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Abstract

Despite the advances in medical and device therapies for heart failure (HF), sudden cardiac death (SCD) remains a
tremendous global burden in patients with HF. Among the risk factors for SCD, HF has the greatest impact. Previous
studies focusing on patients with systolic dysfunction have found several predictive factors associated with SCD, lead-
ing to the subsequent development of strategies of primary prevention, like placement of implantable cardioverter-
defibrillator (ICD) in high-risk patients. Although patients with HF with preserved ejection fraction (HFpEF) were less
prone to SCD compared to patients with HF with reduced ejection fraction (HFrEF), patients with HFpEF did account
for a significant proportion of all HF patients who encountered SCD. The cutoff value of left ventricular ejection frac-
tion (LVEF) to define the subset of HF did not reach consensus until 2016 when the European Society of Cardiology
proposed a new classification system by LVEF. There is a great unmet need in the field of SCD in HFpEF regarding risk
stratification and appropriate device therapy with ICD implantation. In this article, we will approach SCD in HFpEF
from HFrEF subsets. We also aim at clarifying the mechanisms, risk factors, and prevention of SCD in HFpEF.
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Backgrounds

The definition of sudden cardiac death (SCD) by World
Health Organization (WHO) in 1985 referred to “sudden
unexpected death occurring either within 1 h of symp-
tom onset (witnessed), or within 24 h of having been
observed alive and symptom-free (un-witnessed)” [1,
2]. The original purpose of this definition was to iden-
tify “sudden arrhythmic death (SAD)” rather than SCD
of non-arrhythmic causes. However, this definition was
not universally applied in all relevant studies over the
past three decades. The diversity in the definition of SCD
came from clinicians’ subjective predilections [3]. Not
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until recent years did the San Francisco Postmortem
Systematic Investigation conduct a systematic autopsy
in patients died of SCD and found only 55.8% of WHO-
defined SCD to be SAD after excluding non-arrhythmic
causes, i.e., intracranial hemorrhage, pulmonary embo-
lism, cardiac tamponade, acute heart failure (HF), and
occult drug overdose [4]. This review will be focused on
arrhythmic events-related SCD.

HF increases the risks of SCD compared to the general
population. On the other hand, up to 50% of deaths in HF
patients presented with a sudden and unexpected pattern
[5]. It is noteworthy that the majority of trials investigat-
ing SCD in HF enrolled patients with systolic dysfunc-
tion [6—14]. As the new HF classification was released by
the European Society of Cardiology, HF was re-classified
into three categories: HF with reduced (HFrEF), mildly
reduced (HFmrEF), and preserved ejection fraction (EF,
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HFpEF) with the corresponding EF of <40%, 41-49%,
and > 50%, respectively [15, 16]. With this new classifica-
tion, many clinical trials were undertaken to identify risk
of SCD in HF patients, particularly in the categories of
HFmrEF and HFpEF. A common approach is to examine
the traditional well-established risk factors for predicting
SCD in HFrEF patients in a new patient group of HFpEF.
However, such approaches generated controversial
results due to the heterogeneity in HFpEF phenotypes,
and the appropriate risk stratification in this popula-
tion remains unclear. In this review, we will discuss the
epidemiology, mechanisms, risk factors, and preven-
tions of SCD in HFpEF patients and try to address some
unanswered questions. Patients with cardiomyopathies,
i.e., hypertrophic cardiomyopathy or sarcoidosis, have
already known to carry a much higher risk of SCD than
other populations and will not be included in this review.
Patients with inherited arrhythmia but without structural
abnormality will not be discussed, either.

Epidemiology of SCD in HF

SCD in the general population

The accurate incidence of SCD in the general population
is diverse due to the variations in SCD definition among
different trials, the differences in emergency medical ser-
vice announcement protocols, the differences in autopsy
rates, and the discrepancy in the national recording sys-
tems [17]. It is estimated that the global incidence rate
varies from 20 to over 100 per 100,000 person-years
across different populations and countries [18, 19]. Myo-
cardial substrates (i.e., fibrosis or hypertrophy), predis-
posing factors (i.e., genetics or diabetes), and triggers
(i.e., ischemia or electrolyte imbalance) are all important
contributors to SCD occurrence. In general population,
coronary artery disease is the most common etiology,
accounting for over 50% of SCD, while other causes
include valvular heart diseases, cardiomyopathy, arrhyth-
mic channelopathy, etc., and the timing of SCD occur-
rence depending on age and disease onsets [17, 20, 21].

SCD in patients with HFrEF

The incidence of SCD in patients with HFrEF could be
identified from clinical trials. In MUSTT trial which
enrolled patients with ischemic cardiomyopathy, asymp-
tomatic non-sustained ventricular tachycardia, and
a LVEF <40%, the patients in the medical treatment
arm had 32% of SCD incidence rate after 5-year follow-
up [22]. In DANISH trial which enrolled patients with
non-ischemic cardiomyopathy and a LVEF <35%, SCD
incidence rate was 8.2% in the standard care arm after
a median follow-up of 67.6 months [23]. Multiple trials
have demonstrated that left ventricular systolic dysfunc-
tion is the greatest risk factor for SCD.
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SCD in patients with HFpEF

Although patients with HFpEF were less prone to SCD
compared to patients with HFrEF, patients with HFpEF
did account for a significant proportion of all HF patients
who encountered SCD. An observational study in Neth-
erland showed that the incidence of SCD in patients
with a LVEF>50% and a previous HF history was 19%,
while the incidence of SCD was 61% in patients with a
LVEF>50% but without HF history [24]. Another study
by Stecker et al. assessed 121 SCD patients who had
LVEF data before SCD. They found that 48% of these
SCD patients have a normal (>55%) LVEF, while 30%
and 22% of these SCD patients have a severely reduced
(< 35%) and mildly to moderately reduced (36-54%)
LVEE, respectively [25]. The incidence of SCD in patients
with HFpEF remains unknown in these two studies. In
the TOPCAT, I-PRESERVE, and CHARM-Preserved tri-
als, SCD consistently accounted for around one fourth of
total death in HFpEF patients in these trials [26-28]. In
the I-PRESERVE trial, the annual SCD rate was 1.35% in
patients with HFpEF [27].

Mechanisms of SCD in HF

There are several mechanisms reported to cause SCD in
HE. Packer et al. proposed two main pathways that led
to SCD in HFrEF, one is the ventricular tachyarrhythmia
precipitated by myocardial infarction and catecholamine
surge, while the other one is bradyarrhythmia caused by
adverse ventricular remodeling-related mechanical fail-
ure. The latter mechanism was of particular importance
and characterized by “self-organizing criticality” in which
the interdependence of each cell exaggerates, resulting
in unstable equilibrium and easy collapse [29]. Previous
studies in HFpEF population showed that the causes of
death were cardiovascular origin in 60-70% patients,
with the majority being SCD (20-40%) [30]. However,
trying to apply this framework to identify the causes of
death in HFpEF patients remains challenging. A system-
atic review focusing on the mode of death in HF with
normal/near-normal LVEF found that specific causes of
SCD were poorly defined [31]. More studies are needed
to clarify which pathway is more predominant in SCD in
HFpEE, so that the corresponding preventive strategies
may be more precise and effective.

Mechanisms of SCD in HFrEF

HF was associated with increased action potential dura-
tion (APD) and transmural heterogeneity of repolariza-
tion, leading to increased arrhythmic events and SCD
[5, 32, 33]. This electrical remodeling is the consequence
of dysregulation of different ion channels, especially
the potassium channels (Iy), and the transient outward
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potassium current (I,;) has been shown to result in
electrical dispersion and triggered activity in the failing
hearts. Sodium channels (I,) are also responsible for the
maintenance of AP plateau and repolarization so that
alterations of I, in HF patients may lead to pro-arrhyth-
mic states [5]. Intracellular calcium not only mediates
myocardial contraction but also influences electrophysi-
ological balance [34, 35]. Dysregulation of calcium chan-
nels is also responsible for excitation—contraction
uncoupling and arrhythmogenesis [5].

Myocardial ischemia is the most common etiology of
SCD because ischemia leads to APD prolongation and
abnormal calcium handling, bringing the cellular mem-
brane potential to a lower threshold for ventricular exci-
tation. Heterogeneous distributed ischemic myocardium
also enhanced reentry arrhythmia around the ischemic
obstacles [5]. In the Assessment of Treatment with Lisin-
opril and Survival (ATLAS) study, acute coronary events
(i.e., thrombus, ruptured plaque, or myocardial infarc-
tion) were commonly observed in patients with SCD in
the setting of CAD with HFrEF [36]. Gap junction down
regulation in molecular levels might cause impedance
mismatch and differential conduction in cellular levels,
leading to unidirectional block and reentry formation in
pacing-induced HFrEF model [5, 37].

Mechanisms of SCD in HFpEF

Myocardial substrate remodeling, including myocardial
scars, left ventricular hypertrophy (LVH), cardiac fibro-
sis, and collagen deposition, might enhance anisotropic
ventricular conduction and facilitate re-entrant ven-
tricular arrhythmia [2]. It is noteworthy that LVH was
estimated to have a worldwide prevalence of up to 40%
[38]. In the Oregon Sudden Unexpected Death Study
(Oregon SUDS), both concentric LVH (odds ratio [OR]
3.20; 95% CI 1.90-5.39; p<0.001) and eccentric LVH
(OR 2.47; 95% CI 1.30—-4.66; p=0.006) were reported to
have a statistically significant impact on SCD prediction
in multivariate analyses [39]. Despite employing different
echocardiographic criteria of LVH among several stud-
ies, LVH was consistently shown to be a robust predictor
of SCD in HFpEF patients as does the severely decreased
LVEF, and could be a risk stratification parameter for
SCD in HFpEF patients [40].

Genetic predisposition also contributes to SCD in HF
patients. Several genes have been identified to be asso-
ciated with SCD, although many of them are merely
arrhythmic syndromes related. In cardiomyopathy-
related HF, MYBPC3 gene for hypertrophic cardiomyo-
pathy (HCM) and PKP2/DSP gene for arrhythmogenic
right ventricular cardiomyopathy are reported to be asso-
ciated with SCD in HF. Nowadays, genome-wide asso-
ciation studies (GWAS) might help to validate the gene
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variants and expand the novel ones into clinical decision
[41-43].

As the speculation proposed by Tomaselli GF et al.,
multi-hit hypothesis including genetic predisposi-
tion (first hit), development of HF and abnormalities in
conduction and repolarization (second hit), and envi-
ronmental factors like ischemia (third hit) together con-
tributed to the occurrence of SCD in HF [5].

Risk factors and risk stratification of SCD in HF

Risk stratification of SCD in HFrEF

The most widely accepted predictor for SCD in HF is the
reduced LVEF (<35-40%). With this predictor, clinical
studies in this HF subset have generated recommenda-
tions of medication and device therapy to reduce SCD
incidence in high-risk HF patients. Beyond LVEF grows
many fields of study interests in SCD prediction and risk
stratification.

Echocardiography is widely used and provides a simple
way to estimate the LVEF for SCD risk prediction. Other
parameters have been explored to assess the myocardial
structures to predict SCD risk in HFpEF and HFmrEF
populations. In a meta-analysis, mitral annular calcifica-
tion, mitral E/A ratio beyond 0.7-1.5, LVH, and left atrial
enlargement were significantly associated with increased
SCD, indicating that these parameters other than LVEF
could also predict SCD risk in HFrEF patients [44].

Myocardial scar assessment is another intuitive
approach for risk stratification in HF. Myocardial scar
might serve as a conduction obstacle and allow reentrant
arrhythmic events to occur. Late gadolinium enhance-
ment (LGE) on cardiac magnetic resonance (CMR) offers
the quantification of the scar zones in myocardium.
However, the total amount of scar in myocardium by
LGE quantification is not predictive of scar-related ven-
tricular arrhythmia [45]. Rather, the heterogeneously dis-
tributed scar together with low voltage zone shown on
electrophysiological mapping was nicely correlated with
reentrant ventricular arrhythmia [46, 47]. Although CMR
is capable of identifying the total scar burdens and the
heterogeneous zones [48], to date CMR assessment still
cannot predict if implantable cardioverter-defibrillator
(ICD) implantation might reduce the risk of SCD in HF
patients [49]. By analyzing a cohort of dilated cardio-
myopathy patients (n=1165) who underwent CMR with
LGE, Marco et al. reported that LGE was an independent
and strong predictor of the arrhythmic endpoints includ-
ing appropriate ICD therapies, sustained ventricular
tachycardia, cardiac arrest, and sudden death. They fur-
ther developed a new clinical algorithm which integrated
LGE and LVEF and found that this algorithm signifi-
cantly improved the risk stratification for VA and sudden
death, providing relevant implications for ICD allocation
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in patients with dilated cardiomyopathy [50]. An ESTI-
MATED score (constructed by the LGE extent>14%,
syncope, atrial flutter/fibrillation, non-sustained ven-
tricular tachycardia, advanced AV block, and age <20
or>50 years) was used to predict the risk of SCD in 395
patients with non-ischemic cardiomyopathy [51]. This
score showed good calibrations for SCD prediction in the
derivation and validation sets in a 3-year follow-up. The
authors speculated that this score might help to identify
candidates for primary prevention by ICD in patients
with non-ischemic cardiomyopathy.

Prolonged T peak-T end intervals (TpTe) on ECG,
which suggests an increased dispersion of transmu-
ral repolarization, have been reported to predict SCD
or ventricular arrhythmias in patients with HCM and
patients receiving cardiac resynchronization therapy
(CRT) [52, 53]. Consistently, a short TpTe was associated
with less ventricular arrhythmia or death in HFrEF (LVEF
23+7%) patients who underwent ICD implantation
for primary prevention [54]. Aro et al. further analyzed
the ECG on the Oregon SUDS and found 6 electrical
risk factors, including heart rate>75 bpm, QRS transi-
tion>V4, LVH, frontal QRS-T angle>90°, QTc inter-
val >450/460 ms, and TpTe>89 ms to be significantly
associated with SCD in patients with HFrEF. This elec-
trical risk scores were externally validated in the Athero-
sclerosis Risk in Communities (ARIC) study and showed
that increased electrical abnormalities were associated
with higher odds ratio of SCD (>4 ECG markers, odds
ratio 26.1 [9.9-68.5], p <0.001) [55].

Heart rate variability (HRV) and heart rate turbulence
(HRT) were parameters to evaluate cardiac autonomic
function. Decreased HRV and HRT indicated the loss of
vagal tone and have been reported to increase the risks
of SCD and non-SCD in patients with MI and left ven-
tricular dysfunction [45, 56]. In a meta-analysis, however,
HRV and HRT failed to predict SCD in patients with
non-ischemic cardiomyopathy with HFrEF [57].

Risk stratification of SCD in HFpEF

In a prospective multicenter study, 301 patients with
non-ST-elevation myocardial infarction (NSTEMI)
and 268 patients with ST-elevation myocardial infarc-
tion (STEMI) with preserved LVEF were enrolled to
receive baseline echocardiographic evaluation. Dur-
ing a median 30 months of follow-up, decreased global
longitudinal strain (GLS), increased mechanical disper-
sion, and increased post-systolic strain index (PSSI) were
associated with increased arrhythmias risk in both the
NSTEMI and STEMI groups [58]. This finding indicated
that regional myocardial motion impairment on echocar-
diography could be predictors for SCD in patients with
ischemic heart disease and HFpEF.
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ECG also serves as a simple tool to identify the pro-
arrhythmic state. T wave alternans (TWA), defined by
beat-to-beat variation in T wave morphology, have been
found to be associated with lethal arrhythmia since early
twentieth century [3]. TWA has been validated in some
clinical trials of ischemic cardiomyopathy with HFrEF
to predict SCD [59-61]. In a prospective observational
study, TWA analyzed after acute myocardial infarction
(MI) in patients with HFpEF (an LVEF >40%) was associ-
ated with increased SCD risk [62].

Electrophysiological studies (EPS) with provocative
testing (programmed ventricular stimulation) are well
investigated in risk stratification of SCD. In MUSTT trial,
patients who had ischemic cardiomyopathy and non-sus-
tained VT benefited from ICD implantation if inducible
sustained VT was observed during EPS [63]. In another
post-MI group with HFpEF, patients with at least one of
the following high-risk features: premature ventricular
contraction (PVC), non-sustained VT, late potentials,
prolonged QTc, increased TWA, abnormal HRT, and
reduced HRV were referred for EPS. ICD was implanted
in case of inducible malignant ventricular arrhythmias.
In the follow-up duration, no SCD occurred in patients
without risk factors and in those with a negative result on
EPS, with a two-step negative predictive value (NPV) of
100% [64].

In summary, a low LVEF predicts the SCD risks in
HF patients, but risk stratification predictors other than
LVEF are attracting increasing interests. Unlike the risk
predictors for SCD in patients with ischemic cardiomy-
opathy and HFrEF, the risk predictors for SCD in non-
ischemic HFpEF patients remain inconclusive [65]. We
speculated that anatomical remodeling, autonomic dys-
function, electrical remodeling, and genetic character-
istics could be equally important and will serve as the 4
pillars to determine the SCD risks in patients with HF
(Fig. 1) [45].

Prevention and Risk reduction in SCD in HFpEF

Since ICD trials enrolling patients with systolic dysfunc-
tion (LVEF < 35-40%), including both ischemic and
non-ischemic causes showed benefit in reducing SCD
from ICD primary prevention [12, 13, 23, 63, 66]. SCD
prevention by ICD implantation in HFrEF is therefore
a well-established treatment. Other backbone drugs or
device therapy for HFrEF, including angiotensin-con-
verting enzymes inhibitors (ACEi), beta blockers, min-
eralocorticoid receptor antagonists (MRA), neprilysin
inhibitors, and CRT, also showed a trend toward SCD
reduction in subgroups in the randomized controlled
trials [29]. Although the new sodium-glucose cotrans-
porter 2 inhibitors (SGLT2i) have received a first-line
Class I indication for HFrEF in the latest HF guideline
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Genetic Characteristics
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Fig. 1 Four pillars of sudden cardiac death in HFpEF and relevant mechanisms. Dash lines mean need of more literature to elucidate. Abbreviation:
HFpEF (heart failure with preserved ejection fraction); CMR (cardiac magnetic resonance); LGE (late gadolinium enhancement); HCM (hypertrophic
cardiomyopathy); ARVC (arrhythmogenic right ventricular cardiomyopathy); GWAS (genome-wide association studies), VT (ventricular tachycardia);
VF (ventricular fibrillation); ICD (implantable cardioverter-defibrillator); PEA (pulseless electric activity)

Table 1 Selective indications of ICD implantation for HFpEF [69]

Clinical indications Conditions

Lamin A/C mutation
HCM

> 2 risk factors (NSVT, LVEF < 45%, nonmissense mutation, and male sex) (COR lla)

> 1 of the following risk factors (COR lla)

Maximum LV wall thickness > 30 mm

SCDin> 1 first-degree relatives presumably caused by HCM

> 1 episodes of unexplained syncope within the preceding 6 months
Spontaneous NSVT or an abnormal blood pressure response with exercise in the
presence of age <30y, LGE on cardiac MRI, LVOT obstruction, LV aneurysm or
syncope >5y (COR lla)

Cardiac sarcoidosis Syncope and/or evidence of myocardial scar by cardiac MRl or PET scan (COR lla)
An indication for permanent pacing (COR lla)

Inducible sustained VA at an EP study (COR lla)

ICD implantable cardioverter-defibrillator, HFpEF heart failure with preserved ejection fraction, NSVT non-sustained ventricular tachycardia, COR class of
recommendation, EP electrophysiology, LVEF left ventricular ejection fraction, SCD sudden cardiac death, HCM hypertrophic cardiomyopathy, LGE late gadolinium
enhancement, MRI magnetic resonance imaging, LVOT left ventricular outflow tract, PET positron emission tomography, VA ventricular arrhythmia

[16], meta-analysis study including 19 RCTs with over = mechanisms, like ischemia, valvular heart diseases,

50,000 participants showed no decrease in SCD or ven-
tricular arrhythmia in the SGLT2i arm. [67].

Due to the limited data, prevention of SCD in HFpEF
is still inconclusive. Considering heterogeneity in HFpEF
and complex co-morbidities in these patients, prior-
ity should be placed at treating the disease-causing

hypertension, or diabetes, and preventing any precipitat-
ing factor such as electrolyte imbalance [30, 68]. We pro-
posed the possible indications for ICD implantation for
primary prevention in HFpEF patients with cardiomyo-
pathies (Table 1) [69].
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Conclusions

Researches regarding SCD in patients with systolic dys-
function have been well studied. As the new HF classi-
fication has been established, and epidemiologic data
highlighted the large number of SCD cases in HFpEF,
more attentions are attracted to the risk of SCD in this
group. When trying to extrapolate the well-established
HF management concepts from HFrEF to HFpEF, het-
erogeneity in HFpEF remains a major challenge in
defining an integral framework for risk stratification.
Multi-pronged approaches to prevent anatomic remod-
eling, autonomic dysfunction, electrical remodeling, and
identify genetic characteristics are essential. Effective
prevention such as ICD implantation could thereafter be
implemented only if we can predict SCD in HFpEF pre-
cisely [69].
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