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Abstract

Background

T wave alternans (TWA) is an electrocardiographic marker of heightened sudden death risk

from ventricular tachyarrhythmias in patients with cardiomyopathy. TWA is evaluated from

the 12-lead electrocardiogram, Frank lead, or Holter lead recordings, however these clinical

lead configurations will not record TWA from adjacent regions of the body torso.

Objective

We tested the hypothesis that changing heart rate or ventricular activation may alter the

body surface distribution of TWA such that the clinical ECG leads fail to detect TWA in some

patients; thereby producing a false-negative test.

Methods

In 28 cardiomyopathy patients (left ventricular ejection fraction 28±6%), 114 unipolar elec-

trograms were recorded across the body torso during incremental atrial pacing, followed by

atrioventricular pacing at 100, 110 and 120bpm. TWA was measured from each unipolar

electrogram using the spectral method. A clinically positive TWA test was defined as TWA

magnitude (Valt)�1.9 uV with k�3 at�110bpm.

Results

Maximum Valt (TWAmax) was greater from the body torso than clinical leads during atrial

(p<0.005) and atrioventricular pacing (p<0.005). TWAmax was most prevalent in the right

lower chest with atrial pacing 100 bpm and shifted to the left lower chest at 120 bpm. TWA-

max was most prevalent in left lower chest with atrioventricular pacing at 100 bpm and shifted

to the left upper chest at 120 bpm. Using the body torso as a gold standard, the false-nega-

tive rate for clinically positive TWA with clinical leads was 21% during atrial and 11% during
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atrioventricular pacing. Due to TWA signal migration outside the clinical leads, clinically pos-

itive TWA became false-negative when pacing mode was switched (atrial!atrioventricular

pacing) in 21% of patients.

Conclusions

The body surface distribution of TWA is modulated by heart rate and the sequence of ven-

tricular activation in patients with cardiomyopathy, which can give rise to modest false-nega-

tive TWA signal detection using standard clinical leads.

Introduction

Body surface microvolt T wave alternans (TWA) arises from beat-to-beat action potential

alternans, and can presage ventricular tachyarrhythmias by increasing repolarization disper-

sion with subsequent conduction block and re-entry [1]. In patients with moderate to severe

left ventricular dysfunction, TWA magnitude measured from Holter recordings and implant-

able cardioverter defibrillator (ICD) electrograms increases before ventricular tachyarrhyth-

mias [2,3]. Several prospective clinical studies have shown a high negative predictive value

(~97%/year) for sudden cardiac death with TWA testing in patients with cardiomyopathy [4] ,

while other studies [5,6] found no difference in adverse events between positive vs. negative

TWA patients, and a lower negative predictive accuracy of 93%/year.

In these clinical studies, TWA testing was performed during exercise or pacing to increase

heart rates up to 110 bpm, and TWA was evaluated from a localized region of the body torso

transcribed by the 12-lead ECG and Frank lead configuration [7,8]. Using 114-electrode body

surface potential mapping during atrial pacing at 110 bpm, we have previously shown that

TWA consistently localized to the precordium, but that TWA underdetection may arise using

the 12-lead ECG/Frank leads or Holter lead recording configurations [9]. Ventricular pacing

has also been used in TWA testing when heart rates of 110 bpm cannot be achieved otherwise;

however, discordant test results occur in up to 43% of patients between atrial and ventricular

pacing [10–14]. The effect of heart rate and ventricular activation on the body surface distribu-

tion of TWA has not been studied, which is relevant to improving the accuracy of TWA testing

and potentially its prognostic utility. We hypothesized that changes in heart rate or ventricular

activation may alter the body surface distribution of TWA in some patients, such that the stan-

dard clinical lead configurations fail to detect TWA; thereby producing a false negative test.

Our objective was to compare changes in TWA magnitude across the entire body torso of

patients with cardiomyopathy in response to incremental atrial and atrioventricular pacing.

We also determined the prevalence of false negative TWA tests, whereby the TWA signal was

not detectable using the clinical leads, but was still present in the remaining body torso.

Materials and methods

Patient population

Consecutive male patients with LV ejection fraction (LVEF) <40%, who either had a prophy-

lactic dual-chamber ICD or were undergoing a clinical electrophysiology study, were prospec-

tively included. The electrophysiology study was performed in the postabsorptive state to

evaluate sudden cardiac death risk. Beta-blockers were not withheld prior to TWA evaluation

or electrophysiology testing. Patients with atrial fibrillation, recent myocardial infarction (<1
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month), unstable angina, New York Heart Association class 4 function, amiodarone use within

3 months, or pacemaker dependency were excluded. All patients gave written informed con-

sent, and the study was approved by the research ethics boards at Mount Sinai Hospital,

Toronto, and University Health Network, Toronto.

Body torso mapping during pacing

After careful skin preparation, 114-electrodes (Biosemi, Amsterdam, Netherlands) were

applied across the anterior and posterior thorax, and coincided with the standard position of

the clinical 12-lead ECG, Frank leads, and Holter leads. Unipolar electrograms referenced to

the Wilson central terminal were recorded unfiltered from each electrode at a sampling rate of

1,024 Hz and 24-bit dynamic range (31 nV resolution) using the Biosemi data acquisition sys-

tem (Biosemi Inc, Amsterdam, Netherlands).

Pacing was performed while supine using either the ICD leads, or pacing catheters placed

via the femoral vein for the clinical electrophysiology study. Atrial pacing at 100, 110 and 120

bpm was performed for 5 minutes at each rate using either the ICD atrial lead, or a quadripolar

catheter (Avail™, Biosense Webster Inc.) in the high right atrium. Following atrial pacing, a

5-minute recontrol period without pacing was instituted. Thereafter, atrioventricular pacing

(AV delay 160 ms) at 100, 110 and 120 bpm was performed for 5 minutes at each rate using

the ICD pacing leads, or two quadripolar catheters (Avail™, Biosense Webster Inc.) placed in

the high right atrium and right ventricular apex. Programmed pacing was achieved either

through the ICD programmer, or a biostimulator (EP Medical Inc.).

Clinical risk assessment using TWA

Among those patients undergoing clinical electrophysiology study, the body torso electrodes

were removed following the above pacing protocol. Hi Res electrodes™ (Cambridge Heart Inc.)

were then applied in the standard 12-lead ECG/Frank lead configuration [7]. Atrial pacing was

performed with the quadripolar pacing catheter (Avail, Biosense Webster Inc.) at 100, 110 and

120 bpm for 5 minutes each. For the purpose of clinical risk stratification, the TWA evaluation

during atrial or atrioventricular pacing was classified as either clinically positive (+), negative

(-), or indeterminate using the automated Heartwave II algorithm (Cambridge Heart Inc.). A

clinically +TWA test required TWA magnitude (Valt)�1.9uV, k�3, alternans duration >1

minute at heart rate�110bpm. Test results below this level, but still with k�3, were consid-

ered clinically negative. If neither a positive or negative test could be ascertained due to k <3,

the test was classified as indeterminate. The k value reflects the signal-to-noise ratio and pro-

vides a measure of the reliability of TWA measurement. This clinical definition is associated

with an increased risk of ventricular tachyarrhythmias and sudden death in patients with

reduced ventricular function [4,7,8].

Quantifying TWA from body torso mapping

For each patient, the TWA magnitude (Valt) and k value were determined for each unipolar

electrode during pacing using the spectral method, as previously described by our group [9].

The largest Valt in a 128-beat window (incremented by 16 beats) during the last 3 minutes of

pacing was chosen to represent the TWA magnitude for each electrode. For each window,

power spectra were computed at each time point in the JT segment and summated to create an

aggregate power spectrum. The corresponding noise level in each window was computed as

the mean spectral amplitude between 0.44 and 0.49 cycles per beat (cpb).

Modulation of TWA by rate and pacing
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Valt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

power0:5 � meanðpower0:44� 0:49Þ

q

kvalue ¼
ðpower0:5 � meanðpower0:44� 0:49ÞÞ

sðpower0:44� 0:49Þ

TWAmax was defined as the maximum Valt (with k�3) recorded from the 114 body torso

electrodes. For each patient, detectable TWA was defined as TWA magnitude (Valt)>0uV

with k�3 in >1 unipolar lead for any duration and at any pacing rate. In contrast, positive (+)
TWA was defined as Valt�1.9uV with k�3 in >1 unipolar lead for any duration and at any

pacing rate. If these conditions were not satisfied, TWA was considered negative (-). An inde-
terminate TWA classification was also considered if k<3 for each 128-beat window of the

3-minute recording.

Clinical leads and clinically positive TWA

The clinical leads were derived from the 114-body torso electrodes, and included (i) standard

12-leads (I, II, III, aVL, aVF, aVR, V1-V6), (ii) vector magnitude lead (Vm), and (iii) standard

bipolar Holter leads (CM1, CM3, CM5). Vm was computed from the orthogonal Frank leads

X, Y, Z as previously described [8,15]. The bipolar ECG leads and Holter leads were con-

structed by subtracting the potentials recorded from their constituent unipolar electrodes [16].

For the body torso lead set, clinically positive (+) TWA was defined as Valt�1.9uV with k�3

in more than 1 unipolar lead at pacing rates�110 bpm. For the clinical leads, clinically +TWA
was defined as Valt�1.9uV with k�3 in more than 1 standard 12-lead, Vm alone, or�1 Holter

lead at pacing rates�110 bpm [7,8]. If these conditions were not satisfied, TWA test was con-

sidered clinically negative. An indeterminate TWA classification was also considered if k<3 for

each 128-beat window of the 3-minute recording.

Statistical analysis

Continuous variables are expressed as mean and standard deviation or median and interquar-

tile range (25th-75th percentiles) where appropriate. The Wilcoxon signed-rank test was used

for paired comparison between groups. Categorical variables are presented as frequency or

percentage. A two-tailed p<0.05 was considered statistically significant. All statistical analysis

was performed using SPSS (version 19.0.0, SPSS Inc.).

Results

Patient population

The study population consisted of 28 male patients (63±10 years, LVEF 28±6%) with ischemic

(n = 19, 68%) or nonischemic cardiomyopathy (n = 9, 32%). Their clinical characteristics are

summaries in Table 1.

Effect of body torso sampling and pacing mode on detectible TWA and

+TWA

In 21 patients, body torso mapping of TWA using 114-electrodes was completed during atrial

pacing at 100, 110 and 120 bpm. In 7 patients, atrial pacing could not be completed at the

three prespecified pacing rates due to AV nodal Wenckebach at 110 or 120 bpm. All 21 (100%)

patients had detectible TWA (Valt >0, k�3) in more than 1 unipolar lead. However, +TWA

Modulation of TWA by rate and pacing
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(Valt�1.9uV, k�3) was present in 18 (86%) patients. There were no indeterminate TWA

results. When only the clinical leads were considered 18 (86%) patients still had detectible

TWA, but only 16 (76%) patients had +TWA.

In 28 patients, body torso mapping of TWA using 114-electrodes (including clinical leads)

was completed during atrioventricular pacing at 100, 110 and 120 bpm. All 28 (100%) patients

had detectible TWA as well as +TWA. When only the clinical leads were analyzed, 27 (96%)

patients had detectible TWA and +TWA. There were no indeterminate TWA results.

Effect of body torso sampling, pacing rate, and pacing mode on TWAmax

Comparison of TWAmax (maximum Valt, k�3) from the body torso vs. clinical leads is shown

in Fig 1. During atrial (Fig 1A) and atrioventricular pacing (Fig 1B), TWAmax was greater

when measured from the body torso vs. clinical leads (p<0.005). Fig 2 compares the effect of

atrial vs. atrioventricular pacing on TWAmax. There was no difference in TWAmax with the

mode of pacing regardless of the pacing rate or the recording configuration.

Effect of pacing rate and pacing mode on TWAmax body surface

distribution

The body torso was divided into 6 regions as shown in Fig 3A with 5 regions located anteriorly

and 1 posteriorly. The prevalence of TWAmax in each region was determined during incre-

mental atrial (Fig 3B), then atrioventricular pacing (Fig 3C). The precordial leads, V1-V6, were

represented by Region 1, where TWAmax was located in�18% of patients whether during

atrial or atrioventricular pacing. TWAmax was most prevalent in the right lower chest (Region

4) with atrial pacing at 100 bpm, but then shifted to the left lower chest (Region 5) with higher

pacing rates. With atrioventricular pacing at 100 bpm, TWAmax was most prevalent in Region

5 and redistributed to the left upper chest (Region 2) at higher pacing rates.

We also performed per patient analysis of TWAmax localization with changing heart rate.

The prevalence of 3 different responses during increasing pacing rate was determined as fol-

lows, (i) no change in TWAmax distribution, (ii) transient shift in TWAmax distribution at 110

and 120 bpm with return to the baseline distribution at 100 bpm, and (iii) complete shift in

TWAmax distribution at 110 and 120 bpm compared to the baseline distribution at 100bpm.

With atrial pacing, the prevalence of these 3 groups was 5%, 57% and 38%, respectively; while

with atrioventricular pacing, the prevalence was 11%, 43% and 46%, respectively. Therefore, it

was unusual for TWAmax to remain in the same location for a given patient but shifting to

adjacent locations was more common.

Table 1. Patient characteristics.

Age (years) 63 ± 10

Male, n (%) 28 (100)

LV ejection fraction 28 ± 6%

QRS duration (ms) 133 ± 38

Cardiomyopathy

Ischemic, n (%) 19 (68)

Nonischemic, n (%) 9 (32)

History of sustained ventricular tachyarrhythmia, n 0

Medications

Beta-blocker, n (%) 28 (100)

Class III antiarrhythmic (sotalol, amiodarone), n 0

https://doi.org/10.1371/journal.pone.0214729.t001
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Effect of body surface sampling, pacing rate and pacing mode on clinically

+TWA

Clinically +TWA (Valt�1.9uV, k�3, rate�110bpm) based on the proprietary algorithm

(Heartwave II™, Cambridge Heart Inc.) was present in 15 (71%) of 21 patients. These same

Fig 1. TWAmax is compared between clinical leads and body torso for atrial (A) and atrioventricular pacing (B). TWAmax is consistently greater when body torso is

sampled vs. clinical leads, regardless of the pacing mode or rate. + indicates outliers.

https://doi.org/10.1371/journal.pone.0214729.g001

Fig 2. TWAmax is compared between atrial and atrioventricular pacing for clinical leads (A) and body torso (B). TWAmax is similar between atrial and atrioventricular

pacing, regardless of clinical leads or body torso sampling. + indicates outliers.

https://doi.org/10.1371/journal.pone.0214729.g002
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patients also had clinically +TWA (Valt�1.9uV, k�3, rate�110bpm) as defined by our algo-

rithm using the clinical leads, thereby supporting the validity of our algorithm. There were no

indeterminate TWA results using the proprietary algorithm.

The effect of body surface sampling, either from the body torso or clinical leads, on the clas-

sification of clinically +TWA is shown in Tables 2 and 3. Among 21 patients, 6 (29%) were

clinically negative during atrial pacing when only clinical leads were considered. In 4 (67%) of

these 6 patients, TWA became clinically positive when measured from the entire body torso.

Fig 3. Body torso distribution of TWAmax during atrial and atrioventricular pacing. The body torso was divided into 6 regions (A). R1 indicates the location of the

standard precordial leads, V1-V6. R6 is the posterior chest. With increasing atrial pacing rate, TWAmax shifted from R4 to R5 (B). With increasing atrioventricular

pacing rate, TWAmax relocated from R5 to R2 (C).

https://doi.org/10.1371/journal.pone.0214729.g003

Table 2. Effect of lead configuration on clinically +TWA during atrial pacing.

Atrial Pacing

n = 21

Body Torso
100 and 110 bpm

Total

+ TWA - TWA

Clinical Leads
100 and 110 bpm

+ TWA 15

(100%)

0

(0%)

15

(100%)

- TWA 4

(67%)

2

(33%)

6

(100%)

https://doi.org/10.1371/journal.pone.0214729.t002
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This is illustrated for one patient in Fig 4A. With atrioventricular pacing, 4 (14%) of 28 patients

were clinically negative when measured from the clinical leads, and 3 (75%) of these patients

became clinically positive when the body torso was considered, as shown for one patient in Fig

5B. On the other hand, if clinically +TWA was detected by the clinical leads, the classification

did not change when the body torso was assessed irrespective of atrial or atrioventricular

pacing.

The effect of pacing rate (100 or 110 bpm vs. 120 bpm) on the reclassification of TWA was

also considered, while maintaining body surface sampling to the clinical leads (Tables 4 and

5). Among the 6 patients with clinically -TWA during atrial pacing at 100 or 110 bpm, 1 (17%)

became positive at 120 bpm. In the case of atrioventricular pacing, 4 patients had clinically–

TWA at 100 or 110 bpm, and 3 (75%) of these 4 became positive at 120 bpm. We also consid-

ered the effect of a higher pacing rate (100 or 110 bpm vs. 120 bpm) on the conversion of a

clinically +TWA to–TWA, which occurred in 5 (33%) of 15 patients during atrial pacing at

120 bpm, and 6 (25%) of 24 patients during atrioventricular pacing at 120 bpm. This reclassifi-

cation was due to redistribution of the TWA signal to the body torso regions R2 (n = 2), R4

(n = 2) and R5 (n = 2) remote from clinical leads in 6 (55%) patients, while in another 3 (27%)

patients premature beats at the onset of the rate change were causal. Fig 6A is an example of a

patient who had clinically +TWA during atrial pacing at 110 bpm which then became negative

at 120 bpm due to relocation of the signal (Valt 2.81uV) to the body torso region R5 outside the

clinical leads. Fig 7 illustrates a patient with decreasing TWA magnitude measured in a precor-

dial lead as a function of increasing atrioventricular pacing rate, such that clinically +TWA at

100 and 110bpm, then became–TWA at 120bpm. Fig 8 shows another patient with a reduction

in TWA magnitude measured in a precordial lead during atrioventricular pacing at 110bpm

after a premature ventricular beat.

Finally, the effect of pacing mode (atrial vs. atrioventricular pacing) on the reclassification

of clinically +TWA was evaluated, again while maintaining body surface sampling to the clini-

cal leads (Tables 6 and 7). Conversion of a clinically +TWA to–TWA occurred in 3 (20%) of

15 patients with atrial!atrioventricular pacing (Figs 5A, 5B, 6A and 6B) and 5 (28%) of 18

patients with atrioventricular!atrial pacing (Fig 4A and 4B). This reclassification was due to

redistribution of TWA to regions remote from the clinical leads in 4 (50%) of these 8 patients.

Discussion

The major finding of our study is that the body surface distribution of TWA is modulated by

heart rate and the sequence of ventricular activation. This is based on the following: (i) TWA-

max is not prevalent over the precordial leads (i.e. V1-V6 leads), but localizes most often to the

right lower and left lower chest with atrial and atrioventricular pacing, respectively, and (ii)

the location of TWAmax shifts in a counterclockwise direction over the anterior chest with

increasing pacing rates. As a consequence, the detection of TWA (Valt >0, k�3) is influenced

by pacing rate and mode when sampling is confined to the standard clinical leads rather than

Table 3. Effect of lead configuration on clinically +TWA during atrioventricular pacing.

Atrioventricular Pacing

n = 28

Body Torso
100 and 110 bpm

Total

+ TWA - TWA

Clinical Leads
100 and 110 bpm

+ TWA 24

(100%)

0

(0%)

24

(100%)

- TWA 3

(75%)

1

(25%)

4

(100%)

https://doi.org/10.1371/journal.pone.0214729.t003
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the entire body torso. In the case of TWAmax, the clinical leads underestimate TWA magnitude

compared to the body torso regardless of pacing rate or pacing mode.

The body surface projection of TWA is primarily dependent on the spatial and transmural

location of alternating action potential sources in the ventricle as well as the rotation of the

heart in the torso. We have previously shown that varying the action potential alternans source

Fig 4. Body torso maps of Valt (uV) in one patient during atrial and atrioventricular pacing. The anterior torso with V1-V6 is indicated by the bold circles and the V

symbol depicts the sternal notch. The posterior torso is not shown for simplicity as there is virtually no TWA signal. With atrial pacing (A), TWA is detected outside the

clinical leads at 100 and 110 bpm. This patient would be classified as clinically–TWA using clinical leads, but +TWA with body torso mapping (i.e. false negative). With

atrioventricular pacing (B), TWA is detected in body torso as well as clinical leads at 110, but not 100 bpm. Thus atrioventricular pacing would classify this patient as

clinically +TWA using clinical leads, while atrial pacing resulted in a clinically negative test (i.e. false negative).

https://doi.org/10.1371/journal.pone.0214729.g004
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location in a simulated heart model can change the distribution of TWA on the body torso [9].

In patients undergoing body surface potential mapping during atrial pacing at 110 bpm, there

is also considerable variation in the spatial distribution of TWA over the anterior thorax,

although the greatest TWA magnitudes tend to localize over the precordial region [9]. The

present study extends these finding by showing variations in TWA body surface mapping in

the same patient as a function of increasing heart rate and changing ventricular activation

from atrial to atrioventricular pacing.

Fig 5. Body torso maps of Valt (uV) in one patient during atrial and atrioventricular pacing. With atrial pacing (A), TWA is detected in body torso as well as clinical

leads only at 110 bpm. With atrioventricular pacing (B), TWA is no longer detected in clinical leads, but remains detectible in body torso. Using clinical leads alone, this

patient would be classified as clinically +TWA, but -TWA with atrioventricular pacing.

https://doi.org/10.1371/journal.pone.0214729.g005
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In animal studies using Langendorff-perfused intact normal hearts [1,17,18] and arterially-

perfused LV wedges from cardiomyopathic hearts, [19] faster heart rates increase optical

action potential alternans magnitude, and convert spatially concordant action potential alter-

nans to spatially discordant alternans. Although this coincides with an increase in the magni-

tude of TWA on a volume-averaged electrocardiogram, the effect on the body surface

distribution of TWA has not been directly studied. Spatial heterogeneity in electrical alternans

recorded from unipolar electrograms across the endocardium and epicardium has been

described by our group in patients with cardiomyopathy [20]. Based on experimental studies,

this heterogeneity likely arises from regional differences in intracellular calcium cycling as a

result of nonuniform ion channel remodelling in the myopathic heart [21,22]. The presence of

heterogeneous structural and functional barriers from anatomically remodelled infarcted myo-

cardium with abnormal conduction velocity restitution can also produce regional action

potential alternans and discordant alternans in proximity to the barrier. The direction of wave

propagation and anisotropic conduction may further affect the spatial distribution of action

potential alternans, particularly in relationship to a structural barrier [23,24]. Thus, increasing

heart rate or altering ventricular activation in our myopathic patients may produce unique

body surface TWA patterns by virtue of regional differences in action potential alternans. We

speculate that the systematic counterclockwise shift in TWAmax across the anterior chest at

higher pacing rates with either atrial or atrioventricular pacing may be the result of a greater

mass of alternating myocardium.

Clinical implications

Although a clinically +TWA test using the spectral method is based on a Valt�1.9uV (k�3),

higher TWA magnitude may have incremental prognostic utility. In patients with ischemic

and nonischemic cardiomyopathy, Klingenheben et al [25] showed that arrhythmic events

were associated with higher Valt and a greater number of TWA positive ECG leads. In our

study, less than 15% of patients had TWAmax localized to the precordial leads (ie. V1-V6) and

TWAmax was lower when measured from the clinical leads compared to the body torso. Using

the clinical leads alone, the false negative rate for clinical TWA testing was 21% with atrial pac-

ing and 11% with atrioventricular pacing based on the body torso as the gold standard (Tables

Table 4. Effect of pacing rate on clinically +TWA during atrial pacing.

Atrial Pacing

n = 21

Clinical Leads
120 bpm

Total

+ TWA - TWA

Clinical Leads
100 and 110 bpm

+ TWA 10

(67%)

5

(33%)

15

(100%)

- TWA 1

(17%)

5

(83%)

6

(100%)

https://doi.org/10.1371/journal.pone.0214729.t004

Table 5. Effect of pacing rate on clinically +TWA during atrioventricular pacing.

Atrioventricular Pacing

n = 28

Clinical Leads
120 bpm

Total

+ TWA - TWA

Clinical Leads
100 and 110 bpm

+ TWA 18

(75%)

6

(25%)

24

(100%)

- TWA 3

(75%)

1

(25%)

4

(100%)

https://doi.org/10.1371/journal.pone.0214729.t005
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2 and 3, Figs 4A and 5B). Although body torso mapping of TWA is not practical for population

screening, our findings highlight the potential for TWA signal underestimation using standard

clinical leads in some patients. This may be potentially avoided by expanding precordial sam-

pling in patients with negative TWA tests using the standard V1-V6 ECG leads moved to adja-

cent chest locations [9]. Despite the well established dependence of action potential alternans

on heart rate, a clinically +TWA test was not consistently maintained at higher heart rates in

our study. With atrial or atrioventricular pacing at 120 bpm, 32% of patients with +TWA (Valt

Fig 6. Body torso maps of Valt (uV) in one patient during atrial and atrioventricular pacing. With atrial pacing (A), TWA is detected in body torso as well as clinical

leads at 110 bpm. However, TWA is no longer detected in clinical leads at 120 bpm, but still evident in body torso leads below the clinical leads. Using clinical leads

alone, the clinical TWA classification would still remain positive because pacing rates above 110 bpm are not considered. With atrioventricular pacing (B), TWA is no

longer detectible in the clinical leads at 110 or 120 bpm, but still present in the body torso. Although this patient would still be classified as clinically +TWA based on

atrial pacing 110 bpm alone, changes in pacing rate or mode have altered the body surface distribution of TWA.

https://doi.org/10.1371/journal.pone.0214729.g006

Modulation of TWA by rate and pacing

PLOS ONE | https://doi.org/10.1371/journal.pone.0214729 April 10, 2019 12 / 18

https://doi.org/10.1371/journal.pone.0214729.g006
https://doi.org/10.1371/journal.pone.0214729


�1.9uV, k�3) at 100 or 110 bpm (measured from clinical leads) became negative (Valt

<1.9uV) (Tables 4 and 5). In half of these cases, ectopic beats were observed at the onset of the

rate change to 120 bpm, which nulled the alternans signal by introducing a phase change [26].

However, the remaining patients had no ectopic beats and the apparently—TWA test at 120

bpm was due to relocation of the alternans signal outside the sampling region encompassed by

the clinical leads (Fig 6). Although this would not strictly change the classification of a clini-

cally +TWA test which is measured at�110 bpm, these findings have implications for inter-

preting TWA signal loss during exercise testing or incremental pacing.

Although exercise testing is used in most patients for clinical TWA testing, up to half of

heart failure patients have indeterminate test results because inadequate heart rates are

achieved [27]. Therefore, atrial pacing has a role in those unable to exercise or with chronotro-

pic incompetence [28,29]. RV pacing may be an alternative when atrial pacing is not possible

due to rate-dependent AV block or atrial fibrillation, the latter being prevalent in 30% of heart

failure patients. In contrast to the high concordance rate for clinical TWA test results between

Fig 7. Illustration of TWA magnitude attenuation (lower panel) associated with increasing atrioventricular pacing rate (upper panel) in

a precordial lead of a representative patient. The TWA magnitude decreases by ~1.5 uV with each subsequent 10 bpm increase in rate,

causing TWA magnitude to fall below clinical significance at 120 bpm. The red shaded regions indicate Valt values with a k�3. The

dotted black line denotes the clinical TWA Valt cutpoint of 1.9 uV.

https://doi.org/10.1371/journal.pone.0214729.g007
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Fig 8. (A) ECG depicting a premature ventricular ectopic beat during atrioventricular pacing at 110 bpm in a precordial lead of a

representative patient. (B) Illustration of TWA nullification (lower panel) associated with the region surrounding the ectopic beat (upper

panel) and the attenuation of TWA magnitude post ectopic. The red shaded regions indicate Valt values with a k�3.

https://doi.org/10.1371/journal.pone.0214729.g008
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exercise and atrial pacing, [30] this rate is quite variable (57–83%) when atrial pacing is com-

pared to ventricular pacing [10–14]. In the present study, 21% of patients with clinically

+TWA became negative when ventricular activation was changed from intrinsic to paced (Figs

4–6). This arose from spatial redistribution of the TWA signal from the clinical leads to the

subjacent body torso in half of these patients. In order to avoid potentially false-negative clini-

cal TWA testing when ventricular pacing is deemed necessary, the utility of a larger precordial

sampling area should be evaluated in future studies.

Limitations

Our sample size is small and did not permit evaluation of the prognostic utility of TWA signal

detected outside the clinical leads, including TWAmax and the number of unipolar leads with

detectible signal. Second, TWA was evoked with pacing and not exercise, which was not techni-

cally feasible with our 114-body surface vest. Nonetheless, the concordance rate for clinical

TWA testing is reported to be high between atrial pacing and exercise [30]. Third, we did not

withhold beta-blockers prior to TWA testing, which is not routinely performed in clinical TWA

testing. Beta-blockers can attenuate TWA magnitude; thereby potentially reducing the likeli-

hood of a positive TWA test [31]. However, this attenuation should be consistent in the same

patient between different pacing rates and pacing modes; thereby minimizing any confounding

effect. Finally, we cannot infer the presence of discordant alternans from the body surface distri-

bution of TWA or its change during increasing heart rate or varying pacing modes. In a simula-

tion study, we previously showed that discordant alternans in a heart model did not change the

body surface distribution of alternans compared to concordant alternans, but the magnitude of

body surface alternans was significantly larger [9]. Therefore, high magnitude TWA on the

body surface, irrespective of location may suggest discordant alternating sources in the heart.

Conclusions

The body surface distribution of TWA is dependent on heart rate and the sequence of ventric-

ular activation in patients with cardiomyopathy, which may cause inconsistent TWA signal

Table 6. Effect of pacing mode on clinically +TWA beginning with atrial pacing.

n = 21 Clinical Leads
Atrioventricular Pacing

100 and 110 bpm

Total

+ TWA - TWA

Clinical Leads
Atrial Pacing

100 and 110 bpm

+ TWA 12

(80%)

3

(20%)

15

(100%)

- TWA 4

(67%)

2

(33%)

6

(100%)

https://doi.org/10.1371/journal.pone.0214729.t006

Table 7. Effect of pacing mode on clinically +TWA beginning with atrioventricular pacing.

n = 21 Clinical Leads
Atrial Pacing

100 and 110 bpm

Total

+ TWA - TWA

Clinical Leads
Atrioventricular Pacing

100 and 110 bpm

+ TWA 13

(72%)

5

(28%)

18

(100%)

- TWA 2

(67%)

1

(33%)

3

(100%)

https://doi.org/10.1371/journal.pone.0214729.t007
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detection using the standard clinical leads. As a consequence, clinical TWA test results can be

“false negative” with heart rates�110bpm (21%), heart rates >110bpm (when positive at

lower heart rates) (11%), or with ventricular pacing (when positive during atrial pacing)

(21%). In half of these cases, TWA signal migration outside the recording field of the clinical

leads is the cause. Increasing the precordial sampling area in patients deemed TWA negative

may improve TWA signal detection and reduce “false-negatives”.
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