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More than 100 years after it was first invented, the 12-lead electrocardiogram (ECG) continues to occupy an important place in the diagnostic
armamentarium of the practicing clinician. With the recognition of relatively rare but important clinical entities such as Wolff–Parkinson–White
and the long QT syndrome, this clinical tool was firmly established as a test for assessing risk of sudden cardiac death (SCD). However, over the
past two decades the role of the ECG in risk prediction for common forms of SCD, for example in patients with coronary artery disease, has been
the focus of considerable investigation. Especially in light of the limitations of current risk stratification approaches, there is a renewed focus on
this broadly available and relatively inexpensive test. Various abnormalities of depolarization and repolarization on the ECG have been linked to
SCD risk; however, more focused work is needed before they can be deployed in the clinical arena. The present review summarizes the current
knowledge on various ECG risk markers for prediction of SCD and discusses some future directions in this field.
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Introduction
Recent analyses of global patterns show that heart disease continues
to be the leading killer worldwide1 and sudden cardiac death (SCD)
accounts for at least 50% of cardiovascular deaths.2 With continuing
low rates of survival following sudden cardiac arrest,3 considerable
efforts have been directed towards risk prediction. The left ventricu-
lar ejection fraction, which is presently used to identify candidates for
the primary prevention implantable cardioverter-defibrillator (ICD),
has significant limitations4,5 and there is a great need to identify rele-
vant, practically useful markers which can improve SCD risk stratifi-
cation. The 12-lead electrocardiogram (ECG) is a widely available,
inexpensive, non-invasive tool, familiar to all physicians. As a time-
tested modality reflecting the electrical activity of the heart, it
seems intuitive that it may contribute significantly to identifying risk
of SCD, which is primarily the result of electrical (rhythm) distur-
bances in the heart. This review addresses the role of the 12-lead
ECG in SCD and attempts to lay out its relevance in clinical practice.
We focused mainly on the resting ECG; other parameters such as
heart rate (HR) variability, turbulence, and T wave alternans are
beyond the scope of this review and have been dealt with elsewhere.6

Inherited arrhythmia syndromes
The inherited arrhythmia syndromes are relatively rare in the general
population and often have aclear genetic basis in the formofmutations
which affect cardiac ion channels11 or result in a cardiomyopathy

(Table 1).8 The role of the ECG in these syndromes is quite distinct
from the more common forms of SCD. The ECG often provides de-
finitive clues and is the main avenue for establishing the diagnosis.8

For example, right bundle branch block with specific patterns of ST
elevation identifies types of Brugada syndrome (Figure 1),8 while
right precordial T wave inversion and epsilon wave may indicate
arrhythmogenic right ventricular cardiomyopathy (ARVC).9 Further-
more, provocative testing with drugs can unmask typical appearances
in the ECG. Sodium channel blocking agents such as procainamide can
uncover a Brugada pattern12 and epinephrine challenge has been used
to diagnose long QT syndrome (LQTS).13 The ECG can also help in
prognostication; different morphologic patterns of QT prolongation,
for instance, identify the type of LQTS, and the absolute value of the
corrected QT interval (QTc) is linked to the risk of arrhythmia.14

The QTc is also a simple tool to monitor the risk for acquired, esp-
ecially drug-induced LQTS which may at times unmask an otherwise
clinically silent polymorphism in an LQTS gene.15 Thus, the ECG is
often a key aid to the clinician in managing these syndromes.

Common forms of sudden cardiac
death
Most SCD (≈80%) in the general population is associated with cor-
onary artery disease (CAD),16 while a smaller proportion is due to
other cardiomyopathies. In patients with CAD, the major mechan-
isms of SCD include acute ischaemia secondary to plaque rupture
and also chronic scar-related re-entrant ventricular arrhythmias.
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This in turn may be influenced by genetic susceptibility and autonomic
tone.17 Assessment of SCD risk is complex since this condition often
represents the end result of multiple processes acting in concert.18

Various components of the surface ECG may potentially reflect differ-
ent aspects of the SCD risk cascade (Table 2). Therefore, a sizeable
body of research has focused on identification of potential markers
from the ECG which may help to identify the individual at highest risk.

Resting heart rate
A simple marker, a higher resting HR has been linked to SCD risk in
several studies. In the Paris Prospective Study, subjects with an
HR .75 b.p.m. had an almost four-fold risk of SCD compared with
thosewith anHR ,65.19 Higher HR predicts appropriate shocks, ven-
tricular fibrillation (VF), and sustained ventricular tachycardia (VT) in
patients with ICDs.20 Heart rate is closely tied to autonomic tone
which influences the risk of arrhythmia.21 However, there has been
some concern that HR may be a non-specific marker22; furthermore,
it is influenced by several factors. Drugs are an especially important
confounder and it is encouraging that data from the Oregon Sudden
Unexpected Death Study (Oregon-SUDS) showed that the HR–

SCD association persisted even after accounting for common HR
modulating drugs.23 Similar in-depth investigations probing both speci-
ficity and mechanisms of the HR-SCD association are needed.

Abnormalities of depolarization
Various abnormalities related to the QRS complex, which reflects
ventricular depolarization, can help to evaluateSCD risk in an individ-
ual. Q waves, representing loss of myocardium and possibly LV dys-
function and scar, have been associated with an increased risk.24 In an
attempt to extend this concept and make it more quantitative,
various QRS scores have been calculated and shown to correlate
with ventricular arrhythmic events.25,26 However, both the afore-
mentioned markers may simply convey the SCD risk conferred by
CAD and potentially lack the ability to discriminate risk of SCD vs.
heart failure death.27 Markers which can help to achieve finer reso-
lution in risk assessmentbeyond CAD in terms of adirect mechanistic
link to arrhythmia are clearly desirable.

A longerQRSduration(QRSD)hasbeenshowntobeassociatedwith
the risk of SCD irrespective of the presence of bundle branch block28

and even when controlled for the presence of CAD.29 A prospective
population-based study in Finland showed a 27% increase in SCD risk
foreach10 ms increase intheQRSD.30 Inaddition,dynamicprolongation
ofQRSDisknowntooccur inacutemyocardial ischaemia31;whetherthis
is mechanistically linked to the occurrence of VF in myocardial infarction
needs further exploration. While prolonged QRSD has been well-
studied as a risk factor for SCD, there are limited data on the relevance
of specific QRS morphologies. A large population-based study reported
that intraventricular conduction delay was associated with arrhythmic
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Table 1 Electrocardiographic abnormalities in the
inherited arrhythmia syndromes

Syndrome ECG features

Long QT syndrome7 QTc ≥ 500 ms in the absence of
other causes

LQT2—notched/bifid T wave
LQT3—long isoelectric ST

segment

Brugada syndrome8 Right bundle branch block and ST
elevation in right precordial
leads

Type I—coved ST elevation
≥2 mma

Types II and III—saddleback
pattern

Catecholaminergic polymorphic
VT8

Classic bidirectional VT during
exercise

Short QT syndrome8 QTc ≤ 330 ms or QTc , 360 ms
with genetic mutation, aborted
SCD or family history

Arrhythmogenic right ventricular
dysplasia/cardiomyopathy9

T wave inversion in right precordial
leads
Epsilon wave

Hypertrophic cardiomyopathy10 ECG-LVH; ST-T wave
abnormalities

Early repolarization syndrome8 J-point elevation ≥1 mm in ≥2
contiguous inferior and/or
lateral leads

‘Benign’ pattern: ascending ST
segment

‘Malignant’ pattern: horizontal/
descending ST segment

VT, ventricular tachycardia; SCD, sudden cardiac death; LVH, left ventricular
hypertrophy.
aProvocative testing with sodium channel blockers can unmask type I pattern in
those with normal ECG or type II/III pattern at baseline.

Type 1

Type 2

Type 3

Brugada Pattern

Figure 1 Electrocardiogram patterns in Brugada syndrome.
Reproduced with permission from Ref. 71
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death, with a weaker association for left bundle branch block, while right
bundle branch block was not predictive.32

Fragmentation of the QRS complex (fQRS), defined as the pres-
ence of various RSR′ patterns, has recently generated considerable
interest as a potential risk marker. This ECG finding is thought to
result from disrupted electrical conduction in areas of diseased or
fibrosed myocardium33; thus, a pathophysiological correlation to
re-entrant arrhythmias seems logical. Das et al.34 were the first to
demonstrate that fQRS was better than Q waves in detecting myo-
cardial scar. Subsequent studies have shown fQRS to be related to
SCD as well as ICD shocks.35 –37 These studies reported that fQRS
in certain myocardial anatomic territories predicts risk, the mechan-
isms of which remain unclear. However, increasing evidence of a
prognostic role for fQRS beyond the patient with CAD, such as in
individuals with ARVC38 and cardiac amyloidosis,39 suggests that it
has the potential to emerge as a useful risk marker for SCD risk.40

Another often overlooked risk factor in the context of SCD is the
presence of left ventricular hypertrophy (LVH) on the ECG. While
ECG-LVH has been shown to be associated with SCD risk,41 conven-
tional thinking has been that it is simply an imperfect indicator of
increased LV mass; thus being considered secondary in importance
to the echocardiogram.42 However, a recent analysis among SCD
cases showed very low overlap between ECG and echo-LVH, with
more than half of thosewho had increasedQRS voltage not manifest-
ingechocardiographicLVH.Moreover, ECG-LVHwas independently
associated with SCD risk even after adjustment for echo-LVH.43 A
subsequent study demonstrated similar findings using ECG vs.
cardiac magnetic resonance diagnosed LVH with respect to the risk

of developing new atrial fibrillation.44 These reports suggest that
increased myocardial voltage may be reflecting adverse ‘electrical’
remodelling, conveying a risk that could be distinct from that
conferred by anatomic LV hypertrophy.

Abnormalities of repolarization
Prolongation of the QT interval has long been associated with an
increased risk of ventricular arrhythmias; although, this has been
mostly in the context of the LQTSs or QT prolonging drugs.
However, findings accumulated over the last decade suggest that
this may also be an important risk factor for SCD in the community.
Indeed, evidence from the Oregon-SUDS suggested that while dia-
betes and QT-affecting drugs contributed to SCD risk, idiopathic
QT prolongation unrelated to either of these factors was the stron-
gest predictor of SCD in CAD, conferring up to a five-fold increased
risk.45 Other studies have reported the utility of the QT interval for
risk prediction in CAD patients. Kinoshita et al.46 found a QTc of
≥450 ms in men and ≥470 ms in women to be an independent
predictor of SCD in subjects undergoing bypass surgery. A recent
meta-analysis incorporating 23 studies confirmed an increased risk
of SCD when comparing subjects in the highest vs. lowest categories
of QTc; thus relative variations even within the traditionally defined
normal limits for the QTc may be relevant in terms of risk in the popu-
lation.47 Since assessing the QT interval in patients with prolonged
QRSD is generally not recommended, the JT interval may be a
more useful measure in such patients48; this measurement is also
more suited to understanding the independent contributions of
abnormal depolarization and repolarization to SCD risk.29

Anothernovel ECG marker that has emerged recently is the T-peak
to T-end interval (Tpe). This has been thought to be a measurement of
the transmural dispersion of repolarization, though this explanation
has been disputed.49 A prolonged Tpe may reflect a period where
the epicardium has fully repolarized, but the subendocardium is
still recovering. This could create an electrical substrate for after de-
polarization driven re-entrant ventricular arrhythmias.50,51 A recent
community-based study showed the Tpe to be significantly prolonged
in cases of SCD compared with controls with CAD (Figure 2). Import-
antly, Tpewasmore strongly associatedwithSCD inpatients with pro-
longed (compared with normal) QRSD, where measurement of QTc
is challenging. Additionally, it remained associated with SCD among
subjectswithnormalQTc.52 Taken together;Tpemaybeauseful com-
plementary addition to the QTc in assessing abnormal repolarization.
Studies have also shown the Tpe or the Tpe/QT ratio to be a predictor
of arrhythmic events in inherited conditions such as Brugada syn-
drome53 and hypertrophic cardiomyopathy.54

The early repolarization (ER) pattern or J point elevation, previ-
ously considered to be a benign finding, was reported to have a
link with idiopathic VF by Haissaguerre et al.55 Subsequently, its
broader association with more common forms of SCD was demon-
strated in subjects with acute coronary syndromes (ACSs).56 It has
been recognized that there are benign and malignant variations of
ER based on the presence of ascending vs. horizontal or descending
ST segments, respectively57; however, the mechanisms underlying
their contribution to arrhythmia risk need to be better elucidated
to understand the true potential of this finding in risk prediction.58

An interesting index involving parameters of both depolarization and
repolarization is the QRS–T angle which can be thought of as the
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Table 2 Electrocardiographic markers linked to SCD
risk in the general population and potential
pathophysiologic mechanisms

ECG marker Possible mechanism(s)

Resting heart rate ?Increased sympathetic tone

Abnormalities of depolarization

Pathologic Q waves/QRS
score

Myocardial scar, LV dysfunction,
re-entrant arrhythmia

QRS duration Prolonged depolarization–
?facilitation of re-entry

QRS fragmentation Fibrosis, inhomogeneous myocardial
conduction, re-entry

Increased myocardial
voltage (ECG-LVH)

?Increased LV mass
?Other abnormal electrical

remodelling

Abnormalities of repolarization

QTc/JTc Prolonged repolarization

QT/JT dispersion Heterogeneity of repolarization,
?Phase 2 re-entry

T-peak to T-end interval Transmural dispersion of
repolarization

Early repolarization pattern ?Phase 2 re-entry

QRS–T angle Abnormal depolarization,
heterogeneity of repolarization

SCD, sudden cardiac death; ECG, electrocardiogram; LV, left ventricular; LVH, left
ventricular hypertrophy; QTc/JTc, corrected QT/JT interval.
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difference between the net directions of depolarization and repolariza-
tion in theheart.While thespatialQRS–Tangle is avectorcardiographic
measure that needs additional computer-based analysis, the frontal
QRS–T angle is more readily calculated as the difference between
the QRS and T wave axis in the frontal plane. In large population-based
studies, an increased QRS–T angle has been associated with an
increased SCD risk59,60; however, whether it provides an incremental
value beyond a simply abnormal T-wave axis is unclear.60

Using multiple markers: the concept
of cumulative risk
While several of the markers discussed so far are promising from
a mechanistic/pathophysiologic viewpoint, it is unlikely that any
single one of them would have adequate discriminative power to
be of value to the clinician as a risk predictor.61 As SCD represents
the convergence of multiple risk-inducing processes, it stands to
reason that using multiple risk markers, reflecting different facets
of the heart’s electrical activity would convey more information
than a single marker (Figure 3). Validation of this approach in large
population-based studies would be needed to finally develop an

‘electrical’ risk score derived from the ECG. This could potentially
be deployed even at the level of the primary care physician to
trigger appropriate referral of an at-risk individual. Early proof-
of-concept for a cumulative risk approach using a combination of vari-
ables has been seen in analyses from the defibrillator trials5,62 and
hopefully this strategy can be extended to incorporate data from
various simple diagnostic tools. The ECG likely represents only one
arm of a multi-pronged approach to SCD risk prediction and future re-
search needs to focus on combining information from the ECG with
risk markers derived from other areas including clinical markers, gen-
etics, biomarkers, and imaging.17 Especially in the context of more
common forms of SCD such as among patients with significant
CAD, parameters of diagnostic utility such as sensitivity, specificity,
and predictive values for individual ECG markers are difficult to esti-
mate and are therefore not reported in the existing literature.

Electrocardiogram in the field
and ‘Dynamic Monitoring’
So far, the ECG as a risk tool has been only considered in the
context of long-term risk prediction and prevention. One form of

100%

90%

80%

70%

60%

Control

Case

50%

P
er

ce
nt

ag
e

40%

30%

20%

10%

Tpe interval in 10 ms categories

0%
45–54.9 ms

(n = 15)
55–64.9 ms

(n = 68)
65–74.9 ms

(n = 158)
75–84.9 ms

(n = 186)
85–94.9 ms

(n = 118)
95–104.9 ms

(n = 79)
105–114.9 ms

(n = 46)
115–124.9 ms

(n = 21)
≥125 ms

(n = 4)

Figure 2 Distribution of Tpe among cases of SCD vs. control subjects. Reproduced with permission from Ref. 52. Tpe, T-peak to T-end interval;
SCD, sudden cardiac death.
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SCD not well addressed by this approach is the occurrence of
VF during acute MI which often results in death prior to reaching
the hospital. However, increasing performance of pre-hospital
12-lead ECGs in the field by emergency medical services pro-
grammes, especially for ACSs,63 has the potential to introduce a
new dimension of ‘rapid’ analysis in the field with a view to possibly
identifying the ACS individual at risk of impending VF. This can help
to trigger more aggressive triage and intervention which may be
life-saving. One study suggested that the total magnitude of ST ele-
vation in all leads can predict VF in patients with ST elevation MI.64

Moreover, continuous monitoring in the field has the potential to
help identify dynamic changes immediately preceding onset of VF
which may give valuable insights into pathophysiology. Newer
sources of data such as from long-term event monitors and implan-
table loop recorders may similarly yield dynamic information that
was previously unobtainable. Dynamic and static monitoring are
complementary approaches which can aid SCD risk assessment.
The genesis of arrhythmia is said to involve interplay between a sus-
ceptible substrate and a trigger which actually results in an acute
event. It can be postulated that while parameters from an ECG at
one point in time can inform long-term risk of susceptibility to ar-
rhythmia (‘static’ risk), dynamic monitoring in the acute setting, in-
cluding ECG in the field at the time of an ACS and various forms of

ambulatory ECG monitoring can help understand changes preced-
ing arrhythmia65 which could potentially be surrogate markers for
triggers of arrhythmia. Furthermore, variability in parameters may
at times be more informative than a single value. For example,
Holter monitoring in heart failure patients has shown that
dynamic changes in HR and repolarization measures correlate
with prognosis.66 Dedicated research in this area is needed to
realize its full potential.

Conclusions and future directions
The 12-lead ECG continues to be a useful tool for identification of
individuals at increased risk of SCD. At present, the utility of this
modality is undisputed for making a diagnosis and assessing risk in
patients with primary and inherited arrhythmia syndromes, e.g.
Wolf–Parkinson–White and the long QT/Brugada syndromes; and
even the acquired forms of drug-induced LQTS. Several ECG
markers have also been associated with an increased risk of more
common forms of SCD, for example that associated with CAD or
diabetes, but these are not yet ready for prime time. As clinicians
we would like to put this widely available and inexpensive tool to
use in decision-making for who should receive a primary prevention
defibrillator. It is likely that these ECG variables will not be ‘stand

Figure 3 Using cumulative effect of multiple ECG risk markers for SCD risk assessment. SCD, sudden cardiac death.
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alone’ predictors of increased SCD risk but will rather be utilized to
predict risk in a cumulative manner, even in combination with other
risk stratification tools. Given the pitfalls of sole reliance on EF and
burgeoning healthcare costs associated with ICDs,67 there is an
urgent need to evolve alternate approaches which may involve
data from real-world populations/registries to evaluate the additional
value of various risk predictors beyond EF. Newer statistical
approaches using reclassification and discrimination improvements
are likely to be useful in assessing the added benefit conferred by a
new marker to the existing risk model.68 The above limitations not-
withstanding, the simplicity and ready availability of the ECG is likely
to ensure an expanded role for this clinical tool in SCD risk predic-
tion. Additionally, rapid advances in mobile and wireless technol-
ogy,69 as well as development of remote monitoring systems for
implantable devices70 promise a new era of ECG-based surveillance
which could take SCD risk prediction to the next level.
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