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Senescence and Arrhythmogenesis
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Introduction

Aging is associated with an increased incidence of
cardiac arrhythmias that contributes significantly
to the increased morbidity and mortality of old
age.'” The increased susceptibility to both ven-
tricular and atrial arrhythmias in the senescent
heart occurs despite the absence of apparent
disease and is exaggerated in the presence of
underlying comorbidities.*> Cardiac dysrhyth-
mias not only adversely affect the quality of life
but also contribute to deterioration in myocardial
function, increasing the susceptibility to heart
failure, stroke, and sudden death.”” With the
rapid increase in the elderly population and
the prevalence of cardiovascular diseases in the
elderly, it is projected that the number of patients
with cardiac arrhythmias and associated disability
will more than double in 30 years, placing an
enormous burden on health care resources.*"
Although progress is being made in understand-
ing the pathogenesis of age-related cardiac dis-
eases and therapies are being developed for these
diseases, advanced age by itself poses significant
dilemmas in therapy due to the lack of a full
understanding of the molecular basis for the
aging-associated increase in the susceptibility of
the heart to arrhythmogenesis and the paucity of
outcome studies in the very elderly.*" This chapter
summarizes the epidemiology, aging-associated
changes in cardiac structure and function, basis
for arrhythmogenesis, and evaluation and man-
agement of elderly patients with ventricular
tachyarrhythmias causing sudden death.

Ventricular Arrhythmias and Sudden
Cardiac Death

Unexpected death from cardiovascular causes,
ranging from 300,000 to 350,000 deaths annually
in the United States, is one of the most common
modes of death in the elderly.”” It accounts for
13% of all natural deaths and 50% of all deaths
from cardiovascular causes.*"” Its incidence
increases with advancing age in both those with
structural heart disease, as well as those without
recognizable risk factors for SCD.*" In patients
with coronary disease, sudden cardiac death
(SCD) may occur as the first clinical event in 50%
of the patients.'* Despite advances in the manage-
ment of cardiovascular diseases, the overall inci-
dence of SCD in the general population (0.1-0.2%
per year) has decreased only marginally and is
expected to increase with the aging of the popula-
tion and the increased prevalence of chronic heart
disease."'® Therefore, effective means to identify
those at the highest risk of sudden death and
development of strategies for the primary and
secondary prevention of SCD in the elderly remain
a priority.

Substrates for Sudden Cardiac Death
in the Elderly

The substrate for SCD in the elderly varies depend-
ing on the underlying heart disease. The effect of
aging alone on cardiac structure and function in
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humans is difficult to study because of difficulties
in separating the effect of aging from the effect of
diseases associated with aging. The majority of
sudden deaths in the elderly occur in the setting
of coronary artery disease caused by ventricu-
lar arrhythmias, often triggered by acute isch-
emia.">*" Approximately 80% of patients who
die suddenly from cardiac causes have underlying
coronary artery disease and in 50% sudden death
may be the first manifestation of their disease."
Active coronary lesions or acute changes in plaque
morphology, such as plaque disruption or throm-
bus, may be present in more than 50% of the
victims of sudden death.'** The risk for ventri-
cular arrhythmias increases after a myocardial
infarction due to the presence of scar and the
reduction in left ventricular systolic function.
Other substrates for ventricular arrhythmias and
sudden death in the elderly include ventricular
hypertrophy, nonischemic cardiomyopathy, val-
vular diseases, or inflammatory or infiltrative dis-
eases.*”'"* Only a small percentage of SCDs in the
elderly occur due to a primary defect in ion chan-
nels responsible for sudden death in younger
patients with inherited arrhythmia syndromes,
such as the congenital long QT syndrome, short
QT syndrome, Brugada syndrome, or catechol-
aminergic polymorphic ventricular tachycar-
dia***® Familial clustering of cardiac events,
however, does suggest a role of hereditary factors
in the predisposition to sudden death,* which
in the elderly appears to be due to genetic influ-
ences that increase the risk of a coronary
event.'»”'”** The presence of obesity, hyperten-
sion, and lipid abnormalities, and a history of
smoking and diabetes increase the risk for sudden
death.”

Mechanisms of Sudden Cardiac Death

Despite our understanding of risk factors and
substrate for arrhythmogenesis, the exact mecha-
nisms underlying initiation, propagation, main-
tenance, or prediction of timing for cardiac dys-
rhythmias causing SCD in the elderly are not fully
understood. This is mainly due to the complex
interactions between myocardial substrate and
triggers that define the overall risk of suscepti-
bility to arrhythmia.’®” Age-related changes in
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cardiac structure and function occur at macro-
scopic and microscopic levels in both the cellular
and extracellular matrix."* This results in altered
cellular excitability and cell-to cell coupling creat-
ing a proarrhythmic milieu that increases the
predisposition to arrhythmogenesis due to abnor-
malities in impulse initiation and/or propagation.
Failure of impulse initiation or conduction results
in bradyarrhythmias, whereas enhanced impulse
generation due to increased automaticity or trig-
gered activity or slowed conduction resulting in
reentry causes tachyarrhythmias.
Bradyarrhythmias, due to reduced normal au-
tomaticity and delayed conduction, are common
in the very elderly, even in the absence of ap-
parent heart diseases.*”* The intrinsic heart rate
as measured following blockade of the para-
sympathetic and sympathetic nervous system
and heart rate reserve decrease with aging.*’ This
is related to aging-associated replacement of
pacemaker cells within the sinoatrial node and
atrioventricular conduction fibers with collage-
nous and elastic matrix’ and impairment of sig-
naling via cardiac G protein-coupled receptors,
specifically B-adrenergic receptors contributing
to diminished cardiac exercise reserve, spontane-
ous heart rate variability, and maximum heart
rate achieved during stress resulting in a reduc-
tion in the aerobic work capacity in the
elderly.**"** Myocyte hypertrophy and interstitial
fibrosis also accompany aging, which alter cellu-
lar coupling and exaggerate directional differ-
ences in conduction (anisotropy); this increasing
heterogeneity in conduction and refractoriness
promotes the formation of zones of functional
slowing or conduction block that stabilize
reentry-enhancing susceptibility to arrhythmo-
genesis.”* In addition, aging causes changes in
expression, distribution, and/or functioning of
ion channels, which alter action potential wave-
forms and propagation, further increasing
vulnerability to dysrhythmias.””* The action
potential duration and repolarization are pro-
longed in the senescent heart,”»”! in part due to
the delay in the inactivation of the calcium
current (I, )™ and in part due to downregu-
lation of potassium currents, including the
transient outward (I,) current, Ca’*-activated
potassium current, and ATP-sensitive potassium
channel current that along with an increase in
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the sodium-calcium exchanger increase the pre-
disposition to Ca®* overload-mediated triggered
activity and reentrant arrhythmias.’™** Ad-
vanced age is also associated with a reduction
of expression of the sarcoplasmic reticulum Ca*-
ATPase (SERCA-2)®* and posttranslational modi-
fications causing phosphorylation-dependent
changes in the function of SERCA-2, pho-
spholamban, and other Ca* transport proteins,
including the ryanodine receptor, the sarco-
plasmic reticulum Ca** release channel.”*® The
contribution of age-related changes in cardiac
microstructure, including mitochondria® and
other intracellular organelles, cytoskeleton, sar-
colemma, intercellular gap junctions, cellular geo-
metry, and interstitium on regulation of cardiac
excitability or arrhythmogenesis is not well de-
fined and warrants further studies.

Ventricular arrhythmias are common in the
elderly, being present in more than 70% of persons
over the age of 60 years. The incidence, preva-
lence, and complexity of ventricular arrhythmias
and their prognostic significance increase with
advancing age” and the presence of heart
disease.**™” In the absence of heart disease,
asymptomatic premature ventricular complexes
(PVC) observed at rest do not carry an adverse
prognosis, but when elicited during exercise® or
the postexercise recovery period® are associated
with an increased risk of cardiovascular death. In
those with structural heart disease, PVCs do indi-
cate an increased mortality risk, especially if ven-
tricular function is reduced.””*’° The mechanisms
underlying ventricular arrhythmias vary depend-
ing on the underlying substrate. During the acute
phase of myocardial infarction or with acute isch-
emia, ventricular fibrillation may result from
functional reentry, whereas in patients with healed
myocardial infarction, a reentry circuit can form
around scarred tissue causing ventricular tachy-
cardia that can then degenerate into fibrillation,
even in the absence of active ischemia. In the peri-
infarction period, the senescent heart is more
vulnerable to arrhythmogenesis, with a greater
likelihood of in-hospital cardiac arrest in those 75
years and older compared to younger patients.”
Although ventricular tachyarrhythmias occurring
within 48h of the acute coronary syndrome is
associated with an increase in hospital mortality,
long-term mortality is not affected unless sig-
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nificant ventricular dysfunction persists.”> The
incidence of scar-related reentrant ventricular
arrhythmias, however, increases following myo-
cardial infarction, increasing exponentially as
the left ventricular ejection fraction falls below
30%.12,17

The exact electrophysiological basis for SCD in
the elderly is difficult to determine and results
from multiple factors depending on the under-
lying cardiac substrate with which dynamic
transient factors (such as ischemia, hypoxia, cat-
echolamine, pH and electrolyte changes, stretch,
or inflammation) interact to precipitate arrhy-
thmias.”” In addition, an arrhythmia may be
initiated by one mechanism, perpetuated by an-
other, and then degenerate into a different mecha-
nism. At the time of cardiac arrest, ventricular
fibrillation is, however, the most commonly
recorded rhythm observed in 75-80% of patients
compared to advanced atrioventricular block or
asystole documented in 15-20% of the cases.”"
The true incidence of bradyarrhythmias causing
sudden death in the elderly is not known because
by the time the first rhythm is recorded, an
arrhythmia beginning as ventricular tachyar-
rhythmia may degenerate into or appear as
asystole.

Evaluation of Elderly Patients at Risk
for Sudden Cardiac Death

Several risk stratification protocols have been
developed for the identification of patients at risk
for ventricular arrhythmias who may benefit from
interventions to reduce the risk of sudden death.
These include noninvasive tests, such as a stan-
dard 12 lead electrocardiogram (ECG), exercise
tests or parameters to determine the severity of
left ventricular systolic dysfunction, the presence
of late potentials on signal-average electrocardi-
ography (SAECG), the severity of ventricular
arrhythmias determined by ambulatory cardiac
monitoring, the detection of repolarization in-
stability by measurement of QT interval, QT dis-
persion, and microvolt T-wave alternans, and
autonomic balance by heart rate variability or
baroreflex sensitivity, or invasive tests to deter-
mine inducibility of sustained ventricular arrhyth-
mias by programmed electrical stimulation.*
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A standard 12-lead ECG allows identification of
underlying structural disease, such as conduction
system abnormalities with heart block, bundle-
branch block, intraventricular conduction delay,
ventricular hypertrophy, or prior infarction, as
well as primary electrical disorders, such as the
long QT syndrome, short QT syndrome, Brugada
syndrome, or arrhythmogenic right ventricular
cardiomyopathy. A prolonged QRS duration
>120msec in patients with a severely depressed
ventricular function or a prolonged QTc interval
in the elderly predict a higher risk of SCD.>® The
absence of a slowly conducting zone, the electro-
physiological substrate for reentrant ventricular
arrhythmias that is otherwise detected as late
potentials on SAECG, may be useful with its high
negative predictive value to exclude a wide-
complex tachycardia as a cause of unexplained
syncope in the elderly patient with coronary artery
disease.*® An exercise ECG may also provide
useful diagnostic and prognostic information in
the evaluation of patients with known or sus-
pected coronary artery disease, cardiomyopathies,
or frequent premature ventricular complexes. The
appearance of exercise-induced complex ventric-
ular ectopy or ventricular tachycardia in the
elderly may predict an increased risk of mortality
compared to patients with simple ectopy observed
at rest only.®*®* T-wave alternans detected as
microvolt fluctuation in the amplitude or mor-
phology of the T-wave during exercise testing or
atrial pacing is also a useful tool for identifying
high-risk patients after myocardial infarction or
with cardiomyopathy and carries a high negative
predictive accuracy.®*

Assessment of left ventricular systolic function
and other structural and functional information
about myocardial dimensions, wall thickness, and
valvular and congenital heart disorders with
imaging techniques, such as echocardiogram, is
an essential part of risk stratification of patients
with ventricular arrhythmias at risk for SCD.”
Cardiac magnetic resonance imaging (MRI) or
computed tomography (CT) scan is helpful in
patients with suspected arrhythmogenic right
ventricular cardiomyopathy.*® Myocardial perfu-
sion single-photon emission computed tomogra-
phy (SPECT) using exercise or pharmacological
agents is useful for the detection of ischemia in
those suspected of having ventricular arrhythmias
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triggered by ischemia.” Coronary angiography is
useful in the assessment of obstructive coronary
artery disease in patients with ventricular arrhyth-
mias or aborted sudden death,

The utility of electrophysiology (EP) testing
with intracardiac recording and electrical stimu-
lation in the elderly varies with the type and
severity of heart disease.” It is useful for the
assessment of arrhythmia and risk stratification
for SCD in elderly patients with ischemic heart
disease and left ventricular dysfunction or
syncope, but plays only a minor role in the evalu-
ation of patients with dilated cardiomyopathy
(DCM) or inherited arrhythmia syndromes, such
as the long or short QT syndrome.””™ Its utility
in patients with Brugada syndrome or hyper-
trophic cardiomyopathy is controversial.”” In
patients with coronary artery disease, nonsus-
tained ventricular tachycardia, and left ventricu-
lar ejection fraction (EF) less than 40%, the
inducibility of sustained ventricular tachycardia
identifies patients at high risk for ventricular
arrhythmias and predicts a worse prognosis.”
However, in those with severe ventricular dys-
function (EF <30%), noninducibility of ventricu-
lar tachycardia with program electrical stimulation
does not indicate a good prognosis® and is not
helpful in risk stratification.

Management of Elderly Patients at
Risk for Sudden Cardiac Death

Antiarrhythmic Drugs

The essential goals of antiarrhythmic therapy in
the elderly are acute termination of an ongoing
arrhythmia and/or prevention of the recurrence
of arrhythmia. Although antiarrhythmic agents,
except for the B-blockers, have not been shown to
reduce mortality in randomized trials,'™'” they
continue to play an important role for symptom
relief by suppression of recurrences of arrhythmia
in elderly patients. However, these agents should
be used with caution as they can also cause
arrhythmia in susceptible individuals.'™ Selection
of an effective yet safe medication in the elderly is
challenging due to variability in the pathophysio-
logical substrate, mechanisms of arrhythmia,
clinical presentation, and prognostic implications
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of the arrhythmia.'” In addition, the presence of
comorbidities, concomitant drug use, and vari-
ability in drug disposition, and/or responses due
to aging-associated physiological changes that
alter the pharmacokinetics and pharmacodynam-
ics of a drug, require careful adjustment of drug
regimens and frequent monitoring for efficacy
and side effects.'” The empiric use of antiarrhyth-
mic drugs regardless of the prognostic signifi-
cance ofanarrhythmia or choosing antiarrhythmic
drugs by trial and error is not acceptable due to
deleterious effects, including the risk of proar-
rhythmia,'”'”® which may be increased in the
elderly due to impaired renal clearance and the
potential for drug interactions.'” There is no evi-
dence that suppression of asymptomatic nonsus-
tained ventricular tachycardia prolongs life, and
the only indication to treat these arrhythmias is
for symptom control due to frequent recurrences
of rapid tachycardia compromising hemodynam-
ics. These could be managed with antiarrhythmic
therapy, preferably with B-blockers, sotalol, or
amiodarone, or with catheter ablation. In the
presence of structural heart disease or myocardial
ischemia, class I antiarrhythmic agents should
be avoided as clinical trials, such as the Cardiac
Arrhythmia Suppression Trial, have demonstrated
increased mortality or incessant arrhythmias in
patients treated with antiarrhythmic agents com-
pared to placebo.'” Patients with atrial fibrillation
treated with a class I antiarrhythmic agent may
become symptomatic with a rapid 1:1 atrioven-
tricular response as the atrial rhythm becomes
more organized and if used these agents should
be given with drugs that slows atrioventricular
node conduction. In addition, use of class I antiar-
rhythmic agents in patients with a pacemaker or
implantable cardioverter defribillator (ICD) may
result in an increase in pacing threshold or defi-
brillation energy requirement'*'"° necessitating
reprogramming of pacing or ICD systems.
Overall, class I or III antiarrhythmic drugs
should not be used as primary therapy in the
management of ventricular arrhythmias or the
prevention of SCD in the elderly. Its use as a
hybrid treatment with ICD implantation, however,
can be considered for symptom control and
improvement in quality of life by suppression of
recurrences of arrhythmia and frequency of ICD
discharges.""""* Amiodarone, a complex drug
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with multiple electrophysiological effects, is useful
for the termination and suppression of ventricu-
lar arrhythmias, especially when used with [-
blockers. However, the long-term survival benefit
from amiodarone alone was not shown in most of
the randomized, placebo-controlled studies, dem-
onstrating no significant benefit over standard of
care in high-risk patients with heart failure or
coronary artery disease.'”™" Similarly, use of
sotalol, despite its effectiveness in suppressing
ventricular arrhythmias, has not been shown to
improve survival."'® Use of amiodarone (with a
B-blocker) or sotalol is recommended in patients
who do not meet the criteria for ICD implan-
tation, or in those who have an ICD with the
therapeutic goal of reducing the recurrence of
ventricular arrhythmias and the frequency of ICD
shocks.""'"?

Drugs that are relatively safe and have been
shown to be effective in improving survival in
high-risk elderly patients include B-blockers,
angiotensin converting enzyme inhibitors, angio-
tensin receptor antagonists, and statins; these do
not possess classic antiarrhythmic properties and
should be considered in high-risk patients after
myocardial infarction or with heart failure."”"®
The combination of B-blockers and amiodarone
appears to be more effective in reducing overall
mortality and sudden death than amiodarone
alol,le‘ll9,120

Implantable Cardioverter Devices

Patients who had cardiac arrest due to ventricular
fibrillation or sustained ventricular tachycardia in
the absence of a removable cause or those with
persistent severe left ventricular dysfunction (EF
<35%) due to nonischemic or ischemic cardiomy-
opathy 40 days after acute myocardial infarction
are at increased risk of SCD and should be consid-
ered for ICD implantation.**"'* Randomized,
prospective trials comparing antiarrhythmic drug
therapy to ICD have demonstrated the efficacy of
ICDs in primary and secondary prevention of
sudden death in those at high risk of SCD or in
those resuscitated after cardiac arrest.'®'">'»-1%
However, none of these trials has focused speci-
fically on the efficacy of ICD in the elderly.
The survival benefit of ICD in those 65 years or
older appears to be similar to those <65 years of
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age,'”'* with the benefit of ICD therapy appar-
ently greater in those in whom an ICD is implanted
for primary prophylaxis of SCD than in those for
secondary prevention after a life-threatening
arrhythmic event or in those with advanced heart
failure and a higher risk of nonarrhythmic cardiac
or noncardiac death.'”' Because of the limited
availability of data, the efficacy of ICD therapy in
the older elderly with limited life expectancy is not
clear, as only a very small number of elderly above
80 years of age have been included in these trials;
these trials may also suffer from selection bias for
the use of more expensive devices in “healthier”
elderly patients with a lower risk of noncardiac or
cardiac death.” Pooled analysis of the secondary
prevention trials does indicate that the very elderly
may derive less benefit from an ICD than younger
patients, due to an increased number of nonar-
rhythmic cardiac and noncardiac deaths.'” Simi-
larly, cohort studies reporting an equivalent
survival benefit in the elderly and younger patients
may not reflect the true benefit of ICD therapy in
the overall elderly population as selection bias
may be present, with use of more expensive device
implantation consideredin only “healthier elderly”
free of serious comorbidities with a better func-
tional capacity.”"'*'** In the absence of symp-
tomatic arrhythmias in those with preserved
ventricular function (EF >40%), the risk for SCD is
relatively low, and at this time ICD therapy is not
indicated.* In addition, in the very elderly patient
who has multiple comorbidities with a limited life
expectancy from nonarrhythmic causes, ICD may
not prolong survival and could have an adverse
impact on quality of life, and therefore should be
avoided. Patients with ICD with compromised
ventricular function who require pacing may have
exacerbation of heart failure when paced from the
right ventricular (RV) apex.”** In these patients RV
pacing should be minimized by selecting a low
minimum rate, programming a long AV interval,
selecting an ICD with algorithms utilizing auto-
matic mode selection that favors atrial over ven-
tricular pacing, or using ICDs with biventricular
pacing capabilities."”’

Radiofrequency Ablation

Ablation therapy should be considered in the
elderly as adjunctive therapy for recurrent ven-
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tricular tachycardia in those with recurrent ICD
shocks not manageable by reprogramming of ICD
or antiarrhythmic therapy or who do not wish
long-term drug therapy.*'**'*! Ablation as primary
therapy is indicated only in those who are other-
wise at low risk for SCD and have symptomatic
predominantlymonomorphicventriculararrhyth-
mias that are drug resistant, or in patients who are
drug intolerant or do not wish long-term drug
therapy.*'** Ablation of the tachycardia circuit
involving the bundle branches in bundle branch
ventricular tachycardia may be curative, but these
patients typically have severe ventricular dysfunc-
tion with an underlying substrate that increases
the risk for other arrhythmias and therefore may
need ICD. Ventricular arrhythmias arising from
the right and less commonly the left ventricular
outflow tract are usually seen in healthy young
individuals, but may present in the elderly. They
are associated with a good prognosis'*’ and often
respond to treatment with B-blockers and calcium
channel blockers or class IC antiarrhythmic drugs.
In those who remain symptomatic or do not
respond to drug therapy, catheter ablation should
be considered.*

Other Interventions

Ablation of the tachycardia circuit using surgery
to resect or modify the arrhythmia substrate is
an alternative therapy that may be suitable for
patients in whom catheter ablation is unsuccess-
ful and who are otherwise fit to undergo cardiac
surgery. Coronary revascularization with percuta-
neous coronary intervention or bypass surgery
reduces myocardial ischemia and SCD during
long-term follow-up,'** but controlled trials evalu-
ating the effect of myocardial revascularization on
ventricular arrhythmias in the elderly have not
been conducted. If ventricular arrhythmias are
triggered by acute ischemia, coronary revascu-
larization helps reduce the frequency and com-
plexity of the arrhythmias. However, sustained
monomorphic ventricular tachycardia in patients
with scarred myocardium from a previous infarc-
tion is not affected by revascularization'*; neither
is the risk of recurrent cardiac arrest in patients
with markedly reduced ventricular function elim-
inated with revascularization even if the original
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arrhythmia appeared to result from transient
ischemia."*

With the continuing rise in medical costs and
the rapid increase in the elderly population and in
the prevalence of cardiovascular diseases and
associated disability, urgency exists to better
integrate our efforts in basic science and clinical
practice to enhance our understanding of arrhyth-
mogenesis and its effect on outcomes in the elderly,
so as to advance both therapeutic and preventive
strategies to improve health and longevity of
elderly patients.
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