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Abstract

Background—Both abnormal microvolt T-wave alternans (MTWA) and low peak VO2 predict

poor outcome in heart failure. However, their independent predictive properties have not been

assessed in large scale cohorts.

Methods—We performed an observational prospective cohort study of 303 consecutive patients

referred for metabolic stress testing. All had an ejection fraction fl40% and were considered

candidates for transplantation. Patients with defibrillators did not have MTWA collected by our

exercise laboratory and therefore were not included in the analysis. The primary endpoint was a

composite of all-cause death or UNOS 1 transplantation.

Results—During 2.8 years there were 34 deaths and 17 transplantations. Patients with abnormal

MTWA had a higher event rate (31/136, 23%, vs. 20/167, 12%, unadjusted HR 1.90, 95% CI

1.90-3.33, P=.03). The association remained significant after adjustment for 3 clinical variables

(1.89, 95% CI 1.05-3.39, P=.03). After adding peak VO2 to the model the association was no

longer significant (adjusted HR 1.18, 95% CI 0.64-2.17, p=.60). After accounting for peak VO2

and 28 other confounders in a matched propensity analysis, MTWA was not predictive

(propensity-matched HR 0.79, 95% CI 0.37-1.66, P=.53).
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Conclusions—We confirm the association of abnormal MTWA with poor outcome amongst

patients with impaired left ventricular systolic function. However, this association is markedly

attenuated after accounting for peak VO2.

Introduction

Abnormal microvolt T-wave alternans (MTWA)1,2 and low peak oxygen consumption (peak

VO2) 3 predict all-cause mortality in patients with impaired left ventricular systolic function.

There are no large scale reports, however, that focus on how these powerful predictors of

risk relate to each other as independent prognostic measures.

MTWA, a measure of beat-to-beat alternation in T-wave shape, amplitude, or timing 4, has

been used to stratify susceptibility to ventricular arrhythmias and all-cause mortality in

patients with impaired left ventricular systolic function 4,5. Two studies 6,7 have suggested

that combining MTWA with peak VO2 to predict adverse outcomes in individuals with HF

may improve the predictive ability of peak VO2 alone; however, each of these studies was

limited by a low number of outcome events and restricted multivariable analysis. As was

recently pointed out by Myles and colleagues 1, there is a need for larger observational

studies of MTWA with robust multivariable models to address the incremental value of

MTWA over established risk factors. Therefore, we examined the association between

MTWA and peak VO2 in predicting all-cause mortality or UNOS Status 1 (urgent) cardiac

transplantation in a relatively large cohort of patients with severely impaired left ventricular

systolic function.

Methods

Study population

We performed an observational prospective cohort study of 303 consecutive outpatients

referred for metabolic treadmill exercise testing at Cleveland Clinic between August 2002

and July 2006. As part of routine laboratory protocol, we measured MTWA on all patients

undergoing metabolic exercise testing for heart failure evaluation and staging, except in

patients who were in atrial fibrillation (software could not evaluate presence of MTWA in

the setting of atrial fibrillation), had a left ventricular ejection fraction ≥40%, or had prior

implantation of pacemaker or implantable cardioverter defibrillator (ICD). Patients with

implanted devices did not have routine collection of MTWA for two reasons. Firstly,

ventricular pacing was thought to obscure native MTWA.8,9 Secondly, at the time that these

studies were done physicians generally viewed MTWA as a risk assessment tool for

ventricular arrhythmic events (though this has since been disproven2,10). As such the stress

laboratory made a clinical decision to systematically evaluate MTWA only in patients who

did not have ventricular pacing or an ICD.

We also excluded patients who had: age <18 years, end-stage renal disease, cancer,

congenital heart disease, history of prior cardiac transplantation, or absence of US Social

Security number. In patients who had more than one metabolic exercise test, we considered

only the initial study. We prospectively recorded data on a customized computer database.
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The study was approved by the institutional review board at the Cleveland Clinic, and the

requirement for obtaining informed consent was waived.

MTWA and metabolic stress testing

All patients underwent simultaneous metabolic stress testing and MTWA testing by

treadmill exercise using high-resolution electrodes (Cambridge Heart, Bedford,

Massachusetts). An example of the protocol in a patient who had abnormal MTWA is shown

in Figure 1. MTWA measurements were collected throughout exercise and recovery, and

automatically interpreted by the Heartwave system, version 1.34 (Cambridge Heart). To

optimize MTWA collection an attempt was made with all patients to set the initial exercise

intensity to achieve a heart rate of 105-110. Automatic MTWA interpretations were

confirmed or over-read by trained board certified cardiologists, and classified according to

conventional criteria 11. According to prior conventions 9,11-14, all comparisons were made

between patients with normal (negative) and abnormal (positive or indeterminate) MTWA

tests.

Metabolic stress testing methods in our laboratory have been described previously 15. Before

each test, a structured interview and chart review yielded data on demographics, left

ventricular ejection fraction, medications, and various other clinic variables 15,16. Patients

were instructed to take their cardiac medications per routine, including beta-blockers, prior

to stress testing. Symptom-limited metabolic stress testing was performed using the

Modified Naughton or Cornell protocols, and recorded on a MedGraphics cardiopulmonary

system. Data on symptoms, rhythm, and blood pressure, were collected prospectively during

each stage of exercise. Oxygen consumption (VO2) and other exercise and ventilatory

measurements were recorded every 30 seconds during rest, exercise, and recovery. The

ventilatory response to exercise was defined as the value of VE/VCO2 at peak exercise 16.

End points

The primary end point was a composite of all-cause mortality and UNOS Status 1 cardiac

transplantation (whichever came first). All-cause mortality, a clinically relevant and totally

unbiased end-point 17, was determined by the Social Security Death Index 18,19. Previously

we have shown that this method has a sensitivity of 97% for detecting death 20. Urgent

cardiac transplantation was defined as patients who were listed as United Network of Organ

Sharing (UNOS) Status 1 (i.e. requiring continuous infusion of intravenous inotropes or

mechanical circulatory support) 21. Patients who received a cardiac transplant while listed as

UNOS Status 2 (n=6) were censored.

Statistical analyses

Differences between patients with and without abnormal MTWA were compared with the

use of Student's t-test and Wilcoxon rank sum test for continuous variables, and the chi-

square test for categorical variables. For descriptive purposes, we constructed Kaplan-Meier

plots 22 of time free of a primary endpoint according to MTWA and peak VO2.

To account for potential confounding we used two approaches. We constructed Cox

proportional hazards models, including as covariates peak VO2 as a continuous variable,
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age, gender, and history of coronary artery disease. We only included a limited number of

covariates to avoid model over-fitting. Ejection fraction and symptomatic functional class

were not included due to their limited variability in our cohort. Additionally, we have

previously shown that ejection fraction was not an independent predictor of risk in a similar

patient population 23. Possible nonlinear associations were tested with restricted cubic

splines 24. The proportional hazards assumption was tested by scaled Schoenfeld residuals

and inspection of hazard ratio plots over time 25. Model calibration was excellent, as

assessed by constructing a plot of actual versus predicted survival in 100 bootstrap samples

at 4 years 25. Model discrimination was assessed by calculating 100 bootstrapped estimates

of the concordance index for time-to-event outcomes 25. This yielded a concordance index

of 0.75, indicating a strong discrimination. The discriminative accuracy of this model was

compared to that of smaller models containing MTWA alone, peak VO2 alone, and MTWA

and peak VO2 in combination using the concordance index (c-index) 26,27.

In order to account for a large number of confounders without risking model over-fitting, we

employed propensity score methods 28-30. We generated a propensity score using

nonparsimonious multivariable logistic regression including all the variables listed in Table
1; this score is effectively the probability that any given patient would have an abnormal

MTWA given the values of all other variables. The QRS width variable was log transformed

due to its skewed distribution. This model yielded a c statistic of 0.79, indicating a strong

ability to differentiate between those with normal and abnormal MTWA. We used a publicly

available SAS macro 31 to match patients with abnormal MTWA to unique patients with

normal MTWA according to their propensity scores 32. We performed a second Cox

analysis within the matched cohort in which MTWA was adjusted for the propensity score.

Data assembly and basic statistical comparisons were performed with Stata/SE version 9.2

(StataCorp). Propensity analysis was performed using Lori Parson's GREEDY 5→1 Digit

Match Macro 31 on SAS version 9.1 (SAS, Inc.). Logistic regression, Kaplan-Meier

calculations, Cox proportional hazards analyses, and model assessment were performed with

Harrell's Design and Hmisc libraries 25 using R version 2.4.1 (www.r-project.org).

Results

Characteristics at baseline and during exercise

There were 303 patients eligible for analysis, of whom 136 (45%) had abnormal MTWA (84

positive tests and 51 indeterminate tests). Clinical and exercise data, according to MTWA

status, are shown in Table 1. The median peak VO2 for all patients was 19.5 ml/kg/min

(25th to 75th percentile of 15.4 ml/kg/min to 24 ml/kg/min). Women had lower peak VO2

than men 33. However, regardless of gender, the group with abnormal MTWA had

significantly lower peak VO2 (Figure 2).

MTWA and mortality or urgent cardiac transplantation

During a mean follow-up time of 2.8 years (range 0.6-4.5 years), there were 34 deaths and

17 UNOS Status 1 cardiac transplants. Abnormal MTWA had a significant unadjusted

association with the composite end point (Figure 3A). There were multiple statistically
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significant differences between the normal and abnormal MTWA groups (Table 1) which

may have accounted for this unadjusted finding (i.e., confounding). The patients in the

abnormal MTWA group were older white males, had a higher prevalence of diabetes, and a

higher use of digoxin, diuretics, and statins. Further this group had worse exercise test

characteristics including lower peak exercise heart rate and blood pressure, worse peak

oxygen consumption, poorer chronotropic response, and lower heart rate recovery.

MTWA and peak VO2

Table 2 summarizes outcome based on MTWA status. In an unadjusted Cox analysis,

MTWA was strongly associated with the outcome. After adjusting for three clinical

variables (age, gender, history of CAD) the association remained statistically significant.

This is consistent with findings of other studies of MTWA and outcomes 1,5. Finally, after

adding peak VO2 to the model, the association between MTWA and the outcome was no

longer statistically significant (HR 1.18 [95% CI 0.64 to 2.17], p=.60), implying that peak

VO2 confounded the relationship.

Table 3 summarizes the discriminative accuracy of multiple models containing MTWA

and/or peak VO2. The c-index is a measure of discrimination analogous to the area under an

ROC curve. The c-index for MTWA alone was 0.57, indicating its predictiveness was only

slightly better than chance (0.5). The c-index for peak VO2 alone was 0.74. The combination

of MTWA and peak VO2 yielded a c-index of 0.74, while the full model yielded only a

slightly higher c-index of 0.75.

To test the prognostic contribution of MTWA to peak VO2 in a clinically meaningful

manner we constructed a Kaplan-Meier plot of the variables with peak VO2 dichotomized at

14. Figure 4 demonstrates that MTWA status did not add incremental prognostic value to

peak VO2. The cutoff of 14 was based on work by Mancini and colleagues 34.

Propensity matched analysis

We were able to match successfully 76 patients with abnormal MTWA to 76 unique normal

MTWA patients. The c-statistic for the logistic model was 0.80, indicating strong

discrimination. There were no differences in baseline characteristics amongst the propensity

matched patients (Table 1). In this cohort there was no significant association between

MTWA status and outcome (HR 0.79 [95% CI 0.37 to 1.66], p=.53) (Table 2, Figure 3B).

Discussion

Main Findings

We report the largest study to date examining the association between MTWA, peak VO2,

and outcome in patients with severely impaired left ventricular systolic function. Further,

our cohort is amongst the largest MTWA studies to date 5. Our study design was unique in

that patients had MTWA collected simultaneous to metabolic stress testing. Patients with

abnormal MTWA had a significantly lower peak VO2. We found that abnormal MTWA

predicted poor outcome wholly consistent with prior reports 1, though it is critically

important to note that the patients with abnormal MTWA had multiple high risk
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characteristics as compared to those with normal MTWA, that may have accounted for this

result. However, once we considered peak VO2, as well as other potential confounders,

MTWA was no longer predictive. This suggests that peak VO2 confounds the association

between abnormal MTWA and mortality or urgent cardiac transplantation. We believe our

results are valid because we used multivariable methods as well as propensity analysis

methods to carefully match patients in an effort to eliminate confounding as best as possible.

Indeterminate MTWA Tests

The pathophysiological basis for the association between abnormal MTWA and low peak

VO2 is unclear. A possible link may be indeterminate MTWA tests. In a sub-study of the T-

Wave Alternans in Congestive Heart Failure Study, Kaufman and colleagues 14

demonstrated that greater than 83% of indeterminate tests are due to either chronotropic

incompetence (i.e. an inability raise HR > 105) or high levels of ventricular ectopy – both of

which have been reported to be associated with low peak VO2 in patients with heart

failure 23,35-37. In a supplementary analysis of our study we found that patients with

indeterminate MTWA tests had lower median peak VO2 measurements than patients with

positive MTWA tests (15.6 vs. 19.2, p<0.001). The association between indeterminate tests

and outcome was not significant after adjustment for peak VO2, but extrapolation from this

result is difficult due to the small sample sizes. The possibility that positive but not

indeterminate MTWA tests may add incremental prognostic information to peak VO2

should be investigated in future studies.

Prognosis

To our knowledge, there have been no large prior studies evaluating the prognostic value of

abnormal MTWA and low peak VO2 side by side. Two small studies 6,7 (n=46, n=73)

addressing this question had limited end points (n=7, n=8), thus significantly limiting their

power to perform robust adjusted analyses. Our study had significantly more patients

(n=303) and end points (n=51). In the recently published ALPHA study 38 examining the

prognostic value of MTWA in patients with non-ischemic cardiomyopathy, only 69% of the

patients had their peak VO2 measured. No attempt was made to adjust for this variable. Ours

is the first study to report a lack of incremental prognostic value of abnormal MTWA

beyond low peak VO2.

Selection bias?

The patients in this analysis did not have ICDs, raising the question whether this approach

selected for lower risk individuals thus biasing our findings. Results from two recently

published studies suggest that this may not be the case. In the MASTER trial 2 575 patients

with impaired LV function (mean EF 24%) had MTWA testing prior to ICD implantation.

After a mean follow-up of 2.1 years there was no association between a non-negative

MTWA test result and ventricular arrhythmic events (HR 1.26, 95% CI [0.76 to 2.09],

p=0.37), although mortality was significantly increased (HR 2.04, 95% CI [1.10 to 3.78],

P=0.02). In the SCD-HeFT T-Wave Alternans substudy10 490 patients with heart failure and

impaired LV function had MTWA testing and were then randomized to placebo,

amiodarone, or ICD for a combined end point of sudden cardiac death, sustained ventricular

tachycardia/fibrillation, or appropriate ICD discharge. During a mean follow-up of 30
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months, there were no significant differences in the primary end point (HR 1.28, 95% CI

[0.65 to 2.53], P=0.46), though there was a non-significant trend towards increased

mortality. These findings of increased mortality risk without differential arrhythmic risk by

MTWA status in patients with ICDs somewhat reduces the concern for selection bias in our

analysis. To appropriately address this question future studies examining the association

between MTWA and peak VO2 should enroll patients with ICDs.

Limitations

Our study has several limitations. It was an observational, single center experience, and did

not include patients with ICDs. Prior reports have primarily demonstrated the utility of

abnormal MTWA in predicting ventricular arrhythmias and sudden cardiac death. It may be

that MTWA was not associated with the composite end point in our study because our

population was at a relatively low risk for arrhythmic outcomes: low prevalence of ischemic

heart disease, relatively young age, and no ICDs. Our findings should not be generalized to

patients with ICDs as we did not study this population. Further, we used an end point that

included urgent cardiac transplantation (approximately one third of the outcomes), which is

a non-arrhythmic endpoint. Future studies of the association between MTWA and peak VO2

should include patients who are at higher risk for ventricular arrhythmias. It is unknown how

many patients went on to receive an ICD after their initial stress test. We did not have data

on cause of death or arrhythmic outcomes and as such could not account for these as an end-

point.

We used a composite end point of death and UNOS 1 cardiac transplantation. The first is a

clinical outcome while the second is a clinical decision. If the clinical decision of

transplantation were influenced in any way by either the peak VO2 or MTWA outcomes

then the associations we observed are biased. We feel however that this is unlikely as UNOS

1 status is assigned based on acute severe clinical deterioration rather than any prognostic

tools used in clinically stable heart failure patients.

We used non-standard metabolic stress testing protocols to allow simultaneous collection of

MTWA and peak VO2 information (Figure 1). As such, because of patient fatigue in the

setting of a prolonged protocol, the measured peak VO2 may have been an underestimate of

the true peak VO2.

Despite the size of our cohort and the relatively long follow-up time, we only noted 51

events, limiting our ability to perform robust analyses considering many covariates. We used

propensity methods to overcome this 28, but this approach is limited by its focus on those

covariates actually measured and recorded.

Conclusions

Despite these limitations, we found that among patients with severely impaired left

ventricular systolic function the presence of abnormal MTWA was associated with low peak

VO2 and predicted poor outcome by itself. However, MTWA no longer predicted poor

outcome once peak VO2 was accounted for. Our findings are hypothesis generating. Further

Gorodeski et al. Page 7

J Heart Lung Transplant. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



research is needed to determine what pathophysiological abnormalities link abnormal

MTWA to impaired VO2.
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Figure 1.
Heart rate (HR) and MTWA tracings collected during a metabolic stress test. (A.) Intensity of exercise is increased slowly to

achieve a target HR of 105-110 beats/min for a period of approximately 1-2 minutes (asterisk), during which MTWA are

collected. Intensity is then increased per exercise protocol. Exercise ends with patient exhaustion. (B.) MTWA tracings

(microvolt) in leads V1-V6. Dark shaded tracings represent appearance of MTWA. ‘Onset HR’ refers to the heart rate at which

MTWA are first detected. Horizontal boxes represent 1 minute intervals.
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Figure 2.
Box and whisker plots of Peak VO2 by MTWA status. Circles represent individual patients.
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Figure 3.
Kaplan-Meier plots relating MTWA status to survival. (A.) Unadjusted full cohort (n=303). (B.) Propensity matched cohort

(n=152).
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Figure 4.
Kaplan-Meier plots relating peak VO2 to survival, stratified by MTWA status.
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Table 2

Association of Microvolt T-Wave Alternans with Mortality or Urgent Cardiac Transplantation: Results of

Proportional Hazards Analyses

Model Hazard Ratio (95% CI) p Value

Unadjusted 1.90 (1.08, 3.33) .03

Adjusted for clinical variables
* 1.89 (1.05, 3.39) .03

Adjusted for clinical variables
*
 and peak VO2

1.18 (0.64, 2.17) .60

Propensity matched cohort
^ 0.79 (0.37, 1.66) .53

*
Clinical variables included age, gender, and history of prior coronary artery disease

^
Fully adjusted for all 28 variables (see methods, and Table 1)
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Table 3

Discriminative Accuracy of Cox-Proportional Hazards Models

Variables in Model Concordance Index

MTWA 0.57

Peak VO2 0.74

MTWA, Peak VO2 0.74

MTWA, Peak VO2, and clinical variables 
* 0.75

*
Clinical variables included age, gender, and history of prior coronary artery disease
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