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Abstract
Background—Previous studies have demonstrated that microvolt T-wave alternans (MTWA)
testing is a robust predictor of ventricular tachyarrhythmias and sudden cardiac death (SCD) in at-
risk patients. However, recent studies have suggested that MTWA testing is not as good a
predictor of “appropriate” implantable cardioverter-defibrillator (ICD) therapy as it is a predictor
of SCD in patients without ICDs.

Objective—We sought to evaluate the utility of MTWA testing for SCD risk stratification in
patients without ICDs.
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Methods—Patient-level data were obtained from five prospective studies of MTWA testing in
patients with no history of ventricular arrhythmia or SCD. In these studies, ICDs were implanted
in only a minority of patients and patients with ICDs were excluded from the analysis. We
conducted a pooled analysis and examined the 2-year risk for SCD based on MTWA test result.

Results—The pooled cohort included 2883 patients. MTWA testing was positive in 856 (30%),
negative in 1627 (56%) and indeterminate in 400 (14%) patients. Among patients with LVEF ≤
35%, annual SCD event rates were 4.0%, 0.9% and 4.6% among the MTWA positive, negative
and indeterminate groups. The SCD rate was significantly lower among patients with a negative
MTWA test compared to either the positive or the indeterminate groups (p<0.001 for both
comparisons). In patients with LVEF > 35%, annual SCD event rates were 3.0%, 0.3% and 0.3%
among the MTWA positive, negative and indeterminate groups. The SCD rate associated with a
positive test was significantly higher than either the negative (p<0.001) or the indeterminate
groups (p=0.003).

Conclusions—In patients without ICDs, MTWA testing is a powerful predictor of SCD. Among
patients with LVEF ≤ 35%, a negative MTWA test is associated with a low risk for SCD.
Conversely, among patients with LVEF > 35%, a positive MTWA test identifies patients at
significantly heightened SCD risk. These findings may have important implications for refining
primary prevention ICD treatment algorithms.
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INTRODUCTION
Implantable cardioverter-defibrillator (ICD) therapy reduces all-cause and arrhythmia
specific mortality in patients with a left ventricular ejection fraction (LVEF) ≤ 35% but
without a history of documented sustained ventricular tachyarrhythmias 1, 2, 3. However, a
number of studies have demonstrated that only a small percentage of patients undergoing
primary prevention ICD implantation actually receive appropriate device therapy during
long-term follow-up 1, 2. Additionally, ICD implantation is itself associated with morbidity
and mortality risk 4 and thus should be avoided in patients unlikely to benefit from such
therapy. It has also been estimated that based on current LVEF criteria for primary
prevention ICD therapy, the cost to implant all eligible patients with ICDs would exceed $30
billion, a figure which would roughly equal the annual total expenditure for all heart failure
related care in this country 5. Based on these observations, it is clear that current ICD
eligibility criteria are unsustainable from a healthcare system perspective and more robust
tools are necessary to identify which patients are most, or least, likely to benefit from ICD
therapy.

Microvolt T-wave alternans (MTWA) testing using the spectral method has emerged as a
predictor of ventricular tachyarrhythmic events (VTE) and sudden cardiac death (SCD) in
at-risk populations. Prospective studies, primarily in patients without ICDs, have
demonstrated that a positive MTWA test result indicates a high level of risk while a negative
MTWA test confers a very low level of risk 6–9. However, in some recent studies involving
patient populations with a higher percentage of implanted ICDs, MTWA test result was not
found to be as good a predictor of “appropriate” ICD therapy as it is a predictor of VTE/
SCD in patients without ICDs 10. This observation has been attributed to the fact that many
“appropriate” ICD therapies treat arrhythmias that would have self-terminated or that ICDs
may induce arrhythmias that they subsequently treat 10–12. In light of these findings, it is
plausible that MTWA testing is best utilized for patients who do not already have ICDs in
order to determine whether they are at risk and should be considered for ICD therapy. In a
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prospective study of patients with LVEF ≤ 35%, ICD therapy reduced annual mortality by
approximately 50% among patients with a non-negative MTWA test and provided no
benefit among those with a negative test, suggesting the efficacy of MTWA testing in
predicting the effectiveness of ICD therapy 13.

The ability to accurately predict risk of VTE/SCD is a crucial step in identifying which
patients are most, or least, likely to benefit from ICD therapy. In order to address this
question, we assessed the predictive utility of MTWA testing on arrhythmia specific
endpoints by conducting a pooled patient-level analysis of prospective studies of MTWA in
patients without ICDs.

METHODS
Study Design

We identified prospective clinical trials (for more information, please see the On-line
Supplement) involving at least 100 patients in which MTWA testing using the spectral
analytic method was used to predict the risk of SCD and all-cause mortality with at least 12
month follow-up. In order to minimize the impact of ICD therapy on study endpoints, we
excluded studies where ≥15% of the patients had ICDs implanted at baseline or ≥15% of the
total arrhythmic outcome events were due to “appropriate” ICD therapy 10. Additionally, in
order to further minimize the impact of ICD therapy, patients with ICDs from the included
studies were excluded from the final pooled cohort analysis.

We obtained patient level data from the authors of the five cohorts included in this pooled
analysis. The baseline characteristics and details of each of the five studies have been
published previously 8, 9, 14–16 and are summarized in Table 1. All studies utilized MTWA
testing with the spectral method 17 (CH 2000 system, Cambridge Heart, Bedford, MA,
USA) and the results of each MTWA test (positive, negative or indeterminate) were
classified by the investigators within each study based on established criteria 18.
Indeterminate tests were further sub-classified based on cause into one of four groups: 1)
excessive ventricular ectopy during exercise, 2) unsustained alternans (<1 minute), 3)
inability to reach target HR (<105 beats/min), or 4) excessive noise.

Study Endpoints
All arrhythmic events and mortality endpoints were adjudicated by the study investigators
based on the specific definitions used within each study protocol 8, 9, 14–16. For the purpose
of this pooled analysis, the primary endpoint was arrhythmic mortality/SCD at 24 months.
The secondary endpoint was all-cause mortality at 24 months. In order to compare end-
points across different studies with varying follow-up periods, outcome data were converted
to annual event rates based on data collected over a 24-month period. The annual event rate
was calculated using an exponential survival model which assumes that individuals have a
constant probability of experiencing the outcome event per unit time 10. All endpoints are
reported as annual event rates derived over a 24-month follow-up period.

Statistical Analysis
We performed a pooled analysis of patient-level data from the five studies meeting our
inclusion criteria to assess the risk of SCD based on MTWA test result. We initially
performed preliminary analysis using both pooled and meta-analytic techniques and found
that the estimated event rates and p-values across sub-groups were similar using both
techniques (data not shown). However, we ultimately made the decision to proceed with a
pooled analysis based on two limitations of the meta-analytic technique: 1) inability to
estimate event rates across studies using meta-analysis in sub-groups with relatively few
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total events and 2) lack of a validated approach for generating summary survival curves with
meta- techniques.

The time course of the primary and secondary endpoints, stratified by MTWA result, was
estimated by Kaplan-Meier time to first event curves. The association between MTWA test
result and the primary and secondary endpoints was assessed by Kaplan-Meier product-limit
estimates and tested with the log-rank test.

Continuous variables are presented as mean ± standard deviation and categorical data are
summarized as frequencies and percentages. Comparisons across groups were performed
using the one-way ANOVA or Chi-square test of independence, as appropriate. For all
comparisons, a p<0.05 was considered to be statistically significant. Analysis was performed
using STATISTICA software (Statsoft, Inc., Tulsa, OK).

RESULTS
Primary Endpoint – Arrhythmic Mortality/Sudden Cardiac Death based on MTWA result

The baseline characteristics of patients included in the final pooled cohort, stratified by the
study of origin, are listed in Table 1. A total of 479 patients implanted with ICDs were
excluded from the final analysis yielding a pooled study cohort of 2883. Overall, mean age
was 62.8 ± 11.0 years, mean LVEF was 44.2% ± 15.6% and approximately 80% of patients
had underlying ischemic heart disease.

Results of MTWA testing were positive in 856 (30%), negative in 1627 (56%) and
indeterminate in 400 patients (14%). Patients with indeterminate MTWA test results were
older than patients with either positive or negative results, whereas patients with negative
MTWA results had higher baseline LVEF and were more likely to have ischemic heart
disease than either the positive or the indeterminate groups (Table 2). Among patients with
indeterminate MTWA test results, the most common cause of indeterminacy was excessive
ventricular ectopy during exercise (59%), followed by inadequate HR (21%), noise (11%)
and unsustained alternans (6%) (Figure 1). Only 3% of indeterminate studies could not be
further sub-classified based on specific etiology.

The primary endpoint of arrhythmic mortality/sudden cardiac death occurred in 80 patients
at the 24-month time point. The annual event rate for SCD among patients with positive,
negative and indeterminate MTWA test results was 3.5%, 0.4% and 2.5%, respectively
(Table 3). The Kaplan-Meier event–free survival curves for the primary endpoint stratified
by MTWA test result are shown in Figure 2. The SCD event rate was significantly higher for
patients with both positive and indeterminate MTWA test results when compared to
negative patients (p<0.001 for both comparisons) whereas the event rates were not
significantly different between the positive and the indeterminate groups (p=0.19). When
stratified by cause of indeterminacy, the annual SCD event rates among patients who were
indeterminate due to excessive ectopy (1.9%) or inadequate HR (4.1%) were also
significantly higher than the negative cohort and not significantly differently than the event
rate among patients with positive results. In contrast, although the SCD event rates among
patients who were indeterminate due to noise (1.4%) and unsustained alternans (no events)
appeared low, because of the small numbers of patients in these groups, the event rates were
not statistically different than either the MTWA positive or negative groups (Table 3).

Primary Endpoint – Arrhythmic Mortality/Sudden Cardiac Death based on LVEF and MTWA
result

The pooled study cohort was further sub-classified based on LVEF. Among patients with
LVEF ≤ 35%, the annual SCD event rates for the positive, negative and indeterminate
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groups were 4.0%, 0.9% and 4.6%, respectively. Kaplan-Meier analysis demonstrated that
among patients with LVEF ≤ 35%, the pattern of SCD event-free survival was similar to the
overall cohort with event-free survival being significantly lower among patients with
positive and indeterminate test results compared to the MTWA negative group (Figure 3).
There was no significant difference in SCD event-free survival between positives and
indeterminates among patients with LVEF ≤ 35%. Additionally, when stratified by the cause
of indeterminacy, SCD events rates for patients with excessive ectopy (4.2%) and
inadequate HR (7.4%) were significantly worse than the negative group but not significantly
different than the MTWA-positive patients (Table 3).

Among patients with LVEF > 35%, SCD annual event rates stratified by MTWA test result
were: positive (3.0%), negative (0.3%) and indeterminate (0.3%). Among patients in this
category, survival free of SCD was significantly worse for MTWA-positive patients than
either the MTWA-negative (p<0.001) or the MTWA-indeterminate (p=0.003) groups,
whereas event-free survival was not significantly different between the negative and
indeterminate groups with LVEF > 35% (p=0.801) (Figure 4). There was only one SCD
event among patients with indeterminate MTWA test result and LVEF > 35% and therefore,
events rates were uniformly low regardless of the cause of indeterminacy although statistical
power among the indeterminate sub-groups was limited (Table 3).

Secondary Endpoint – All-Cause Mortality
With regard to the secondary endpoint of all-cause mortality, the annual event rates for the
entire pooled cohort among patients with positive, negative and indeterminate test results
were 7.8%, 1.5% and 6.8%, respectively (Table 4). The event rates were significantly higher
for patients with positive and indeterminate studies when compared to those with negative
studies (p<0.001 for both comparisons) whereas there was no significant difference in all-
cause mortality rate between positives and indeterminates (p=0.40). Among causes of
indeterminacy, the event rates among patients with excessive ectopy (6.4%), inadequate HR
(8.7%) and noise (5.3%) were all significantly higher than the rate among negative patients
and not significantly different than the positive patients.

When stratified by LVEF, the trends in all-cause mortality were similar to the trends in SCD
event rates. Specifically, among patients with LVEF ≤ 35%, the all-cause mortality event
rates in the positive (9.7%) and indeterminate (12.2%) groups were significantly higher than
the negative cohort (4.2%) (p<0.001 for both comparisons). In contrast, in the LVEF > 35%
cohort, the all-cause mortality rate among MTWA positive patients (6.2%) was significantly
higher than the rate among the negative (0.7%) or indeterminate (1.1%) groups whereas
there was no significant difference in all-cause mortality rates between the MTWA-
indeterminate and MTWA-negative patients (p=0.25).

DISCUSSION
Several important conclusions can be drawn from this pooled analysis of patients with
heterogeneous levels of risk for SCD but without ICDs. First, a negative MTWA test result
clearly identifies a population of patients at very low risk of SCD during the ensuing 24
months, regardless of LV function (annual event rate 0.9% in patients with LVEF ≤ 35%
and 0.3% with LVEF > 35%). This finding suggests that patients with a negative MTWA
test, even with LVEF ≤ 35%, are likely to be at sufficiently low arrhythmic risk that they
may not benefit from prophylactic ICD therapy. Second, even among patients with LVEF >
35%, a positive MTWA test identifies a cohort at significantly heightened risk of SCD for
whom targeted therapies may be beneficial to mitigate arrhythmic risk. Lastly, the risk of
SCD among patients with indeterminate MTWA results is highly dependent on ejection
fraction. Among patients with LVEF ≤ 35%, an indeterminate MTWA test – particularly
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among those who are indeterminate due to excessive ectopy or inadequate HR – predicts an
increased risk of SCD at least as well as a positive test. In contrast, an indeterminate MTWA
test in patients with LVEF > 35% does not predict an increased risk of SCD and therefore,
these patients should not be grouped with patients who test positive.

Several important aspects of our work should be highlighted. First, in contrast to many
earlier MTWA studies, we used SCD/arrhythmic mortality, rather than all-cause mortality,
as the primary endpoint. Although we report data on all-cause mortality, SCD is likely to be
a far more germane endpoint in terms of making decisions about ICD therapy. Second, we
specifically excluded patients with ICDs from our analysis. There has been significant
concern about the use of “appropriate” ICD therapy as an endpoint in recent clinical trials 11

and it is widely recognized that “appropriate” ICD therapy overestimates the true incidence
of SCD. In fact, a high percentage of implanted ICDs has been suggested as an explanation
for why several recent studies have failed to demonstrate the predictive value of MTWA
testing 10. We designed our study specifically to avoid this potential source of confounding.
Lastly, and perhaps most importantly, this cohort is particularly unique in that we were able
to assemble a large group of patients who were at-risk of SCD (based on current evidence)
but because they were enrolled in studies prior to the era of contemporary ICD guidelines 19,
they were not routinely implanted with ICDs. Therefore, we were able to analyze the natural
history of SCD risk in a large cohort of patients. It is highly unlikely that such a cohort will
ever be assembled again, outside of a randomized clinical trial, since most such patients
would now be deemed ICD candidates.

Our pooled cohort represents a heterogeneous group of patients including both ischemic and
non-ischemic cardiomyopathy with a wide range of LVEF. From a clinical perspective, we
believe the predictive capability of MTWA testing across a heterogeneous cohort represents
an important strength of this study. The recent report from the NHLBI/HRS working group
on Sudden Cardiac Death Prediction and Prevention 20 emphasizes the need to find other
markers of SCD risk, beyond LVEF, which can be applied to the large group of patients
currently eligible for ICD therapy to refine risk prediction and improve ICD allocation. In
that light, the purpose of this paper is to examine the utility of MTWA testing as a screening
test to risk stratify patients and refine decision making about ICD therapy.

MTWA Testing to Guide ICD Therapy in Patients with Ejection Fraction ≤ 35%
Drawing largely from the Multicenter Automatic Defibrillator Implantation Trial II (MADIT
II)1 and the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) 2, current guidelines
identify candidates for primary prevention ICD therapy based primarily on LV ejection
fraction. However, the broad application of MADIT II and SCD-HeFT criteria has
confirmed that only a small percentage of patients actually receive appropriate ICD therapy,
highlighting the need for more robust tools to identify which patients are, and which patients
are not, likely to benefit from ICDs 21.

Our findings from a large cohort of patients demonstrate that even among patients with
LVEF ≤ 35%, those who are MTWA negative are at such low risk of arrhythmic mortality
that they are unlikely to benefit from prophylactic ICD therapy. Trials demonstrating the
mortality benefit of prophylactic ICD therapy in patients with reduced LVEF were
conducted in patient populations with far higher event rates than those observed in such
patients who test MTWA negative (e.g. the annual mortality rates in the control arms of
MADIT II 1 and SCD-HeFT 2 were 13.2% and 9.0% respectively, versus the 4.2% annual
mortality reported here in MTWA negative patients with LVEF ≤ 35%). Furthermore, a
prospective study 13 demonstrated that ICD therapy reduced annual mortality only in
patients with a non-negative MTWA test and not in patients with a negative MTWA test.
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Thus, there is an absence of evidence demonstrating that prophylactic ICD therapy is
beneficial to MTWA negative patients.

In the present study, 38.5% of LVEF ≤ 35% patients had a negative MTWA test. The ability
to safely withhold device therapy from these patients represents a major opportunity to
reduce unnecessary exposure to an invasive treatment with well-established short- and long-
term complications 4 while at the same time improving resource allocation and reducing the
cost burden to the healthcare system. These data strongly suggest the need for future,
prospective studies designed specifically to assess the value of ICD therapy in patients with
a negative MTWA test result.

MTWA Testing for SCD Risk Stratification in Patients with Ejection Fraction > 35%
Although patients with LVEF ≤ 35% are at significantly increased risk of SCD, the great
majority of SCDs occur in patients with LVEF > 35% 22. Our findings suggest that among
patients with LVEF > 35%, a positive MTWA test identifies a group with a 10-fold higher
risk of SCD (annual event rate 3.0% vs. 0.3% among patients who are MTWA negative or
indeterminate). In patients with preserved LV systolic function but with other risk factors for
SCD (i.e. coronary artery disease or other forms of structural heart disease), MTWA testing
may provide a means for non-invasively identifying patients at heightened arrhythmic risk.
Prospective studies will be necessary to determine if life-style interventions, pharmacologic
and/or device therapies 23 are capable of mitigating SCD risk among patients with LVEF >
35% and a positive MTWA test.

Prognosis of Patients with Indeterminate MTWA Test Results
One challenge in interpreting MTWA trials is appropriate classification of patients with
indeterminate test results. Early studies suggested that the prognosis of patients who are
MWTA indeterminate does not differ significantly from those who are positive and
therefore, these two groups have traditionally been classified in a single “non-negative”
category 18. Two studies have looked specifically at the impact of reclassifying studies
based on the cause of indeterminacy 24, 25. Our findings are consistent with these prior
studies in demonstrating that patients who are indeterminate due to excessive ectopy or
inadequate HR are at significantly higher risk than patients who test negative. However, our
findings add the important caveat that the prognosis associated with an indeterminate
MTWA test result is highly dependent on LV function. Specifically, patients who are
indeterminate with LVEF ≤ 35% (particularly those who are indeterminate due to excessive
ectopy or inadequate HR) have a heightened risk of SCD and can be appropriately grouped
with patients who are MTWA-positive. In contrast, the risk of SCD among patients with
LVEF > 35% who are indeterminate is substantially lower than those who test positive and
not different than those who test negative. In patients with LVEF > 35%, only a positive
MTWA test confers an increased risk. Two important differences should be noted between
our study and prior studies investigating the prognosis of indeterminate MTWA tests. First,
in contrast to prior studies, our study used SCD as the primary endpoint, rather than all-
cause mortality. Second, previous studies have included patients with ICDs 24, 25 whereas
our study specifically excluded patients with ICDs from the final analysis.

Study Limitations
Several limitations of our study should be noted. First, the classification of MTWA test
results was performed by the investigators of each individual study rather than being re-
reviewed centrally. However, specific criteria have been established for determining positive
and negative MTWA test results 18 and these criteria were used by the investigators in each
of the five source studies. Second, the definitions used for adjudicating clinical endpoints
(i.e. arrhythmic vs. non-arrhythmic mortality) were slightly different in each of the cohorts
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included in this pooled analysis and may have introduced some inconsistency when
comparing across studies. Third, although we were able to incorporate the impact of LVEF
on SCD risk, we did not have data on clinical heart failure symptoms (systolic or diastolic)
and therefore, were unable to assess the impact of heart failure symptom severity. Lastly,
due to relatively small numbers of events in certain sub-groups, we chose a pooled cohort
methodology rather than formal meta-analysis; however, the pooled cohort does not account
for between-study variability, which is a limitation of this technique.

Conclusions
Our findings demonstrate that in a large pooled cohort of patients at varying levels of
arrhythmic risk but without ICDs, MTWA testing is a powerful predictor of SCD. In
patients regardless of LVEF, a negative MTWA test result identifies a cohort of patients
with very low risk of SCD and a positive MTWA test identifies a patient group at high risk
of SCD. In contrast, patients with an indeterminate MTWA test result have a higher risk of
SCD only if the LVEF is ≤ 35%. These findings may have important implications for
refining primary prevention ICD treatment algorithms and improving resource allocation.
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Abbreviations

ICD Implantable cardioverter-defibrillator

LVEF left ventricular ejection fraction

MTWA Microvolt T-wave alternans

VTE ventricular tachyarrhythmic events

SCD sudden cardiac death

HR heart rate
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Figure 1. MTWA test results across the entire pooled cohort including sub-classification based
on cause of indeterminacy
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Figure 2. Kaplan-Meier event-free survival curves for the primary endpoint of arrhythmic
mortality/sudden cardiac death stratified by MTWA test result for the entire pooled cohort
Patients with positive or indeterminate MTWA test result demonstrate significantly lower
event-free survival compared to patients with negative MTWA test results. There is no
significant difference in event-free survival between patients with positive and indeterminate
test results. All p values are generated by the log-rank test.
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Figure 3. Kaplan-Meier event-free survival curves for the primary endpoint of arrhythmic
mortality/sudden cardiac death stratified by MTWA test result among patients with LVEF ≤
35%
Similar to the pattern observed in the whole cohort, event-free survival is significantly lower
among patients with positive or indeterminate MTWA test results, whereas there is no
significant difference in survival between the positive and indeterminate groups. All p
values are generated by the log-rank test.
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Figure 4. Kaplan-Meier event-free survival curves for the primary endpoint of arrhythmic
mortality/sudden cardiac death stratified by MTWA test result among patients with LVEF >
35%
Event-free survival is significantly lower in the MTWA positive group than either the
negative or indeterminate groups. In contrast, there is no significant difference in event-free
survival between the negative and indeterminate groups. All p values are generated by the
log-rank test.
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