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The proportion of cardiovascular deaths attributable to sud-
den cardiac death (SCD) is on the rise. Herein lies the rationale
for developing risk stratification strategies to predict who will
benefit from prophylactic implantable cardioverter-defibrillator
(ICD) implantation. Current guidelines recommend prophylactic
ICD therapy in patients with reduced left ventricular ejection
fraction (LVEF). However, there are clear limitations in using
LVEF alone to decide who should receive an ICD. There is
mounting evidence that microvolt-level T-wave alternans (TWA)

is an important marker of arrhythmic risk. TWA is appealing
because it noninvasively probes the underlying electrophysio-
logical substrate and has been linked to cellular mechanisms for
arrhythmias. This review considers the clinical role of TWA for
risk stratification of SCD.
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In recent years, cardiovascular death rates have fallen,
yet the proportion of cardiovascular deaths that is attribut-
able to sudden cardiac death (SCD) is on the rise. The most
common etiology of SCD is the development of fatal ven-
tricular arrhythmias resulting from the complex structural
and electrical remodeling that follows myocardial injury,
most commonly secondary to coronary artery disease. Al-
though extensively studied, the factors responsible for ini-
tiating ventricular arrhythmias remain poorly understood.
Moreover, ventricular tachyarrhythmia events (VTESs) usu-
ally occur suddenly, without provocation, and almost in-
variably result in death. Therefore, efforts aimed at predict-
ing which patients are at highest risk for a VTE and
therefore would benefit from primary prevention place-
ment of an implantable cardioverter-defibrillator (ICD)
have emerged as the primary paradigm for addressing this
major unresolved public health problem.

Risk prediction for SCD and primary
prevention ICD therapy

Current primary prevention guidelines recommend prophy-
lactic ICD implantation in patients with reduced left ven-
tricular ejection fraction (LVEF) <0.35 due to prior myo-
cardial infarction or nonischemic cardiomyopathy who are
on optimal medical management. These recommendations
are based on the fundamental relationship that exists be-
tween reduced LVEF and cardiovascular mortality and the
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findings of the Multicenter Automated Defibrillator Implan-
tation Trial I (MADIT II) and SCD Heart Failure Trial
(SCD-HeFT)."* Both MADIT II and SCD-HeFT clearly
showed that prophylactic ICD therapy saves lives in patients
with both ischemic or nonischemic cardiomyopathy and
reduced LVEF (i.e., <0.35). Yet there are clear limitations
to LVEF as the ideal risk stratification test for deciding
whether to implant an ICD for primary prevention of SCD.

LVEF is a direct measure of contractile dysfunction yet
only indirectly probes the underlying electrophysiological
substrate, and hence it is inherently nonspecific for predict-
ing patients at risk for SCD. For LVEF to be the ideal risk
stratification test guiding prophylactic ICD therapy, it
should have a very high sensitivity and specificity and a
predictive accuracy that remains stable over time.> Interest-
ingly, both the Maastricht prospective registry and Euro-
pean Autonomic Tone and Reflexes after Myocardial In-
farction (ATRAMI) studies suggest that LVEF lacks
adequate sensitivity for SCD prediction as both of these
studies found that >50% of all SCDs in these trials occurred
in patients with an LVEF >0.35.*°

Determining the exact specificity of LVEF as a predictor
of SCD risk is challenging because assigning a mechanism
to a cause of death in clinical trials has limitations (i.e., are
all sudden deaths arrhythmic?). However, the investigators
of the Multicenter Unsustained Tachycardia Trial MUSTT)
provided evidence that LVEF has limited specificity when
they showed no difference in the percentage of SCD in
patients with LVEF <0.30 compared with LVEF 0.30—
0.40.° In the ATRAMI study, patients with LVEF <0.35
had no greater risk for SCD than patients with an LVEF
>0.35.5 Interestingly, when the ATRAMI investigators
combined LVEF <0.35 with the presence of additional risk
markers (i.e., history of nonsustained ventricular tachycar-
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Cardiac alternans a common pathway to
arrhythmogenesis
A clear benefit of TWA testing is its ability to noninvasively
probe the underlying electrophysiological substrate (i.e.,
repolarization, myocardial calcium cycling, and sarcolem-
mal ionic currents), yet, is the electrophysiological substrate
that TWA probes arrhythmogenic? Recently, repolarization
alternans was shown to be a mechanism underlying the
genesis of ventricular arrhythmias.” In particular, in an
experimental model of TWA, ventricular fibrillation (VF)
always precedes the development of discordant repolariza-
tion alternans (i.e., alternans occurring with opposite phase
between neighboring myocytes). Normally, repolarization
alternans develops in a spatially concordant fashion such
that all myocytes alternate in the same phase (i.e., long-
short-long). Concordant alternans is a marker of changes in
the electrophysiological substrate of the heart, yet it is not
particularly arrhythmogenic. However, above a critical HR
or after an ectopic beat, the phase of repolarization alternans
can shift in some cells, producing spatially discordant al-
ternans (i.e., long-short vs. short-long). The onset of discor-
dant alternans markedly amplifies preexisting heterogene-
ities of repolarization, producing a substrate that is prone to
conduction block and, in the structurally normal hearts, the
development of VF. In contrast, in the structurally abnormal
heart (i.e., scar) or under conditions of prolonged QT inter-
val, discordant alternans produces monomorphic ventricular
tachycardia or torsades de pointes, respectively.?”
Spatially discordant repolarization alternans clearly pro-
duces a substrate that is prone to conduction block and
therefore creates a common pathway for the development of
a variety of ventricular arrhythmias. However, how discor-
dant repolarization alternans is reflected on the surface ECG
remains unclear. It is likely that identifying how discordant
repolarization alternans is reflected on the surface ECG
could improve the ability of TWA testing to identify pa-
tients at risk for SCD.

Methods for measuring TWA in patients
The most widely applied method for noninvasive measure-

ment of TWA uses the spectral method during controlled
HR elevation (100-110 bpm). This method was developed

during the 1980s as a way to detect and quantify micro-
scopic alternation in the T wave that is not visible on the
surface ECG (i.e., microvolt-level alternans), making it pos-
sible to identify and isolate beat-to-beat T-wave fluctuations
that repeat every other beat (i.e., alternans) from much
larger nonalternating T-wave fluctuations.® In particular,
measurement of TWA with the spectral method is most
commonly performed during graded exercise using special-
ized noise-reducing ECG electrodes. The clinical utility of
TWA was first established as a marker of arrhythmic risk
using the spectral method, when it was shown that TWA
develops at a slower HR in patients at greatest risk for SCD
when compared with patients at low risk of SCD.® In par-
ticular, the development of TWA at HR <110 bpm (.e.,
positive TWA) as measured by the spectral method is a
specific measure of risk for SCD, whereas the absence of
TWA at HR <110 bpm (i.e., negative TWA) seems to
indicate a resistance to SCD in a relevant primary preven-
tion population.*!

Recently, a time-domain measurement technique re-
ferred to as the modified moving average (MMA) method
has been proposed as an alternative to the spectral method
for measuring TWA.?*?* The scientific and clinical ration-
ales for MMA have not been established, but it is available
on commercially available Holter and stress test systems.
This method essentially averages the T-wave amplitude and
morphology of odd and even beats over a 15-second period
and superimposes the odd and even averages to calculate
differences in amplitude. This process repeats itself every
15 seconds, creating a modified moving average of TWA.*
Early observation studies have shown that TWA measured
using the MMA method may be predictive of cardiovascular
mortality, yet it is less clear whether it predicts an SCD
phenotype.?*** Moreover, there has not been rigorous stan-
dardization of the definition of an abnormal test, making it
difficult to know exactly how to apply TWA measurements
made using the MMA method. For example, currents trial
using the MMA method for measuring TWA have used a
wide range (5—-65 uV) of cut points to identify a positive
TWA test.> Future investigation will need to prospectively
evaluate a standardized definition of an abnormal TWA
using the MMA method.

TWA as a clinical marker of arrhythmic risk in
humans

Initially, most studies linking TWA to SCD were performed
in high-risk patients with a history of myocardial infarction
and reduced LVEF. However, several recent observational
studies have established TWA as a marker of SCD risk and
shown that TWA can improve the efficiency of prophy-
lactic ICD therapy in relevant primary prevention popula-
tions,?®~2° while others have not.>° Bloomfield et al*' dem-
onstrated that using TWA to further risk stratify a MADIT
II-like population decreased the number needed to treat
from 18 to seven. Additionally, the recently published Al-
ternans before Cardioverter Defibrillator (ABCD) Trial
showed that a TWA-directed risk stratification strategy im-
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Figure 1  Prediction of events depends on definition of “events.” Com-

parison of prospective clinical trials evaluating TWA measured using the
spectral analytic method in primary prevention populations in which (1)
few patients had ICDs and as a result none or a small fraction (=15%) of
the reported endpoint VTEs were ICD detected (low ICD group) or (2)
many of the patients had implanted ICDs and the majority of the reported
endpoint VTEs were ICD detected (high ICD group). In the low ICD
group, comprising 3682 patients, the hazard ratio (HR) associated with a
TWA+ versus a TWA— was 13.6 (8.5-30.4), and the annual event rate
(AER) among the TWA — patients was 0.3% (0.1%—0.5%). In contrast, in
the high ICD group, comprising 2234 patients, the HR was only 1.6
(1.2-2.1), and the AER among the TWA — patients was elevated to 5.4%
(4.1%—6.7%). Adapted from Hohnloser et al.?'

proved the efficiency of prophylactic ICD therapy such that
only 11 ICDs needed to be implanted to save one life.”®

In contrast, the Microvolt TWA Testing for Risk Strati-
fication of Post-Myocardial Infarction Patients (MASTER)
trial failed to demonstrate an increase in ICD-detected
VTEs in patients with a nonnegative TWA test when com-
pared with patients with a negative test.>* Interestingly, a
nonnegative TWA test did predict an increase in total mor-
tality. It is not clear why a nonnegative TWA test in the
MASTER trial was predictive of total mortality but not of
ICD-detected VTE, but it may highlight the limitation of
ICD-detected VTEs as a surrogate endpoint for SCD. For
example, Hohnloser et al*' recently demonstrated that ICD-
detected VTE is an unreliable surrogate endpoint for SCD
(Figure 1). They identified prospective clinical trials evalu-
ating TWA measured using the spectral analytic method in
primary prevention populations and analyzed studies in
which (1) few patients had implanted ICDs and as a result
none or a small fraction (=15%) of the reported endpoint
VTEs were ICD-detected VTEs (low ICD group) or (2)
many of the patients had implanted ICDs and the majority
of the reported endpoint VTEs were ICD-detected VTEs
(high ICD group). Interestingly, in the low ICD group (n =
3682), the hazard ratio for SCD associated with a nonnega-
tive versus negative TWA test was 13.6, compared with 1.6
in the high ICD group (n = 2234).

Recently, the TWA substudy of SCD-HeFT, which in-
cluded 19% of the original study population (the mean
follow-up was 30 months), suggested that TWA was not
predictive of VTEs or mortality.*> However, this study is
unique in that it allowed for a comparison of the onset of the
TWA signal with the onset of the SCD phenotype in the
same primary prevention population. In particular, as dem-

onstrated in Figure 2, mortality rates between TWA-non-
negative and TWA-negative patients only begin to differ
after 14 months.>® Interestingly, this is precisely the same
time point that the mortality benefit of ICDs occurred,
suggesting the onset of the SCD phenotype in the total
SCD-HeFT population. This finding provides clinical evi-
dence to support the hypothesis that TWA probes underly-
ing cellular and molecular electrophysiological substrates
that are important in producing an SCD phenotype.

Role of TWA in risk stratification for SCD

Clearly, the substrates underlying SCD are complex and
dynamic. Therefore, it is unlikely that a single test will be
adequate to identify patients who are at the highest risk for
SCD and who would therefore benefit from prophylactic
ICD therapy. Therefore, the optimal risk stratification model
for identifying patients at highest risk for SCD will incor-
porate multiple risk markers. The benefit of risk stratifica-
tion strategy that combines multiple risk markers is empha-
sized in Figure 3. This figure demonstrates that based on
recent primary and secondary prevention trials, patients
achieve the greatest benefit from ICD therapy for primary
prevention guided by a combined risk stratification strategy
(i.e., LVEF + invasive EP testing), even better than sec-
ondary prevention. In other words, a patient is more likely
to benefit from an ICD if he or she has never had an
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Figure 2 TWA is a marker of the SCD phenotype. The upper panel
shows mortality rates from the main SCD-HeFT. This plot shows that the
beneficial effect of ICD therapy in SCD-HeFT begins to emerge between
18 and 24 months (dashed line). The lower panel shows event rates from
the TWA substudy of SCD-HeFT. The time base is scaled to match the
survival curves from the main SCD-HeFT trial (upper), permitting com-
parison of the time course of an apparent prognostic TWA signal (i.e.,
separation of TWA+ and TWA— curves) and the emergence of a detect-
able SCD phenotype in the same population. These data show that the
TWA begins to develop at the same time as the SCD phenotype becomes
detectable.®
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Figure 3 ICDs do not benefit all patients with low LVEF: hitting the

“sweet spot.” Based on recent primary and secondary prevention trials,
patients achieve the greatest benefit from ICD therapy for primary preven-
tion guided by a combined risk stratification strategy (i.e., LVEF + inva-
sive EP testing), which is even greater than the benefit from therapy for
secondary prevention. In other words, a patient is more likely to benefit
from an ICD if he or she has never had an arrhythmia but has a positive risk
marker than if he or she has had a cardiac arrest.

arrhythmia but has positive risk markers than if he or she
has had a cardiac arrest. Moreover, there appears to be a
potential “sweet spot” for identifying patients who are most
likely to benefit from prophylactic ICD therapy. Does TWA
have a role in identifying this sweet spot?

Since the ABCD Trial systematically risk stratified all
patients by both electrophysiological substrate and TWA
testing, it provides us with a unique opportunity to evaluate
different risk stratification strategies (i.e., LVEF, TWA, and
electrophysiological substrate) for the primary prevention of
SCD.?® Figure 4 demonstrates analysis of data from the
ABCD Trial testing various risk stratification scenarios ask-
ing how a patient would do with prophylactic ICD therapy
in terms of the trade-off between therapeutic efficiency (i.e.,
ICD treated patients without an event) and therapeutic risk
(i.e., patients who did not receive an ICD yet had an event).
This analysis addresses the question of how risk stratifica-
tion using combinations of LVEF, TWA, and EP testing can
potentially affect the efficiency of primary prevention with
ICDs. In particular, if a reduced LVEF alone is the only
marker used to guide prophylactic ICD implantation, 93%
of patients receiving an ICD will never use their device. In
contrast, the addition of other risk markers markedly im-
proves therapeutic efficiency (i.e., overtreatment decreases),
with a relatively small increase in the risk of undertreat-
ment. Specifically, the addition of TWA reduced the num-
ber of ICD-treated patients without an event to 65%, with
only a 1.8% risk that a patient with a VTE is not treated.
Moreover, addition of electrophysiological substrate in all
patients, a strategy that has been largely abandoned by
clinicians, decreases the number of ICD recipients without
events to 35% but increases the risk of having a VTE and
not being protected to 2.7%. Taken together, risk stratifica-
tion strategies using multiple risk markers improve thera-
peutic efficiency 25 times more than it increases risk of

undertreatment, as evidenced by the steep slope of the plot
shown in Figure 4. These data support a role for TWA
testing as a component of a risk stratification strategy aimed
at identifying the aforementioned sweet spot in primary
prevention patients. It is important to emphasize that the
aforementioned analysis only accounts for 1-year event
rates. Also, the apparent “risk” of not treating patients with
ICDs was probably overestimated because ICD-related
events grossly overestimate clinical events as “appropriate”
ICD shocks are not tantamount to a life saved.

Major unresolved questions are, What is the acceptable
level of therapeutic efficiency, and What is the acceptable
level of undertreatment? The former is a societal question,
while the latter is a medical question. To that point, to
address the appropriate level of undertreatment, one must
also consider competitive risk of morbidity and mortality
from nonarrhythmic causes (Figure 4, blue arrow). For
example, although an individual patient may meet the cri-
teria for prophylactic ICD therapy, their risk of mortality
from progressive heart failure or noncardiovascular causes
may offset any mortality benefit obtained from implanting
an ICD. Therefore, the final decision of whether to implant
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Figure 4  Delivering ICD therapy to those who need it. This figure

demonstrates an analysis of data from the ABCD Trial testing various risk
stratification scenarios asking how a patient would do with prophylactic
ICD therapy in terms of the trade-off between therapeutic efficiency (i.e.,
ICD-treated patients without an event) and therapeutic risk (i.e., patients
who did not receive an ICD yet had an event). If a reduced LVEF alone is
the only marker used to guide prophylactic ICD implantation, 93% of
patients receiving an ICD will never use their device. In contrast, the
addition of TWA reduced the number of ICD-treated patients without an
event to 65%, with only a 1.8% risk that a patient with a VTE is not treated.
Addition of electrophysiological substrate in all patients, a strategy that has
been largely abandoned by clinicians, decreases the number of ICD recip-
ients without events to 35% but increases the risk of having a VTE and not
being protected to 2.7%. Taken together, risk stratification strategies using
multiple risk markers improve therapeutic efficiency 25 times more than it
increases risk of undertreatment, as evidenced by the steep slope of the
plot.
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an ICD for primary prevention must include an individual-
ized assessment of competitive risk.

In conclusion, there are clear advantages to TWA as a
risk stratification tool for identifying patients for prophylac-
tic ICD therapy. (1) TWA measured on the surface ECG is
linked to an arrhythmia mechanism arising from abnormal
intracellular calcium cycling. (2) Patients with reduced
LVEF who have a negative TWA test are at considerably
lower risk for SCD. (3) In contrast to LVEF that only
indirectly probes electrophysiological substrate, TWA
probes underlying electrophysiological substrate and has
been linked to cellular mechanisms of arrhythmogenesis.
(4) Unlike many other risk markers, TWA appears to track
arrhythmia susceptibility independent of heart failure pro-
gression and is comparably predictive in patients with both
ischemic and nonischemic cardiomyopathy. (5) TWA can
guide selection of appropriate patients for ICD therapy,
particularly when competitive mortality risks are present or
patients are reluctant to receive ICD therapy. Going for-
ward, randomized clinical trials are required that use risk
stratification strategies, such as TWA, to determine thera-
pies such as ICDs.
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