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Sudden death characterizes the mode of demise in 30-50% of patients with chronic heart failure and a reduced ejection fraction.
Occasionally, these events have an identifiable pathophysiological trigger, e.g. myocardial infarction, catecholamine surges, or electrolyte
imbalances, but in most circumstances, there is no acute precipitating mechanism. Instead, adverse left ventricular remodelling and fibrosis
creates an exceptionally fragile and highly vulnerable substrate, which can be characterized using the model developed in theoretical phys-
ics of ‘self-organizing criticality’. This framework has been applied to describe the genesis of avalanches, nodes of traffic congestion
unrelated to an accident, the abrupt system-wide failure of electrical grids, and the initiation of cancer and neurodegenerative diseases.
Self-organizing criticality within the ventricular myocardium relies on complex adaptations to progressive stress and stretch, which evolve
inevitably to an abrupt end (termed ‘cascading failure’), even though the rate of deterioration of the underlying disease process has not
changed. The result is acute circulatory collapse (i.e. sudden death) in the absence of an identifiable triggering event. Cascading failure in a
severely remodelled or fibrotic heart can become manifest electrically as a first-time ventricular tachyarrhythmia that is responsive to the
shock delivered by an implantable cardioverter-defibrillator (ICD). Alternatively, it may present as an acute mechanical failure, which is
manifest as (i) asystole, bradyarrhythmia, or electromechanical dissociation; or (i) incessant ventricular fibrillation that persists despite re-
petitive ICD discharges; in both instances, the sudden deaths cannot be prevented by an ICD. This conceptual framework explains why
anti-remodelling and antifibrotic interventions (i.e. neurohormonal antagonists and cardiac resynchronization) reduce the risk of sudden
death in patients with heart failure in the absence of an ICD and provide incremental benefits in those with an ICD. The adoption of anti-
remodelling and antifibrotic treatments may explain why the incidence of sudden death in clinical trials of heart failure has declined dra-
matically over the past 10-15 years, independent of the use of ICDs.
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Introduction . What is sudden cardiac death in patients
. with heart failure?

Cardiac arrest is the mode of demise in 30-50% of patients with The original definition of sudden cardiac death—i.e. demise within 1

heart failure and a reduced ejection fraction (HFrEF), and conversely, h of the onset of new cardiac symptoms—was developed to identify

systolic dysfunction is a major risk factor for sudden cardiac death in the event in the general population with no known heart disease.

the community.” Despite their clinical importance, the mechanisms However, this approach could not be applied to patients with HFrEF,

that lead to abrupt circulatory collapse have long been misunder- who had ongoing symptoms and an established cardiovascular

stood. This article presents a novel framework for understanding the disorder. Initially, patients with HFrEF were deemed to have died
pathogenesis of this event. :
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suddenly if their symptoms had not recently worsened, and if another
cause for cardiac arrest could not be identified.’ Yet, this approach
was difficult to apply in practice. Technically, all deaths were sudden,
since the patient was alive at one moment and dead at the next ob-
servation point. Therefore, the feature that distinguished instantan-
eous demise was not its suddenness, but its unexpectedness. If an
event had not been foreseen, physicians believed that a new mechan-
ism had emerged and had triggered the abrupt circulatory collapse.

However, if unexpectedness were the determining factor in the
identification of sudden deaths, could physicians reliably gauge the de-
gree of unexpectedness? What if a patient had end-stage HFrEF but
had stabilized with intensive therapy and then died abruptly? Was the
inevitability of death sufficient to negate the diagnosis of an unexpect-
ed death? Was the period of clinical stability immediately prior to the
demise a clue of the emergence a new trigger or was it an irrelevant
lull in an ongoing storm that had raged for months or years? Did the
designation of sudden death imply the development of a new patho-
physiologic mechanism? Or was sudden death an illusion that was
related to an imperfect ability to adequately discern subtle changes in
the evolution of HFrEF?

Despite these uncertainties, physicians began to rely on prediction
models to identify patients who died suddenly. Adjudication commit-
tees in large-scale trials decided that sudden death would not be
applied to a patient who had an extremely limited life expectancy due
to HFrEF.2 Sudden death was identified only if patients were antici-
pated to survive for many months or years. If death was expected,
then the demise could be ascribed to the mechanisms that were al-
ready in play. In contrast, if the death were unexpected, it was
assumed that a new mechanism had emerged, even though it was
rarely clinically apparent.

Do coronary ischaemic events cause
sudden death?

Three decades ago, sudden deaths were typically ascribed to an acute
coronary occlusion. Autopsies of patients with HFrEF who had died
suddenly indicated that an acute thrombotic occlusion could be a ter-
minal trigger.> However, if coronary thrombosis were a common
cause of sudden death, physicians might expect these events to be
prevented if the inciting plaque rupture or thrombotic occlusion
were averted. Yet, the use of statins to cause plaque stabilization or
the use of aspirin or oral anticoagulants to prevent coronary throm-
bosis did not reduce the risk of sudden death in clinical trials of
HFrEF (Table 1).*” Coronary revascularization decreased the risk of
new myocardial infarctions, but the benefit on sudden death was so
modest that it took years to become apparent, even though the util-
ization of implantable cardioverter-defibrillators (ICDs) was very low
(only 2%). Therefore, the role of coronary thrombosis in the genesis
of sudden death in HFrEF was small.

Are ventricular tachyarrhythmias
unrelated to acute ischaemia a
mechanism of sudden death?

Ventricular tachycardia and fibrillation are important terminal
arrhythmias in patients with HFrEF, and many sudden deaths can be
prevented by an ICD,>*'° (Table 1). Although the magnitude of the

risk reduction is somewhat smaller in those with a non-ischaemic
than an ischaemic cardiomyopathy (40-50% vs. 60-70%), the benefit
of an ICD in the former group indicates that ventricular tachyarrhyth-
mias can cause sudden death in the absence of coronary artery dis-
ease or an acute occlusion.'®"!

The action of ICDs to prevent sudden death leads to a decrease in
all-cause mortality if the proportion of tachyarrhythmic events to the
total number of deaths is large. If sudden deaths comprise half of the
deaths and if ICDs prevent half of sudden deaths, then ICDs should
lead to a ~225% reduction in all-cause mortality.” However, the mag-
nitude of the overall survival benefit is attenuated in those with
advancing symptoms or comorbidities, in whom non-tachyarrhyth-
mic events contribute importantly to the total deaths.*"2 In con-
trast, in patients with minimal symptoms or end-organ dysfunction,
ICDs decrease all-cause mortality, because of the absence of com-
peting risks for death.>""~"3

Cardiac dilatation and scarring are ideal substrates for the initiation
of ventricular tachyarrhythmias that can lead to circulatory col-
lapse."*'® Fibrosis probably underlies the genesis of most sustained
ventricular tachyarrhythmias, whether or not the patient has coron-
ary artery disease.’ But what are the acute triggers for these fibrosis-
related arrhythmias? Surges in sympathetic nervous system activity
and abrupt electrolyte shifts can precipitate arrhythmic events,'® and
membrane-active antiarrhythmic agents and digitalis can provoke le-
thal proarrhythmias."”'® Yet, in most patients, a trigger for a fatal
tachyarrhythmia in a patient with a vulnerable substrate cannot be
identified.

More importantly, 30-70% of the sudden deaths in clinical trials of
HFrEF are not prevented by an ICD. The failure of ICDs to prevent
abrupt circulatory collapse is particularly characteristic of patients
with advancing heart failure.>"*"? As functional capacity worsens
from Class Il to lll, the proportion of sudden deaths that are prevent-
able by an ICD declines from 60-70% to 25-40% (Table 7). In patients
with the most severe symptoms, ICDs have not led to a meaningful
decrease in the risk of sudden death.>'*?° These findings indicate
that a large proportion of the sudden deaths in patients with progres-
sive ventricular remodelling are not related to an ICD-responsive
ventricular tachyarrhythmia.2' What then is the mechanism of sud-
den death in these individuals?

Is acute mechanical failure a mechanism
of sudden death?

Electrocardiographic monitoring during episodes of sudden death
has shown that many patients with HFrEF die abruptly without a ven-
tricular tachyarrhythmia. In 40—-60% of cardiac arrests, the electrocar-
diogram exhibits electromechanical dissociation, asystole, or a
terminal bradyarrhythmia immediately preceding and at the time of
demise.?*?* These findings may be particularly common in patients
with a non-ischaemic cardiomyopathy, especially those with advanc-
ing symptoms>>*>; these are precisely the patients least likely to
show a reduced risk of sudden death with an ICD.>"%""?° These ter-
minal events are not prevented by electrical devices; they reflect an
abrupt cardiac mechanical event, which is the proximate cause for
the cardiac arrest.
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Table |
systolic dysfunction

Effect of drug, device and surgical interventions on the risk of sudden death in patients with left ventricular

Patient population

Background therapy

Reduction in risk of sudden
death

Drugs or surgical procedures that prevent myocardial infarction
Statins*® HFrEF

HFrEF

Antiplatelet and anticoagulantss'7

Coronary artery bypass graft
surgery®

HFrEF and coronary artery
disease

Consistent use of neurohormonal
antagonists, but minimal CRT and
ICDs

Robust use of neurohormonal antag-
onists, CRT and ICDs in rivaroxa-
ban trial

Consistent use of neurohormonal
antagonists, but minimal CRT and
ICDs

Drugs or devices that favourably affect adverse left ventricular remodelling

ACE??3° HFrEF and post-infarction
LVD

Beta-adrenergic receptor block- HFrEF and post-infarction

ers> 3 LvD

Mineralocorticoid receptor HFrEF and post-infarction

antagonists34 LvVD
Neprilysin inhibitors*’ HFrEF
CR—l—1 9,20,36,38,39 HFrEF

Drugs and devices that suppress or treat ventricular tachyarrhythmias
|CD2,9,1 3,19,20 HFrEF

Membrane-active antiarrhythmic
17,18

HFrEF and post-infarction

drugs LVD

Minimal use of neurohormonal antag-
onists, CRT and ICDs

Use of ACEI, but not other neuro-
hormonal antagonists, CRT and
ICDs

Consistent use of ACEI, variable use
of beta-blockers, minimal CRT and
ICDs

Robust use of neurohormonal antag-
onists; CRT in 7% and ICD in 14%

Consistent use of neurohormonal

antagonists, variable use of ICD

Consistent use of neurohormonal

antagonists, variable CRT

Variable use of ACEI and beta-block-
ers, minimal CRT and ICDs

No benefit

No benefit

~225% decreased risk evident during

long-term follow-up

No benefit in HFrEF; 20% decreased
risk in post-infarction LVD

~225% decreased risk in post-infarc-
tion LVD; 35-45% decreased risk
in HFrEF

35% decreased risk if on beta-block-
er; minimal effect if not on beta-
blocker

20% decreased risk overall, ~50%
decreased risk in patients with
baseline ICD

~50% decreased risk in class I/l
patients, but no benefit in class IV

patients

~60-70% decreased risk in class Il
patients, ~25-40% decreased risk
in Class Il patients

Increased risk of lethal
proarrhythmia

ACEI, angiotensin converting-enzyme inhibitors; CRT, cardiac resynchronization therapy; HFrEF, heart failure with a reduced ejection fraction; ICD, implantable cardioverter-

defibrillator; LVD, left ventricular dysfunction.

Interestingly, acute contractile failure may also be the underlying
mechanism of sudden death, even if the electrocardiogram manifests
ventricular tachycardia or fibrillation. In some patients with an ICD,
the ventricular tachyarrhythmia recurs immediately or persists des-
pite repetitive discharges.”’ Acute mechanical failure is responsible
for the abrupt cessation of circulatory support; the observed tachyar-
rhythmia represents an epiphenomenon. These events present clinic-
ally as sudden deaths that are not preventable by an ICD.

What mechanism can cause a dilated and scarred heart to abruptly
stop its mechanical support of the circulation? Progressive fibrosis
could conceivably lead to conduction system abnormalities and heart
block,"® and acute cardiac distension could theoretically trigger auto-
nomic  reflexes," resulting in abrupt profound hypotension.
However, in most sudden deaths that are not prevented by ICD
shocks, there is no identifiable trigger for acute mechanical failure.

The concepts of self-organizing criticality

and cascading failure

The process of remodelling is characterized by the slow loss of cardi-
omyocytes, progressive stretch on the walls of the ventricular cham-
ber and the gradual accumulation of myocardial fibrosis. Since
physicians do not expect such a slow incremental process to end
abruptly, they have long assumed that sudden death requires a trig-
gering mechanism.

Yet, work in theoretical physics over the past three decades has
concluded that slowly progressive processes can (and typically do)
end suddenly in the absence of an acute precipitating event. The slow
accumulation of snow on a cliff eventually culminates in an avalanche
when one incremental snowflake destabilizes the entire structure.
Similarly, failing grains of sand lead to the formation of a cone until
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the slope exceeds a threshold value, at which time one additional
grain causes an entire side of the sandcone to collapse. The abrupt
loss of structural integrity result from continuation of the same pro-
cess; it does not require any new trigger, even though the collapse is
acute. This framework was first introduced by Bak, Tang, and
Wiesenfeld in a famed 1987 paper in Physical Review Letters, which
defined the mathematical underpinning of dynamical systems that dis-
play ‘self-organizing criticality’>*

Self-organizing criticality is a property of complex systems in which
small events trigger major cataclysms due to subtle interdependen-
cies between elements. The ongoing causal process (i.e. falling sand
grains or snowflakes) is tolerated for long periods because tiny in-
ternal mechanisms ‘self-organize’ in a highly interdependent manner
to support overall structural integrity.”**> However, the ability of the
self-organizing process to maintain stability is limited. Once the limit
is breeched, the extreme interdependence leads to a ‘cascading fail-
ure’, where the tiny fault of one part immediately triggers the failure
of other components. When the first part fails, other elements that
would normally compensate for the failed component are unduly
stressed; the resulting overload causes these to collapse as well,
prompting a rapidly evolving cascade of failure.?®

This framework—where an abrupt event results from the continu-
ation of tiny increments of the same underlying process rather than a
new precipitating mechanism—has been applied to understanding
the genesis of avalanches, the sudden appearance of nodes of traffic
congestion, and the abrupt onset of system-wide failure of electrical
grids. The concept of self-organizing criticality has also recently been
used to understand biomedical events, such as protein—protein inter-
actions, cancer, neurodegenerative disease, and genetic and metabol-
ic cascaldes,ze"27
death.

as well as the initiation of cellular and organismal

Self-organizing criticality and cascading
failure in the remodelled ventricle

The process of cardiac remodelling in patients with HFrEF represents
a self-organizing system of highly vulnerable interdependence. ‘Self-
organizing criticality’ within the ventricular myocardium relies on
complex adaptations to progressive cardiomyocyte stress and
stretch, which can come to an abrupt end (‘cascading failure’), thus
leading to acute circulatory collapse (i.e. sudden death) in the ab-
sence of a new triggering event. Cascading failure in a severely
remodelled heart can become manifest either electrically (i.e. ven-
tricular tachyarrhythmia) or mechanically (i.e. asystole, bradyarrhyth-
mia, or electromechanical dissocia‘cion).B’28 Incessant ventricular
tachyarrhythmias that persist despite repetitive ICD discharges also
reflect cascading mechanical failure.”' Because these rhythms are dis-
sociated from mechanical activity, the lethal consequences of mech-
anical failure cannot be prevented by an ICD.

Is it possible to demonstrate that adverse ventricular remodelling
per se leads to cascading acute mechanical failure and sudden death?
Cardiac fibrosis and deleterious changes in geometry are related to
the activation of endogenous neurohormonal systems (norepineph-
rine, angiotensin I, aldosterone, and neprilysin), and inhibition of
these mechanisms minimizes the development of interdependent
critical microsubstrates that can be easily destabilized. Such an effect
might explain the ability of each of a broad range of neurohormonal

antagonists to reduce the risk of sudden death by 20—40% in patients
with post-infarction left ventricular systolic dysfunction or HFrEF
(Table 1).7* Interestingly, the effect of beta-blockers to reduce the
risk of sudden death has been greater than that of angiotensin
converting-enzyme inhibitors, possibly because of their more pro-
nounced effect on cardiac remodelling>® The incremental benefit of
mineralocorticoid receptor antagonists on sudden death may be
related to their antifibrotic effect and is particularly notable in
patients receiving beta-blockers.>*

Yet, it is always possible to explain any benefit of neurohormonal
antagonists to prevent sudden death to actions of these drugs that
are independent of their effects on ventricular remodelling or fibrosis
(Take home figure). For example, angiotensin converting-enzyme
inhibitors and beta-blockers might prevent a new myocardial infarc-
tion that can trigger sudden death.*° Beta-blockers and spironolac-
tone may protect against circadian catecholamine surges and/or
electrolyte imbalances that can trigger lethal ventricular tachyar-
rhythmias.'® These possibilities are difficult to dismiss, since most of
the large-scale trials with neurohormonal antagonists were carried
out in an era when the background utilization of ICDs was very low,
thus making it impossible to distinguish between purely electrical
(ICD-preventable) and primarily mechanical (ICD-non-preventable)
pathways leading to sudden death. Given these uncertainties—
despite compelling evidence linking cardiac remodelling and sudden
death®—it has been difficult to confidently ascribe the favourable
effects of neurohormonal antagonists on cardiac arrest primarily to
the reversal of remodelling-related self-organized criticality.

Reversal of remodelling to prevent acute

cascading mechanical failure

Fortunately, recent experiences with cardiac resynchronization and
neprilysin inhibition in large-scale trials in HFrEF have provided
unique opportunities to clarify this confusion. These observations
have supported the premise that ventricular remodelling is a direct
cause of cascading collapse and sudden death.

First, cardiac resynchronization exerts striking benefits on ventricu-
lar remodelling without interfering with neurohormonal systems36;
as a result, trials of cardiac resynchronization are poised to identify a
unique role for ventricular geometry in the genesis of sudden death.
It is therefore noteworthy that, when cardiac resynchronization indu-
ces significant reverse remodelling, the substrate for acute electrical
cascade is reduced (Take home figure)>”?8; the risk of sudden death is
decreased by ~50% in patients without an ICD, primarily related to a
decrease in lethal ventricular tachyarrhythmias in those who experi-
ence a marked decrease in ventricular volumes (Table 1).3%*% In con-
trast, in patients with severe symptoms and persistently dilated and
fibrotic hearts, a significant risk for sudden death remains following
cardiac resynchronization, and it is not reduced by an ICD."92°

Second, a linkage between ventricular remodelling and acute mech-
anical failure resulting in sudden death has been supported by studies
of sacubitril-valsartan in HFrEF. Neprilysin inhibition has favourable
effects on cardiac remodelling and may thereby reduce the substrate
for ventricular tachyarrhythmias (Take home figure).** However, the
effect of sacubitril/valsartan to reduce the risk of sudden cardiac
death appears to be most marked (>50% risk reduction) in patients
who already have an ICD prior to treatment (Table 1).*' The



What causes sudden death in patients with chronic HFrEF?

1761

Coronary
artery bypass Angiotensin Angiotensin
see converting enzyme receptor neprilysin
l \/ inhibitors N inhibitors
; Adverse left
Myocardial Beta- :
infarction I adrenergic _I ventnct:_lar
/ blockers remodeling | A~ diac
Catecholamine ‘l, resyl nt(f:;férr ‘;’;’)’;at’on
SIS Mineralocorticoid Self-organizing
receptor S
\/ antagonists el
Electrolyte
imbalances / \

Cascading acute

Cascading acute
mechanical failure

! electrical instability

Sudden l/ 1’

/

Ventricular -
tachyarrhythmias | ———> unexpected Bradyarrhythmias
cardiac death Electromechanical
dissociation
Membrane-active Implantable Asystole

antiarrhythmic drugs cardioverter-defibrillator

Take home figure Mechanisms by which drug, device and surgical interventions reduce the risk of sudden unexpected cardiac death in chronic
heart failure. In the absence of an acute precipitating event, adverse left ventricular remodelling and fibrosis generates a substrate of self-organizing
criticality, which predisposes to abrupt electrical or mechanical cascading failure. The former leads to sustained ventricular tachycardia or fibrillation,
which is often responsive to an implantable cardioverter-defibrillator. In contrast, the latter is manifest by bradyarrhythmias, electromechanical dis-
sociation and asystole and is not responsive to ICD shocks. Ventricular tachycardia or fibrillation that is refractory to repetitive implantable cardi-

overter-defibrillator shocks is also likely related to acute mechanical failure.

observation that the effect of neprilysin inhibition on sudden death is
additive to that of an ICD indicates that the drug influences the risk of
cardiac arrest by a mechanism other than (or in addition to) the mini-
mization of |ICD-preventable sudden deaths—presumably related to
an effect to cause reverse remodelling, and thereby, reduce the risk
of acute mechanical failure.

A collective benefit of neurohormonal antagonists and cardiac
resynchronization on cardiac remodelling and fibrosis, and thereby,
on acute cascading electrical and mechanical failure may explain why
the incidence of sudden death in HFrEF has declined over the 10—
15 years, in parallel with a reduction in left ventricular cavity size. ¥4
This decline has occurred independent of the use of ICDs,*? but coin-
cident with an increase in the utilization of neurohormonal antago-
nists and cardiac resynchronization therapy. It is noteworthy that the
value of ICDs in preventing death in HFrEF was primarily demon-
strated at a time when our efforts to minimize ventricular remodel-
ling were not as robust as in the current era.

Summary and conclusions

Sudden death is an important mode of demise in patients with HFrEF.
Unaware of this risk, many practitioners often assume that clinically
stable patients with mild-to-moderate symptoms do not require in-
tensive therapy. As a result, interventions that can prevent sudden
death in HFrEF are underutilized.**

Several pathophysiological mechanisms (e.g. coronary thrombotic
ischaemic event, hormone-electrolyte imbalances) can trigger sudden
death, but most commonly, cardiac arrest results from acute electric-
al or mechanical failure in remodelled and fibrotic ventricle. These
events typically have no acute precipitant, but the anti-remodelling
and antifibrotic effects of neurohormonal antagonists and cardiac
resynchronization can prevent sudden death, whether or not an ICD
is in place.*! The severely remodelled left ventricle represents a fra-
gile interdependent substrate of self-organized criticality, which can
(without warning) lead to acute cascading collapse. This conceptual
2425_suggests that
life-prolonging treatments in chronic heart failure may have their

framework—borrowed from theoretical physics

most important impact if they are applied early in the disease process
when ventricular remodelling may be most reversible and when sud-
den death constitutes a disproportionate number of all deaths.
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