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Abstract

Background—The electrocardiographic (ECG) Tpeak-Tend interval (TpTe) is associated with
arrhythmias and sudden cardiac death. TpTe offers a supplementary measure for the QT interval
(QT), yet its repeatability has not been established.

Purpose—Evaluate short-term repeatability of TpTe and QT.

Methods—Four ECGs were obtained on sixty participants. The sources of variation, intra-class
correlation coefficient (ICC) - an index of reproducibility, and minimal detectable change (MDC)
were estimated for TpTe and QT. The impact of repeated measurements on repeatability was
estimated for a hypothetical clinical trial designed to detect drug-induced prolongation of TpTe
and QT.

Results—We used heart rate-adjusted QT [(QT)a] but TpTe in the study group was rate-
invariant. The ICC [95% confidence interval (ClI)] was 0.77 (0.69, 0.85) for TpTe, 0.75 (0.65,
0.85) for QT and 0.68 (0.57, 0.79) for (QT)a. The MDC (ms) was 21, 32 and 26 for TpTe, QT and
(QT)a respectively.
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Conclusion—TpTe has excellent repeatability supporting its use as a supplement to QT in
observational and clinical studies.
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Introduction

Methods

The Tpeak-Tend interval (TpTe) from the resting standard 12-lead electrocardiogram (ECG)
is a novel measure of myocardial repolarization, reported to be associated with incident
ventricular arrhythmia, heart failure, and sudden cardiac death (SCD) (1-4). Prolongation of
TpTe represents a period of potential vulnerability to reentrant arrhythmias offering a
supplement to the traditional QT interval (QT) (5) in the setting of the established
associations between QT prolongation with total, cardiovascular and sudden cardiac death
(1). Although widely used to quantify ventricular repolarization abnormalities, QT has
limitations and varying recommendations have been issued for an appropriate heart rate
correction (6-8). An increased interest in other measures of myocardial repolarization has
thus emerged, including TpTe (5). The peak of the T wave occurs when the largest number
of left ventricular lateral wall myocytes is at phase 3 of their repolarization and the
uncanceled repolarization wave front is largest according to the infinite-medium model of
ventricular repolarization (8, 9). This assertion is supported by electrophysiological evidence
and electrocardiographic potential theory applied to the generation of the T wave (10-12).
Opthof et al. (13) have pointed out that the interval from T wave onset to Te reflects total
dispersion of repolarization, therefore providing more comprehensive clinical information of
arrhythmic risk.

The association of TpTe with ventricular arrhythmia and SCD and its consideration as a
supplement for QT makes it pertinent to evaluate the repeatability of TpTe, which to our
knowledge has not been addressed. The aim of our study was to characterize the
repeatability and main sources of variability of TpTe, and to contrast these properties with
those of QT.

Study participants and protocol

Study participants included sixty male and female volunteers free of cardiovascular
symptoms recruited in Chapel Hill, NC. Details of study participant recruitment were
described elsewhere (15). Briefly, efforts were made to match the age, gender and racial
characteristics of the volunteer group to that of the Atherosclerosis Risk in Communities
(ARIC) cohort at baseline and included participants between 45-64 years of age, free of
diabetes, hypertension, emphysema, chronic obstructive pulmonary disease, congestive heart
failure, renal disease, a pacemaker, and were not taking class | or Il antiarrhythmics.
Informed consent was obtained from all participants. This study was approved by the
University of North Carolina (UNC) School of Medicine institutional review board. All
examinations were conducted at the General Clinical Research Center of the UNC Hospitals.
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Electrocardiographic methodology

The protocol used by the ARIC study was followed for electrode positioning, room
condition, data collection and transfer (15). Following identical protocol at both study visits,
two sets of ECGs were obtained on the same study participant at each visit. Four digital 12-
lead ECGs (ECG1, ECG2, ECG3, and ECG4) were obtained by one of four trained and
certified technicians at two different examination visits [two ECGs per visit, ten days apart
on average, standard deviation (SD)=four days] both of which were conducted between 7:30
and 11:30 am, following a 12-hour period during which participants were asked not to
consume anything other than water and to refrain from smoking and intense physical
activity. The two ECG recordings at each study examination were separated by one to two
minutes and were performed without removal of the electrodes. The trained and certified
technicians positioned Kendall Q-Trace 5400 Ag/AgCl electrodes (Ludlow Co, Chicopee,
MA) using the E-V6 half-point method and a standardized protocol for placing electrodes on
women after a 15-minute supine rest (16). ECGs were recorded using a MAC Personal
Cardiographer (Marquette Electronics, Inc., Jupiter, FL). ECGs were digitized at 250
samples per second per lead and sent via modem after each recording session to the
Epidemiology Cardiology Research (EPICARE) Center at the Wake Forest University
School of Medicine in Winston-Salem, NC. The EPICARE reading center, masked to
participant identity and previous ECG readings, processed the ECGs with the Marquette
program GE 12SL software 2001 version (GE, Milwaukee, WI). All ECGs were visually
reviewed, and all measurements were validated using interactive software. Simultaneous
ECGs were displayed to the reviewers expanded on the graphics screen with computer-
placed global time lines at QRS onset, QRS end and Tend. The reviewers had the option
either to accept computer time lines or to move them to a correct location if in error. The
algorithms for detection of Tend in the GE 12SL program are based on combined slope and
amplitude thresholds (17). Simultaneous TpTe was measured as the interval (ms) from the
peak to the end of the global T wave (the T wave vector magnitude curve).

Statistical analysis

Our analysis excluded three participants from the original sample size of sixty three; two
with extreme outliers (TpTe<50 ms and QT > 480 ms) between 2.5 and 4 SD away from the
mean, and one for evidence of an arrhythmia indicated by frequent ventricular premature
beats. We calculated the frequency and percent of selected categorical demographic
variables and the mean and standard deviation of interval-scale measures. Linear formulas
were used to calculate heart rate-adjusted QT as (QT)a =QTe +127*(1-RR) for men and
(QT)a = QTe+136*(1-RR for women). Bazett rate-adjusted QT (QT)bz was calculated as
[QTe/(RR) ] (18). Mean values and SD for TpTe, (QT)a and (QT)bz at each study visit
were calculated. We used random-effects models: Yy = [ + TpTe + V() = eyjj) Where p is
the intercept, i=1, 2, 3 to the 60" participant, j is either visit 1 of visit 2 and k is the first or
second ECG recording to estimate sources of variation in TpTe and QT [between-participant

(%), between-visit (o2, ), and within-visit (+2,,)]. Two assumptions were that within-visit
variation is represented by the residual variation in the model, between-participant variation
was the same for all participants, and within-visit variation was the same for all visits and all

participants, as described previously (6).
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Intraclass correlation coefficient and standard error of measurement

The intraclass correlation coefficient (ICC) was defined as the ratio of between-participant
variance to total variance observed in a repeated measurements study.

2 2
Icc=( % _ % ) 9. . - .
- gnw _012)+U§U+ggj ., where o, is the variance between participants, 7, is the

variance between visits, and o2 is the variance within visit. Thus high ICC indicates that
the variation of the parameter of interest is mainly due to variation between participants
suggesting high repeatability within participants. Variance between technicians was

negligible. We also calculated the standard error of measurement (SEM )= /o2 +02,,. The
minimal detectable change (MDC = SEM*v2*1.96) was calculated with 95% confidence
intervals (CI).

95 % Confidence intervals

Results

We also estimated the impact of repeated measurements of TpTe and QT on the precision of
the TpTe and QT measurements for a hypothetical clinical trial as a function of the number
of measurements, n, and the sample size of such a trial, N. Since no previous requirement
was issued for designing clinical trials powered to detect TpTe prolongation that would
identify possible side effects of a drug, we used the requirement of 5-ms that was established
for QT (6). This aspect of the repeatability analysis allows us to examine the ability to detect
side effects associated with prolongation of TpTe and QT that may be encountered during a
clinical trial especially those side effects resulting from drugs. The 95% Cls were calculated
for the “true” change in the mean TpTe and QT intervals in a hypothetical clinical trial
averaged over replicate measures and the SD (estimate of change +1.96 SD).

The SD for this estimate of change was calculated the same way for QT and TpTe assuming
a clinical trial with 2 arms where X’ was the mean postdrug-predrug change in TpTe was the
mean postdrug-predrug change in TpTe in the treatment group, and X’t-g was the mean
postdrug-predrug change in TpTe in the control group. The variance (Var) of the difference
in TpTe change between the treatment and control group was: Var (X’ t=1- X’1=g) = Var
(X’t=1) + Var(X’1=p). Based on the assumption that the variances in the treatment and
control group are identical, the variance of the difference in TpTe change between the
treatment and control group was calculated as the following: 4*within-participant variance/
(n*N) where n is the number of replicate measures and N is the sample size.

Similar to the calculations above that were for group level changes, the 95% CI for
individual changes were calculated as the estimate of change +1.96*V2*intra-individual SD/
vn, where n is the number of repeated measurements. All data were analyzed using SAS
version 9.3 (SAS Institute, Inc., Cary, NC).

Characteristics of study participants

The demographic and clinical characteristics of study participants are shown in Table 1.
Participants included equal numbers of males and females who mostly self-identified as
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white (68%), with a mean age of 52+5 years, and an average body mass index (BMI) of
27+5. Medication use was low; anticholinergic (8%), beta-blocker (2%), diuretic (6%),
selective serotonin reuptake inhibitor (17%), sympathomimetic (7%), and thyroid
medication (5%). A first degree atrioventricular block was observed in 15% of the study
participants. Non-fasting/smoking twelve-hour pre-examination was rare at either visit, 7%.

We reported (QT)a but TpTe in the study group was rate-invariant. The mean values and the
standard deviations of TpTe were similar across all four measurements at the two visits. The
mean values and the standard deviations of QT and (QT)a were also similar across all four
measurements at the two visits with smaller values overall for (QT)a compared to QT (Table
2). The absolute between-visit difference was (7 £ 5 ms) for TpTe and was similar to the
within-visit difference (8 = 6 ms). The absolute value of the between-visit difference (7 = 6
ms) for QT was also similar to the within-visit difference (6 £ 6 ms). The absolute value of
the between-visit difference and the within-visit difference for (QT)a respectively were (9 +
8 ms) and (7 £ 5 ms) (Table 2).

Components of measurement error are listed in Table 3. Between-participant variation
accounted for 77% of the total variation in TpTe, 75% of QT, 60% of (QT)a, and 69% of
(QT)bz. Within-visit variation for TpTe accounted for a large proportion of the total
variation than the between-visit variation (20% vs. 3%) in the random effects model. The
within-visit variation for (QT)a. also accounted for more (27%) than the between-visit
(13%) variation.

TpTe had an ICC of 0.77 and the MDC between two measures was 21 ms. The ICC for
(QMa and (QT)bz were 0.60 and 0.68 respectively. The MDC was 32 ms for (QT)a and 29
ms for QThz (Table 3).

Table 4 shows the impact of repeated measurements of TpTe and QT on precision. The 95%
Cls for a mean 5 ms effect on TpTe and QT was calculated as a function of the number of
measurements (n) and the total sample size (N). The more precise Cls were seen when the
number of measurements and number of participants was larger. For example, when two
ECGs are available from baseline and there are 60 enrolled participants in a clinical trial, if
the placebo-corrected increase was 5 ms, the 95% CI around this estimate for TpTe would
be between 2 and 8 ms and between 1 and 9 ms for (QT)a. Calculations of these estimations
at the individual level show much larger imprecision (Table 5). For example, when two
ECGs are available from baseline for a participant, this estimate ranges between 5 and 35 ms
for TpTe and between 2 and 38 ms for (QT)a (Table 5).

Discussion

The TpTe and QT intervals from the 12-lead ECG have excellent short-term repeatability as
the between-participant variability accounts for most of the total variability. Our mean
values for TpTe were similar to those reported in a study of a younger population (92 + 11
ms for women and 94+10 ms for men) by Haarmark et al (19). The results of our
repeatability analysis were similar for TpTe and (TpTe)a (not shown). This similarity
between TpTe and (TpTe)a was reported in a study of the electrocardiographic predictors of
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coronary heart disease and SCD in ARIC participants where investigators reported that
TpTe in CVD-free participants was practically independent from heart rate (8).

Short-term variability in TpTe and QT like that of other ECG markers used to characterize
ventricular repolarization is mostly explained by two main factors: biological variability and
measurement error (6). Between-participant variability was the largest source of variability
for TpTe and (QT)a. Within-visit variability accounted for slightly more variation than the
between-visit for TpTe and (QT)a, which is likely related to the model assumption that the
residual variation is due to within-visit variation and to the difficulty of partitioning within-
visit from between-visit variation. This suggests that little variation was added when relating
two ECGs from different visits compared to relating two ECGs from the same visit. The
process-related variability was minimized by the standard ARIC protocol that was followed
for electrode positioning, room condition, data collection and transfer (15).

The traditional measure of myocardial repolarization is the QT interval because its
prognostic value is associated with arrhythmic risk, specifically torsades de pointes (TdP), a
polymorphic ventricular tachycardia (20). TdP is the most serious adverse effect of drug
therapy (21) and it is associated with rates of mortality between 10-17% (22). Because of
these adverse associations, presence of QT prolongation has led to termination of
development and withdraw from the market of many drugs, rejection of new drugs, and
restrictions on prescribing new and old drugs (22, 23). Although QT prolongation has been
widely used as a predictor of arrhythmic risk, it has more recently been described as being
an imperfect measure (22). TpTe has been shown to be associated with SCD as the odds of
prolonged TpTe were reported to be greater prior to and unrelated to SCD events, compared
to controls from the same geographic area who had coronary artery disease (3). The
limitations of QT prolongation as a surrogate of TdP and other VT and VF and as a measure
to predict arrhythmic risk (22) are related to the interest in new measures of repolarization.
TpTe has emerged as a novel measure of myocardial repolarization and a supplement to QT
conveying information on arrhythmic risk (24).

To our knowledge, this is the first study to evaluate the short-term repeatability of TpTe
from the standard 12-lead ECG. Another study using the same study population as ours, but
without excluding participants with extreme outliers for TpTe and QT or evidence of an
arrhythmia (n=63), reported that QT is a repeatable measure of ventricular repolarization
given that between-participant variation (86%) was the main source of the variation between
repeated measurements (5). The ICC for TpTe and QT were all close to unity and therefore
more likely that the participants in our study and those in the study of QT repeatability
displayed consistent measurements observed across visits compared to differences in
measurements observed across participants.

The MDC estimate for TpTe was comparable to its SDs. Similarly, the MDC for (QT)a was
comparable to its SD. Examination of the impact of repeated measurements on precision
showed consistent results for TpTe and (QT)a, where gains in precision were seen with
increasing numbers of enrolled participants.
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The relatively small sample size is a limitation of our study. Another limitation was that our
study design did not allow for an estimation of technician variation, however the variance
due to technician is likely negligible as reported by Schroeder and Vaidean (6, 25). The
strengths of our study include the standardized ECG measurement protocol conducted at two
time points and the central training of the technicians.

The high repeatability and low MDC between measurements support the use of TpTe as a
supplement to QT in observational and clinical studies to evaluate myocardial repolarization
characteristics related to ventricular arrhythmia, heart failure and sudden cardiac death.
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Table 1

Characteristics of the study participants (n=60)

Variable Number (%) or Mean * standard deviation
Female 30 (50)
Non-white 19 (32)
Age (years)” 52%5
Body mass index (kg/m2) 275
Medication Use
Anticholinergic 5(8)
Beta-Blocker 1(2)
Diuretic 4(7)
Selective serotonin reuptake inhibitor (SSRI) 10 (17)
Sympathomimetic 4(7)
Thyroid medication 3(5)
Atrioventricular block (per subject) 9 (15)
Non-fasting/smoking <12 hours before either visit 4 (7)

*

n=59
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