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Abstract
BACKGROUND—T-wave alternans (TWA), has been associated with increased vulnerability to
ventricular tachyarrhythmias and sudden cardiac death (SCD). However, both random (white)
noise and (patho)physiologic processes (i.e. premature ventricular contractions [PVCs], heart and
respiration rates) may hamper TWA estimation and therefore, lessen its clinical utility for risk
stratification.

OBJECTIVE—To investigate the effect of random noise and certain (patho)physiologic
processes on the estimation of TWA using the Fast Fourier Transform (FFT) method and to
develop methods to overcome these potential sources of error.

METHODS—We used a combination of human electrocardiogram data and computer simulations
to assess the effects of a PVC, random and colored noise on the accuracy of TWA estimation.

RESULTS—We quantitatively demonstrate that replacing a “bad” beat with an odd/even median
beat is a more accurate approach than replacing it with the overall average or the overall median
beat. We also show that phase resetting may have a significant effect on alternans estimation and
that estimation of alternans using frequencies greater than 0.4922 cycles/beat in a 128-point FFT
provides the most accurate approach for estimating the alternans when phase resetting is likely to
occur. Additionally, our data demonstrate that the number of indeterminate TWA tests due to high
levels of noise can be reduced when the alternans voltage exceeds a new higher threshold. Also,
the amplitude of random noise has a significant effect on alternans estimation and should be
considered to adjust the alternans voltage threshold for noise levels greater than 1.8 μV. Finally,
we quantitatively demonstrate that colored noise may lead to a false positive or a false negative
result. We propose methods to estimate the effect of these (patho)physiologic processes on the
alternans estimation in order to determine whether a TWA test is likely to be a true positive or a
true negative.

CONCLUSION—This study introduces novel methods to overcome potential sources of error in
the estimation of TWA. These methods may improve the utility of TWA either for ambulatory
monitoring or for clinical risk stratification for ventricular arrhythmias and SCD.
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Introduction
The use of a Fast Fourier Transform (FFT)-based spectral method1, 2 for estimating
microscopic T-wave alternans (TWA) has been shown to predict the risk of ventricular
arrhythmias and sudden cardiac death (SCD) across a broad spectrum of cardiac disease
states2–6. Although several methods have been developed for TWA estimation, the FFT
spectral method has been the most broadly accepted technique due to its inherent strength in
differentiating between true alternans and non-specific electrocardiographic (ECG) noise.
Therefore, the FTT spectral method serves as the method of interest in this investigation.

Several sources of error may hamper the estimation of TWA using the FFT spectral method
including noise and (patho)physiologic phenomena (i.e. premature ventricular contractions
[PVCs]). Sources of noise may be entirely random (“white” noise) or impacted by
physiologic processes such as heart rate and respiratory rate (“colored” noise). However,
heart rate may directly affect the frequency content of the spectrum used to estimate
alternans or alternans noise7. Furthermore, heart rate elevation can indirectly affect alternans
estimation through modulation of the respiration rate and the effect of respiration sub-
harmonics on the alternans frequency, alternans noise band or both.

It has also been reported that abnormal or “bad” beats with altered morphology and/or
timing present inherent difficulties in the estimation of alternans8. Hashimoto et al.9 have
demonstrated that a PVC, or transient prolongation or shortening of the cycle length, may
change the phase of alternans and potentiate the degree of alternans, both of which may have
a significant impact on the TWA estimation.

Clinically, TWA tests are classified as positive, negative or indeterminate, with causes of
indeterminacy including excessive ventricular ectopy, inadequate heart rate, unsustained
alternans and excessive noise. In recent prospective studies, the frequency of indeterminate
test results has ranged from 19–41%10–13. Given the significant percentage of indeterminate
test results, identifying appropriate management algorithms for patients with indeterminate
tests is crucial to maintaining the clinical utility of TWA testing.

In this study, we explore the effects of random noise and (patho)physiologic processes on
the estimation of TWA and propose that the criteria to determine outcomes of TWA testing
can be expanded and improved. Specifically, we quantitatively explore the effect of a “bad”
beat on alternans estimation, the effect of replacing a “bad” beat with an average beat and
finally, the effect of random (white) and colored noise on the alternans estimation.

Methods
Alternans Time Series Generation

We generated 128-point long time series exhibiting alternans-type oscillations by sampling
randomly generated numbers from a zero mean Gaussian distribution with standard
deviations of 0.1, 1.0, 2.0, 5.0, 10.0 and 100.0 μV. Given that prior studies have reported
typical TWA on the body surface ECG of 1–10 μV 2, 14, 15 or on intra-cardiac electrograms
of 5–20 μV 16, these standard deviations were chosen to correspond to typical amplitudes of
small, medium and large amplitudes of TWA.
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Alternans Estimation
For alternans spectral analysis we used a 128-beat (or 128-point) FFT. Given a series of
ECG points (Figure 1A), TWA is estimated as 2, 17:

with the “alternans peak” being the amplitude of the FFT power spectrum corresponding to
0.5 cycles/beat and the mean (μnoise) and standard deviation (σnoise) of the spectral noise
estimated in a predefined noise window from 0.431 to 0.460 cycles/beat (Figure 1B).

The alternans voltage is a direct measure of the presence of alternans while the Kscore is a
measure of the statistical significance of the alternans voltage. For example, a Kscore ≥ 3
indicates that with 99.7% confidence, the alternans voltage is significantly greater than the
noise.

It has been established that for body surface ECG signals, all three of the following
conditions must be met in order to classify an alternans test as positive 14: (i) Kscore ≥ 3, (ii)
alternans voltage ≥ 1.9 μV and (iii) alternans noise ≤ 1.8 μV.

Results
Phase Resetting in Human ECG Data

A ”bad” beat in an ABABABAB… type sequence of T-wave morphologies may result in an
ABABNABA… type sequence (where N indicates a “bad” beat) 9, in which case the “bad”
beat introduces phase resetting. In Figure 1S of the Online Supplement, we quantitatively
demonstrate that a “bad” beat which causes phase resetting shifts the alternans peak of the
power spectrum (Figure 1) to neighboring frequencies and thus may be detrimental to the
alternans estimation.

Accordingly, in Figure 2S of the Online Supplement, in computer simulated data we
demonstrate that in the presence of phase resetting (of a 128-point sequence), alternans
estimation using the sum of the power-spectrum amplitude at frequencies greater than
0.4922 cycles/beat is more accurate than using only the power spectrum amplitude at 0.5
cycles/beat.

Comparison of Median, Average and Odd/Even Median Beat Replacement
We statistically analyzed the effect of replacing a “bad” point in a time series with either (i)
an average or (ii) a median value estimated from all good points, or (iii) an odd/even median
value estimated from all good odd/even points, depending on whether the “bad” point was in
an odd or even position.

We generated 128-point long time series exhibiting alternans-type oscillations (from a zero
mean Gaussian distribution with standard deviation values 0.1, 1.0, 2.0, 5.0, 10.0, and 100.0
μV) and introduced a “bad” point at a fixed location within the good 128-point sequence,
generating 1000 time series for each “bad” point. We repeated this process each time
introducing a different “bad” point from the 1st to the 64th point in the series. Finally, we
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estimated the mean and standard deviation of the Kscore of each of the 1000 simulations
using each of the three methods (i)–(iii) described above.

For each value of the standard deviation and for each “bad” point index we obtained the
distribution of the Kscore values normalized to the corresponding Kscore value with no “bad”
points. We found that the normalized Kscore distribution (for each of the six standard
deviation values) resulting from the average beat replacement (i) was significantly different
(p<0.0001) compared to the odd/even median replacement (iii) but was not different
compared to the overall median beat replacement (ii).

We then estimated the mean and standard deviation of the normalized Kscore distributions
across all standard deviation values using each of the three described methods (i)–(iii). In
Figure 2A, we plot the mean and standard deviation of the percent Kscore error of each of the
three methods for each “bad” point index. We see that albeit small, the overall average and
overall median point replacement of a “bad” point results in a maximum of 10% error of the
estimated Kscore, while replacement with an appropriate odd/even median point essentially
eliminates such variation (~1% error for each “bad” point index).

To further evaluate the effect of each of the above three methods, we employed 1000
alternating 128-point long time series taken from a distribution with zero-mean and 5.0 μV
standard deviation. We then introduced a variable number of “bad” points at random
locations within the 128-point sequence and estimated the spectra, thus creating 1000 time
series for the same number of “bad” points. We repeated this process each time introducing
a different number of “bad” points, ranging from zero to 98% of the total number of points
(128) in the time series. Finally, we estimated the percent error of the alternans peak,
alternans voltage, noise and Kscore for each number of bad points using each of the three
previously described methods (i)–(iii).

In Figure 2B, we observe that the error in estimating the alternans peak is significantly
smaller when using the odd/even median compared to the overall average or the overall
median methods. Similar trends are seen with the alternans noise (Figure 2C) and the mean
alternans voltage (Figure 2D). However, when using the odd/even median replacement
method, because the noise decreases at a faster rate than the alternans peak, the Kscore
increases as the percentage of “bad” points increases (Figure 2E). This happens because
substitution of “bad” points with an odd/even median reduces the variability of the time
series and thus reduces the amplitude of the noise. The opposite happens when a “bad” point
is replaced with the overall average or the overall median.

Interestingly, based on the conventional maximum allowable 10% threshold of “bad”
points14, the error in estimating the alternans voltage using odd/even median replacement is
5.2%, while the error is −21.1% and −23.3% using the overall median or the overall
average, respectively, which represents a ~4 fold reduction in the alternans voltage error.
Using the same 10% threshold, the error in estimating the Kscore is −2.7% using odd/even
median replacement, while the error is −19.3% and −19.4% using the overall median or the
overall average, respectively, representing a ~7 fold reduction in the Kscore error.

In summary, replacement of a “bad” point with an odd/even median produced significantly
smaller errors compared to the overall average or overall median for “bad” point percentages
less than 60%, where the Kscore error using the odd/even median method is the same
compared to the overall average or overall median methods (Figure 2E). As the percentage
of bad points exceeds the 60% mark, the odd/even median point substitution increases the
Kscore error compared to the other two methods, which suggests that beyond this percentage
the number of false positives compared to the other two methods would be higher.
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Effect of the Estimated Alternans Noise on the Alternans Voltage Threshold
To evaluate the effect of the power spectrum estimated alternans noise on the value of the
alternans voltage and Kscore, we generated one thousand, 128-point long alternating time
series with zero mean and standard deviation (σs) values ranging from 1.5 μV to 5 μV to
represent typical ECG values. We estimated the alternans voltage, mean alternans noise,
standard deviation of the alternans noise and Kscore and plotted them for each σs value
(Figure 3). While the Kscore was relatively constant (314 ± 207) with respect to the increased
amplitude of the alternating signal (data not shown), in Figure 3A we observe that the
alternans voltage maintains a linear relationship with the amplitude of the alternating signal
(mean alternans voltage = 0.66788 * σs - 0.00398, p<0.0001). We see similar linear
relationships with the estimated mean alternans noise (mean alternans noise = 0.05791 * σs-
1.45207E-4, p<0.0001) and the standard deviation of the alternans noise (standard deviation
of the alternans noise = 0.0424 * σs - 6.18417E-4, p<0.0001). Then, we can directly relate
the mean alternans voltage and mean alternans noise as follows:

(Eq
1)

Thus, consideration should be given to the amplitude of the mean alternans noise when the
alternans voltage threshold is used to determine statistically significant alternans.
Traditionally, alternans is considered present when the alternans voltage exceeds 1.9 μV and
the alternans noise is less than 1.8 μV (the red zone in Figure 3B). However, in the absence
of random noise, we show statistically significant alternans can be considered present when
the alternans voltage exceeds the alternans noise by a factor of at least 11.53 (Eq 1),
regardless of the alternans noise level. Thus, in Figure 3B, we see a new area for alternans
diagnosis is established: area (I), formerly a region of indeterminate alternans.

In area (I), where the alternans noise exceeds 1.8 μV, formerly indeterminate alternans tests
can be considered positive when the alternans voltage exceeds the alternans noise by at least
a factor of 11.53. This factor gives rise to a new alternans voltage threshold of greater than
20.76 μV when the alternans noise is greater than 1.8 μV.

Effect of Random Noise on the Alternans Estimation
To evaluate the effect of random noise on the alternans voltage and Kscore thresholds to
determine statistically significant alternans, we generated one thousand 128-point long
alternating time series with zero mean and standard deviation values ranging from 0.1 μV to
50 μV (σs), representing the alternating ECG signal. We then added random Gaussian noise
with zero mean and standard deviation values ranging from 0.0 μV to 50.0 μV (σm),
representing variable-origin input noise.

In Figure 4A, we plot the Kscore as a function of both the amplitude of the random noise
added to the alternating time series and the signal amplitude. If we take cross-sections of
Figure 4A for distinct random noise values, we obtain Figure 4B, which clearly
demonstrates the effect of typical noise levels on Kscore. We observe that the presence of
random noise markedly reduces the Kscore when the noise level exceeds roughly 25% of the
signal level.

In Figure 4C, we plot the amplitude of the random noise versus that of the signal (σs =
0.1248 * σrn - 0.0043; p<0.0001) for Kscore = 3.0, the clinically validated threshold. We
observe that as the amplitude of the random noise increases, the amplitude of the alternating
time series that yields a Kscore = 3.0 must also increase. Thus for random noise of 2–3 μV,
the amplitude of the alternating time series must be at least 0.245–0.370 μV to result in
Kscore = 3.0.
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We used linear regression (repeating the process described earlier in Figure 3) to derive a
direct relationship between the alternans voltage and the alternans noise for distinct random
noise values. Using this approach, in Figure 4D, we plot the alternans voltage as a function
of the alternans noise at multiple noise values and observe that only at σrn = 0 is this
relationship perfectly linear (with equation specified by Eq 1).

Because random noise is directly quantifiable using a variety of techniques, we can employ
a similar approach to that presented in Figure 3B to generate a new alternans voltage
threshold as a function of alternans noise for any value of random noise. For example, for
random noise of 5 μV, and for alternans noise of 1.8 μV, the corresponding alternans voltage
threshold is 20.29 μV.

Thus, consideration should be given not only to the amplitude of the mean alternans noise
but also to the random noise level when the alternans voltage threshold is used to determine
statistically significant alternans. When the alternans voltage exceeds a threshold determined
by the alternans noise and random noise levels, alternans can be considered present even
when the alternans noise exceeds 1.8 μV. Clinically, this corresponds to the case where
formerly indeterminate alternans in the presence of elevated noise can still be diagnosed as
positive alternans, when the alternans voltage is sufficiently large. Therefore, this threshold
adjustment may reduce the number of indeterminate results due to excessive noise.

Effect of Colored “Physiologic” Noise on the Alternans Voltage
We then investigated the effect of colored (i.e. physiologic or non-random) noise on the
alternans estimation and the probability of a false positive result. Colored noise is used to
reflect physiologic processes (such as respiration and heart rate) which may impact TWA
estimation. For example, a respiration rate of A breaths (or cycles) per min in a subject
whose heart rate is B beats per min could result in spectral interference at 0.5 cycles/beat. If
A=30 cycles/min and B=60 beats/min, that would result in a spectral peak at A/B = 0.5
cycles/beat. A similar but smaller result could be expected with A=15 cycles/min, in which
case a harmonic of the respiration frequency (at 0.25 cycles/beat) would appear at 0.5
cycles/beat.

We created one thousand, 128-point long random (not alternating) Gausian time series with
zero mean and variable standard deviation values ranging from 0.1 μV to 10 μV (σs)
representing the signal. We then added colored noise (at a frequency of 0.492, 0.496, or
0.500 cycles/beat) by applying a Butterworth IIR bandpass filter on a zero mean and
variable standard deviation (ranging from 0.0 μV to 20.0 μV) sequence from a Gausian time
series, representing variable origin input colored noise (σcn).

In Figure 5A, we quantify the probability of a false positive detection (Kscore ≥ 3.0 and
alternans voltage > 1.9 μV in the absence of alternans) as a function of colored noise
amplitude (at 0.492, 0.496, and 0.500 cycles/beat). At each colored noise frequency, the
false positive probability is equal to the percentage of false positive detections at colored
noise amplitudes less than or equal to the plotted colored noise amplitude. In Figure 5B, we
quantify the probability of a false positive Kscore in the absence of alternans, as a function of
signal amplitude and the same colored noise amplitudes. In the same figure, we plot the false
positive Kscore percentages of 10%, 50%, and 95%. For each colored noise and signal
combination, the false positive Kscore percentage is equal to the percentage of false positive
Kscore at all points less than or equal to the colored noise and signal amplitudes.

As the colored noise frequency approaches 0.500 cycles/beat, and as the colored noise
amplitude increases, the alternans voltage is over-estimated, and the probability of a false
positive detection increases. Therefore, appropriate methods to quantify the effect of colored
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noise sources (specifically due to respiration) near 0.500 cycles/beat are essential in
eliminating problematic data segments and thus reducing the false positive detection rate.

Effect of Colored “Physiologic” Noise on the Estimated Alternans Noise
We next investigated the effect of colored noise on the noise band and the probability of a
false negative result. We created one thousand, 128-point long random (not alternating) time
series with zero mean and variable standard deviation values ranging from 1 μV to 100 μV
(σs) representing the signal. We then added colored noise with zero mean and variable
standard deviation values, ranging from 0.0 μV to 20.0 μV (σn), representing variable origin
input colored noise.

In Figure 6A, we quantify the probability of a false negative detection (alternans voltage ≤
1.8 μV in the presence of alternans) as a function of colored noise amplitude (at 0.402,
0.430, and 0.461 cycles/beat). The false negative probability is equal to the percent of false
negative detections at colored noise amplitudes less than or equal to the plotted colored
noise amplitude. In Figure 6B, we quantify the probability of a false negative Kscore (Kscore
< 3) in the presence of significant alternans as a function of colored noise amplitude at the
same frequencies. False negative Kscore percentages of 10%, 50%, and 95% are plotted. For
each colored noise and signal combination, the false negative Kscore percent is equal to the
percentage of false negative Kscores at all points less than or equal to the colored noise and
signal amplitudes. As colored noise enters into the noise frequency band, the alternans noise
is overestimated, the alternans voltage is under-estimated, and the probability of a false
negative detection increases. These findings suggest that methods to quantify the respiratory
rate may prohibit the respiratory contribution on the noise band, thereby reducing the false
negative detection rate.

Discussion
While the FFT spectral method provides a robust quantitative assessment of the alternans
amplitude compared to the amplitude of the noise, recent clinical studies have questioned
the overall clinical utility of TWA11, 18.

In this study, we show that there are naturally occurring processes that may hamper the
alternans estimation and affect the overall accuracy of the method. Specifically, we show
that the handling of “bad” beats has a significant impact on the estimation of alternans and
that replacing a “bad” point with an odd/even median is a more accurate approach than
replacing it with the overall average or the overall median beat. Second, phase resetting may
have a significant effect on the alternans estimation and estimation of alternans from
frequencies greater than 0.4922 cycles/beat in a 128-point FFT provides the most accurate
approach for estimating the alternans voltage and Kscore when phase resetting is likely to
occur. Third, alternans noise greater than 1.8 μV has a significant effect on alternans voltage
estimation, and the alternans voltage threshold should be directly proportional to the level of
the alternans noise within this range, to decrease the number of indeterminate TWA tests
due to excessive noise. Fourth, random noise has a significant effect on the alternans
voltage, noise, and Kscore estimation and must also be considered when adjusting the
alternans voltage threshold at alternans noise levels greater than 1.8 μV. Finally, colored
noise that coincides with or is near the alternans frequency may lead to a false positive result
while colored noise that falls on the noise band may lead to a false negative result; therefore,
methods that estimate the effect of heart and respiratory rates on alternans noise and
alternans peak estimation are needed to assign a probability to whether a TWA test is a true
positive or negative.
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From a clinical perspective, recent studies have suggested that anywhere from 19–41% of
patients have an indeterminate TWA test result10–13, with causes of indeterminancy
including excessive ventricular ectopy, inadequate heart rate, unsustained alternans and
excessive noise. The presence of excessive ventricular ectopy (i.e. bad beats) represents the
most common cause of indeterminancy in clinical settings19 and has important prognostic
implications20. Our analysis suggests that replacing a bad beat with a median odd or even
beat is a much more robust approach than replacing with an average beat. Our data also
suggest that rather than using a single threshold for alternans voltage and noise, use of
customized thresholds for alternans voltage and Kscore, even when the noise is greater than
1.8 μV, may significantly reduce the number of indeterminate tests due to excessive noise.

Additionally, although the negative predictive value of TWA testing has generally been
good, low positive predictive value, in addition to high rates of indeterminate results, has
hampered the broad acceptance of TWA testing 6, 14. Although an effort has been made to
reduce the effect of respiration on the alternans estimation21, in this study, we have shown
that, if not properly addressed (i.e. in ambulatory monitoring), the alternans estimation may
be impacted by physiologic parameters such as heart rate and respiration7, which may revert
the alternans outcome (i.e. turn a positive result into a negative result and vice versa).
Algorithms to account for physiologic sources of noise as outlined in this paper may have an
important impact on improving the positive predictive value of TWA testing and enhancing
its clinical utility.

In conclusion, physiological processes (i.e. PVCs) as well as random and colored (i.e. due to
respiration) noise may hamper the estimation of TWA. This study investigates the
conditions under which a PVC, random and colored noise introduce significant error in the
estimation of TWA and proposes methods to overcome these limitations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Example of R-wave based, time aligned points in the T-wave. (B) Example of a power
spectrum indicating the presence of alternans at 0.5 cycles/beat and the noise window at
0.431-0.460 cycles/beat.
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Figure 2.
Comparison of the effect of replacing a “bad” point with an overall average, an overall
median or a corresponding odd or even median point. (A) Mean and standard deviation of
the Kscore percentage (normalized to a sequence with no “bad” points) resulting from 1000
simulations for each “bad” point index. The curves demonstrate the impact of replacing a
“bad” point with an overall average point (-∎-), an overall median point (-●-) or a
corresponding odd or even median point (-▴-), plotted as a function of the “bad” point index.
In the remaining panels, we present the percent error in the estimation of (B) the alternans
peak, (C) mean alternans noise, (D) alternans voltage and (E) Kscore. Note that that the
curves corresponding to the overall median and overall average results are superimposed;
solid line: odd/even median, dotted line: overall median, dashed line: overall average.
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Figure 3.
Effect of the power spectrum estimated noise on the alternans voltage and Kscore thresholds.
(A) The mean and standard deviation of the estimated alternans voltage (blue), mean (red)
and standard deviation (black) of the noise are plotted for each value of σs. (B) Traditional
and a potentially new area of alternans positive results by reclassifying formerly
indeterminate (I) results.
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Figure 4.
Effect of random noise on the alternans estimation. (A) Kscore as a function of the amplitude
of random noise added to the alternating time series and the amplitude of the signal. (B)
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Kscore as a function of the amplitude of the signal for distinct random noise values. (C)
Amplitude of the signal as a function of the amplitude of the noise for Kscore = 3.0 (σs =
0.1248 * σm − 0.0043; p<0.0001). (D) Alternans voltage as a function of the alternans noise
for distinct random noise values.
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Figure 5.
Effect of colored noise (at 0.492, 0.496, and 0.500 cycles/beat) on the alternans frequency
and the probability for a false positive result. (A) The false positive probability (Kscore ≥ 3.0
and alternans voltage ≥ 1.8 μV) in the absence of alternans quantified as a function of
colored noise amplitude. (B) False positive Kscore (Kscore ≥ 3.0) in the absence of alternans
quantified as a function of signal amplitude and colored noise amplitude. The false positive
Kscore percentages of 10%, 50%, and 95% are plotted. For each colored noise & signal
combination, the false positive Kscore percent is equal to the percentage of false positive
Kscores at all points less than or equal to the colored noise and signal amplitudes.
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Figure 6.
Effect of colored noise (at 0.402, 0.430, and 0.461 cycles/beat) on the noise band and the
probability for a false negative result. (A) The false negative probability (alternans voltage ≤
1.8 μV) in the presence of alternans quantified as a function of the colored noise amplitude.
(B) False negative Kscore (Kscore < 3) in the presence of alternans quantified as a function of
the colored noise amplitude. False negative Kscore percentages of 10%, 50%, and 95% are
plotted. For each colored noise and signal combination, the false negative Kscore percent is
equal to the percentage of false negative Kscores at all points less than or equal to the colored
noise and signal amplitudes.
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