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Abstract

Risk stratification for sudden cardiac death in dilated cardiomyopathy is a field of constant debate, and the currently proposed
criteria have been widely questioned due to their low positive and negative predictive value. In this study, we conducted
a systematic review of the literature utilizing the PubMed and Cochrane library platforms, in order to gain insight about
dilated cardiomyopathy and its arrhythmic risk stratification utilizing noninvasive risk markers derived mainly from 24 h
electrocardiographic monitoring. The obtained articles were reviewed in order to register the various electrocardiographic
noninvasive risk factors used, their prevalence, and their prognostic significance in dilated cardiomyopathy. Premature ven-
tricular complexes, nonsustained ventricular tachycardia, late potentials on Signal averaged electrocardiography, T wave
alternans, heart rate variability and deceleration capacity of the heart rate, all have both some positive and negative predic-
tive value to identify patients in higher likelihood for ventricular arrhythmias and sudden cardiac death. Corrected QT, QT
dispersion, and turbulence slope—turbulence onset of heart rate have yet to establish a predictive correlation in the literature.
Although ambulatory electrocardiographic monitoring is frequently used in clinical practice in DCM patients, no single
risk marker can be used for the selection of patients at high-risk for malignant ventricular arrhythmic events and sudden
cardiac death who could benefit from the implantation of a defibrillator. More studies are needed in order to establish a risk
score or a combination of risk factors with the purpose of selecting high-risk patients for ICD implantation in the context
of primary prevention.
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of death worldwide [1]. It is estimated that 17 million peo-
ple die each year from cardiovascular disease, and 25-50%
of them die suddenly, often without having had any pre-
vious history of cardiovascular disease. Incidence of sud-
den cardiac death (SCD) in Europe is estimated at 1/1000
people per year, increasing with age [2-4]. Men exhibit
approximately twice the risk for ACS when compared to
women, but this difference decreases as age progresses [5].
With the ongoing evolution in treatment and diagnosis of
the aforementioned disease, survival of patients seems to
increase and SCD rates decline. According to a sub-study
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of the Rotterdam study, incidence of SCD in people over
40 years of age decreased from 4.7 per 1000 person-years
in the 1990s to 2.1 in the 2000s [6].

Definitions
Sudden cardiac death

According to the most recent definition of the World Health
Organization, SCD is the unexpected death that occurs
within 1 h of symptom onset (in witnessed cases) or within
24 h since the last time the person was seen alive and asymp-
tomatic (in unwitnessed cases) [7]. SCD occurs when a trig-
ger acts on an anatomic or functional electrophysiological
substrate, with the final pathway being elicitation of ven-
tricular fibrillation (VF) or ventricular tachycardia (VT)
that degenerates into VF, causing hemodynamic collapse
and cessation of mechanical activity of the heart. Asystole
and electromechanical dissociation are also causes of SCD
[8]. Polymorphic VT and torsade de pointes occur more
frequently in patients with QT interval prolongation, either
genetically inherited or drug induced. It is worth empha-
sizing that SCD is also caused by arrhythmic causes such
as massive pulmonary embolism, aortic dissection and rup-
ture, narcotic substances, etc. (Fig. 1). According to an older
study of patients who suffered SCD while wearing a Holter
monitor, VI/VF/multiform VT were the initial thythms of
cardiac arrest, with VT being the most common [9]. Elec-
tromechanical dissociation is also a common arrest rthythm,
occurring mostly in noncardiac causes of death although

Sudden Death

it also commonly occurs in patients with advanced heart
failure [10].

Dilated cardiomyopathy/nonischemic cardiomyopathy The
term dilated cardiomyopathy (DCM) denotes the structural
heart disease characterized by dilatation and systolic dysfunc-
tion of the left and often the right ventricle, which cannot be
attributed to coronary artery disease, valvular heart disease,
or arterial hypertension [11]. It is the third overall cause of
heart failure in the general population and the first cause of
heart transplantation worldwide [12]. DCM is an “umbrella”
term as it includes numerous inherited or acquired myocardial
diseases that lead to the same phenotypic outcome (e.g., myo-
carditis, substance and drug toxicity, autoimmune disease,
gene mutations) (Fig. 2). Prevalence is estimated at 1:2500
people and is probably underestimated, as the clinical status
of patients varies from asymptomatic to end-stage heart fail-
ure [13]. An often overlooked subtype of DCM is hypokinetic
nondilated cardiomyopathy, characterized by left ventricular
systolic dysfunction without accompanying dilatation [11]. It
is underdiagnosed due to initially mild symptoms and less-
pronounced imaging findings.

Risk stratification for sudden cardiac death

Despite the reduction in mortality that has been achieved with
early diagnosis, medical therapy, and cardiovascular implantable
devices, a significant percentage of patients will suffer the most
dreaded complication of the disease, SCD. SCD occurs more
often in young and mildly symptomatic patients. It is responsible

.

Sudden Non-cardiac Death
e Drugoverdose
e  Acute aortic syndromes
e Pulmonary Embolism
e  Pneumonia, asphyxia
e  Acute cerebral
syndromes
e Hemorrhage
e Sepsis, Infections
e  Hypothermia

Fig. 1 Causes of sudden death
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Fig.2 Causes of dilated cardio-
myopathy

Dilated cardiomyopathy: causes

e Inherited (genetic mutations e.g. LMNA, TTN, SCN5A, PLN)

e Neuromuscular disease (Duchenne/Beckert/Steinert muscular dystrophy)

e Drugs-Toxins (anthracyclines, alcohol, olanzapine, tricyclic
antidepressants, cobalt, iron overload etc.)

e Vitamin deficiency (carnitine, thiamine)

e Endocrine disorders (hyper/ hypothyroidism, Cushing, Diabetes Mellitus)

e Infections (viral myocarditis, mycobacteria, parasites)

e Autoimmune (giant cell myocarditis, sarcoidosis, peri-partum)

e Electrolyte imbalances (hypocalcemia, hypophosphatemia)

for 30% of total DCM mortality, and 1/3 of patients are clas-
sified as functional class I according to the New York Heart
Association (NYHA) classification, i.e., they are younger with
mildly affected functional capacity [14]. Ventricular arrhythmias
are the main cause of SCD followed by bradyarrhythmias, as
myocardial fibrosis often causes conduction disturbances [15].
Apropos of VT, the main mechanism appears to be scar related
re-entry followed by bundle branch re-entry [16].

Currently, primary prevention of SCD, as suggested by the
European Society of Cardiology and American Heart Associa-
tion guidelines is based on left ventricular ejection fraction (EF)
and NYHA functional class [17, 18]. Patients qualify for an
implantable cardioverter defibrillator (ICD) if their EF is below
35% and are in NYHA II-1II class. The recommendations mainly
considered studies such as DEFINITE, SCD-HEFT, CAT, AMI-
OVIRT, and COMPANION, whose patients were recruited more
than 20 years ago, without receiving currently indicated pharma-
cotherapy. Also, several of them included a large percentage of
patients with ischemic heart failure [19, 20]. Greater contribution
to the level of evidence for these recommendations was given by
meta-analyses of those studies, such as the one by Theuns et al.
who reported a reduction of SCD along with a reduction in total
mortality (RR:0.73) [21]. It is therefore reasonable to conclude
that the aforementioned indicators are not characterized by suf-
ficient sensitivity and specificity to adequately identify patients
at high risk for SCD [22, 23]. Many patients with EF<35% in
whom, according to guidelines, implantation of an ICD is rec-
ommended for primary prevention of SCD, never do experience
major arrthythmic events while undergoing the risks of device
implantation, such as inappropriate shocks and infection. Results
of the most recent DANISH study point in this direction, where
ICD implantation did not reduce overall mortality in patients
with DCM and low EF. The vast majority of patients were receiv-
ing optimal pharmacological and device treatment, including

cardiac resynchronization devices. Patients younger than 65 years
showed benefit, likely due to their fewer comorbidities, leading
to the conclusion that device implantation should be reserved
for those meeting multifactorial criteria beyond EF and NYHA
class [24]. Conversely, an increased arrhythmic risk truly exists in
some patients with EF>35%. This was proven by SCD registries
in the Oregon and Maastricht regions, in which 80% of victims
had an EF that would have excluded them from ICD implantation
[25, 26]. Based on the above, it is clear that the so far commonly
accepted predictors of major arrhythmic events are not sufficient
to unveil patients at high risk for SCD.

In the context of offering a more solid arrhythmic strati-
fication for DCM patients, the ReCONSIDER study was
conceived [27]. The ReCONSIDER study is an observa-
tional study, where imaging parameters, by cardiac mag-
netic resonance imaging (cMRI—such as late gadolinium
enhancement) and echocardiography, along with electrocar-
diographic parameters (derived through 24 h Holter moni-
toring and signal averaged electrocardiography) are used to
identify patients with EF>35% at low or moderate risk for
SCD. Those at moderate risk will undergo programmed ven-
tricular stimulation and according to the results, they will be
offered an ICD.

Materials and methods

Aim of the study

The purpose of this manuscript is to describe noninvasive
electrocardiographic risk factors that have been studied in
DCM patients, as well as their prevalence and prognostic

significance in unveiling subsets at higher risk for ventricular
arrhythmias and SCD.
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Inclusion criteria

(1) Studies enrolling patients aged over 18 years old, where
one or more noninvasive electrocardiographic risk factors
(premature ventricular complexes, nonsustained ventricular
tachycardia, late potentials on signal averaged electrocardi-
ography, T wave alternans, heart rate variability and decel-
eration capacity of the heart rate, corrected QT, QT disper-
sion and turbulence slope—turbulence onset of heart rate)
were studied concerning the occurrence of VT/VF or sudden
death; (2) DCM/SCD/VT were defined in accordance with
the current and commonly accepted criteria [7, 11].

Literature search strategy

This systematic review and meta-analysis is reported accord-
ing to the Preferred Reporting Items for Systematic reviews and
Meta-Analysis (PRISMA) guidelines. We searched MEDLINE
(via PubMed) and Cochrane Central Register of Controlled Tri-
als with search terms: dilated cardiomyopathy; sudden cardiac
death; ventricular arrhythmias; noninvasive risk factors (Fig. 3).

Results

Forty-four manuscripts were finally included. Several obser-
vational studies have attempted to identify noninvasive and
invasive predictors of major arrhythmic events such as late gad-
olinium enhancement on cardiac MRI, genetic testing, electro-
cardiographic testing, and programmed ventricular stimulation.
In the context of this literature review, only noninvasive risk
factors resulting from conventional or specialized electrocar-
diographic techniques are included. Each one of the arrhythmic
risk markers that are going to be mentioned has been tied to at
least one of the three conventional mechanisms of arrhythmo-
genesis: re-entry, triggered activity, and automaticity (Fig. 4).

Microvolt TWA

T wave alternans (TWA) describes the beat-to-beat variabil-
ity in time, shape, and/or amplitude of the T wave on the
electrocardiogram (ECG). It is a rate-dependent phenom-
enon that is the result of disturbances in the management of
intracellular calcium, predisposing to ventricular arrhythmias

Fig.3 PRISMA flowchart
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[28]. It is derived through either the spectral or the modi-
fied moving average technique. The first technique is used
in treadmill stress testing while the second one allows TWA
estimation in 24-h electrocardiographic recordings (Holter
monitoring). It cannot be accurately measured in the pres-
ence of persistent atrial fibrillation, frequent spontaneous
ventricular contractions (PVCs) and in patients with chrono-
tropic incompetence who cannot achieve a heart rate above
110 beats per minute. Seven prospective studies with > 100
patients with DCM each examined TWA with follow-up for
sudden death. In two of these, the patients were not on beta-
blockers (Table 1). The common result was a high negative
predictive value of TWA for sudden death, exceeding 88% in
all studies [29-35]. The largest study (ALPHA) included 446
patients in whom TWA were analyzed and correlated with
the endpoints of total mortality, major arrhythmic events,
and sudden death. Patients with abnormal TWA were usu-
ally older, with a lower EF and advanced NYHA class. The
negative predictive value was 98% for the three endpoints in
a follow-up of 18 months [33].

Based on these publications, one can assume that this
risk factor may safely point towards patients with low risk
for life threatening arrhythmias who may benefit little from
implantation of an ICD, given its consistently high negative
predictive value. The TWA study was recommended by the
ISHNE guidelines in 2011 as a useful predictor of cardio-
vascular mortality and sudden death in patients with DCM

beyond EF [36] but was excluded from their most recent
guidelines in 2017 [37].

Ventricular ectopy and nonsustained
ventricular tachycardia

Premature ventricular contractions (PVCs) and nonsus-
tained ventricular tachycardia (NSVT) are thought to arise
from regions of the myocardium with increased automaticity
(Table 2). It has been estimated that in 40-60% of patients with
DCM NSVT is recorded while 90% show polymorphic PVCs
in 24-h Holter monitoring [38]. The prognostic value of PVCs
has been recognized mainly in post-infarction patients, with
the presence of > 10 PVCs/h being an independent indicator
of mortality [39]. At present, a study examined the presence
of > 1000 PVCs/24 h in 285 patients with newly diagnosed
DCM but failed to demonstrate an association with SCD/VT/
VF [40]. In a subgroup analysis of the recent DANISH trial
that included DCM patients with a low EF <35% and elevated
NT-ProBNP levels, the presence of >30 PVCs per hour on
Holter monitoring significantly correlated with total mortality
and cardiovascular death, but not with SCD[41]. Due to the
high prevalence of PVCs in this population, one cannot safely
draw conclusions about their value as risk stratifiers or asses
their prognostic significance. However, there are several pub-
lications about NSVT detected in 24-h electrocardiographic

Non-invasive risk factors Abnormal values

Mechanisms

SAECG, LPs 2/3 positive criteria Fibrotic areas, slow conduction, reentry
QTc > 440 ms (&), > 450 ms (?) Prolonged repolarization, EAD, DAD
TWA > 65 pV (2-channels) APD and Ca?* alternans, steep APDR and CVR, steep FSRCR
VPBs >30/24 h Automaticity (Ca2+oscillations), reentry
NSVT > 1 episode/24 h Automaticity (Ca2*oscillations), reentry
SDNN/HRV <75 ms Enhanced sympathetic tone, autonomic imbalance
DC/HRT DC<45ms Vagal and sympathetic ANS dysfunction
HRT onset > 0%

HRT slope < 2.5ms

ANS: Autonomic nervous system; APD: Action potential duration; APDR: Action potential duration restitution; CVR: Conduction velocity restitution;

DAD: Delayed afterdepolarization; DC: Deceleration capacity from heart rate dynamics; EAD: Early afterdepolarization; FSRCR: Fractional

sarcoplasmic reticulum Ca* release; HRT: Heart rate turbulence; LPs: Late potentials from signal-averaged electrocardiogram; NSVT: Non-sustained

ventricular tachycardia; QTc: Corrected according to Fridericia formula QT interval; SAECG: Signal-averaged electrocardiogram; SDNN: Standard

deviation of normal to normal beats from heart rate variability analysis; TWA: T wave alternans; VPBs: Ventricular premature beats.

Fig.4 Noninvasive electrocardiographic risk factors and their correlation with mechanisms of arrhythmogenesis. Adapted with permission by P.
Arsenos and Baishideng Publishing Group (World J Cardiol. 2022 Mar 26; 14(3): 139-151)
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Table 1 Studies assessing T wave alternans as a risk factor (in chronological order)

Name of the study or first author DCM patients studied Endpoint Results (confidence interval Year of
95%) publication
Kitamura et al. [29] 104 patients SCD/VT/VFE e HR=8.8 (1.2-65.4) 2002
Mean FU=21 m o Negative predictive
value=97%
e p=0.0001
MACAS 236 patients Heart transplant free survival e HR=1.3 (0.59-2.90) 2003
Mean FU=52m o Negative predictive
value =90%
® No statistical significance
Hohnloser et al. [31] 137 patients Sudden death from VT/VF e HR=3.44 (1.09-10.91) 2003
Mean FU=14 m o Negative predictive
value=94%
e p=0.035
Bloomfield et al. [32] 282 patients (of 587 total-51% All cause mortality, nonfatal e HR=6.5% (2.4-18.1) both 2006
DCM) ventricular arrhythmias ischemic and DCM
Mean FU=20 m o Negative predictive
value =100%
e p<0.001
ALPHA 446 patients Total mortality, arrhythmic death, e HR=5.53 (1.29-23.65) 2007
Mean FU=19 m Lethal ventricular arrhythmias o Negative predictive
value =98%
* p=0.004
Gold et al. [34] 250 patients SCD, VT/VF, appropriate ICD e HR=1.67 (0.70-3.99) 2008
Mean FU=30 m discharge o Negative predictive
value =88%
o No statistical significance
Shizuta et al. [35] 264 patients (of 453 total-58% SCD, VT/VF, appropriate ICD e HR=4.43 (1.02-19.2; 2012
DCM) discharge p=0.047) both ischemic and
Mean FU=36 m DCM

e Negative predictive
value=100%
e p=0.047

DCM dilated cardiomyopathy, FU follow-up, SCD sudden cardiac death, VT ventricular tachycardia, VF ventricular fibrillation, HR hazard ratio,

ICD implantable cardiac defibrillator

recordings, with often conflicting results. In the same subgroup
of patients in the DANISH trial, NSVT presence was signifi-
cantly associated with all-cause mortality and cardiovascular
death but not with SCD. Also, in interaction analysis, no ben-
efit would be gained from ICD implantation in these patients
[41]. The most recent Leiden Nonischemic Cardiomyopathy
Study demonstrated that the presence of NSVT, regardless of
the presence of late gadolinium enhancement in cardiac MRI,
can predict the occurrence of sustained ventricular tachyar-
rhythmias in patients with DCM and palpitations, out-of-
hospital arrest, or a history of syncope [42]. The Marburg
cardiomyopathy study highlighted 3 risk groups in patients
with DCM according to the number of NSVT QRS complexes.
Patients without NSVT had 2% VT/VF/SCD at 52 +21 months
of observation, in patients with 5-9 beat NSVT runs the end
point was calculated as 5%, while in those with NSVT runs
consisting of more than 10 complexes, 10%. NSVT rate was
not associated with the primary endpoint [43]. The multivariate
analysis of a study of 319 patients with DCM by Zecchin et. al
demonstrated an increased risk for SCD/VT/VF in the presence
of NSVT only for patients with an EF>35% [44]. The pres-
ence of NSVT predicted with statistical significance the total

@ Springer

mortality and SCD even after adjustment for EF, NYHA class
and age in a prospective study of 157 patients [45]. Finally, in
a meta-analysis of 18 studies that examined the association of
NSVT with SCD, Goldberger et al. calculated the total odds
ratio to be 2.92, concluding that detection of NSVT on Holter
monitoring is associated with the endpoint of SCD but is not
sufficient as a single risk stratification criterion [22]. Based
on the above, the presence of PVCs or NSVT is frequent in
patients with DCM and this may be the reason for their only
modest performance as risk stratifiers in this subset of patients.

Late potentials on single averaged
electrocardiography (Table 3)

Single averaged electrocardiography (SAECG) is a method
for identifying areas of slow conduction in the ventricular
myocardium, which is a necessary substrate for re-entrant
ventricular arrhythmias to occur (Table 3). After collection
of the ECG signals, they are processed and noise is removed
revealing signals in the pV range, which are not visible in
the surface ECG [46]. For this test to be considered positive,
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Table 2 Studies assessing PVCs or NSVT as a risk factor (in chronological order)

Name of the study or first DCM patients studied Endpoint Results Year of
author Confidence interval 95% publication

Becker et al. [45] 157 patients

Total mortality, SCD

e Total mortality (with NSVT 2003

Mean FU=22 m vs without 34.2% vs 9.8%,
p=0.0001)
e SCD (with NSVT vs without
15.8% vs 3.7%, p=0.0037)

Grimm et al. [43] 343 patients SCD, VT/VF o No NSVT 2% endpoint/year 2005
3 groups © NSVT 3-9 complexes 5%
1.1.1.11..No NSVT endpoint/year
2.2.2.22.NSVT 3—4 complexes o NSVT > 10 complexes 10%
3.3.3.33..NSVT 5-9 complexes endpoint/year
4.4.4.44 NSVT > 10 complexes
Mean FU=52 m

Fauchier et al. 162 patients SCD,VT/VF o NSVT independent predictor 2005
Mean FU=53 m e p=0.03

Zecchin et al.[44] 319 patients SCD, VT/VF, appropriate ¢ EF>35%+NSVT HR=53 2008
Mean FU=96 m ICD shock (1.59-17.85)

e EF>35% no NSVT
HR=0.93 (0.3-2.81)
e EF <35% similar rates
regardless NSVT
Spezzacatene et al. [40] 285 patients recently diagnosed SCD, VT/VF o HR =undefined 2015

> 1000 PVCs/24 h
NSVT (>5 complexes)
Mean FU=107 m

850 patients

EF<35%

NT-ProBNP > 200 pg/mL
Mean FU=59 m

DANISH sub-study [41]

Piers et al. [42] 115 patients

Mean FU=48 m

Total mortality, CVD, SCD

VT/VF

e Negative predictive
value =undefined
o No statistical significance

e PVCs > 30/h associated with 2021
total mortality HR =1.38
(1.00-1.90), p=0.046, and
CVD HR=1.78 (1.19-2.66),
p=0.005

o NSVT associated with
total mortality HR =1.47
(1.07-2.03), p=0.02, and
CVD HR=1.89 (1.25-2.87),
p=0.03

e HR, 4.47 (1.87-10.72) 2022

e p=0.001

DCM dilated cardiomyopathy, PVC premature ventricular contractions, NSVT nonsustained ventricular tachycardia, FU follow-up, CVD car-
diovascular death, SCD sudden cardiac death, VT ventricular tachycardia, VF ventricular fibrillation, HR hazard ratio, /CD implantable cardiac

defibrillator, EF ejection fraction

at least 2 of 3 standard criteria with abnormal values must
be detected. The criteria are as follows: (1) the width of the
overall filtered QRS (fQRS) to be greater than 114 ms; (2) the
detected electrical activity of low potentials <40 pV within
the last portion of the QRS is maintained for a period of time
of at least 38 ms; (3) this electrical activity actually corre-
sponds to a current of low potentials <20 pV [47]. In patients
with intraventricular conduction delay and QRS > 120 ms,
modified criteria are applied [48]. Late potentials have been
applied mainly in postmyocardial infarction patients, and
their use has been declining over time [49]. Regarding DCM,
positive late potentials are acquired in 25% of patients with
increasing percentage in those with a history of sustained VT
(70-90%) [50]. In an older study of 79 DCM patients, posi-
tive late potentials were an independent indicator for SCD

(3.7-fold higher risk) and cardiac mortality (2.1-fold higher
risk) [51]. These results are comparable to those reported
by Mancini et al. in their study of 114 DCM patients. Two
groups were created based on the presence or absence of late
potentials. Sixty-six patients with negative late potentials did
not suffer ventricular tachyarrhythmias or SCD in a follow-up
of about 1 year. On the other hand, in 20 patients with abnor-
mal SAECG, 4 presented with sustained VT and 5 suffered
SCD. Therefore, the annual survival rate without occurrence
of VT or SCD was estimated to be 95% in the absence of late
potentials and only 39% in their presence [52]. A positive
correlation of abnormal late potentials with the occurrence
of SCD and/or VT has been detected in most relevant stud-
ies unfortunately without as high positive predictive value
[53-57]. Furthermore, in a relevant meta-analysis of 10 such
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Table 3 Studies assessing SAECG as a risk factor (in chronological order)

Name of the study or first author DCM patients studied ~Endpoint Results Year of
Confidence interval 95% publication
Denereaz et al. [53] 51 patients VT Positive predictive value =36% 1992
Mean FU=18 m o Negative predictive value=93%
Marconi et al. [54] 55 DCM patients NSVT, VT e Predicts NSVT or VT 1993
66 controls o p=undefined
Mean FU=17 m
Mangcini et al. [52] 114 patients SCD, VT e |-year endpoint free for normal SAECG 95% 1993
Mean FU=10 m 1-year endpoint free for abnormal SAECG
39%
Turrito et al. [56] 70 patients VT induction ® 86% predictive accuracy 1994
® »<0.0003
Yi et al. [57] 84 patients, spectral 1-year survival o Normal spectral SAECG 90% vs 63% in 1995
turbulence analysis abnormal spectral SAECG, p <0.01
Mean FU=24 m
Goedel-Meinen et al. [51] 76 patients SCD, total mortality e 3.7-fold higher risk for SCD, p=0.002 2001
Mean FU=84 m e 2.1-fold higher risk for mortality, p =0.041

DCM dilated cardiomyopathy, FU follow-up, SCD sudden cardiac death, VT ventricular tachycardia, VF ventricular fibrillation, SAECG signal

averaged electrocardiography, NSVT nonsustained ventricular tachycardia

studies, the calculated odds ratio was 2.11 for the presence of
abnormal SAECG and the primary outcome of SCD or major
ventricular arrhythmic events [22]. In summary, late poten-
tials show a correlation with SCD and VT in patients with
DCM, but their use as stand-alone risk stratification tools
is not recommended due to their low positive and negative
predictive value [58, 59].

QT interval and repolarization dispersion

Ventricular repolarization is considered to be a critical
period of the cardiac cycle for the pathogenesis of malignant
arrhythmias (Table 4). The QT interval is the measured ECG
criterion regarding the duration of ventricular repolariza-
tion. Formulas have emerged that adjust the duration of this
interval according to the heart rate (QTc), with the most
commonly used being the Fridericia and Bazzet formulas.

Prolongation of repolarization has been thoroughly investi-
gated and tied to major arrhythmic events in ischemic car-
diomyopathy, heart failure and primary “electrical” heart
diseases, such as long QT syndromes [60]. The underlying
mechanism of arrhythmogenesis is commonly considered
to be triggered activity. In the Marburg cardiomyopathy
study, QTc prolongation on surface ECG failed to reveal a
tie between SCD or ventricular tachy-arrhythmias in DCM
patients [30]. Of note, QTc measurement on 24-h Holter
monitoring is considered to be a better reflector of this com-
plex repolarization process when different dynamic compo-
nents such as the autonomic nervous system interaction are
taken into account [61]. Unfortunately, such studies could
not be identified in the literature to date.

QT dispersion (QT4d) is another repolarization marker that
was correlated with major arrhythmic events in various clini-
cal settings [62]. Regarding DCM, results are conflicting. Fei
et al. found no significant difference in QTd in a sample of

Table 4 Studies assessing Qt interval indices as a risk factor (in chronological order)

Name of the study or first DCM patients studied Endpoint Results Year of

author Confidence interval 95% publication

Fei et al. [63] 135 patients Survival, heart transplant, VT e QTd nonsignificant predictor 1996
Mean FU =34 m (>3 complexes)

Galinier et al. [65] 119 patients SCD e QTd>80 ms RR=4.9 (1.4-16.8) 1998
Mean FU =24 m e p<0.02

MACAS 343 patients SCD, VT/VFE e QTc on ECG and QTd nonsignificant 2003
Mean FU=52 m predictors

Fauchier et al. [64] 162 patients SCD, VT/VF e QTd nonsignificant predictor 2005
Mean FU=53 m

DCM dilated cardiomyopathy, FU follow-up, SCD sudden cardiac death, VT ventricular tachycardia, VF ventricular fibrillation, Q7c corrected

QT, O7d QT dispersion
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TabIeIS‘ Studies'assessing HRV Name of the study or DCM patients studied ~ Endpoint Results Year of
as a risk factor (in chronological first author Confidence interval publication
order) 95%
MACAS 343 patients SCD,VT/VF o Nonsignificant 2003
Mean FU=52 m predictor
Fauchier et al. [64] 162 patients SCD,VT/VF o Independent predictor 2005
Mean FU=53 m e p=0.01
DEFINITE 274 patients Total mortality e SDNN> 113, 0% 2006
Mean FU=36 m e 81 <SDNN> 113, 7%

e SDNN <81, 10%
e p=0.03

DCM dilated cardiomyopathy, FU follow-up, SDNN standard deviation of NN intervals, SCD sudden car-
diac death, VT ventricular tachycardia, VF ventricular fibrillation

60 patients some of which died or received heart transplants
[63]. In the aforementioned Marburg study, QTc dispersion
was of no prognostic value in 343 DCM patients in regard to
major arrhythmic events and SCD [30]. Same results were
also reported regarding the long term risk for such endpoints
by Fauchier [64]. On the other hand, in the study of Galinier
et al., a QTd> 80 ms was an independent predictor of sud-
den death, VT, VF with correlation to other arrhythmic risk
markers such as SAECG late potentials [65]. Once again,
repolarization prolongation and dispersion although com-
monly prolonged in DCM patients, failed to predict patients
in risk of worse arrhythmic outcome. It remains to be estab-
lished if such repolarization indices will earn their way in
assessing arrhythmic risk in DCM patients.

Heart rate variability

Cardiovascular diseases cause disturbance in the balance of
the autonomic nervous system that can predispose to ventric-
ular arrhythmias and increased overall mortality. Whether
this is due to sympathetic nervous system overload or loss of
some of the activity of the parasympathetic nervous system
remains unknown. Heart rate variability (HRV) quantifies
the range of this variability and possibly reflects the activity
of the autonomic nervous system. The classical methods of
HRYV analysis are (a) analysis of cardiac time series over
time and (b) spectral analysis of the contained frequencies of
the signal [66]. HRV is estimated in a 24-h Holter recording
usually via the standard deviation of all normal RR intervals
over a period of time (SDNN). HRV is implicated in numer-
ous conditions such as arterial hypertension, diabetes mel-
litus, and coronary artery disease. Studies exist mainly on
mixed populations with a diagnosis of heart failure, but with
equivocal results (Table 5). In the literature, a meta-analysis
of 4 studies, for a total of 630 patients with DCM, reported
on the endpoint of SCD. Sensitivity and specificity of the
index did not exceed 60% and Odds ratio was calculated
as 1.72 with p=0.13 [22]. Overall, the above mentioned

meta-analysis did not highlight any of the autonomic nerv-
ous system assessment indices (as discussed below) as
promising noninvasive risk factors for predicting death in
DCM patients. In the DEFINITE trial, DCM patients with
preserved HRV had an excellent prognosis on follow up and
may gain little benefit from an ICD implantation. Patients
were subdivided in 3 groups according to their SDNN val-
ues as SDNN <81, 81 <SDNN <113, SDNN > 113 with
a mortality of 10%, 7%, and 0%, respectively, on a 3-year
follow-up [20]. Similar results were published by Fauchier
et al. where a reduced SDNN was an independent predic-
tor of SCD as well as VT,VF (p=0.01) [63]. Conversely,
HRYV failed to predict which patients could benefit from ICD
implantation in the Marburg study [30]. Although it is now
widely known that DCM patients have decreased HRYV, this
pathology is not formally associated with worse arrhyth-
mic outcomes in this population and cannot serve as a risk
marker for such.

Heart rate turbulence, deceleration capacity,
turbulence onset, and turbulence slope

Early PVCs in a healthy population are followed by a normal
biphasic sinus node depolarization response. More specifi-
cally, each PVC is followed by a short period of accelera-
tion followed by a period of deceleration of the heart rate.
In a normal functioning autonomic nervous system, heart
rate turbulence (HRT) is present and can be quantified. In
cardiovascular disease, however, as previously mentioned,
this turbulence is reduced or even lost. HRT is considered
as an index that quantifies reflex parasympathetic activity
[67]. As arisk indicator, it can be measured in a 24-h Holter
recording with the assumption of the existence of a sufficient
number of PVCs. HRT is quantified by turbulence onset
(TO) and turbulence slope (TS) which represent the initial
acceleration and subsequent deceleration of the sinus after a
PVC. The phenomenon was first discovered in post myocar-
dial infarction patients and the combination of pathological
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TO and TS was the strongest predictor of total mortality in
the study by Schmidt et al. [68]. Regarding DCM patients,
the analysis of the Marburg and Frankfurt DCM registries
did not reveal a predictive value of HRT regarding major
arrhythmic events [30, 69]. A meta-analysis of 3 studies by
Goldberger et al. yielded similar results in 434 patients [22].
The study included the two aforementioned studies as well as
a Japanese registry of patients with DCM and ischemic heart
disease, in which patients with pathological HRT showed
a clearly increased incidence of SCD and VT [70]. HRT
was considered positive when both TO was >0% and TS
was <2.5 ms/R-R interval.

Finally, deceleration capacity (DC) is thought to assess
the effect of the parasympathetic nervous system on heart
rate independent of sympathetic activity. Deceleration
of heart rate must be the final result of the tonic sympa-
thetic—parasympathetic interactions on the sinus node level
with the reflex vagal activity to be added each moment on
this tonic status [71, 72]. This is also a method of assess-
ing the autonomic nervous system and is calculated from
time series of R-R intervals in 24-h electrocardiographic
monitoring. It was introduced by Bauer et al. in a study of
patients after myocardial infarction [73]. Only a few stud-
ies have examined the association of this novel marker with
cardiac mortality in patients with DCM. In 201 patients
with a 40-month follow-up, DC below 4.5 ms powerfully
and independently predicted mortality [74]. Similar results
were also published by Yang, where in 65 male patients, a
DC <4.72 ms was a significant predictor of cardiac mortality
on a 60-month follow-up [75]. The conclusions drawn from
these studies (Table 6) are as follows: (a) patients with DCM
have a reduced DC compared to their healthy counterparts
and (b) a reduction in DC is strongly associated with an
increase in cardiac and total mortality as well.

Table 6 Studies assessing HRT as a risk factor (in chronological order)

Discussion

As previously mentioned, arrhythmia occurrence risk and
sudden death risk stratification remain suboptimal in DCM.
This is now widely known and proven by many investigators.
On our everyday clinical practice, we encounter patients with
an EF <35% where the implantable defibrillator has never
been activated, as well as patients with relatively preserved
EF > 35% who present with sustained VT, VF, or suffer sud-
den death. Many previous and ongoing studies try to unveil a
better risk stratification tool but unfortunately no single factor
proved to have better sensitivity/specificity than EF. In this
manner, clinicians worldwide usually rely on 24-h electro-
cardiographic monitoring in order to achieve a better under-
standing of the patients arrhythmia burden and risk. Electro-
cardiographic Holter monitoring can also be utilized in order
to observe the therapeutic effects of antiarrhythmic agents
such as beta blockers and amiodarone in heart failure. The
clinical practice dissents current ISHNE guidelines on Holter
monitoring, where it is stated that prognostic value is rather
low and remains controversial in DCM [37]. Additionally,
there is no mention of electrocardiographic monitoring in the
recently published guidelines on ventricular arrhythmias and
SCD of the European Society of Cardiology. Patients with
an EF <35% receive an implantable defibrillator based on a
class Ila recommendation. Patients with an EF>35% are risk
layered based on 4 factors: unexplained syncope, pathogenic
mutations on LMNA, PLN, FLNC, and RBM20 genes, pres-
ence of late gadolinium enhancement on cardiac MRI and
inducible sustained monomorphic VT on programmed ven-
tricular stimulation. Patients with 2 or more of these criteria
qualify for primary prevention with implantation of an ICD
based on a class Ila recommendation [17].

Name of the study or first author DCM patients studied Endpoint Results Year of
Confidence interval 95% publication

MACAS 343 patients SCD, VT/VF e TO, TS nonsignificant predictors 2003
Mean FU=52 m

Klingenheben et al. [69] 114 patients SCD, VT/VF o TO, TS nonsignificant predictors 2008
Mean FU=22 m

Demming et al. [74] 201 patients Total mortality e DC<4.5ms 2016
Mean FU=40 m e p=0.012

Yang et al. [75] 100 patients Cardiac mortality e Male patients with DC<4.72 ms 2018
202 healthy controls * p=0.003
Mean FU =60 m e Small number of female patients-

analysis could not be done

DCM dilated cardiomyopathy, FU follow-up, SCD sudden cardiac death, VT ventricular tachycardia, VF ventricular fibrillation, 7O turbulence

onset, 7S turbulence slope, DC deceleration capacity
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Conclusion

Unlike ischemic cardiomyopathy, where a well-defined scar
serves as a substrate for re-entrant ventricular arrhythmias
and current risk stratification parameters for sudden cardiac
death are adequately defined, this is not the case for DCM.
Despite the scientific community’s efforts, no single risk
marker stands out besides left ventricular EF which has mod-
erate negative and positive predictive values. It remains yet
unclear whether a pooling of electrocardiographic param-
eters or a risk score containing noninvasive risk markers can
be successfully used to this end in this population.
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