on sudden death rates.

Angiotensin converting enzyme inhibitors

Recent attention has focused on slowing or reversing the disease processes that
ultimately lead to sudden death. Some therapies prevent sudden death by pre-
venting myocardial infarction, a highly effective approach, since most deadly
arrhythmias occur in the setting of coronary plaque rupture with subsequent
platelet activation, thrombus formation, and infarction. Angiotensin convert-
ing enzyme (ACE) inhibitors have become a mainstay of therapy in patients
with depressed left ventricular function. They prevent recurrent infarction
and improve overall mortality. ACE inhibitors also prevent progression of
ventricular dysfunction and stabilize autonomic activity [2]. Collectively, these
salutary actions have the potential to decrease sudden death as well as over-
all mortality. The results of individual trials regarding reduction in sudden
death have been controversial, which can partially be attributed to differences
in definition and adjudication of sudden death in individual trials. A meta-
analysis of 15 trials that enrolled patients following myocardial infarction
suggested that reduction in sudden cardiac death was a significant component
of the overall reduction in mortality afforded by ACE inhibition [13].

Angiotensin receptor blockers
Angiotensin receptor blockers (ARBs) lack the anti-kininase activity of ACE
inhibitors, an effect that is associated with chronic cough, a clinically relevant
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side effect of ACE inhibitors that occurs in up to 10% of patients. Therefore,
ARBs are prescribed when ACE inhibitors cannot be administered. In addition,
ARBs may at times be used in combination with ACE inhibitors. Based on the
results of the CHARM program, ARBs and ACE inhibitors have similar efficacy
[14]. Retrospective analysis of key studies suggest that ARBs also reduce sud-
den death rates [13,15]. Although data acquired from prospective trials are not
yet published, it is likely that ARBs have a similar effect on sudden death rates
as ACE inhibitors. The mechanisms by which ARBs prevent sudden death are
likely related to slowing or reversing of the remodeling processes that form
the substrate for VI/VF rather than direct antiarrhythmic effects [15].

Aspirin

The benefit of aspirin in the reduction of platelet aggregation in coronary
artery disease is well established. Aspirin administration during the acute and
healing phases of myocardial infarction reduces the incidence of recurrent
infarction and reduces mortality [16]. There are no clear data concerning the
impact on sudden arrhythmic death. As the majority of sudden deaths still
occur in the setting of acute ischemic events, it is likely that aspirin reduces
sudden death by preventing myocardial ischemia and recurrent infarction.
Aspirin is also effective for primary prevention of myocardial infarction, but
a decrease in mortality has not been shown [16].

Aldosterone antagonists

Aldosterone has an important role in the pathophysiology of congestive
heart failure. Data acquired from a randomized, placebo-controlled trial,
demonstrated that spironolactone decreased overall mortality and mortality
from cardiac causes, reduced hospitalizations due to heart failure, improved
symptoms, and reduced sudden death [17]. Eplerenone is a new selective
aldosterone receptor antagonist. In a placebo-controlled randomized trial
of patients with heart failure after myocardial infarction, death, and death
from cardiovascular cause were reduced in the eplerenone group [18]. Sud-
den cardiac death was a secondary endpoint in both the spironolactone and
eplerenone trials. With this limitation, it is reasonable to assume that aldos-
terone antagonists prevent sudden cardiac death, either by their effects on
ventricular remodeling, by increasing extracellular potassium levels, or by
other mechanisms.

Hydroxymethylglutarate CoA reductase inhibitors

There is substantial evidence that hydroxymethylglutarate (HMG) CoA
reductase inhibitors, or “statins,” reduce serum LDL cholesterol, prevent or
slow the progress of atherosclerosis, prevent acute coronary syndromes, and
reduce cardiovascular mortality in patients at risk [19]. Sudden cardiac death
was rarely an endpoint in the many trials of HMG CoA reductase inhibit-
ors. However, many sudden deaths are associated with plaque rupture and
myocardial infarction [3]. Accordingly, it is likely that statins reduce sudden
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death mainly by preventing acute coronary syndromes and acute myocardial
infarctions.

Dietary omega-3 polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) found in fish and fish oil reduce all cause
of cardiovascular mortality as well as sudden death [20]. This beneficial effect
occurs early in the course of treatment. The mechanism of benefit does not
appear to be related to prevention of acute coronary syndromes or myocardial
infarction, and may result from a direct antiarrhythmic effect. In an experi-
mental model of sudden arrhythmic death, direct administration of PUFA has
been shown to prevent ventricular arrhythmias and sudden death caused by
acute coronary artery occlusion [21]. Although not conclusive, some data
suggest PUFAs may act on calcium channels, sodium channels, and/or the
sarcoplasmic reticulum calcium ATPase (SERCA2A) [22].

The majority of these nontraditional therapies exert their beneficial effect
on sudden death by preventing or favorably altering proarrhythmic substrates
induced as a consequence of structural heart disease, especially coronary
artery disease. It has also been proposed that molecular mechanisms of dyslip-
idemias are themselves arrhythmogenic and that pharmacological therapies
aimed at lipid based pro-thrombotic and pro-inflammatory factors should
be a major point of pharmacological interest [23]. In addition to HMG
CoA reductase inhibitors, such therapies might in the future include leuk-
otriene pathway antagonists, cyclooxygenase isoenzyme inhibitors, platelet
aggregating factor antagonists, and cytokine antagonists.

Patients with inherited arrhythmogenic cardiomyopathies

There are at least three forms of genetically determined diseases that con-
fer structural cardiac abnormalities and predispose to sudden death; familial
hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomy-
opathy, and Fabry disease (Chapter 8).

Familial hypertrophic cardiomyopathy

In patients with familial hypertrophic cardiomyopathy (FHC), sudden death
is usually due to polymorphic VI/VFE. Beta-blockers and calcium-channel
antagonists can be effective drugs to ameliorate symptoms associated with
obstruction of the left ventricular outflow tract [24]. There is expert opinion
that these drugs may reduce the risk for ventricular arrhythmias. The anti-
arrhythmic effect of beta-blockers is supported by the fact that ventricular
arrhythmias in FHC patients and in experimental models of FHC are usually
triggered by catecholaminergic stimulation [25,26]. Whether action potential
prolongation is beneficial, for example, by pharmacological potassium chan-
nel blockade, is less clear. Amiodarone has some efficacy, but the mechanism
of its prevention of arrhythmias in FHC is unclear.
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Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) usually manifests
as VT with an origin from the right ventricle (i.e. with a left bundle branch pat-
tern in the ECG). Unlike drug treatment for Fabry disease or myectomy/septal
alcohol ablation for FHC, there are currently no interventions that can slow
or stop the progressive fibrofatty replacement of right ventricular myocar-
dium associated with ARVC. Catheter ablation of tachycardias is often acutely
successful, but the natural disease progression creates new arrhythmogenic
substrates over time. Beta-blockers can attenuate sympathetic stimulation of
the right ventricular myocardium, which is believed to contribute to initi-
ation of VTs and possibly to disease progression. Patients who survived VI/VFE
are candidates for ICD therapy, but complication rates after implantation are
higher than in general ICD patient cohorts, most likely due to loss of right
ventricular myocardium and subsequent difficulties with pacing, sensing, and
electrode fixation [27]. In addition, VTs are often hemodynamically relatively
well tolerated. Therefore, antiarrhythmic drugs may be an alternative even
in ARVC patients who already suffered an episode of sustained VT. Sotalol
has been used and may be beneficial in some patients, although it remains
unclear whether this effect is due to beta-blockade or to prolongation of the
action potential prolongation [28]. Amiodarone is also relatively effective.
A combination of drug treatment and catheter ablation is effective in some
patients with ARVC [29].

An important differential diagnosis to ARVC is a benign form of right
ventricular outflow tract tachycardia. Patients with this disease usually suf-
fer from exercise- or catecholamine-induced repetitive monomorphic VT with
an ectopic origin. The heart is structurally normal, and the prognosis is good.
Treatment is guided by symptoms and may consist of antiarrhythmic drugs
(beta-blockers, sotalol, or verapamil) or catheter ablation.

Fabry disease

Fabry disease is due to an inherited lack of alpha-galactosidase and res-
ults in renal, facial, and myocardial amyloid deposits [30]. The combination
of renal dysfunction, red papulae in the face, and left ventricular hyper-
trophy with a salt-and-pepper pattern on echocardiography should trigger
the clinical suspicion of Fabry disease [30]. The disease can be mistaken for
hypertrophic cardiomyopathy [31]. The renal phenotype is often life limit-
ing, but sudden death has been reported. Sudden death can be due to either
bradycardia caused by progressive conduction block, sinus nodal dysfunc-
tion, or to VT due to the formation of anatomical reentrant circuits [32].
Unlike other inherited arrhythmogenic diseases, there is a specific drug treat-
ment for Fabry disease, that is, substitution of alpha-galactosidase [30]. This
treatment can, based on case reports, also revert conduction block and is
therefore probably a specific antiarrhythmic treatment option in Fabry disease
patients. There are so far, however, no data on the effect of such treatment on
arrhythmias.
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Inherited arrhythmogenic diseases (“ion channelopathies”)
Several syndromes that occur in structurally normal hearts and lead to poten-
tially lethal ventricular arrhythmias and sudden cardiac death have been
identified (Chapter 9). Usually, a defect in an ion transporter or ion channel
is suspected or identified.

Long-QT syndromes

The congenital long-QT syndrome, which predisposes the affected individual
to torsades de pointes, has been well characterized. The QT interval is intimately
associated with the duration of the ventricular action potential. The action
potential duration is determined by the activities of multiple voltage-gated
and ligand-gated sarcolemmal ion channels, as well as some ion transporters.
The long-QT syndromes have been linked to genetic defects in potassium or
sodium channels. There are at least seven different gene defects known to
cause long QT (LQT1-LQT7). A relevant portion of patients with long-QT syn-
drome remains free of arrhythmia recurrences on beta-blockers. Beta-blockers
are therefore the first-line therapy for asymptomatic and some symptomatic
patients with the long-QT syndrome. Unfortunately, pharmacological pre-
vention of sudden death is imperfect and some genotypes (LQT1 and LQT2)
are better protected than others (LQT3) [33]. Some patients require more
aggressive treatments, including continuous rapid atrial pacing or ICD therapy,
which is recommended in long-QT syndrome patients at high risk of sudden
death [34].

There are some clinical data that suggest that drug therapy in long-QT syn-
dromes could be guided by the genetic defect (e.g. mutant potassium or sodium
channels) [35]. Sodium channel blockade by flecainide or mexiletine may be
useful in LQT3, which is caused by mutated sodium channels with increased
late inward current [33,36,37]. Similarly, oral potassium has been proposed as
a possible therapy for LQT2, because increased extracellular potassium levels
suppress the effect of the mutant Ik, current on the QT interval, and possibly
also because arrhythmic events are more likely when extracellular potassium
levels are low [38]. Definitive data on genotype-specific treatment are
lacking.

Brugada syndrome

The Brugada syndrome is characterized by a right bundle branch block pattern
with coved or saddle-type ST segment elevation in the right precordial ECG
leads (V1-V3) and a predisposition to ventricular arrhythmias and sudden
death. Some patients (10-15%) with Brugada syndrome suffer from muta-
tions in the SCN5A gene that encodes for the cardiac sodium channel, the
same channel that is affected in LQT3. In Brugada syndrome, slowly disso-
ciating sodium channel blockers (flecainide, propafenone, or ajmaline) are
contraindicated because they unmask the ECG phenotype and increase the
risk for ventricular arrhythmias [34]. Beta-blockers may provoke rather than
reduce ventricular arrhythmias in Brugada syndrome. Quinidine, tedisamil,
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and cilostazol (a phosphodiesterase III inhibitor), all of which inhibit the
transient outward potassium current I;,, have been suggested as possible
therapies for Brugada syndrome [34,39,40]. There is not yet sufficient data
concerning safety and efficacy to make recommendations for these gene- or
channel-specific agents. ICD therapy is the only established effective treatment
to prevent sudden arrhythmic death in high-risk patients.

Short-QT syndrome

The short-QT syndrome is a familial syndrome characterized by a short-QT
interval (corrected QT interval <330 ms), frequent palpitations, syncope and
sudden death, short atrial and ventricular refractory periods, atrial fibrillation,
and inducible ventricular fibrillation [41]. Sudden death occurs in young and
otherwise healthy individuals. Data on pharmacological therapy are limited.
Data from a small group of patients suggested that quinidine prolongs the QT
interval, prolongs the ventricular refractory period, and renders ventricular
fibrillation noninducible in affected patients [42].

Catecholaminergic polymorphic ventricular tachycardia

This condition occurs in patients with a structurally normal heart and is char-
acterized by a bidirectional or polymorphic VT triggered by exertion, stress, or
catecholamine infusion. It is often inherited in an autosomal-dominant fash-
ion and has been associated with a defect in the ryanodine receptor, which
mediates calcium-induced calcium release from the sarcoplasmic reticulum
[43]. A defect in the gene encoding calsequestrin may produce a similar syn-
drome [44]. Beta-blockers provide incomplete protection against sustained
ventricular arrhythmias in sudden death survivors, and are used as adjunct
treatment to ICD therapy.

Catecholaminergic polymorphic VT may be a subset of idiopathic VF,
in which sudden death from a ventricular arrhythmia may occur in the
absence of detectable structural heart disease and in the absence of any
other marker. ICD therapy is reasonable for survivors. Pharmacological ther-
apy might include beta-blockers, but directed pharmacological therapy is not
currently possible in the absence of an understood mechanism.

Further study of some of these syndromes will lead to identification of
new therapeutic targets. Cellular calcium handling is one particular aspect of
myocardial cell physiology that may deserve continued attention. Many of the
syndromes discussed may be related to abnormal calcium handling, includ-
ing those associated with afterdepolarizations and torsades de pointes as well as
those associated with altered calcium handling in the sarcoplasmic reticulum.
In addition, reentry, the most common mechanism of sustained arrhythmia,
may be initiated by extrastimuli that originate with afterdepolarizations or are
caused by intracellular “calcium overload.” Just as traditional antiarrhythmic
drugs are developed to affect specific sarcolemmal ion channels, future drug
development may be aimed at agents of intracellular calcium sequestration
and release.
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Drug-induced ventricular tachycardia/fibrillation

Drug-induced torsades de pointes

Torsades de pointes was initially named to describe a specific twisting of the
QRS complex in the surface ECG [45], but the term is now usually used
for polymorphic VT associated with prolonged QT intervals and provoked by
afterdepolarizations. Ever since drug-induced torsades de pointes was related
to an abnormal prolongation of the QT interval by noncardiovascular drugs,
this issue has bothered physicians, pharmaceutical companies, and regulat-
ory bodies [46] (Chapter 12). Drug-induced torsades de pointes appears to
be a patient-specific phenomenon, that is, there are ambient and genetic
factors that are required for forsades de pointes to occur [47,48], and the
majority of patients will never suffer from such arrhythmias. An association
of drug-induced torsades de pointes and minimal forms of the long-QT syn-
dromes has been reported [48]. Likewise, minimal forms of other genetically
determined arrhythmogenic diseases are likely to contribute to drug-induced
proarrhythmia (Figure 14.1) [49]. Cardiac hypertrophy is a common clin-
ical condition known to both prolong the QT interval and to predispose to
sudden arrhythmic death, and is found in many patients that suffer from
drug-induced forsade de pointes. Any combination of such factors will addition-
ally reduce the amount of repolarizing currents available in the myocardium
(the “repolarization reserve”) and thereby prolong the action potential and
the QT interval [50].

The list of drugs that convey such a risk is continuously expanding
and includes antibiotics, antipsychotic drugs, and antihistaminic compounds
[51,52]. Knowledge of the clinical characteristics that identify patients at
increased risk for drug-induced torsades de pointes (a combination of female
gender, longer-than-average QT interval, left ventricular hypertrophy, brady-
cardia, and/or hypokalemia) and of the drugs known to provoke such
arrhythmias (www.torsades.org) can help to prevent the occurrence of
drug-induced proarrhythmia.

Mechanism of drug-induced torsades de pointes

Almost all drugs that have been associated with drug-induced proarrhythmia
inhibit the rapid component of the delayed cardiac rectifier current (Ixr),
although the specific function of this current for drug-induced proarrhythmia
is still not tully understood. The available experimental and clinical data sug-
gest that action potential prolongation in combination with other factors such
as bradycardia, hypokalemia, and intracellular calcium overload provokes
early afterdepolarizations during the prolonged repolarization phase of the
action potential. These afterdepolarizations produce triggered activity that in
turn causes functional reentry. Functional reentry is believed to be possible
due to regional (e.g. transmural) and temporal variations in local action poten-
tial duration and refractoriness. The combination of afterdepolarizations (i.e.
the trigger for torsades de pointes) and a substrate for functional reentry (i.e. local
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Figure 14.1 Molecular mechanisms of sudden arrhythmic death. ARVC denotes
arrhythmogenic right ventricular cardiomyopathy; HCM, hypertrophic
cardiomyopathy; CPVT, catecholaminergic polymorphic ventricular tachycardia; LQT,
long-QT syndrome; BBS, Brugada syndrome; SR, sarcoplasmic reticulum; SAC,
stretch-activated channel; Calm, calmodulin; CaMKI, calmodulin kinase II; NCx,
sodium calcium exchanger; PKA, protein kinase A; RYR, ryanodine receptor; CSQ,
calsequestrin. (Adapted from Reference 49, with permission from Springer.)

conduction block due to inhomogeneities in repolarization) can initiate and
sustain torsades de pointes.

QT prolongation

Similar to the changes in QT interval in the congenital long-QT syndromes,
drug-induced prolongation of the QT interval is a sensitive, but not specific
marker for the potential of certain drugs to provoke torsades de pointes in sus-
ceptible patients. There is evidence that blockade of the rapid component
of the inward rectifier (Ixr) is necessary for torsades de pointes to occur [46].
Indeed, patients who suffered from drug-induced forsades de pointes have a
super-normal prolongation of the QT interval in response to the Ik, blocker
sotalol [47]. Drug-induced QT-interval prolongation per se, however, is often
found without forsades de pointes.



Pharmacology of sudden cardiac death 215

Other contributing factors

A variety of other factors adds to the risk of forsades de pointes. Some are
genetically determined, that is, female gender or subclinical forms of long-QT
syndrome mutations [48]. Others are acquired and partially reversible struc-
tural alterations, that is, left ventricular hypertrophy, which is known to
prolong the ventricular action potential and predisposes to early afterde-
polarizations, possibly via activating specific intracellular signaling pathways
[53,54]. In addition, there are transient factors such as hypokalemia, which
can be drug- or food-induced, that is, by consumption of liquorice, grapefruit
juice, or large quantities of alcohol, or bradycardia, which can also be second-
ary to bradycardia-inducing drugs (see below). Avoidance of such transient
factors should be attempted whenever QT-prolonging drugs are used.

Digitalis

The digitalis investigation group (DIG) trial has established that digoxin treat-
ment does not affect mortality in patients with heart failure who are in sinus
rhythm, but that such treatment can reduce hospitalizations when compared
to placebo [55]. A much-debated post hoc subanalysis identified excessive sud-
den deaths in the digoxin group. Indeed, an increased intracellular calcium
content of the myocardial cell could in theory provoke afterdepolarizations
and trigger ventricular arrhythmias, but there are only limited data to support
a potential proarrhythmic effect of digitalis preparations in heart failure, while
there appears to be a net benefit in terms of heart failure-related morbidity,
at least in the DIG trial.

Antiarrhythmic agents in patients with reduced ejection fraction

Sodium channel blocking agents effectively suppress ventricular and atrial
ectopy. The CAST trial has, however, shown that these compounds increase
mortality when myocardial infarction and decreased left ventricular func-
tion are present [56]. This is probably due to the excessive risk for VT
associated with conduction slowing after myocardial infarctions. A similar
increase in mortality was found associated with sotalol in the survival with
oral D-sotalol (SWORD) trial [57]. The use of these drugs, which may be
helpful in the treatment of atrial fibrillation, should therefore be limited to
patients without coronary heart disease and with a reasonably preserved left
ventricular function.

Preventing sudden death due to bradyarrhythmias

The single most effective treatment to prevent sudden bradyarrhythmic
death is implantation of a permanent pacemaker. Drugs can, however, be
used to increase heart-rate transiently, for example, in clinical situations
where placement of a transient pacemaker is not feasible. In such situations,
beta-adrenoreceptor agonists such as orciprenaline and/or parasympatholytic
agents such as atropine can increase heart rate and prevent circulatory failure,
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usually until the patient receives a pacemaker. Definitive data on the safety
of this form of treatment are not available.

Sudden death due to drug-induced bradyarrhythmias

A variety of cardiac drugs can provoke bradycardia and AV nodal block
[58]. The best-known drug groups are beta-blockers, digitalis, and calcium-
channel antagonists of the verapamil type. Most antiarrhythmic agents,
especially sodium channel blockers, but also amiodarone and potassium chan-
nel blocking drugs, can also provoke profound bradycardia, and at times
(mostly infra-Hisian) AV nodal block, especially in structurally altered hearts.
Drug-induced bradycardia and/or AV nodal block can usually be treated
with withdrawal of the drug, or reduction of its dose. In urgent cases, spe-
cific antibodies (e.g. for digoxin) or extracorporal filtration techniques, for
example, by ultrafiltration or plasmapheresis, are available to speed up elim-
ination of the drug. At times, the beneficial effects of drugs with bradycardic
side effects (e.g. beta-blockers) may warrant implantation of a pacemaker to
correct drug-induced bradycardia. Continuous right ventricular pacing may,
however, have adverse effects on the progression of heart failure [59]. Such
effects need to be carefully weighed against the continuation of a beneficial,
bradycardia-inducing drug in individual patients.
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CHAPTER 15
Implantable devices

A. John Camm and Arthur J. Moss

Pacemakers

Introduction

The original indication for the cardiac pacemaker was to improve survival in
patients with prolonged asystole. The first human pacemaker implantation
was undertaken in 1958 by Elmgqvist and Senning [1]. However, there is sur-
prisingly little concrete trial evidence to support the use of pacemakers in order
to reduce overall mortality, let alone sudden death. Individual case reports
[2] and small series [3] documenting survival in patients with refractory life-
threatening syncope due to refractory asystole were striking. Early results
comparing the survival of patients with complete heart block and Morgagni-
Stokes—Adams seizures with anticipated death rates in the normal population
were so convincing [4,5] and the relief of severe symptoms such as syncope
was so great that pacemakers were immediately assumed to be life saving.
It was presumed that the mechanism behind the therapeutic success was the
prevention of severe bradycardia, asystole, or ventricular tachyarrhythmias
related to underlying extreme bradycardia or asystole.

Disorders of impulse generation and conduction

The life-saving value of pacemakers in patients with asymptomatic acquired
complete heart block and in sick-sinus syndrome, even when associated with
symptoms is still less well documented. However, it is increasingly assumed
that patients with acquired complete heart block, irrespective of associated
symptoms, should be treated by pacemaker implantation in order to improve
survival [6]. There is a relatively high mortality in patients with sick-sinus syn-
drome usually related to underlying cardiovascular disorders. There is little
evidence that asymptomatic cases should receive pacemakers for improve-
ment of prognosis [7], although when symptoms related to bradycardia are
present, a pacemaker will clearly offer symptom relief [8]. There is a small like-
lihood (2% each year) of the development of complete atrioventricular (AV)
block although this is much more likely if there is also evidence of associated
intraventricular (IV) conduction disturbances. However, patients treated with
atrial pacing have a similar prognosis to a general population matched for age,
gender, and major cardiovascular risk [9].
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There is a strong suggestion that young adult patients with complete con-
genital heart block will eventually need a pacemaker [10] to prevent severe
symptoms including sudden death, although this is only documented in relat-
ively small registries and not by randomized trials [11,12]. Most clinicians
recommend pacing therapy for adolescents and young adults with either
symptomatic or asymptomatic congenital heart block [13]. There is clear value
in pacemaker treatment for children with symptoms related to congenital
complete heart block but there is still considerable confusion about the value
of pacemaker therapy in asymptomatic children with complete heart block
[14,15] particularly since pacing in young children is not without significant
complications [16]. Those with a marked prolongation of the QRS or QT inter-
val [17,18], ventricular dysfunction and congenital anomalies [19], severe
bradycardia (<50 bpm) [20] or asystolic episodes [21], associated ventricular
arrhythmias, including a high density of ventricular extrasystoles, or a failure
to increase the heart rate on exercise usually receive a pacemaker ostensibly
to reduce the likelihood of sudden death.

Patients with lesser degrees of AV block, congenital or acquired, are gen-
erally not paced, although mortality is generally increased in such patients
[22]. However, Mobitz type II AV block, high grade AV block with AV ratios
of 3 : 1 and above, and trifascicular block (bifascicular block with first degree
AV block, alternating bundle branch block, right bundle branch block with
alternating left fascicular block, or IV conduction disturbances associated with
intra-His (His potential width >50 ms) or infra-His delay [23] (His-ventricular
(HV) interval longer than 80—-100 ms) are at risk of progressing to transient or
permanent complete heart block [24,25] with a presumed possibility of sudden
cardiac death [26]. For this reason, pacemakers are often used prophylactically
to reduce the likelihood of sudden death [27-30].

Other pathologies

Long-QT syndrome

The primary therapy for asymptomatic children or young adults at risk of sud-
den death due to the long-QT syndrome is beta-blockade, but many patients
need additional therapy. Pacemaker treatment is advocated especially when
there is significant bradycardia induced by beta-blockade or when torsades de
pointes (TdP) is induced by long-short sequences [31-32]. In general brady-
cardia increases the amplitude of early afterdepolarizations and produces
abnormal repolarization, thus increasing the risk of TdP. There is a strong
correlation between the preceding RR interval and the amplitude of the early
afterdepolarizations [33].

Pacing therapy results in a shorter absolute QT interval and the prevention
of pauses that may be crucial for the initiation of the arrhythmia. Atrial pacing
is preferred to single chamber ventricular pacing since the latter is necessar-
ily associated with a longer measured QT interval. However, the influence of
beta-blockade and the association of the long-QT syndrome with structural
cardiac abnormalities and AV/IV conduction disturbances generally require
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that a dual chamber pacemaker is needed. Pacing therapy has been shown to
reduce the number of critical cardiac events such as syncope and sudden death
[34], but it rarely eliminates the problem [35]. Pacemaker therapy is partic-
ularly effective in conjunction with beta-blockade [36], and the added value
of the pacemaker to beta-blockade has been well demonstrated by matched
cohort studies (Schwartz PJ, personal communication). Pacemaker therapy
may be most effective in the LQT3 variant of the syndrome in which the
arrhythmia often occurs during sleep and in association with bradycardia.
An increase of heart-rate substantially shortens the QT interval in this geno-
type as opposed to LQT1 and LQT2 [37]. More often, however, patients with
long-QT syndrome and life-threatening ventricular arrhythmias refractory to
beta-blockade, irrespective of the genotype are treated by implantation of a
cardioverter defibrillator, which will not only prevent some serious ventricular
arrhythmias but will also cardiovert those that do occur [38].

Hypertrophic obstructive cardiomyopathy
Syncope and sudden death occur in patients with hypertrophic cardiomy-
opathy. A variety of mechanisms, including electrical instability due to
bradycardia, acquired long-QT syndrome associated with hypertrophy and
with cardioactive drugs, and outflow tract obstruction leading to reduced
cardiac output and myocardial ischemia, are potentially responsible. Pace-
maker therapy may reduce bradycardia-dependent electrical instability. Right
ventricular pacing has also been demonstrated to reduce outflow tract obstruc-
tion by producing septal preexcitation and uncoordinated contraction of the
left ventricle. Pacing therapy may also be of critical value in patients who
have undergone surgical or nonsurgical (alcohol ablation) resection of the
septal muscle and have developed infra-His conduction disturbances [39,40].
Carefully optimized dual chamber pacing can reduce outflow tract obstruc-
tion to a modest degree [41]. Pacing is associated with some symptomatic relief
and improved exercise capacity although some of this improvement may be
due to a placebo effect [42]. Pacing may also be effective in reducing symp-
toms and extending exercise tolerance in patients with left ventricular cavity
obliteration associated with ventricular hypertrophy due to hypertension [43].
There is no evidence that sudden cardiac death or cardiovascular mortality can
be favorably impacted by pacemaker therapy [44,45].

Congestive cardiac failure

Abnormal coordination of left ventricular contraction in patients with heart
failures and a wide QRS complex impairs cardiac efficiency and results in
reduced cardiac output, decreased exercise tolerance, and aggravation of asso-
ciated symptoms. Left ventricular pacing or the combination of both left and
right ventricular pacing may restore a more normal contraction sequence and
improve hemodynamics, exercise tolerance, and quality of life and eventually
improve survival.
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Furthermore since biventricular pacing, compared with right ventricular
pacing is associated with a decrease of ambient ventricular extrasystoles, a
reduction of inducibility of ventricular tachycardia [46] and less frequent
implantable cardioverter-defibrillator (ICD) shocks, in patients also fitted with
an ICD [47], it might be expected that sudden cardiac death might also decline.
However, in the MIRACLE ICD trial, cardiac resynchronization therapy did
not reduce the incidence of spontaneously occurring ventricular tachyar-
rhythmias, although the short (6 months) follow-up should be acknowledged
[48]. On the other hand, easier provocation of ventricular arrhythmias [49]
and greater transmyocardial dispersion [50] have also been documented in
association with biventricular pacing.

A very thorough systematic review and metaanalysis of the four major
biventricular pacing studies in patients with heart failure, reduced ejection
fraction, and prolonged ventricular depolarization demonstrated a definite
trend towards reduction of all-cause mortality (hazard ratio: 0.77) but this
just failed to be significant [51]. Recently a much larger single randomized
study (Comparison of Medical Therapy, Pacing, and Defibrillation in Heart
Failure — COMPANION) has compared heart failure patients treated optim-
ally with medical therapy with similarly treated patients who in addition had
biventricular pacing or biventricular pacing plus an ICD. The secondary end-
point of death from any cause was reduced by 24% in the patients treated
with biventricular pacing when compared to optimally medically treated
patients, but this was not quite statistically significant [52]. A recently pub-
lished metaanalysis that incorporated the preliminary results of COMPANION
in addition to those from the trials included in the previous metaanalysis (1133
patients in all) did show a statistically significant reduction of all-cause mortal-
ity associated with biventricular pacing (hazard ratio: 0.74, 95% CI: 0.56-0.97)
(Figure 15.1) [53]. The reduced mortality is almost certainly related predom-
inantly to a decrease of deaths due to failing pump function rather than deaths
related to arrhythmia [54]. Combined ICD and biventricular pacing will prob-
ably be advocated for significant heart failure associated with reduced ejection
fraction, and abnormally coordinated ventricular contraction. The Cardiac

Trial CRT No CRT Favors CRT  Favors no CRT Weight  OR (95% Cl)
N N %
COMPANION 617 308 —o— 57.7 0.71 (0.5-1.02)
COTAK CD 245 245 —— 13.09 0.67 (0.31-1.48)
InSync ICD 272 282 ——— 13.56 0.85 (0.41-1.75)
MIRACLE 263 269 —— 15.24 0.74 (0.36-1.51)
MUSTIC 29 29 L » 0.41 3.11 (0.12-79.43)
Overall 1426 1133 —— 100 0.74 (0.66-0.97)
r J
0.1 05 1 2 4 10

Odds Ratio (95% Cl)
Odds ratios (OR) of all-cause mortality among patients randomized to cardiac resynchronziation therapy (CRT or no CRT. Confidence interval, Cl:
Comparison of medical therapy, pacing, and defibrillation in heart failure, COMPANION: Multicenter InSync Randomized Clinical Evaluation, MIRACLE:
Multisite Stimulation in Cardiomyopathies, MUSTIC.

Figure 15.1 Metaanalysis of biventricular pacing studies. Reproduced from
Reference 51 with permission.
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Resynchronization-Heart Failure (CARE-HF) trial [55] demonstrated that car-
diac resynchronization therapy improves survival in patients with advanced
congestive heart failure. This trial enrolled patients with New York Heart Asso-
ciation (NYHA) class III or IV heart failure and an ejection fraction of <35%.
Patients were randomly assigned to either standard medical therapy with or
without cardiac resynchronization. Resynchronization therapy significantly
reduced the occurrence of the primary endpoint (the time to death or hospit-
alization for a major cardiovascular event). Interestingly all-cause mortality
was reduced from 30% in the medical-therapy group to 20% in the resyn-
chronization group (hazard ratio, 0.64; p < .002). In agreement with the
results of the previous trials, cardiac resynchronization improved indexes of
left ventricular function, symptoms, and quality of life.

Post His bundle ablation

After His bundle ablation spontaneous ventricular activation is dependent
on a ventricular pacemaker that usually discharges too slowly to maintain
an adequate cardiac output. Artificial ventricular pacing is therefore essen-
tial. Recently, it has been suggested that right ventricular pacing may be
associated with a deleterious outcome because of progressive impairment of
ventricular function. It has been suggested that this may be alleviated by
biventricular pacing. Improved hemodynamics and less deterioration of left
ventricular function have been noted with left ventricular pacing [56] and
biventricular pacing rather than right ventricular pacing [57,58]. The Post Atri-
oVentricular node ablation Evaluation trial (PAVE) randomized 184 patients
treated with AV node ablation to either biventricular pacing or conventional
right ventricular pacing and followed them for 6 months. Patients who were
assigned to biventricular pacing benefited from a significant improvement
in functional capacity over conventional pacing as measured by the 6-min
walk test, peak VO, and exercise duration, which was sustained over time
and resulted in better quality of life. The left ventricular ejection fraction
was maintained from baseline in the biventricular paced group, but declined
from 44.9% to 40.7% in the conventionally paced group. A small reduction
in mortality was observed in this study but a large prospective study in a
diverse population of patients with conventional indications for pacing is now
underway (BioPace).

Sleep apnea

Sleep apnea is associated with cardiac arrhythmias most of which are benign
[59]. However this condition, which is common in patients with hyperten-
sion and congestive cardiac failure [60], is also associated independently with
a high risk of cardiovascular events, including cardiovascular death [61]. In
patients with an ICD there was no difference in the discharge frequency in
those with and without sleep apnea [62]. Significant bradyarrhythmias are
relatively common [63]. Cardiac pacemaker therapy will directly prevent life-
threatening bradycardia and asystole, but may also relieve mild to moderate
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sleep apnea and improve cardiac hemodynamics [64]. As yet there is no evid-
ence that sudden cardiac death related to sleep apnea can be prevented by
cardiac pacing.

Mode of pacing

In patients with sick-sinus syndrome, single-chamber atrial pacing has been
reported, in retrospective studies, to be associated with lower mortality than
in ventricular pacing [65]. Recent important randomized controlled trials of
pacemaker therapy have focused predominantly on the choice of pacing mode
in patients with sick-sinus syndrome and complete or incomplete AV block.
In general physiological pacing (atrial of AV rather than ventricular) has been
associated with improved hemodynamics, better exercise tolerance, less pace-
maker syndrome, less atrial fibrillation, and/or stroke. However, only one of
these trials has shown a statistically significant reduction of mortality related
to mode selection. In the Danish trial of DDD versus AAI pacing for the treat-
ment of sick-sinus syndrome a report after an extended follow-up of 5.5 years
demonstrated that all-cause mortality was reduced [66,67]. However, it is not
clear whether there was any decrease in sudden cardiac death.

Conclusions

There is very little evidence that pacemaker treatment reduces sudden car-
diac death except in the setting of severe bradyarrhythmias. In this situation
the benefit of pacing is largely presumed from clinical observations and from
early observational studies. The therapeutic success in this setting is probably
striking but in other circumstances pacing has only been tenuously associated
with an improvement of survival, but its exact value in preventing sudden
cardiac death is not known.

Implantable cardioverter-defibrillators

Introduction
The automatic implantable defibrillator was introduced into clinical medi-
cine in 1980, when Mirowski reported the successful termination of life-
threatening ventricular tachyarrhythmias with the implanted device in three
patients with organic heart disease [68]. Between 1980 and 1995, there were
numerous descriptive reports of the efficacy of the implantable defibrillator in
saving lives in individual patients, with termination of ventricular fibrillation
automatically by the device. During the evolving use of the automatic implant-
able defibrillator, the device became coupled with antitachycardia pacing and
with a variety of technological improvements including transvenous leads,
better rhythm detection algorithms, pacing capability, enhanced data storage
and interrogation, augmented programmability, extended battery life, and size
reduction. With these features, the device became known as the ICD.

A series of randomized ICD trials was initiated in the early 1990s, and since
1996 nine major randomized clinical trials have reported on the safety and
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efficacy of ICD therapy in a spectrum of at-risk cardiac patients. Seven of
the trials were primary prevention trials in that the ICD was initiated as
prophylactic therapy in cardiac patients who were at risk for experiencing
life-threatening ventricular arrhythmias, but had not yet experienced such an
arrhythmia. Two of the trials were secondary-prevention trials and involved
patients who had survived an aborted cardiac arrest or experienced a doc-
umented or suspect life-threatening ventricular tachyarrhythmia. The 7714
patients who have been randomized in these nine trials have, for the most
part, reduced ventricular systolic cardiac function due to coronary heart dis-
ease. Patients with nonischemic cardiomyopathy have been included in a few
of the recently reported primary preventions trials. Patients with a spectrum
of different cardiac disorders are included in the two secondary prevention
trials.

Randomized primary prevention ICD trials

The clinical and design characteristics of the seven primary prevention ICD tri-
als are presented in Table 15.1 [52,69-74]. Four of the trials involved patients
with coronary heart disease, two trials involved patients with ischemic and
nonischemic cardiomyopathy, and one trial studied only patients with nonis-
chemic cardiomyopathy. The hazard ratios and 95 % confidence intervals (CIs)
for death from any cause in the ICD-treated patients compared with those not
receiving ICD therapy in the seven primary prevention trials are presented
in Figure 15.2. The overall pooled hazard ratio of 0.72 (p < .01) indicates
a 38% reduction in the risk of death in the ICD versus the non-ICD-treated
patients. Two trials showed no benefit from the ICD: (1) the Coronary Artery
Bypass Graft (CABG)-Patch trial that involved implantation of ICDs at the time
of thoracotomy during coronary bypass graft surgery; and (2) the DINAMIT
trial in which ICD therapy was initiated between 6 and 40 days after acute
myocardial infarction in patients with reduced ejection fraction.

In a secondary analysis of the Multicenter Automatic Defibrillator Implant-
ation Trial (MADIT) I trial [75], mortality events were subcategorized
into the suspected mechanism of cardiac death. Kaplan—Meier estimates of
the cumulative probability of sudden and nonsudden cardiac death in the
groups assigned to ICD and conventional medical therapy are presented in
Figure 15.2. The rate of sudden cardiac death was significantly reduced by
ICD therapy (Figure 15.3(a)). The hazard ratio for sudden cardiac death was
0.33 (p < .0001) indicating a 67% reduction in the risk of sudden car-
diac death when compared with patients in the conventional therapy group.
The nonsudden cardiac death rates were similar in the two treatment arms
(Figure 15.3(b)).

Randomized secondary prevention trials
The clinical and design characteristics of the two secondary prevention
ICD trials are presented in Table 15.2 [76,77]. The eligibility for enrolment in
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Table 15.1 Randomized primary prevention ICD trials.

Trial Date started; No. of Eligibility Average Reference
date patients follow-up
published (months)

MADIT 12/27/1990; 196 Prior M, 27 70

(ICD versus Conv.)  12/27/1996 EF < 0.35,

NSVT, EPS+
CABG-Patch 08/14/1990; 900 CAD, abn. 32 71
(ICD versus Conv.)  11/27/1997 SAECG, CABG

surgery

MADIT Il 07/11/1997; 1232 Prior Ml, 20 72

(ICD versus Conv.)  03/21/2002 EF < 0.30

COMPANION 01/20/2000; 903 I and NICM, 16 53

(CRT-D 05/10/2004 NYHA Il or IV,

versus OPT)? EF < 0.35,

QRS > 0.12s,
DEFINITE 07/09/1998; 458 NICM, EF < 0.35, 29 73
(ICD versus conv.)  05/10/2004 NSVT or >10

PVC/24 h

SCD-HeFT 09/16/2001; 1676 I and NICM, 48 74

(ICD versus 03/08/2004 EF < 0.35

placebo)?

DINAMIT 04/01/1998; 674 Within 6-40 days 30 75

(ICD versus Conv.)  12/09/2004 of acute M,

EF < 0.35, HRV

(SDNN) < 70 ms

Notes: CABG = coronary artery bypass graft; CAD = coronary artery disease; Conv. =
conventional medical therapy; CRT-D = cardiac-resynchronization therapy with pacemaker-
defibrillator; EF = ejection fraction; | and NICM = ischemic and nonischemic cardiomyopathy;
HRV = heart-rate variability; Ml = myocardial infarction; NYHA = New York Heart Association;
NSVT = nonsustained ventricular tachycardia; OPT = optimal pharmacologic therapy; PVC =
premature ventricular contraction; SDNN = standard deviation of normal heart beat intervals.
@ Three-arm trial (CRT-D, CRT, and OPT), but comparison in this analysis is only for CRT-D versus
optimal pharmacologic therapy.

P Three-arm trial (ICD, amiodarone, and placebo), but comparison in this analysis is only for
ICD versus placebo.

these two trials involved patients with documented or suspect life-threatening
ventricular tachyarrhythmias including patients who were resuscitated from
ventricular fibrillation, those with rapid ventricular tachycardia culminating
in syncope or severe hemodynamic compromise, and those with unmon-
itored syncope in whom further workup suggested that the cause of the loss
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MADIT | N=1% CAD, EF =0.35, NSVT, EP+
1996 0.46
CABG-Patch — | | N=900 ;apG, EF=0.35 SAECG+
1997 1.07
MADIT-II I N=1232 | ©)pand EF=0.30
2002 0.69
COMPANION ~ — | N=903 l and NICM, NYHA 2 EF =0.35, QRS = 0.12
2004 0.62
DEFINITE | N=458 | NICM, EF=0.35, PVC or NSVT
2004 0.65
N=1676
SCD-HeFT —0;7— I and NICM, EF =0.35
2004 :
DINAMIT __IJZ%G” Acute MI, EF =0.35, L HRV
2004 I I I . I I I
04 06 08 10 12 14 16 18
ICD better Conventional Rx better

Figure 15.2 Hazard ratio and 95% CIs (horizontal lines) for death from any cause in
the ICD group as compared with the group receiving conventional medical therapy in
each of the seven randomized primary prevention ICD trials. The number below each
trial name is the year of publication or presentation at a national meeting (SCD-HeFT
and DINAMIT). The point estimate of the hazard ratio is denoted by the short vertical
line with the value of the hazard ratio below the vertical line. N denotes the number
of subjects in each clinical trial. Abbreviations as in Tables 15.1 and 15.2. The overall
pooled hazard ratio is 0.72 (p < .01).

of consciousness was due to a ventricular tachyarrhythmias. The patients in
these two trials had ejection fractions in the range of 0.31-0.34, values con-
siderably higher than in the primary prevention trials. The efficacy of ICD
therapy in these two trials was compared against antiarrhythmic drugs, mostly
amiodarone. The hazard ratios and 95% CIs for death from any cause for
the ICD-treated patients compared with those receiving antiarrhythmic ther-
apy are presented in Figure 15.4. The overall pooled hazard ratio of 0.69
(p < .01) indicates a 31% reduction in the risk of death in the ICD versus the
antiarrhythmic-treated patients. In secondary analyses from the CIDS trial,
there was a 33 % relative reduction in arrhythmic death.

Comments regarding ICD therapy

The overall findings from these nine randomized ICD trials clearly demonstrate
the survival benefit of ICD therapy over conventional therapy in patients at
high risk for sudden cardiac death. The mortality reduction with ICD therapy is
quite considerable, in the range of approximately 30% during a 2-year follow-
up, with the life-saving benefit clearly due to reduction in sudden cardiac
death. This benefit is on top of optimal pharmacologic therapy for ventricular
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Figure 15.3 Kaplan—Meier estimates of the cumulative probability of (a) sudden and
(b) nonsudden cardiac death in the MADIT 1I trial by randomized treatment to ICD
and conventional medical therapy (Conv.). Reprinted from Reference 75 with
permission from Elsevier.

dysfunction. The consistency of the ICD benefit in patients with ischemic and
nonischemic cardiomyopathy and in various prespecified subgroups within
each clinical trial provides strong and convincing support for the life-saving
benefit of ICD therapy in appropriate at-risk patients. All of the reported trials
were powered to detect a prespecified gradient reduction in all-cause mor-
tality, so it is inappropriate to use post hoc secondary analyses to identify and
select subgroups of patients from within the reported trials who should or
should not receive ICD therapy. This issue has surfaced regarding QRS dura-
tion in MADIT II, with the recommendation that patients with QRS durations
>0.12 s are the ones who obtain the major benefit from ICD therapy, and ICD
therapy should be restricted to this subgroup [78]. This conclusion is simply
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Table 15.2 Randomized secondary prevention ICD trials.

Trial Date started; No. of Eligibility Average Reference
date patients follow-up
published (mo.)
AVID (ICD 06/01/1993; 1016 Near-fatal 18 77
versus AAD) 11/27/1997 VF, VT with syncope
or hemodynamic
compromise
CIDS (ICD 10/01/1990; 659 Near-fatal VF, 36 78
versus 03/21/2000 VT with syncope
amiodarone) or hemodynamic

compromise,
unmonitored
syncope thought
to be due to VT

Notes: AAD = antiarrhythmic drugs; VF = ventricular fibrillation; VT = ventricular
tachycardia.

AVID _|N_=1 016 Aborted cardiac arrest
1997 0.62

CIDS N= 659_ Aborted cardiac arrest
2000 0.80

[ [ [ [ [ [ [
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

ICD better Conventional Rx better

Figure 15.4 Hazard ratio and 95% CIs for death from any cause in the ICD group as
compared with the group receiving conventional medical therapy in each of the two
randomized primary prevention ICD trials. The overall pooled hazard ratio is 0.69

(p < .01).

wrong, with a serious Type I error associated with post hoc retrospective data
analysis.

Potential complications and adverse reactions related to the ICD should be
appreciated. As with any implanted device, special care must be taken to avoid
infection. Lead fracture is an infrequent occurrence, but lead malposition or
instability may give rise to inappropriate shocks. Although ICD algorithms
have been developed to better detect supraventricular tachycardias and rapid
ventricular response to atrial fibrillation, inappropriate ICD therapy for these
nonventricular tachyarrhythmias can be a problem.
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It has recently been shown that ventricular pacing in ICD-treated patients
with left ventricular dysfunction may be detrimental for it can contribute
to dys-synchronous ventricular contraction with increased risk for death
and heart failure [79]. In ICD-treated patients without an indication for
bradycardia support, every effort should be made to avoid unnecessary
ventricular pacing by programming the pacing component of the ICD to a
slow, ventricular-demand, back-up pacing rate of approximately 40 ppm.

Routine patient follow-up with device interrogation and reprogramming as
necessary should be carried out every 4 months. At the present time, gen-
erator replacement for battery depletion is required at approximately 5-year
intervals.

Conclusions

A substantial number of patients with ischemic and nonischemic cardiomy-
opathy have now been studied in randomized clinical trials in which the ICD
has been compared with conventional medical therapy. The vast majority of
these patients have compromised left ventricular systolic function as manifes-
ted by an ejection fraction below 0.36. ICD is effective and safe therapy for
improving survival through the reduction of sudden cardiac death, with over-
all reduction in mortality in the range of 30% during an average follow-up
of approximated 2 years. As a general rule, the sicker patients achieve greater
benefit from ICD therapy.
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CHAPTER 16

Sudden cardiac death:
ablation

Prashanthan Sanders, John M. Miller, Méleze Hocini,
Pierre Jais, and Michel Haissaguerre

Background

The most prevalent cause of sudden cardiac death (SCD) remains ventricular
fibrillation (VF) [1]. VF can occur either as a primary arrhythmia or by degen-
eration of ventricular tachycardia (VT). Among survivors of SCD, there is
abundant evidence that the implantable cardioverter-defibrillator (ICD) pro-
longs life in a variety of patient subsets, including those with as well as without
structural heart disease. ICD therapy is thus the default treatment for SCD sur-
vivors. However, such therapy remains restricted in many countries mainly
associated with a prohibitive cost to the community, and may be a cause of sig-
nificant morbidity in patients with frequent episodes or storms of arrhythmia.
In addition, occasionally patients present for medical care for very frequent
episodes of polymorphic (PM) VT or VF. While drug therapy successfully quells
many of these episodes of so-called arrhythmia storm, there is an increasing
body of data showing that catheter ablation of initiating premature complexes
that appear to trigger these life-threatening arrhythmias can prevent recur-
rent episodes. In this chapter, we will consider techniques of catheter ablation
of VT and the elimination of the triggers of PMVT and VF.

Ventricular fibrillation

Catheter mapping and ablation of PMVT and VF have not been considered
feasible, not only because both the ECG and myocardial activation sequence
change from beat to beat, but also due to hemodynamic instability. However,
the recognition of the importance of triggers to the initiation of VF has led
to catheter ablation techniques targeting this arrhythmia. In addition to the
obvious clinical benefit of this strategy, catheter ablation of VF has provided
some important insights into the mechanisms of these arrhythmias in humans.

Catheter ablation
Potential targets for the ablation of VF could theoretically be either the trig-
gers and/or substrate of the arrhythmia. However, thus far, reports have only
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targeted the triggers, perhaps reflecting our poor understanding of the sub-
strate maintaining VF and the large mass of ventricular myocardium involved)
[2-10]. Whether ablation of triggers also has a role in modifying the substrate
of VF remains to be determined.

Idiopathic VF

Although VF is frequently the mode of death in patients with abnormal sub-
strates, it has been described in patients with structurally normal hearts;
5-10% surviving SCD. Several different terminologies have been used to
describe this clinical entity but it is perhaps best described as “idiopathic VF.”
Recently we presented the results of mapping and ablation of the trigger
initiating VF in patients with arrhythmic storm [3,4].

Patient selection
Thirty-two patients with recurrent episodes of resuscitated idiopathic VF have
been studied. These patients were aged 41 + 14 years with an equal repres-
entation of both genders. Six had a family history of sudden cardiac death.
All patients were studied in the immediate aftermath of recurrent episodes
of VF, having 9 + 13 (range 1-50) episodes of VF despite therapy with 3 £ 2
antiarrhythmics. In most, VF was associated with activities of daily living; how-
ever, in some this occurred during sleep. Importantly, none had arrhythmia
during exertion. All patients had apparently normal hearts based on estab-
lished criteria, including normal physical examination, electrocardiogram,
echocardiography, coronary angiography, endomyocardial biopsy (n = 6),
ergonovine provocation (n = 5), exercise stress testing or isoproterenol
challenge, class IC drug challenge, and SCN5A/HERG screens (n = 12).
While this series represents consecutive patients undergoing mapping and
ablation of VF, all patients were observed to have frequent ventricular pre-
mature beats (VPB) in the immediate aftermath of VF. These patients were
observed to have 2 + 1 (range 1-5) different VPB morphologies with the VPB
initiating VF demonstrating a coupling interval to the preceding ventricular
complex of 297 £ 42 ms. Importantly, the morphology of VPB triggering VF
was observed independent of the episodes of the VF.

Radio frequency ablation
Mapping and ablation was performed opportunistically within days of VF to
enable localization of the origin of spontaneous VPBs. Mapping used two to
four catheters introduced percutaneously via the femoral vessels. The intra-
cardiac electrograms were filtered at 30-500 Hz after sampling at 1 or 10 KHz,
the latter being better-suited for the detection of Purkinje potentials. In addi-
tion, high amplification was used (1 mm = 0.1 mV) to facilitate recognition
of Purkinje potentials. The origin of the VPBs was localized to the earliest site
of activity or using pace mapping.

The peripheral Purkinje network was identified by the presence of an initial
sharp spike potential (<10 ms duration) that preceded the local ventricular
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Figure 16.1 Repetitive burst of VPBs in a patient with idiopathic VF. On the ablation
electrograms, each VPB is seen to be preceded by a sharp spike potential (Purkinje
potential) that is also seen during sinus rhythm on the more proximal electrodes.
Ablation at this site resulted in elimination of the local Purkinje potential and VPBs.

activation during sinus rhythm by <15 ms, while longer durations were con-
sidered to represent more proximal fascicular sites. Such a potential preceding
ventricular activation during VPB defined a Purkinje origin of these beats
(Figure 16.1), while its absence indicated a ventricular origin. The site of origin
of these VPBs was further confirmed by their acute elimination by ablation.
Radio frequency energy was delivered in the temperature controlled mode
with a target temperature of 55-60°C and a maximum power of 45 W using a
conventional 4 mm-tip ablation catheter. In cases where the maximum power
delivery was limited, externally irrigated ablation was used (maximum power
45 W, irrigation 5-20 mL/min).

The VPBs that occurred in these patients and that were observed to trigger
VF had characteristic morphological features. Most patients demonstrated a
positive VPB morphology in V1, suggesting a left ventricular origin but with
significant morphological variations in the limb leads (in 66%). In 27 patients,
VPBs were mapped to the left or right Purkinje network, while in five these
were found to be of right ventricular outflow tract (RVOT) origin. The Purkinje
sources were localized to the anterior right ventricle or in a wider region
of the lower half of the septum in the left ventricle; from ramifications of
the anterior and posterior fascicles resulting in an inferior and superior axis
respectively, and from the intervening region in intermediate morphologies.
VPBs of Purkinje origin demonstrated significantly narrower QRS durations
compared with those from the RVOT (128 £ 18 ms versus 145 £ 13 ms).

At the site of successful ablation, endocardial activity preceded the QRS
activation on ECG by 130 £ 19 ms. Ablation resulted in temporary exacerba-
tion of VPBs that, in some cases, were associated with the induction of VF.
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VPBs of different morphology were progressively eliminated using 13 + 7
radiofrequency energy applications. Electrograms recorded after ablation
demonstrated the abolition of the local Purkinje potential and slight delay in
the local ventricular electrogram. The fluoroscopic and procedural durations
were 51 £ 68 min and 189 &+ 78 min respectively. Two patients had recurrent
VPBs during their hospital stay and required re-ablation.

Follow-up

Follow-up was performed both clinically and by interrogation of the defibril-
lator memory after ablation and the cessation of antiarrhythmic therapy. One
patient had recurrence of VF and one had a single episode of pre-syncope
due to polymorphic ventricular tachycardia lasting 6 s without defibrillator
discharge; they did not undergo a repeat procedure. In other patients, Holter
recordings showed no or few (28 & 49; range 0-145) isolated VPBs per 24 h.
During 22 + 28 months, there was no sudden death, syncope, or recurrence
of VF in 28 (88%) patients.

VF in abnormal repolarization syndromes (long-QT/Brugada
syndrome)
The long-QT syndrome (LQTS) and Brugada syndrome are established causes
of sudden cardiac death. Current observations suggest an important role for
VPBs of right ventricular origin in the Brugada syndrome (Figure 16.2).
Chinushi et al. [11] described recurrent episodes of VF in a patient with
Brugada syndrome initiated by monomorphic VPBs with left bundle branch
blood (LBBB) morphology. This was corroborated by Morita et al. [12] who
observed VPBs in nine out of 45 patients studied; of 11 VPB morphologies in
these nine patients, 10 were of right ventricular origin.

While the management of VF in these conditions has been centered on
implantation of a defibrillator, we have recently evaluated the role of trigger
elimination by ablation in patients with LQT or Brugada syndromes [7].

Patient selection
We have studied four patients with LQTS (two male; age 37+8 years) and four
patients with Brugada syndrome (three male; age 36 =8 years). These patients
presented with documented episodes of PMVT or VF (1-21 episodes), three
with a family history of sudden death. While patients with the Brugada syn-
drome had 12 £+ 9 episodes of VF, those with LQTS had 6 +4 episodes of VF or
syncope prior to mapping. Medical treatment in patients with LQTS included
beta-blockers alone or combined with class IC drugs (# = 3), verapamil
(n = 2), and amiodarone (n = 1). No drug therapy had been attempted in
three patients with Brugada syndrome while quinidine failed in one.

The LQTS was diagnosed in four patients based on established criteria with
a corrected QT interval of >460 ms; KCNQI1, SCN5A, and HERG channelo-
pathies were excluded. The Brugada syndrome was diagnosed by abnormal
QRST complexes in leads V1 and V2 with a coved ST segment elevation in
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Figure 16.2 Monomorphic VPBs from the right ventricular outflow tract in a patient
with the Brugada syndrome. While this ectopy was observed to occur in isolation, the
same ectopy was also responsible for the initiation of VF in this patient.

four patients of which one had a familial SCN5A channelopathy (2850delT).
No patient had evidence of structural heart disease based on physical examin-
ation, echocardiography, and right/left ventricular ejection fraction. Exercise
testing in all and coronary angiography in four patients excluded myocardial
ischemia. While the LQTS was diagnosed at the time of ventricular arrhythmia,
the Brugada syndrome had been diagnosed 9 months and 3 years prior to the
clinical episodes of VF in two patients.

All patients were studied within 2 weeks of their arrhythmic storm and
were documented to have frequent VPBs. The triggering role of VPBs in
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the initiation of VF was observed by ambulatory monitoring or stored elec-
trograms of the defibrillator. VPBs in the LQTS had a coupling interval of
503£29 ms, they were monomorphic in two patients (one with LBBB-inferior
axis typical of RVOT and one with right bundle branch blood (RBBB)-superior
axis), and polymorphic and repetitive (sometimes bidirectional) with a posit-
ive morphology in lead V1 in two patients; the latter had varying cycle lengths
of 280-420 ms with repetitive beats lasting 3-45 beats, which were well
tolerated during hospitalization. VPBs in the Brugada syndrome were mono-
morphic in all, with a RVOT morphology (coupling interval of 343 £ 59 ms)
in three patients and with LBBB-superior axis in one (coupling interval
278 £+ 29 ms). The monomorphic VPBs were first observed at the time of VF
in two patients whereas in another two they had been documented (with a
normal QRS/QT in sinus rhythm) 14 and 11 years before they triggered VF,
following development of abnormal QRST. Exercise testing and isoproterenol
infusion eliminated all VPBs, excluding catecholaminergic PMVT.

Radiofrequency ablation

Mapping and ablation was performed as previously described in patients with
idiopathic VF. In the LQTS, one patient had VPBs originating from the RVOT
that was ablated by 6 min of radio frequency energy application. Two patients
had polymorphic VPBs that originated from the peripheral Purkinje arboriz-
ation in the left ventricle, including the ramifications of anterior or posterior
fascicles, and from the intervening regions. In one patient, premature beats
originated from the posterior fascicle. During premature beats, the earliest
Purkinje potential preceded the local endocardial muscle activation by a con-
duction interval of 34+17 ms. Repetitive beats were also preceded by Purkinje
activity with a variable delay ranging from 20-110 ms (52 + 24).

In the Brugada syndrome, the three patients having RVOT triggers
(Fig. 16.2), VPBs were eliminated by 7-10 min of radiofrequency energy
applications at the earliest site of activity. In the fourth patient, the VPBs
were found to originate from the anterior right ventricular Purkinje network.
Ten minutes of radiofrequency energy application eliminated all VPBs in this
patient. Noteworthy is that VF inducibility was modified after ablation.

Follow-up
There has been no recurrence of VF, syncope, or sudden cardiac death in any
patient, 24+ 20 months after ablation in patients with LQTS and 9 +8 months
in those with Brugada syndrome. One patient with LQTS was maintained on
a beta-blocker. Another had a late recurrence of VPBs but refused further
procedures.

VF and PMVT after myocardial infarction

Ventricular fibrillation is most frequently associated with structural heart
disease such as myocardial infarction (MI) or ischemia. While episodes are fre-
quently short lived and managed with the use of beta-blockers with/without
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amiodarone, occasionally patients present with arrhythmic storms that cannot
be managed medically. The Purkinje network is subendocardial and there-
fore seems to survive transmural myocardial infarction. We and others have
recently evaluated the role of such trigger elimination in the management of
VF storms after MI [6,8,9].

We have studied three male patients (age 66+ 2 years) with VF storm resist-
ant to antiarrhythmics (including beta-blockers/amiodarone). These patients
presented 13 + 2 days after anterior MI with significant left ventricular
dysfunction (left ventricular ejection fraction 31 £+ 13%) and persistent
arrhythmia despite coronary revascularization. These patients were in critical
care requiring mechanical ventilation after 23+10 cardioversions for VE. They
had frequent PM VPBs that triggered VE. Mapping and ablation progressively
targeted the most frequent VPB morphology, in all cases localizing the origin
of these to the Purkinje network bordering the infarct zone, with a coupling
interval to the preceding sinus Purkinje activation of 379 £ 56 ms. Significant
variation in Purkinje-muscle (P-M) activation was observed associated with
change in VPB morphology. Ablation was performed at one to three regions
in the infarct border zone for 27 & 7 min that abolished all VPBs. One patient
died with worsening heart failure and two remained arrhythmia-free at 1 and
9 months after ablation.

We have recently observed a similar origin of triggers from the Purkinje
network initiating PMVT after MI [13]. In these patients, Purkinje triggers
were observed to originate from the border-zone of the MI. In addition, some
of these patients presented months after the initial infarction.

Bansch et al. [8] studied patients with VF storm after MI. Of 2340 patients
managed for acute MI at this centre, four presented with VF storm or recur-
rent PMVT resistant to revascularization and antiarrhythmic therapy, and
required an attempt at ablation. These patients (three male, aged 66 + 8
years) had inferior or anterior MIs with left ventricular ejection fraction of
32+ 5%. Interestingly, all episodes of ventricular arrhythmias were triggered
by monomorphic VPBs with RBBB morphology. Mapping of the earliest site
of activation during VPB demonstrated that ventricular activation at these
sites was preceded by Purkinje potentials (126—-160 ms earlier). Around 6-30
applications of radio frequency energy was required to eliminate VPBs and
resulted in arrhythmia suppression at 13 & 13 months follow-up. Likewise,
Marrouche et al. [9] have presented a multicenter case series of patients
undergoing ablation Purkinje triggers of VF after MI.

VF in valvular heart disease

Other structural heart disease can also be associated with VF. Recently, cath-
eter ablation of VF occurring after aortic valve repair has been successtully
performed [10]. The VF episodes were triggered by VPBs of Purkinje ori-
gin, which were mapped to the anteroseptal and inferoseptal areas of the
left ventricle. During short-term follow-up of 2 months, there had been no
VFE recurrence. Similarly, we have recently performed mapping and successful



244  Chapter 16

ablation of VF initiated by VPBs originating from the left ventricular Purkinje
system in a patient who had aortic valve replacement.

Ventricular tachycardia

Therapy for VT as a cause of SCD has evolved in the last several decades
from antiarrhythmic drugs to surgical therapies, to the ICD, which remains
the default therapy for VT in the setting of structural heart disease. Although
recent developments have provided an ablation option for some patients with
VF, it is paradoxical that catheter ablation of VT — at least, in principle, a more
easily ablated arrhythmia than VF —is rarely used for prevention of SCD. There
are several reasons for this as will be noted below.

Unlike ablatable forms of VF, most VT that causes SCD is due to reentry
that most often involves a portion of the superficial endocardial layers as an
essential component in the reentrant circuit (subepicardial layers may also be
involved in some cases). Clinical settings include healed MI, dilated cardiomy-
opathy, right ventricular dysplasia, sarcoid heart disease, and a variety of less
common disorders. The principles of mapping and ablation of sustained VT in
this setting are generally the same as for VT that is more hemodynamically
stable. These include searching for sites from which isolated, non-dissociable
mid-diastolic potentials can be recorded during VT and at which overdrive
pacing during VT yields entrainment with concealed fusion with a stimulus-
QRS interval similar to the electrogram-QRS interval during VT [14-16].
However, in the patient population in which VT episodes have resulted in
hemodynamic collapse or sudden death, VT that is induced in the electro-
physiology laboratory commonly causes a precipitous fall in cardiac output
such that mapping for extended periods of time is impractical. A variety of
methods have been used to facilitate mapping during VT episodes in the face of
hemodynamic instability, including those that stabilize hemodynamics (intra-
venous inotropic and pressor agents, intra-aortic balloon counter-pulsation,
ventricular assist device support, and antiarrhythmic agents), or speed the
process of mapping (use of multielectrode arrays and catheters to quickly map
and interpolate activation data from large areas during just 1-5 VT complexes)
[17]. Other methods avoid activation mapping during VT altogether by using
electroanatomic voltage mapping to locate and ablate presumed critical por-
tions of the VT substrate (transecting essential diastolic “corridors” with lines of
RF applications bridging between zones of low voltage or scar) [18]. Although
these methods have reported success rates of 75-90% in eliminating the target
VT, other morphologies of sustained VT are often inducible. During follow-up,
although the majority of patients are free of recurrence of the targeted/ablated
VT(s), upto 5% suffer sudden death despite a good initial result [19-22]. The
same has held true with surgical procedures to treat VT [23]. Even patients
who present with hemodynamically stable VT are at risk of subsequent sudden
death episodes due to other ventricular tachyarrhythmias [24]. Thus, ablation
is not uniformly reliable in preventing recurrent ventricular tachyarrhythmias
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in these patients, whose risk of sudden death is best addressed with the ICD.
Ablation methods are generally reserved for treatment of patients with fre-
quent episodes of VT resulting in ICD discharges, syncope, or symptoms of
severe light-headedness or dyspnea [21].

There are no firm indications for attempting catheter ablation of VT in
patients for prevention of sudden death. The following are situations in which
ablation could be considered as an option for this indication.

Incessant VT prior to ICD therapy

Incessant VT (VT as the predominant rhythm for a 24 h period, or nearly
immediate recurrence of VT after pacing termination or cardioversion) is a
contraindication to ICD implantation [25-30]. Patients with incessant VT have
either already experienced or are at the risk of experiencing sudden death;
ablation therapy is an excellent option for controlling the arrhythmia. Ablation
can eliminate the VT morphology responsible for incessant episodes in up to
90% of patients. However, it is important to note that these patients often have
other morphologies of VT induced even after successful ablation of the target
VT and a high enough recurrence rate that eventual ICD therapy is warranted.
Patients must often be stabilized hemodynamically prior to and during the
ablation procedure to facilitate mapping and ablation; active ischemia should
be considered and treated if present. Finally, exclusion of an intracavitary left
ventricular thrombus is necessary prior to placing catheters in the left ventricle
for ablation.

Bundle branch reentrant VT

Reentry involving the bundle branches can produce very rapid VT rates that
can in turn result in hemodynamic collapse and/or degeneration to VF [31,32].
Patients with this disorder typically have valvular or other types of cardio-
myopathy with at least mild heart failure. Most have either block or delay
in the left bundle branch and the typical VT circuit consists of anterograde
right bundle branch propagation and transseptal conduction then retrograde
propagation in the left bundle branch. Once the diagnosis is established at
electrophysiology study, catheter ablation of either the right or left bundle
branches can be performed relatively easily. Ablation of the right bundle
branch results in either complete heart block or preserved conduction in
the left bundle branch with very long His-Ventricular (HV) intervals, both
requiring permanent ventricular pacing. Ablation of the left bundle branch,
though technically more difficult, may obviate the need for permanent pacing
[33]. Controversy remains as to whether ICD therapy is needed in all patients
with bundle branch reentry, especially those in whom no other ventricular
tachyarrhythmias can be initiated following ablation. Since most patients with
this disorder have significant structural heart disease with an increased risk
of sudden death, many investigators favor ICD therapy even after successful
ablation of bundle branch reentry. This is certainly true in patients in whom
other, myocardial-based VTs can be induced [32].
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Primary therapy for patients with VT who are not candidates for,
or refuse ICD therapy

Within this small group are patients in whom an ICD is contraindicated
or those who decline defibrillator implantation due to personal reasons.
Contraindications to ICD therapy include uncontrollable systemic infection,
technical inability to place an endocardial or epicardial defibrillating system,
or other systemic illness that limits lifespan to <6 months [30]. Other options,
such as automatic external or vest defibrillators, are also available in these
situations.

Expense

In some settings, economic considerations (cost or availability of ICDs) may
favor ablation as a less-expensive primary treatment alternative for patients
who would ordinarily have an ICD indication.

Summary

In general, patients with VT in the setting of structural heart disease, who are at
increased risk for sudden death, should receive ICD therapy. Except in a very
small subset of patients, the major role of catheter ablation is palliative (i.e. to
decrease the frequency of ICD activations) rather than as primary therapy.

Conclusion

The concept that apparently disorganized polymorphic tachycardias or fib-
rillation could have a focal origin is relatively new. Originally described in
atrial fibrillation, focal initiators were at first considered rare but are now
believed to account for the majority of cases in this arrhythmia. Extension of
the concept of focal initiators to ventricular arrhythmias such as PMVT and
VF has occurred in just the last few years. Emerging evidence from a number
of groups demonstrates the feasibility of catheter ablation techniques for the
treatment of recurrent VF in a variety of clinical situations. These studies have
demonstrated the important role of focal triggers from the Purkinje system
and RVOT in the initiation of VF. Reducing the incidence of VF with localized
ablation may reduce defibrillation requirement and replacement and improve
the patients’” quality of life. With the development of new catheter designs and
mapping technologies, and greater physician experience, catheter ablation of
VEF, with the ultimate aim of curing such patients at risk of SCD, may not be
an unrealistic goal in the future.
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External automated
defibrillators

M.A. Peberdy, K.A. Ellenbogen, and D.A. Chamberlain

The development of automated external
defibrillators

History

The potential of defibrillation for prehospital cardiac arrest will not be achieved
without widespread use of strategies to limit the critical delay from the onset
of lethal tachyarrhythmias to shock delivery, or unless better ways are found
of widening the window of opportunity for a successful outcome. Automated
external defibrillators (AEDs) offer an opportunity to meet the first of these
requirements. Their value was limited initially by the belief that defibrilla-
tion is a procedure calling for considerable expertise, and should therefore be
limited to healthcare professionals. Incredibly, laws in some parts of Europe
mandated that only physicians may defibrillate, a situation that has been
changing only over the past decade. By 1975, however, Diack had already
realized that electronic pattern recognition of the waveforms of ventricu-
lar fibrillation (VF) could be used in the logic of a defibrillator to permit
or withhold the electrical discharge [1]. The human role could therefore be
reduced to the simple task of recognizing the possible need for defibrilla-
tion, applying electrodes, and activating the machine. The first automated
unit was used successfully by paramedics in Brighton in 1980 [2], and the
first successful randomized trial of their efficacy was published from Seattle in
1989 [3].

Current variations

All AEDs have built-in algorithms that can detect whether a heart rhythm
needs a shock and require minimal knowledge and participation by the oper-
ator. But other important properties vary to suit requirements for use in
diverse environments. The first commercial AED was fully automatic [1] in
that once the machine was switched on and the electrodes placed, no fur-
ther action was needed to initiate shock delivery. Most subsequent units
have incorporated an additional button that must be pushed for the charge
to be delivered, and these are appropriately designated as semi-automatic
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or “automated” devices. Involvement in decision-making increases operator
responsibility and slows shock delivery but adds to the confidence that inap-
propriate shocks will not be given. Concerns have lessened with increasing
reliability of analysis, and fully automatic units are again available. Most,
however, retain the need for operator interaction.

Operator participation need not be limited to shock decision; some AEDs
also incorporate a screen that can be used either for written guidance or for
visual presentation of the electrocardiogram. This was of limited value while
AEDs were used only for existing cardiac arrest but a monitoring role is now
accepted for some models. An option also exists for subsequent downloading
of electrocardiograms recorded during AED use, in association with coincident
voice prompts. Both can be seen on the screen and printed out in hard copy;
they may be important for quality control, audit, research, and training. The
electronic presentation may or may not be associated with an audio channel
recorded in real time during the emergency. Some AEDs can be switched to
manual mode, with the diagnostic function disabled. Such units may also have
other sophisticated modalities for expert use so that they can be used either
by professional healthcare workers or by those with modest training. The
penalty of increased complexity, weight, and cost is not disadvantageous in
some settings. Other models have the simplest possible design; some are small
enough to fit into an average pocket for situations in which miniaturization
may be advantageous.

The debate on relative advantages of monophasic or biphasic waveform is
no longer valid because the advantages of the latter are universally accepted.
Considerable variation exists, however, in the precise characteristics of the
biphasic waveform. Ideally, each should be tested in a clinical setting against
a gold standard — a goal that is unlikely ever to be practicable. The possible
advantage of escalating energy for treating fibrillation that has proved refract-
ory to an initial shock or shock sequence also remains controversial, but the
debate is of only limited importance because of the high first shock success
rate of most biphasic units.

No “best-buy” can be selected for AEDs. The large variety of units that
are available commercially reflect at least in part the diverse needs in differ-
ent environments and the range of skills of those with the responsibility of
using them. It is important, therefore, to consider very carefully the properties
that are most suited to any intended use. Two possible types of use are rel-
evant to choice. AEDs may be intended for transport to victims elsewhere in
response to emergency calls, or be placed in fixed locations for events expected
to occur on site, either because it is at high risk for the occurrence of sudden
cardiac death, or because it is not readily accessible to conventional rescue
systems.

Within any selected specification there is still likely to be choice that
may require considerations of availability, price, reputed reliability, support,
ergonomics, robustness, and even aesthetics.
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First responders: healthcare professionals

Experience in hospitals

Survival from cardiac arrest in the hospital has remained nearly constant for
the past 30 years despite significant advances in resuscitation technology and
science. Overall survival typically ranges from 3 to 27% depending on the
inclusion criteria and outcome definitions [4,5]. Even though many com-
munities and public locations have reported improved survival from cardiac
arrest using AEDs in public access defibrillation (PAD) systems, hospitals have
been slow to adopt the concept of having first responders deliver lifesaving
defibrillation. Inside the intensive care unit (ICU), nurses provide defibrilla-
tion often using their own rhythm recognition and standing orders. In other
areas, nurses and other employees perform cardiopulmonary resuscitation
(CPR) but usually must wait for a physician to provide defibrillation.

Use of AEDs in the hospital was first described by Kaye et al. in 1995 [6].
Warwick et al. [7] and Destro et al. [8] showed that non-ICU nurses can be
trained to use AEDs and can function as first responders. Unfortunately, nearly
a decade later, the majority of hospitals do not have AED capability and many
still lack an appropriate response to victims of cardiac arrest. The limited data
that are available have been reviewed by Kenward et al. [9] and give an indic-
ation of the potential of the strategy. Nevertheless, in the United States only
33% of hospitals participating in the National Registry of Cardiopulmonary
Resuscitation database have AEDs anywhere in their institution [10]. Hospit-
als must strengthen the in-hospital chain of survival if improved outcomes are
ever to be achieved. This requires multidisciplinary support from both admin-
istrative and clinical personnel; inappropriate bias from physicians, nurses,
and administrators are often based solely on the lack of familiarity with the
benefit of early defibrillation and the technology available to provide it safely.
A strong commitment is needed to education, training, and continuous qual-
ity improvement, as well as finance to acquire and maintain the necessary
equipment.

Experience in primary care

In most healthcare systems, primary care physicians have an appreciable
chance of seeing several cases of acute myocardial infarction each year, and
at least some patients will arrest in their presence. Possession of, and expert-
ise in, the use of a defibrillator should therefore be the norm, but this seems
not to be the case in any country. Few studies have been published. In the
United Kingdom, the British Heart Foundation — a leading charity — has had a
policy since 1985 of contributing to the cost of defibrillators for general med-
ical practitioners. In return, the physicians are expected to provide data on
attempted resuscitations. In 2002, Colquhoun [11] published the results of a
questionnaire to all who had been supported in this way. In all, 259 events
were disclosed from 1045 donated units — a majority of which were AEDs.
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A physician was present in 110 of these and was close-by in 29 others. In this
group, who were treated within an estimated 4 min, 83 % of those with a mon-
itored rhythm had VF, and 62% of the 139 survived to hospital discharge. The
survival was 13% for the remaining 120 cases who were treated only after a
longer delay. Although these are only observational data, they offer powerful
evidence that VF remains the dominant initial rhythm of cardiac arrest with
symptomatic coronary disease, that prompt treatment is highly effective, and
that defibrillators should be standard equipment in all primary care settings
that may include the initial management of acute coronary disease.

First responders: non healthcare professionals

Experience of law enforcement agencies

Law enforcement personnel trained and equipped to use AEDs provide one
strategy for providing early defibrillation in the community. The concept of
police as first responders seems intuitive, given that there are many more law
enforcement officers than traditional emergency medical services personnel
in most communities. In the United States, 81% of police agencies respond to
medical emergencies and 50% provide some medical care. Police often arrive
at the scene of a medical emergency before emergency medical services (EMS)
personnel. Adding defibrillation with AEDs to police first responder duties
should theoretically improve survival from out of hospital cardiac arrest by
reducing the time from collapse to first shock. White and Vokov [12] tested the
use of AEDs by police officers in 1994 and several cities throughout the world
have reported their experience since then. Results have varied, depending
on factors such as the efficiency of control systems, distance traveled in rural
areas, absence of a medical response culture, unease with acting as a medical
care provider, variable medical direction, and frequency of refresher training.
Groh et al. [13] surveyed over 1000 law enforcement officers in Indiana and
found that most officers have very limited knowledge regarding cardiac arrest.
Only 35% stated that they would feel comfortable using an AED.

Negative attitudes and limited knowledge may impact on the success of
law enforcement AED programs. Not all programs have achieved a shortened
collapse to first shock time interval and thereby improved survival [14].
Even within the square mile of the city of London, the average response
time over a 3-year period achieved by police was a little over the mod-
est target of 8 min [15]. In a controlled study comparing areas with and
without the facility, van Alem et al. [16] found that although police and
firefighters use of AEDs in the Netherlands improved return of spontan-
eous circulation and admission to the hospital, survival to discharge was not
improved. On the other hand, a program developed in Piacenza, Italy, placed
AEDs throughout an entire community in ambulances, police cars, and public
places, and tripled neurologically intact survival to hospital discharge [17].
The goal however, should be early defibrillation by whatever mechanism is
most successful in a given community, not specifically police defibrillation.
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Box 17.1 Ten Attributes of Successful Law Enforcement Defibrillation Programs

Ability to respond quickly and reliably.

Supportive medical response culture.

Strong champions to serve as program advocates.
Integration with the EMS system.

Effective, coordinated dispatch system.

A proactive medical director.

Designated program coordinator.

Effective, competency-based, initial and refresher training.
Familiarity with laws, regulations, and liability.

Effective continuous quality improvement program.
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The position statement on Law Enforcement Agency Defibrillation pub-
lished in 2002 by the US National Center for Early Defibrillation lists 10 attrib-
utes of successful law enforcement defibrillation programs (Box 17.1) [14].

Experience in airlines

Aircraft provide an example of fixed site AEDs that reflects the concept of
equity in the provision of care. The “population of the sky” has a lower than
average risk, in that the very elderly and the sick tend not to be represen-
ted. A review of in-flight deaths reported to the International Air Transport
Association from 1977 to 1984, suggested an incidence of approximately one
case per three million passengers [18]. Most were sudden and unexpected and
more than half were believed to have a cardiac cause. These figures were felt
to support the strategy of carrying AEDs in passenger aircraft. They may, how-
ever, underestimate the incidence because reporting of events has not been
mandatory. An influential special report in the Chicago Tribune [19] under-
scored the need for better data. Public concern in the United States was no
doubt influential in prompting the recent Federal Aviation Administration rul-
ing that all commercial aircraft regulated by the Federal Aviation Authority
traveling with at least one flight attendant must carry an AED by after April
2004 [20].

The first airline to carry AEDs was British Caledonian in 1986, but this exper-
ience was short-lived because they were removed when the airline was taken
over only 2 weeks later. But others followed, and by early 2001 no less than
76 operators were known to have equipped some or all of their aircraft.
Published experience, however, is limited. QANTAS were the first to report
their experience [21], followed by American Airlines [22], Virgin [23], Varig
[24], and Air France [25]. QANTAS had almost one cardiac arrest per mil-
lion passengers, supporting the belief that previous official figures represented
an under-estimate of risk. But their data also highlights the difficulties that
occur on long flights; 11 of 27 cardiac arrests were unwitnessed and 21 had
non-shockable rhythms recorded by the first electrocardiogram. There were
only two long-term successes. American Airlines has more short-haul flights
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so that immediate detection of cardiac arrest is more likely. Of 29 cases of car-
diac arrest that occurred in the air during the 2 years of the survey, 11 were
shocked for VF and 6 (55%) survived — about three times the success rate of
QANTAS, probably reflecting the different times and duration of flights.

An airline that does not carry defibrillators may find such a decision hard
to justify in court. Previous concerns raised particularly in the United States
about the liability of medical practitioners called upon to assist in an attemp-
ted resuscitation have largely been allayed by provisions such as the Aviation
Medical Assistance Act [26]. Another consideration is the problem of diver-
sions for patients with possible cardiac pain that have in the past been relatively
common, very inconvenient, and hugely expensive. Some evidence already
exists that they may become less frequent with increasing use of AEDs [21,22].
Modern technology also permits transmission of both clinical data and ECG
records to specialized centers on the ground; this may provide the most reli-
able method to limit diversions [27]. Whatever future experience may show,
it is inconceivable that airlines will give up the use of AEDs; the practice will
surely become universal.

Experience in casinos

Valenzuela et al. [28] trained security officers in US casinos to perform CPR
and use an AED. AEDs were placed at 3-min intervals for retrieval and return
to the victim. In their report, 105 patients who suffered a VF cardiac arrest had
an overall survival to discharge of 53%. Eighty-six percent of patients had a
witnessed arrest. Of those who were witnessed, the mean time interval from
collapse to attachment of the defibrillator was 3.5 £ 2.9 min, from collapse
to first shock was 4.4 + 2.9 min, and from collapse to arrival of EMS was
9.8 £ 4.3 min, demonstrating first shock delivery long before EMS arrival.
Survival was related to time to first shock with a 74% survival when this was
achieved within 3 min after a witnessed collapse. This was one of the first
large-scale studies of non-traditional first responders improving survival with
on site, early layperson defibrillation.

In the Greater Windsor study from Ontario, Fedoruk et al. [29] compared
survival rates of cardiac arrest victims from a similar casino program with con-
temporaneous survival in the surrounding community. Of the 23 casino cases,
all were witnessed and 91% had VF/VT, whereas in the main study area only
55% were witnessed and 34% were found with a shockable rhythm. Overall
survival was 65% in the casino but only 5.5% in the non-AED equipped sur-
rounding areas, providing further evidence of the effectiveness of early on-site
defibrillation in large public venues.

Experience in airports and railway stations

Airports and railway stations share one characteristic with casinos. They gen-
erate anxiety and thus promote adrenergic drive that may trigger arrhythmias
in vulnerable subjects. It is reasonable speculation that this provides a favor-
able substrate for defibrillation, with an opportunity for successful treatment if
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devices can be available within a few minutes walk-time from large numbers
of people. The policy of high density distribution of AEDs in such areas was
introduced at O’Hare International airport in Chicago [30] where 59 units
were placed no more than 90 s walk-time apart. All but 17 were in glass-faced
cabinets accessible to the public, and frequent public service announcements
indicated their availability. Eighty million passengers pass through the airport
annually. In 2 years, 21 individuals had a nontraumatic cardiac arrest with
ventricular fibrillation in 18 of them. Successful resuscitation was achieved
in 11; all but one was alive and neurologically intact a year later. Of the
11 rescuers, 6 had no training or experience in the use of automated defib-
rillators, indicating the potential of public access defibrillation in suitable
circumstances.

The English Department of Health defibrillation program, for placing devices
in public places, included 300 AEDs in 23 airports by 2002 [31]. The same
program also included 254 units at 63 busy railway stations. Overall in the
program, 92 (73%) of 126 individuals with cardiac arrest on site were found
in shockable rhythms, and 22 (24%) of these survived to hospital discharge.
These data, in association with those from O’Hara airport, indicate that the
policy of placing AEDs in busy transport terminals can be successful. The best
method of implementing such a program in a cost-effective manner must
depend on local circumstances.

Experience in sports stadia

Although similar considerations apply to sports stadia as to busy travel ter-
minals — on-site units with large numbers of previously healthy but excited
or stressed individuals — there is an important caveat. In stadia, crowds are
densely packed, full recognition of an emergency will be delayed, and access
will be difficult. These problems may account for the dearth of publications on
the use of AEDs in this situation. The most promising report involved a cricket
ground where crowd density is a lesser problem [32]. This gave an incidence of
cardiac arrest of 1 : 500 000 admissions, and in all 20 of 28 individuals (71 %)
survived; but both regular manual defibrillators and on-site AEDs were used.
This paper also provides earlier references on manual defibrillation at sports
stadia. They provide additional evidence that defibrillation can have a useful
role in these situations.

Experience of public access and home defibrillation

The Public Access Defibrillation (PAD) Trial was a prospective, community
based, multicenter trial that randomized public and multifamily residential
places from 24 cities in the United States and Canada to have lay, on-
site volunteers trained in CPR alone versus CPR plusan an AED [33]. Over
20000 volunteer responders from 993 community units were trained to
perform CPR and to access EMS with additional training in the use of an
AED in the units randomized to this intervention. The AED arm of the trial
involved 1600 units, at a density to achieve retrieval and return to the victim
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within 3 min. Eighty four percent of study units were in public places with
the remainder being residential. There were 526 presumed cardiac arrests
that occurred during the trial data collection. After blinded review, there
were 235 definite cardiac arrest cases, yielding one event per unit every 7.4
years. Survival was achieved in 31 cases in the CPR + AED arm and 16
in the CPR-alone arm (RR = 2.0, CI = 1.07-3.77). There was only one
survivor in each treatment arm from the multi-unit residential sites, des-
pite these locations accounting for 28% of the presumed cardiac arrests in
the trial. Delay in diagnosis and mobilization of volunteer responders is a
likely explanation for the low survival. Adverse events were rare and com-
prised mostly transient emotional distress for the volunteer responder. There
were no inappropriate shocks and no failures to shock when indicated. No
patient or volunteer was harmed by the AED. These data demonstrate that
widespread AED use in public places by trained lay volunteers is safe and
effective.

Evidence from the PAD trial can be generalized only with caution. The sites
chosen to participate in the trial had a significant percentage of their popu-
lation over the age of 55 and were therefore at a higher risk of having an
event. The event rate in the trial was lower than expected, suggesting that
there may be some difficulty in identifying public sites where cardiac arrest
is most likely to occur prospectively. The survival rate and safety profile in
this study are based on trained volunteers. Extrapolation should not be made
for programs with untrained first responders. The impact of community-wide
PAD implementation must also be put into perspective. If nationwide achieve-
ment of lay-based PAD programs resulted in a similar doubling of survival, an
additional 2000 to 4000 lives per year would be saved in the United States.
Although this would represent a notable achievement, the impact would be
relatively small on the 450000 deaths that occur annually. Several studies
have documented that approximately 80% of out-of-hospital cardiac arrests
occur in the home [34,35]. PAD trial results achieved 29.9% survival in public
locations compared with 0.6% survival in multifamily residential units. We
must develop better strategies for early defibrillation and improved resus-
citation practices in the home to obtain an appreciable impact on overall
survival.

The National Institutes of Health (NIH) is currently sponsoring the Home
AED Trial (HAT). HAT is an international, randomized, controlled, un-blinded
study evaluating the effects of home AED placement on survival in patients
at increased risk for sudden death. Eligible patients must have had a previ-
ous anterior wall myocardial infarction and must be living with a spouse or
companion who is willing to learn to use an AED. This trial does not mandate
CPR training as was the case for PAD, but provides video instruction on AED
use rather than a conventional “hands-on” educational program. Enrolment
is scheduled to occur through 2005. Information from this important trial
will help determine whether early defibrillation in the home setting will have
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a significant impact on survival and will also provide safety and effectiveness
data on AED use without traditional “hands-on” training.

AED use in children

VF and pulseless ventricular tachycardia are a much less common cause of
cardiac arrest in children than in adults. It is estimated that approximately
10% of children have VF as a presenting rhythm and up to 25% demonstrate
VF at some time during their arrest. The prevalence of VF is exceedingly rare
in young infants and increases with increasing age. However, survival from VF
arrest in the pediatric population remains dependent on timely defibrillation
as it is in adults.

Several issues have been evaluated recently to assess the safety and effect-
iveness of AED use in infants and children. The rhythm analyses used by AEDs
are derived from adult shockable and nonshockable rhythms. Maximum sens-
itivity and specificity are derived solely from a library of adult arrhythmias;
it was not known whether or not these rhythm analysis programs could dif-
ferentiate as precisely in children. Recent data suggest, however, that these
algorithms are highly specific and reasonably sensitive as they are in adults.
Children typically require less energy for successful defibrillation than adults.
There is a possibility of increased myocardial damage if excessive energy is
used. Both monophasic and biphasic AEDs deliver nonweight-based energy
greater than is needed or optimal for children. Some AED manufacturers have
developed pediatric pad and cable systems that can be used on adult AEDs to
reduce the energy delivered to children under 8 years of age.

The growing numbers of AEDs in public places available to nontraditional
first responders increases the likelihood that the devices will be used on chil-
dren. The International Liaison Committee on Resuscitation published an
updated Advisory Statement in 2003, after evaluating and summarizing the
data on AED use in children [36]. They conclude that AEDs are safe and appro-
priate for defibrillation in children aged 1-8. Further investigation is needed
to develop diagnostic algorithms specific to infants and children, and more
data are needed on appropriate energy doses. Box 17.2 outlines the summary
recommendations for pediatric AED use.

Box 17.2 Key Facts for AED Use in Children

1 Defibrillation is recommended for documented VF/pulseless VT (class I).

2 AEDs may be used for children 1-8 years of age who have no signs of circulation
(class lb).

3 Pediatric pads and cables should be used when available.

4 There is insufficient evidence to support the use of AEDs in children less than 1 year
of age.
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Cost implications

There is little direct information regarding the cost effectiveness of AED place-
ment, but several large NIH studies are prospectively collecting or analyzing
this information. In the OPALS (Ontario Prehospital Advanced Life Support)
study performed at 19 urban and suburban communities with populations
ranging from 16 000 to 750 000, the cost for establishing the rapid defibrillation
program was estimated at $46 900 and the annual cost of maintaining the pro-
gram per life saved was $2400 [37]. Forrer et al. [38] estimated the cost of a 7
year police AED program in four suburban communities to vary from $23 542
to $70 342 for each life saved (including subsequent Advanced Cardiac Life
Support (ACLS) care) or $1582 to $16 060 per year of life. This was a ret-
rospective analysis that used estimated costs of the AED program from the
police agency, sensitivity analysis for estimating potential benefit of improved
survival based on decreased response times, and literature-based estimates of
life expectancy after cardiac arrest survival.

Cost effectiveness of the airline AED program was analyzed by simulation of
the costs associated with the airline program and found to compare favorably
to that of other widely accepted medical interventions [39]. Addition of AED’s
to passenger aircraft with more than 200 passengers would cost $35 300 per
quality-adjusted life-year (QALY) gained. Additional AED’s on aircraft carry-
ing between 100 and 200 persons would result in a $40 800 cost per added
QALY compared with deployment on large capacity aircraft only, and full
deployment on all passenger aircraft would cost an additional $94 700 per
QALY gained compared to limited deployment on larger aircraft only.

Public access defibrillation by community responders was associated with a
cost of $44 000 per QALY (interquartile range: $29 000-68 900). In compar-
ison, public access defibrillation by police had a cost of $27 000 (interquartile
range: $15700-47 800) [40]. Casinos with standard EMS and first responder
defibrillation had a median cost of $14 100 per cardiac arrest (interquartile
range: $8600-21900), and early defibrillation by security guards was associ-
ated with an increment in cost of a median of $56 700 (interquartile range:
$44 100-77 200) [41]. These studies highlight the fact that costs vary widely
according to the strategy and location of AED deployment; fixed sites in vul-
nerable areas may involve high unit density with relatively low use per AED
but high success rate — as opposed to transported AEDs involving fewer units
used more frequently but with lower success rates. Costs are also related to the
overall health of the target population. Public access defibrillation is generally
more expensive than standard EMS, but may be economically acceptable [41].

Current limitations and future developments

Limitations
Even with increasing use of AEDs, community survival from resuscitation is
still unsatisfactory. The evidence is clear that a watershed exists in the prospect
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for survival at around 4 min, an interval that is only slightly prolonged by
current methods of CPR. The EMS system is still seen as the primary provider of
resuscitation but only in a few locations can response times offer defibrillation
within the required time frame. The community itself should provide the
primary response, but major problems of motivation, cost, and organization
must be overcome to make this a reality. The major role of the EMS is ideally
the provision of skilled assistance to follow the first aid measures of both
CPR and defibrillation. But here too there are limitations at present. Current
guidelines with short compression sequences, relatively long analysis times of
AEDs, and user hesitancy all conspire to cause excessive hands-off time; the
number of compressions actually given tends to fall far short of that which
can provide sufficient forward flow to sustain life.

The knowledge that for any delayed defibrillation, good preliminary com-
pressions are of considerable importance was initially related only to main-
taining coronary and cerebral perfusion pressure [42], but now are believed
to relate also to the flow of blood from the arterial to the venous circulation
during cardiac arrest — known to physiologists for 40 years but only recently
stressed in the field of resuscitation [43]. This causes serious ventricular inter-
action that can be relieved only briefly by chest compressions. It follows that
long delays to shock for the purposes of analysis — as long as 25 s even without
operator delay — are unacceptable.

Future developments

The design of AEDs continues to evolve. Some features comply with guidelines
that at present may not be optimal, but these could be changed by software
updates. Long analysis times will be overcome. Increasingly, modern equip-
ment is able to perform an analysis with less than 10 s of “hands-off” time;
this facility will quickly be matched by all manufacturers. The algorithms for
arrhythmia detection and analysis are already well developed and have spe-
cificity and sensitivity that are generally satisfactory, leaving scope for only
possible marginal improvements. In one important respect, however, pro-
gress seems likely; sophisticated analysis of fibrillatory waveforms can now
predict the likelihood of successful defibrillation [44]. In future, AEDs might
well advise against shock if it is likely to be unsuccessful without additional
CPR or other appropriate treatment.

Units that are designed primarily for healthcare professionals will continue
to offer features not appropriate for the simple devices needed by lay first
responders, but the latter will increasingly be able to offer more audio and/or
visual support for correct performance of Basic Cardiac Life Support (BLS)
either by a sensor under the compressing hands or by analysis of the electrical
consequences of compression rate and depth. The importance of maintain-
ing sufficient good quality compressions is likely to increase the popularity
of mechanical devices; a combination of mechanical compression and defib-
rillation into a single device is an obvious development. The uniformity of
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mechanical compression offers the opportunity to filter electrically the res-
ulting artifact. The desirability of achieving reliable filtering with manual
compressions to permit detailed assessment of fibrillation waveforms offers
a more difficult challenge.

Both procedures and devices will continue to evolve. AEDs will play an
ever-increasing role in reducing community mortality from coronary disease.
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CHAPTER 18

Cost-effectiveness of
implantable
cardioverter-defibrillators

Giuseppe Boriani and Greg Larsen

Introduction: relevance of the cost-effectiveness issue

The field of cardiology occupies a special place in the highly topical healthcare
cost-containment issue. In a major survey on healthcare costs in the United
States, heart disease turned out to be the most costly medical condition,
with 57 506 million US dollars being spent in 1997, for providing health
care to affected patients, with a mean expense of 3379 US dollars for each
patient requiring treatment [1]. Clearly, one of the most relevant problems
of current cardiologic practice must be appropriate deployment (in patients
appropriately selected according to consensus guidelines) of a series of treat-
ments whose proven efficacy is accompanied by relatively high costs [2].
Such options include implantable cardioverter-defibrillator (ICDs), devices
for cardiac resynchronization therapy, drug-eluting stents and devices for left
ventricular assistance. In the particular setting of sudden-death prevention,
the high costs of ICDs represent a major financial hurdle.

Advantages of an economics-based approach

Despite the mounting costs that healthcare systems have had to face in recent
years, the balancing of benefits against costs has yet to become a primary
criterion for deciding whether a medical treatment should be covered by pub-
lic services. Instead, both policymakers and healthcare providers have largely
focused on cost projections, with a consequent tendency to limit or even reject
costly new treatments, despite proven clinical efficacy. In other words, consid-
eration of the effects of adopting a new treatment has mainly been based on
strictly financial concerns rather than on in-depth economic analysis [3]. Even
today, in the United States the Food and Drug Administration and Medicare do
not take advantage of cost-effectiveness analysis as a valuable tool for decid-
ing resource allocation [4]. The same applies for the vast majority of public
decision-makers in Europe.

263



264 Chapter 18

Cost-effectiveness and cost-benefit analysis have been proposed in various
fields of medicine to determine which alternative treatment is most likely
to provide maximum health benefits for a given level of financial resources,
or which treatment provides a given level of health benefits at the lowest
cost. Cost-effectiveness estimates express clinical outcome in terms of “years
of added life” or “quality-adjusted life years gained”; on the other hand,
cost-benefit analysis directly assigns a monetary value to therapeutic benefits
[3-7]. Both these analytical approaches are designed to weigh up the benefits
and costs of given medical treatments in order to provide a formal basis for
implementation decisions.

Cost-effectiveness ratios

Cost-effectiveness analysis is designed to evaluate the cost of any thera-
peutic intervention with respect to its predictable outcome benefits [3,5,6,8].
The cost of a therapy includes both the direct costs (initial cost of therapy,
costs to maintain therapy, and costs caused by any adverse effects) and the
indirect costs paid by patients, their families, and/or the community. Effect-
iveness is measured as the mean extra number of years survived as a result
of a treatment. Incremental cost-effectiveness analysis involves comparison
of alternative therapeutic strategies. The cost-effectiveness ratio is commonly
expressed as dollars per year of life saved ($/YLS). In the literature [8], a treat-
ment is considered very attractive if the cost-effectiveness ratio ranges between
0 and 20000 $/YLS; attractive between 20000 and 40 000 $/YLS; border-
line between 40000 and 60000 $/YLS; unfavorable between 60000 and
100000 $/YLS; and absolutely unfavorable above 100 000 $/YLS.

Cost-effectiveness ratios of various cardiovascular and noncardiovascular
treatments are listed in Table 18.1. It is evident that cost-effectiveness ratios
can vary considerably depending on the type of population in treatment. Iden-
tification of high-risk patients (“patient targeting”) [8] seems to be the single
most important issue in order to reach a favorable cost-effectiveness ratio.

An important general observation regards some prolonged treatments
without particularly high up-front costs; in the absence of major long-term
benefits in terms of survival the ultimate cost-effectiveness ratios of such
strategies may turn out to be surprisingly unfavorable. Examples include lipid
lowering treatments in patients at relatively low risk, as well as antihypertens-
ives and antithrombotic treatment with clopidogrel [8-12].

The ICD: a treatment with a high up-front cost but
proven efficacy

The ICD has traditionally been seen as an expensive form of treatment, with
high up-front costs due to the device itself and the implant (followed over time
by maintenance costs for device replacement). Since the ICD first appeared in
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Table 18.1 Cost-effectiveness of various treatments.

Treatment Strategy

Substrate

Patient Characteristics

$/YLS or $/QALY
Gained

Very favorable cost-effectiveness (<20000 $/YLS)

Pacemaker
Beta-blockers
Anticoagulant drugs
Lovastatin
Simvastatin
Simvastatin
Simvastatin
Simvastatin

PTCA

CABG

Aspirin

PTCA

Captopril

Enalapril

Endocardial ICD without EPS
CABG

Complete AV block

Post-MI

Mitral stenosis
Hyperlipidemia
Hypercholesterolemia in CAD
Hypercholesterolemia in CAD
Hypercholesterolemia in CAD
Hypercholesterolemia in CAD
Ischemic heart disease

Ischemic heart disease
Ischemic heart disease
Ischemic heart disease
Post-MI

Heart failure

VT/ VF

Ischemic heart disease

High risk
AF, f, age 35
Sec prey, chol >250 mg/dl, f, age 45-54
Age 59, cholesterol 309 mg/di
Age 59, cholesterol 213 mg/dl
Age 70, cholesterol 309 mg/dl
Age 70, cholesterol 213 mg/dl
Severe angina, age 55, m,
normal EF, 1-vessel disease
Severe angina, main left main coronary stenosis
Sec prev
Severe angina, age 55, m, low EF, 1-vessel disease
LVEF <0.40, age 60

LVEF >0.25
Nonsevere angina, 3-vessel disease

1400

3600

4200

4700

1200 (m) 3200 (f)
2100 (m) 8600 (f)
3800 (m) 6200 (f)
6200 (m) 13300 (f)
8700

9200

11000
11600
10200
10300
14200
18500
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Table 18.1 (Continued).

Treatment Strategy

Substrate

Patient Characteristics

$/YLS or $/QALY
Gained

Favorable cost-effectiveness (20-40 000 $/YLS)

Beta-blockers
Anti-hypertensive therapy
Lovastatin

Catheter ablation

Endocardial ICD with EPS
Streptokinase

Screening with exercise testing

after myocardial infarction®
Primary stent in PTCA
Endocardial ICD with EPS
Clopidogrel
Endocardial ICD

Post-MI

Hypertension

Hyperlipidemia

VT in structural heart disease
patients with ICD

VT/ VF

Acute myocardial infarction

Ischemic heart disease

Ischemic heart disease
Ischemic heart disease
Ischemic heart disease
Heart failure

Borderline cost-effectiveness (40-60 000 $/YLS)

Anti-hypertensive therapy
CABG

Cardiac transplant
Lovastatin

Ambulatory peritoneal dialysis

Radio frequency ablation
Hospital hemodialysis

Hypertension
Ischemic heart disease
Severe heart failure
Hyperlipidemia

WPW

Low risk

Diastolic AP > 105 mm Hg

Sec prey, chol < 250 mg/dl, m, age 55-64
Patients with frequent VT episodes

Age >75

Previous uncomplicated myocardial infarction
Angina, age 55, m, 1-vessel disease

Low EF, nSVT, high risk

Sec prev in patients ineligible to aspirin
NYHA class I, LVEF < 35%

Diastolic AP 95-104 mm Hg
Severe angina, 2-vessel disease

Sec prey, chol < 250 mg/dl, f, age 55-64

Without symptoms, age 40

20200
20600
20200
20923

25700
27700
21700-36 166

26 800
27000
31000
33192

41900
42500
44300
48600
57300
57100
59500
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Unfavorable cost-effectiveness (60-100 000 $/YLS)

CABG Ischemic heart disease Nonsevere angina, 2-vessel disease 72900

Lovastatin Hyperlipidemia Prim prev, chol >300 mg/dl, no risk factors (RF), m, 78300
age 55-64

Coronary care unit admission Suspected acute Ml Patients with 20% probability of acute myocardial 78000
infarction

Heart transplantation Terminal heart disease Patients aged 55 or younger 100000

Very unfavorable cost-effectiveness (>100000 $/YLS)

PTCA Ischemic heart disease Nonsevere angina, age 55, normal LVEF, 1-vessel 109000
disease (left anterior descending)

Clopidogrel Ischemic heart disease Sec prev with clopidogrel alone in all patients or in 130000
combination with aspirin

Neurosurgery Malignant intracranial tumor 325000

Coronary care unit admission Suspected acute Ml Patients with 5% probability of acute myocardial 328500
infarction

CABG Ischemic heart disease Nonsevere angina, 1-vessel disease 1142000

Lovastatin Hyperlipidemia Prim prev, chol>300 mg/dI, no risk factors (RF), f, 2 024800
age 45-54

Notes: AF = atrial fibrillation; AP = arterial pressure; CAD = coronary artery disease; CABG = coronary artery by-pass graft;

Chol = cholesterolemia; EPS = electrophysiological study; f = female; ICD = implantable cardioverter-defibrillator; LVEF = left ventricu-

lar ejection fraction; m = male; Ml = myocardial infarction; nSVT = nonsustained ventricular tachycardia; Prim prev = primary prevention;
Proph = prophylaxis; PTCA = percutaneous transluminal coronary angioplasty; RF = coronary risk factors; Sec prev = secondary prevention;
VF = ventricular fibrillation; VT = ventricular tachycardia; WPW = Wolff-Parkinson-White syndrome; $/YLS = dollars per year of saved life;
$/QALY = dollars per quality-adjusted year of life gained.

Source: Modified from: Kupersmith [8], Tengs et al. [9], Johannesson et al. [10], Boriani et al. [11], and Gaspoz et al. [12].

@ Assuming discounted life expectancy of 6-10 years with coronary revascularization.
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clinical practice, the indications for use of ICDs have broadened dramatically
from a few selected patients with previous cardiac arrest to a large cohort of
patients with heterogeneous underlying heart diseases, identified as subjects
at high risk of sudden death [13-16]. Transvenous implantation has markedly
decreased the hospitalization costs and contributed to widespread use of ICD
systems [13,17,18]. Despite marked price reductions in the last decade, the
cost issue continues to limit full acceptance and application of ICD therapy,
especially as regards increased use for primary prevention of sudden death
[11,19-22].

The clinical efficacy of ICDs has been clearly demonstrated in specific subsets
of patients. Table 18.2 summarizes the results of main randomized controlled
trials [23-31] - regarding both primary and secondary prevention of sudden
cardiac death —in terms of ability to improve overall survival. It is noteworthy
that ICD efficacy was generally associated with favorable values for “number
needed to treat” to save a life, much lower than those reported for a series
of widely used pharmacological treatments (Figure 18.1). Analysis of the res-
ults of randomized controlled trials involving over 6000 patients [7] have
prompted definition of consensus guidelines for ICD use [14-16]. Indications
for devices with cardioversion-defibrillation capabilities are also expected to
increase in view of the increasing evidence emerging from the Comparison of
Medical Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION)
study [30] that cardiac resynchronization therapy in patients with severe heart
failure may improve overall survival, in addition to providing favorable effects
in terms of quality of life, exercise capacity, and reductions in hospitalization
due to heart failure [32-37].

Implementation of ICD use in clinical practice

Even when the information derived from randomized controlled trials has
been incorporated into consensus guidelines, barriers to widespread imple-
mentation still exist [38]. Although it is difficult to assess the degree of
compliance to consensus guidelines in daily practice, indirect evidence sug-
gests that even in the United States the actual rate of ICD implantation is lower
than projections based on the current guidelines [39]. Such a gap could be of
major relevance for public health, considering the evidence of ICDs” efficacy
in primary prevention of sudden death in patients with severe left ventricular
dysfunction/heart failure provided by the Multicenter Automatic Defibrillat-
tor Implantation Trial (MADIT II) and Sudden Cardiac Death in Heart Failure
Trial (SCD-HeFT) trials [21,22,29,31].

Marked discrepancies clearly exist in the implementation of clinical indica-
tions to ICD implantation based on randomized studies (MADIT II, SCD-HeFT)
testing the impact of device therapy on primary prevention of sudden death.
For instance, there are still major differences between the implant rates
in the United States and Europe [2]. This heterogeneity reflects variations
between different countries regarding general economic status, type of



Table 18.2 Main prospective controlled trials on treatment with ICD versus control in primary and secondary prevention of sudden death.

Number of Mean Age Women NYHA Mean Follow-up  Annual Relative Risk p-value in the
Patients (Years) (%) Class >1I(%) LVEF (%) (Months) Control Reduction in Comparison of
Group Total Mortality  ICD Versus
Mortality  with ICD (%) Control for
(%) Overall Survival
Secondary prevention trials
AVID (1997) 1016 65 21 9 32 18+ 12 12 31 <.02
CIDS (2000) 659 64 15 11 34 36 10 20 142
CASH (2000) 288 58 20 17 45 57 +34 9 23 .081
Metaanalysis (2000) 1866 63 18 11 34 28 — 28 .0006
Primary prevention trials
MADIT (1996) 196 63 8 — 26 27 17 54 .009
MUSTT (1999) 704 67 10 24 30 39 14 51 <.001
MADIT Il (2002) 1232 65 15 29 23 20 10 31 .016
COMPANION (2004) 1634 66 23 86 22 16 19 43 .002
SCD-HeFT (2004) 2521 60 23 30 25 45.5 7.2 23 .007

Notes: ICD = implantable cardioverter-defibrillator; LVEF = left ventricular ejection fraction.
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Figure 18.1 Number needed to treat (NNT) to save one life in a series of studies
related to ICD treatment or various pharmacological treatments. CRT = cardiac
resynchronization therapy; CRTD = cardiac resynchronization

therapy + defibrillation capabilities.

healthcare system, and arrangements for reimbursement of device costs
[2,40]. Moreover, a decision not to implant an ICD in a patient with a MADIT II
or SCD-HeFT indication can entail very different potential medicolegal implic-
ations in different countries [41]. Such considerations may help explain why
ICD implant rates can vary considerably even among European countries
sharing broadly similar economic status.

Available ICD cost-effectiveness estimates

Table 18.3 provides an overview of cost-effectiveness estimates of ICD treat-
ment generated by observational data, projections based on decision models
(retrospective analysis), and — more recently — randomized trials [11,42-50].
Use of ICDs in selected patients (or subgroups of patients) at high risk of
sudden death has often generated cost-effectiveness estimates that are com-
parable with or lower than other accepted treatments, including renal dialysis,
which costs about 50 000-60 000 $/YLS [8,9,11,21]. Nevertheless, a broad
range of cost-effectiveness ratios have emerged, ranging from economically
attractive to very expensive values. In general, the recent randomized trials
have provided less attractive ratios than those derived from the initial mod-
eling studies [51]. A further source of variability is the time horizon within
which cost-effectiveness is estimated. When Hlatky and Bigger [52] projected
the results of all the trials published until 2001, to gauge the full gain in life
expectancy, they obtained a cost-effectiveness ratio of 31 500 $/YLS, in line
with what is currently considered fully acceptable in developed countries.



Cost-effectiveness of ICD 271

Another important variable regards the ICD setting (primary/secondary
prevention of sudden death). For primary prevention of sudden death, cost-
effectiveness has been evaluated prospectively in the context of MADIT I [27],
which enrolled patients with coronary artery disease, low left ventricular ejec-
tion fraction (<0.35), nonsustained ventricular tachycardia, and inducibility
of ventricular tachycardia resistant to procainamide at electrophysiological
study. Cost-effectiveness analysis of MADIT I [42] generated an econom-
ically attractive figure of 27000 $/YLS for use of ICD versus amiodarone;
however, this did not substantially affect implementation of ICD in clinical
practice in some European countries (11,15,21). A similar analysis of SCD-
HeFT recently estimated 33 192 $/YLS for the ICD [50], indicating that its
use in primary prevention may be justifiable from the standpoint of cost-
effectiveness [53]. Two secondary prevention studies — AVID [47] and CIDS
[44,45] - revealed higher cost-effectiveness ratios for the ICD with respect
to alternative treatments. An analysis of Antiarrhythmic Versus Implantable
Defibrillator (AVID) [47], which considered hospital charges in all enrolled
patients and overall health care costs in a subgroup of patients, concluded
that ICD is moderately cost-effective (Table 18.3). In the context of CIDS,
calculation of the cost-effectiveness ratio in the sickest patients (those with
at least two risk factors for sudden death) led to a much more affordable
cost-effectiveness ratio [45]. Indeed, even in studies [11,21,43,45] showing
an economically unattractive cost-effectiveness estimate for the ICD overall,
it was possible to identify subgroups of patients for whom this option appeared
much more favorable or attractive. One type of risk stratification analysis that
could be crucial for proper estimates of cost-effectiveness in specific subgroups
of patients would be assessment of the risk of sudden cardiac death set against
the competing risk of nonsudden cardiac [46] (Table 18.2). Therefore, bet-
ter patient targeting based on improved risk stratification might be helpful
for attempts to maximize health outcomes in a context of limited economic
resources.

All the available studies agree that use of ICDs is associated with a
“favorable” cost-effectiveness profile (i.e. <50000 $/YLS) in patients with
lower left ventricular ejection fraction, who have the highest risk of sudden
cardiac death. Further data — especially as regards long-term follow-up — are
required for patients with higher left ventricular ejection fraction.

Current limitations of ICD cost-effectiveness analysis

An important limitation of currently available ICD cost-effectiveness estimates
regards the lack of data on long-term benefits. This is largely because rapid
demonstration of efficacy is especially prized in prospective trials involving
ICDs. So far, these trials have generally been stopped as soon as efficacy has
been statistically demonstrated in terms of reduced mortality. Therefore, the
follow-up of the patients enrolled has tended to be far shorter than the life
expectancy of many patients implanted with an ICD in everyday practice. This
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Table 18.3 Cost-effectiveness of ICDs.

Author, Year Type of Study $/YLS or
$/QALY
Gained
Kuppermann, 1990 Secondary prevention (decision-model study 17100
on data from Medicare)
Larsen, 1992 Secondary prevention (decision-model study): 21000
ICD versus amiodarone
Kupersmith, 1995 Secondary prevention (decision-model study)
ICD versus EPS-guided therapy 25700
ICD without EPS, with LVEF > 40% 14200
Kupersmith, 1995 Secondary prevention (decision-model study)
With LVEF < 25% 44000
With LVEF > 25% 27200
Wever, 1996 Secondary prevention: ICD versus class Il 11315
antiarrhythmic drugs
Owens, 1997 Secondary prevention: ICD versus amiodarone
With mortality reduction of 40% 27300
With mortality reduction of 20% 54000
Mushlin, 1998 Primary prevention (MADIT study) 27000
If transvenous ICD 22800
If life of ICD >4 years 12500
Sanders, 2001 Primary prevention (decision-model study based on a
registry of 2924 patients): ICD versus no treatment
If 60% reduction in sudden cardiac death
With LVEF < 30% 59800
With LVEF 31-40% 116 800
With LVEF > 40% 258800
If 80% reduction in sudden cardiac death
With LVEF < 30% 46100
With LVEF 31-40% 85900
With LVEF > 40% 178600
O'Brien, 2001 Secondary prevention (CIDS study): 138803
ICD versus amiodarone
Sheldon, 2001 Secondary prevention (CIDS study):
ICD versus amiodarone
With <2 risk factors 595828
With >2 risk factors 42377
Owens, 2002 Primary and secondary prevention:
ICD versus amiodarone assuming 25% reduction
in overall mortality by the ICD
At 12% annual mortality rate
If sudden death/nonsudden death ratio =4 36000
If sudden death/nonsudden death ratio = 1 55400
If sudden death/nonsudden death ratio = 0.25 116 000

(Continued).



Cost-effectiveness of ICD 273

Table 18.3 (Continued).

Author, Year Type of Study $/YLS or
$/QALY
Gained
Larsen, 2002  Secondary prevention (AVID study): 66677
ICD versus amiodarone or sotalol
Weiss, 2002  Secondary prevention (observational study: 78400
matched pair analysis of Medicare patients)
Chen, 2004 Primary prevention in heart failure patients, 97861
NYHA class Il and Il (decision-model study)
Mark, 2004 Primary prevention in heart failure patients, 33192

NYHA class Il and Il (SCD-HeFT study)

Notes: EPS = electrophysiological study; ICD = implantable cardioverter-defibrillator;
LVEF = left ventricular ejection fraction; $/YLS = cost per year of life saved; $/QALY
gained = cost per quality-adjusted year of life gained.

Source: Modified from Boriani et al. [11] and updated [42-50].

bias is highly relevant since the high initial cost of the device can markedly
affect cost-effectiveness estimates, particularly when the follow-up is not
long enough to assess the full benefits of ICD treatment [52,54]. Some cost-
effectiveness studies extended the time horizon by means of data extrapolation
[43-45,47], although this may obviously introduce further biases. Ultimately,
such biases can only be avoided by longer-term follow-up or registry studies.
At present, there is only one available study assessing the efficacy of ICDs
in the long-term [55]. This secondary prevention study performed on a sub-
set of CIDS patients from a single center indicated that ICD use in patients
followed for up to 11 years (mean, 5.9 years) was associated with a much
higher relative risk reduction (43%) than at earlier time points (20% at
3 years) [25, 55]. Although derived from a relatively small patient popula-
tion, this finding suggests that midterm analyses can lead to underestimates
of the long-term efficacy of ICDs, implying overly pessimistic cost-effectiveness
ratios [56].

A further limitation of the available cost-effectiveness estimates is that
patients’ preferences and health-related quality of life associated with ICD use
have yet to be systematically taken into account. This deserves to become a
topical area of study, especially in the setting of primary prevention of sudden
death in patients with a long expected survival, such as those with arrhyth-
mogenic genetic cardiac diseases [15] or with hypertrophic cardiomyopathy
[57].

Finally, it should be underlined that none of the randomized controlled
trials was specifically conceived for assessing cost-effectiveness as one of
the primary endpoints. Prospective studies specifically designed to evalu-
ate cost-effectiveness over time could be extremely valuable for healthcare
systems.
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Possible solutions to the ICD cost issue

The high cost of ICDs raises the question of how to facilitate implementation
of indications derived from studies regarding primary prevention of sudden
death such as MADIT II and SCD-HeFT [19-22]. Several approaches to the
problem have been suggested. The major obstacle seems to regard the finan-
cial resources needed to cover the expected steep rise in ICD implants. The
authors of MADIT II expressed the hope that market forces would drive down
the price of ICDs, and this may provide one of the potential answers to the
economic problems raised by this trial. An additional approach was outlined
by JT Bigger [20] in an editorial commenting MADIT II. He proposed that
more careful screening of candidates, with selection criteria based on analysis
of the characteristics of patients within the MADIT-II population who gained
the greatest benefits, could help improve cost-effectiveness. A subgroup ana-
lysis [58] of MADIT II showing that those patients with a wide QRS complex
at baseline (>120 ms) had a greater reduction in total mortality suggesting
a criterion to maximize survival benefits from ICD implantation. Despite the
methodological biases inherent in this post hoc analysis, financial coverage by
Medicare was established in June 2003, only for MADIT II patients with a
QRS interval >120 ms. Reevaluation of this criterion, as strongly advocated
by the Heart Rhythm Society and leading experts in the field [22], has been
done recently in the light of the results of SCD-HeFT.

Continued price reductions will clearly be important to stimulate wider use
of ICDs, and the importance of this factor is likely to be greater in Europe than
in the United States. One cost-cutting strategy could involve provision of sim-
pler and less sophisticated devices (“shock-only devices with a total capability
of 8-10 shocks”) at lower prices [19]. The idea of using a “Volkswagen instead
of a Rolls-Royce” [19] is certainly an attractive proposition. In our view, how-
ever, particular care would need to be dedicated to patient selection in order to
avert a series of clinical pitfalls (device exhaustion due to arrhythmic storms,
loss of full protection after delivery of some shocks owing to limited shock
capabilities, etc.).

Reduced implantation costs could provide another way of making ICD ther-
apy more economically feasible. The possibility of implanting a single-chamber
ICD on an outpatient basis was explored in the SCD-HeFT trial [31]; it is note-
worthy that this approach was associated with a favorable cost-effectiveness
value of 33192 $/YLS [50]. Further evaluations are required to assess, in
which patients this approach for ICD implant is safe and appropriate in current
practice.

What has to be stressed is that ICD price cuts can markedly improve cost-
effectiveness, making ICD therapy a more economically viable proposition
[43]. Further long-term evaluation of the cost-effectiveness and cost-utility
of ICDs could provide a basis identification of subsets of patients for whom
the implant can be considered affordable for primary prevention of sudden
death within the context of current prices and prevailing economic constraints.
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Such evaluations could readily be reviewed to take advantage of any
price cuts.

A further economic issue regards the use of ICDs providing cardiac
resynchronization therapy in the heart failure setting [21,30,36,37,59]. The
problem is particularly thorny because of the current high cost of these soph-
isticated models which, however, are of proven efficacy in terms of quality
of life, morbidity and mortality, as validated by prospective controlled studies
[30,32-37].

Conclusions

Despite continuing price reductions, cost is likely to remain a major determin-
ant for fuller acceptance and implementation of ICD therapy.” Therefore, the
problem of how broadened evidence-based indications to implantation can be
translated into routine clinical practice will have to be addressed in the light
of available economic resources. Cost-effectiveness analysis provides the most
appropriate tool for weighing ICD costs against likely eventual outcome bene-
fits. Since great emphasis has been traditionally placed on the relatively high
up-front device costs, this approach appears appropriate for assessing (for spe-
cific subsets of patients) whether implantation will eventually be more or
less economically valid with respect to alternative treatments characterized
by continuing costs rather than a high initial burden. Analysis of randomized
controlled trials indicates that use of ICDs in patients with lower left ventricular
ejection fraction (who run the highest risk of sudden cardiac death) is asso-
ciated with cost-effectiveness ratios similar to, or better than, other accepted
treatments, such as renal dialysis. Improvement in risk stratification for sud-
den death and assessment of ICD cost-effectiveness in specific subgroups of
patients appears mandatory for any attempt to maximize health outcomes in
a context of limited economic resources.

Within this complex scenario, the cardiologist responsible for decisions
regarding the well-being of individual patients may often be confronted by
“societal” limitations (limited economical funding) or by “individual” imperat-
ives (offering the best to each patient). Specific suggestions based on long-term
cost-effectiveness (which can also be generated by international registry
studies) are urgently required to help translate the results of controlled tri-
als into daily clinical practice, offering appropriate care to individual patients
even in an era of economic constraints.
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