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Abstract

Background: The Tpeak-end(Tp-e) has not been compared in all 12 ECG leads in
healthy adults to determine if the Tp-e varies across leads. If there is variation, it
remains uncertain, which lead(s) are preferred for recording in order to capture the
maximal Tp-e value.

Objective: The purpose of the current study was to determine the optimal leads, if
any, to capture the maximal Tp-e interval in healthy young adults.

Methods: In 88 healthy adults (ages 21-38 years), including derivation (n =21), valida-
tion (n =20), and smoker/vaper (n =47) cohorts, the Tp-e was measured using com-
mercial computer software (LabChart Pro 8 with ECG module, ADInstruments) in all
12 leads at rest and following a provocative maneuver, abrupt standing. Tp-e was
compared to determine which lead(s) most frequently captured the maximal Tp-e
interval.

Results: In the rest and abrupt standing positions, the Tp-e was not uniform among
the 12 leads; the maximal Tp-e was most frequently captured in the precordial leads.
At rest, grouping leads V2-V4 resulted in detection of the maximum Tp-e in 85.7% of
participants (Cl 70.7, 99.9%) versus all other leads (p <.001). Upon abrupt standing,
grouping leads V2-Vé together, resulted in detection of the maximum Tp-e 85.0% of
participants (Cl 69.4, 99.9% versus all other leads; p <.001). These findings were con-
firmed in the validation cohort, and extended to the smoking/vaping cohort.
Conclusion: If only a subset of ECG leads will be recorded or analyzed for the Tp-e
interval, selection of the precordial leads is preferred since these leads are most likely

to capture the maximal Tp-e value.
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1 | INTRODUCTION

Sudden cardiac death is a leading cause of death in the United States,
and thus clinical risk markers and indices to identify increased sudden
death risk have been sought (Deyell et al., 2015). The electrocardio-
gram (ECG) is a powerful noninvasive tool to detect abnormalities in
cardiac electrical activity that might be predictive of increased risk for
sudden arrhythmic death (Rautaharju et al., 2009). Traditionally, ab-
normal ventricular repolarization estimated by prolongation of the QT
interval is considered a marker for increased risk of lethal ventricular
arrhythmias. However, since the QT interval includes both ventricu-
lar depolarization and repolarization, subtle but clinically meaning-
ful changes in repolarization may be obscured (Antzelevitch, 2007;
Dobson et al., 2013). Further, the QT interval may lack sufficient sen-
sitivity and precision, since even minor increases in the QT interval,
which do not exceed the normal range, may portend an increased
risk for sudden death in specific populations (Deyell et al., 2015;
Ahnve, 1985). As an alternative, the interval from the peak of the T
wave to the end of the T wave, the Tpeak-Tend (Tp-e) interval, which
does not include ventricular depolarization, has been proposed as a
better predictor of ventricular arrhythmias and sudden arrhythmic
death than the QT interval or the QT interval corrected for heart rate
(Bazett's, QTc) (Antzelevitch et al., 2017; Tse et al., 2017).

Although Tp-e prolongation has been reported in a wide range of
cohorts with increased sudden arrhythmic death risk (Tse et al., 2017;
Takenaka et al., 2003; Shimizu et al., 2002; Castro Hevia et al., 2006;
Maury et al.,, 2015; Panikkath et al., 2011; Lubinski et al., 1998;
Bachmann et al., 2016), this interval is not universally accepted as
a marker of pro-arrhythmia (Malik et al., 2019; Malik et al., 2018).
Controversy surrounds the very basic electrophysiological question of
what the Tp-e actually represents. That prolongation in the Tp-e rep-
resents transmural, global (apical-basal), or even right-left ventricular
heterogeneity of repolarization has each been argued and supported
by data (Antzelevitch, 2001; Patel et al., 2009; Janse et al., 2012;
Srinivasan et al., 2019). Further underlying the controversy is the
lack of uniformity in the measurement of the Tp-e (Malik et al., 2019).
Very fundamentally, judgments of relative risk for lethal ventricular
arrhythmia risk may be based on Tp-e measurements from only a sub-
set of ECG leads. However, it remains uncertain that leads are most
sensitive to detect Tp-e prolongation at rest. Surprisingly, the sources
commonly referenced as evidence for specific lead selection have not
systematically compared the Tp-e interval among the 12 ECG leads
(Castro Hevia et al., 2006; Haarmark et al., 2010). In fact, we have
not found any publications comparing the Tp-e interval in all 12 leads
in healthy adults. Additionally, just as the QT interval may require in-
terventions to unmask abnormal repolarization (Viskin et al., 2010;
Wong et al., 2010), interventions to unmask Tp-e prolongation have
also been recommended (Takenaka et al., 2003; Markiewicz-Loskot
et al., 2020), but again, which leads are most sensitive to detect these
changes remains unstudied and uncertain.

In a retrospective analysis of ECG recordings from only two
leads, we recently reported that acutely smoking a tobacco ciga-
rette significantly increased the Tp-e interval more than vaping an

electronic cigarette (Ip et al., 2020). Before embarking on a large,
prospective study of the impact of vaping and smoking on the Tp-e
interval, given the lack of consensus on lead selection for Tp-e mea-
surement, we felt that it was first critical to determine systematically
which leads, if any, were most sensitive, thus preferable, to detect
the longest Tp-e interval at rest and during an evocative maneuver.
In the current study we compared the frequency of the maximal
Tp-e at rest and during abrupt standing among the 12-ECG leads in
healthy young adults, then validated our findings in an independent
cohort, and finally extended these findings to a cohort of smokers
and vapers.

2 | MATERIAL AND METHODS

2.1 | Human subjects

2.1.1 | Derivation and validation cohorts

Healthy participants between the ages 21-45years meeting the
following criteria were eligible for enrollment in the derivation and
validation cohorts: 1) non-obese (<30kg/m2 BMI), 2) no known
health problems, including asthma, diabetes, heart disease, hyper-
tension, or hyperlipidemia, 3) not pregnant (urine pregnancy test
administered on the day of the study), 4) not competitive (non-
inter-collegiate) athletes, and 5) not taking prescription medications
regularly (besides oral contraceptives). Finally, participants were
screened through a questionnaire to ensure that they did not smoke,
use illicit drugs regularly, or drink >2 alcoholic drinks per day. Plasma
nicotine and urinary drug tests were administered at the start of the

session to detect surreptitious use of nicotine products and drugs.

2.1.2 | Smoking/vaping cohort
Otherwise healthy participants who met the above criteria, but who
had either smoked tobacco cigarettes and/or vaped electronic ciga-
rettes for at least 1 year were eligible for the smoking/vaping cohort.
The experimental protocol was approved by the Institutional
Review Board at the University of California, Los Angeles, and writ-
ten informed consent was obtained from each participant. The re-
search reported in this paper adhered to the guidelines set forth by
the Declaration of Helsinki.

2.1.3 | ECG recording technique

The skin on the chest was cleaned with alcohol wipes, and then
ten electrodes (Covidien™ or Kendall ™) were placed on the chest
according to standard ECG protocol. Recording electrodes were
3.0 cm in diameter, foam silver-silver chloride conductors with ad-
hesive hydrogel. The ECG was recorded with digital recording soft-
ware: LabChart Pro 8 with ECG module (ADInstruments, 1000 Hz
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TABLE 1 Baseline characteristics
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Cohort Derivation Validation Smoker/vaper p-value
Sample size n=21 n=20 n=47
Age, years 247 +5.5 24.2 +3.0 23.5+2.79 .78
Sex (M/F) 10/11 10/10 19/28 .72
BMI (kg/mz) 221 +3.29 22.6 +3.04 224 +2.74 .82
Highest level of education
Bachelors 18 14 43 .07
Postgraduate 3 6 4

Note Values are given as number or mean+SD.

BMl indicates body mass index.

sampling frequency). Recordings were optimized to minimize noise

and artifacts.

214 | Experimental session

All study participants were instructed to abstain from caffeine and
exercise for at least 12h prior to their study session. Study partici-
pants in the smoking/vaping cohort were instructed to refrain from
using their tobacco product on the day of the study. Participants
were situated in a quiet, temperature-controlled (21°C) room in the
Human Physiology Laboratory located in the UCLA Clinical and
Translational Research Center. The participants were placed in the
supine position in a reclining chair with a footrest, and ECG elec-
trodes were positioned. After a short rest period, the 12-lead ECG
was recorded continuously for 5min. Participants were instructed to
remain still and avoid speaking for the duration of the ECG record-
ing. The use of a digital device during the recording was not allowed.
Talking was minimized by research staff during data acquisition. At
the end of the 5-min recording period, the footrest was quickly low-
ered and the participant was instructed to stand up and remain still.
The ECG recoding was continued for 30 s, capturing the peak heart
rate following standing.

2.1.5 | ECG recording analysis

Twelve-lead ECG recordings were analyzed using commer-
cially available software (LabChart Pro 8 with ECG module,
ADInstruments). All beats were averaged via block averaging, for
each of the twelve leads, resulting in one PQRST complex per
lead. Three to four hundred beats were averaged in the 5-min
rest-supine recording, and four to eight beats at peak heart rate
were averaged in the brief standing recording. The ECG Analysis
Module software automatically identified the beginning of the
QRS complex, the peak of the T wave, and the end of the T wave;
cursors were placed on each auto-identified point and placement
was over read by at least one investigator (I.R. or J.M.) to ensure
accuracy. For our intervals of interest, Tp-e and QT, the software
designated the Tp-e interval as the peak of the T wave to the end
of the T wave and the QT interval as the onset of the QRS complex

to the end of the T wave. The end of the T wave was precisely
and automatically identified by the software at the intersection
of the tangent to the T wave's downslope with the isoelectric line
(Panikkath et al., 2011). For negative T waves, Tp-e was measured
as the interval from the nadir of the T wave to the end of the T
wave (Antzelevitch, 2007). Leads in which T waves were low am-
plitude (<1.5mm) or flattened were not included in the analysis
(Rautaharju et al., 2009). U waves were not included in the Tp-e
interval (Panikkath et al., 2011). QTc was calculated using Bazett's
formula (Rautaharju et al., 2009).

2.2 | Statistical analysis
Primary outcomes were Tp-e, Tp-e/QT, and Tp-e/QTc. For a given
ECG outcome, (Tp-e, Tp-e/QT, Tp-e/QTc,) and position (supine-rest
or standing), the lead with the maximum outcome value across the
12 leads was identified for each subject. Since there were no ties,
only one of the 12 leads has the maximum value for a given ECG
outcome, position and subject. Thus, the total number of subjects
with a maximum at each lead could be tabulated, and the distribu-
tion of each subject's maximums across the 12 leads was deter-
mined. Leads were then grouped into two categories such that leads
where the maximum was most frequently located were combined
into one category and leads where the maximum was infrequently
found were combined into the other category. Since repolarization
may be longer in women than men (Rautaharju et al., 2009), the dis-
tribution of maximal Tp-e was also compared between the sexes. A
McNemar test (2 x 2) was used to compute p values for comparing
the percent of subjects with maxima in the two categories between
outcomes. A chi-square test was used to compute p values for com-
paring the distribution across the 12 leads to a uniform distribu-
tion. A similar chi-square test was used to compare the percent of
leads grouped into two categories versus the uniform 50% in each
category.

For each ECG outcome, means were compared across leads using
a one-way repeated measure (mixed) model after confirming that the
outcome followed a normal distribution. The mixed model is used
since observations across lead or across position (supine, standing)
are on the same subjects and are non-independent. p values <.05
were considered significant.
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3 | RESULTS

3.1 | Study population

The study population consisted of 88 participants; baseline charac-
teristics of the derivation (n = 21), validation (n = 20), and smoker/
vaper (n = 47) cohorts are displayed in Table 1. There were no

differences.

3.2 | Derivation cohort

In our 21 participants enrolled in our derivation cohort, we first de-
termined the distribution among the 12 leads of the longest Tp-e,
Tp-e/QT, and Tp-e/QTc, reasoning that the lead(s) in which the maxi-
mal Tp-e, Tp-e/QT, and Tp-e/QTc occurred would be preferable for
future investigations of abnormal repolarization.

3.3 | ECG leads for rest-supine Tp-e, Tp-e/QT and
Tp-e/QTc

In the rest-supine position, the mean values of the Tp-e length, and
Tp-e/QT and Tp-e/QTc ratios were not uniform among the 12 leads
(Figure 1). Furthermore, the frequency of the maximal value for each
of these primary outcomes in each participant varied according to
lead (Table 2). The maximal values for Tp-e, Tp-e/QT, and Tp-e/QTc
were most frequently located in the precordial leads, specifically
lead V3, followed by V4 and then V2. When these three leads were
grouped together, the maximum Tp-e value was localized to one of
these three leads in 85.7% of participants (Cl 70.7, 99.9%) versus
all other leads, specifically the limb leads and leads V1,V5, and V6
(p <.001) (Figure 2a). The maximum Tp-e/QT ratio was localized to
one of these three leads in 85.7% of participants (Cl 70.7, 99.9%) ver-
sus other leads (p <.001) (Figure 2b). The maximum value for Tp-e/
QTc ratio was localized to one of these three leads in 85.7% of par-
ticipants (Cl 70.7, 99.9%) versus all other leads (p <.001) (Figure 2c).
The lead location of the maximal Tp-e value was not impacted by sex

(female versus male: 81.0 versus 90.0%, p =.66).

3.4 | ECG leads for standing Tp-e, Tp-e/QT and
Tp-e/QTc

With standing, the heart rate increased from 67.5 +12.0 bpm to a
peak of 97.5 +10.8 bpm (p <.001). During this increased heart rate,
the averaged values of the Tp-e interval, Tp-e/QT and Tp-e/QTc ra-
tios in individual leads are shown in Figure 3 and were not uniform
among the 12 leads. Similar to the supine-rest recordings, the fre-
qguency of the maximal value for each of these primary outcomes in
each participant varied according to lead (Table 2). However, when
the same 3 leads (V2-V4) in which the maximal Tp-e, Tp-e/QT, and
Tp-e/QTc were localized during supine-rest were then grouped
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FIGURE 1 Mean length of each ECG parameter in each lead

in the derivation and validation cohorts at rest. In the rest-supine

position, the mean values of the Tp-e length (a), and Tp-e/QT ratio
(b), and Tp-e/QTc ratio (c) were not uniform among the 12 leads

in the derivation cohort (blue circles) or the validation cohort (red

triangles)

during standing, capture of the maximal value for each outcome was
comparatively poor (Tp-e 70.0% Cl 49.9, 90.1%, Tp-e/QT 75.0% ClI
56.0, 94.0% and Tp-e/QTc 75.0% Cl 56.0, 94.0%). When V5 and V6
were added to the grouped leads, the maximum Tp-e value was lo-
calized to one of these five leads in 85.0% of participants (Cl 69.4,
99.9% versus all other leads; p <.001) (Figure 4a). The maximum
Tp-e/QT ratio was localized to one of these five leads in 90.0% of
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TABLE 2 Lead location of maximal ECG parameter (%)

p-value®

V5 Vé

aVR avL avF Vi V2 V3 v4

Cohort n

Outcome

Rest/supine

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
23.8%

23.8%

57.1%
60.0%
52.4%
70.0%
52.4%
70.0%

4.8%
20.0%

0.0%
5.0%
0.0%
5.0%
0.0%
5.0%

0.0%
5.0%
0.0%
0.0%
0.0%
0.0%

9.5%
5.0%
9.5%
5.0%
9.5%
5.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

4.8%
0.0%
4.8%
0.0%
4.8%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

n=21
n=20
n=21
n=20
n=21
n=20

Derivation

Tp-e

5.0%
23.8%

Validation

9.5%
20.0%

Derivation

Tp-e/QT

0.0%
23.8%

Validation

9.5%
20.0%

Derivation

Tp-e/QTc

0.0%

0.0%

Validation

Standing
Tp-e

<.0001

5.0%
0.0%
5.0%
0.0%
5.0%
0.0%

10.0%
15.8%
10.0%
15.8%
10.0%
10.5%

30.0%
21.1%
30.0%
21.1%
30.0%
21.1%

40.0%
36.8%
45.0%
36.8%
45.0%
42.1%

0.0%
21.1%
0.0%
21.1%
0.0%
21.1%

5.0%
5.3%
5.0%
5.3%
5.0%
5.3%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

5.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

5.0%
0.0%
5.0%
0.0%
5.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
5.3%
0.0%
0.0%
0.0%
0.0%

n=21

Derivation

.0003
<.0001
<.0001
<.0001
<.0001

n=20
21

Validation

n=

Derivation

Tp-e/QT

n=20
21

Validation

n=

Derivation

Tp-e/QTc

n=20

Validation

ap-value indicates distribution compared to uniform.
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participants (Cl 76.9, 99.9% versus other leads; p <.001) (Figure 4b),
and the maximum Tp-e/QTc ratio was localized to one of these five
leads in 90.0% of participants (Cl 76.9, 99.9% versus other leads;
p <.001 (Figure 4c).

3.5 | Validation cohort

We next sought to confirm our findings in an independent, valida-
tion cohort (n = 20). Similar to findings in the derivation cohort, at
supine-rest, the mean values of the Tp-e length, and Tp-e/QT and
Tp-e/QTc ratios were not uniform among the 12 leads (Figure 1). At
supine-rest, the frequency of the maximal value for each of these
primary outcomes in each participant varied according to lead
(Table 2), and when V2-V4 were grouped, the maximal value for each
ECG outcome was similarly captured, (Tp-e 85.0% Cl 69.4, 99.9%,
versus derivation cohort p =.94; Tp-e/QT 90.0% CI 76.9, 99.9%, ver-
sus derivation cohort p =.67; Tp-e/QTc 90.0% Cl 76.9, 99.9%, versus
derivation cohort p =.67). Similarly, during standing, the location of
the maximal Tp-e, Tp-e/QT, and Tp-e/QTc varied according to lead
(Table 2). When V2-V6 were grouped, the maximal value for each
ECG outcome was similarly captured, (Tp-e 89.5% Cl 75.7, 99.9%,
versus derivation cohort p =.67; Tp-e/QT 94.7%, Cl 84.7, 99.9%,
versus derivation cohort p =.58; Tp-e/QTc 94.7%, Cl 84.7, 99.9%,

versus derivation cohort p =.58).

3.6 | Smoking/vaping cohort

We next determined if the location of the maximal values for Tp-
e, Tp-e/QT, and Tp-e/QTc could be extended to our cohort that in-
cluded smokers and vapers (n = 47). To increase the power of this
analysis, the derivation and validation cohorts, which were not
different from each other, were combined, (“derivation/validation
cohort”).

At supine-rest in the smoking/vaping cohort, the frequency of
the maximal value for each of these primary outcomes in each par-
ticipant varied according to lead (Table 3). When the V2-V4 leads
were grouped together, the maximum Tp-e value was localized to
one of these three leads in 78.7% (Cl 67.0, 90.4%) of participants
and was not different from the derivation/validation cohort (p =.58).
Similarly, the maximum Tp-e/QT ratio was localized to one of these
three leads in 83.0% (Cl 72.2, 93.7%) of participants, and was not
different from the derivation/validation cohort (p =.56). The max-
imum Tp-e/QTc ratio was localized to one of these three leads in
80.9% (Cl 69.6, 92.1%) of participants, and was not different from
the derivation/validation cohort (p =.40).

Finally, during standing, the location of the maximal Tp-e, Tp-e/
QT, and Tp-e/QTc in the smoking/vaping cohort varied according to
lead (Table 3). When the V2-Vé leads were grouped, the maximum
Tp-e value was localized to one of these five leads in 73.9% (Cl 61.2,
86.6%) of participants, and was not different from the derivation/
validation cohort (p =.29). The maximum Tp-e/QT ratio was localized
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to one of these five leads in 82.6% (Cl 71.7, 93.6%) of participants,
and was not different from the derivation/validation cohort (p =.37).

The maximum Tp-e/QTc ratio was localized to one of these five leads

FIGURE 2 Lead location of the maximal ECG parameter at

rest in the derivation cohort. When V2-V4 leads were grouped
together, the maximum Tp-e value was localized to one of these
three leads in 85.7% of participants (Cl 70.7, 99.9%) versus all other
leads (p <.001) (a). The maximum Tp-e/QT ratio was localized to
one of these three leads in 85.7% of participants (Cl 70.7, 99.9%)
versus other leads (p <.001) (b). The maximum value for Tp-e/

QTc ratio was localized to one of these three leads in 85.7% of
participants (Cl 70.7, 99.9%) versus all other leads (p <.001) (c)
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FIGURE 3 Mean length of each ECG parameter in each lead in
the derivation and validation cohorts upon standing. In the rest-
supine position, the mean values of the Tp-e length (a), and Tp-e/
QT ratio (b), and Tp-e/QTc ratio (c) were not uniform among the 12
leads in the derivation cohort (blue circles) or the validation cohort
(red triangles)
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FIGURE 4 Lead location of the maximal ECG parameter upon
standing in the derivation cohort. When V2-Vé leads were grouped
together, the maximum Tp-e value was localized to one of these
five leads in 85.0% of participants (Cl 69.4, 99.9% versus all other
leads; p <.001) (a). The maximum Tp-e/QT ratio was localized to
one of these five leads in 90.0% of participants (Cl 76.9,99.9%
versus other leads; p <.001) (b), and the maximum Tp-e/QTc ratio
was localized to one of these five leads in 90.0% of participants (Cl
76.9,99.9% versus other leads; p <.001) (c)

in 82.6% (Cl 71.7, 93.6%) of participants, and was not different from
the derivation/validation cohort, (p =.37).

4 | DISCUSSION

This is the first study, to our knowledge, to compare ventricular re-
polarization simultaneously recorded in all 12 ECG leads in healthy
adults in order to provide a basis for optimal lead selection for Tp-e
recordings. We found that the length of the Tp-e interval varies sig-
nificantly among the 12 leads, and that the maximal Tp-e interval
was not uniformly distributed. To a high degree of significance, the
maximal Tp-e interval was most often detected in the precordial
leads, specifically in leads V2, V3, and V4. Furthermore, these find-
ings were validated in an independent cohort. Interestingly, in our
participants in the derivation and validation cohorts at supine-rest,
the maximal Tp-e was never localized in leads V5 or V6, even though
these leads have been among those selected for Tp-e measure-
ment in several studies (Shimizu et al., 2002; Panikkath et al., 2011;
Lubinski et al., 1998; Bachmann et al., 2016), including studies that
did not find an association between Tp-e length and risk of ven-
tricular arrhythmias or sudden cardiac death (Michalek et al., 2020;
Porthan et al., 2013).

The explanation for the increased sensitivity of the precordial
leads, especially leads V2, V3, and V4, to detect the greatest hetero-
geneity of ventricular repolarization remains uncertain. Our findings
in healthy adults are similar to those reported in healthy children and
adolescents, in whom the Tp-e was also found to vary significantly
among leads, and the Tp-e was also longest in V3 (Bieganowska
et al., 2013). It is recognized that repolarization varies significantly
across the ventricular wall, termed transmural dispersion of ven-
tricular repolarization (Antzelevitch, 2001). In experimental canine
wedge preparations, the end of repolarization of the epicardium,
which has the shortest action potentials, corresponds to the peak of
the T wave, and end of repolarization of the M cells localized deep
within the ventricular wall, and which have the longest action po-
tentials, corresponds to the end of the T wave (Antzelevitch, 2001).
It has been hypothesized that the Tp-e reflects transmural disper-
sion of ventricular repolarization, which, when prolonged pharma-
cologically, increases vulnerability to ventricular arrhythmias (Yan
& Antzelevitch, 1998). Others have presented strong experimen-

tal evidence that the Tp-e reflects global (rather than transmural)
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TABLE 3 Lead location of maximal ECG parameter (%)

p-value?

avVR avL aVF \%! V2 V3 V4 V5 Vé

Cohort

Outcome

Rest/supine

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
2.15

14.6%
10.0%
12.2%
10.6%
12.2%
12.8%

58.5%
40.4%
61.0%
48.9%
61.0%
44.7%

12.2%
21.3%

2.4%
4.3%
2.4%
2.1%

2.4%
2.1%

2.4%
0.0%
0.0%
2.1%
0.0%
2.1%

7.3%
6.4%

0.0%
2.1%

0.0%
2.1%
0.0%
4.3%

2.4%
4.3%
2.4%
2.1%

2.4%
2.1%

0.0%
2.1%
0.0%
0.0%
0.0%
0.0%

0.0%
2.1%
0.0%
0.0%
0.0%
0.0%

n=41
n =47
n=41
n =47
n=41
n =47

Derivation/validation

Tp-e

Smoker/vaper
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14.6%
23.4%

7.3%
6.4%

Derivation/validation

Tp-e/QT

Smoker/vaper

0.0%
2.1%

14.6%
23.4%

7.3%
6.4%

Derivation/validation

Tp-e/QTc

Smoker/vaper

Standing

.0000
.0018

2.6%
8.7%
2.6%
13.0%
2.6%
13.0%

12.8%
13.0%
12.8%
17.4%
10.3%
17.4%

28.2%
26.1%
28.2%
26.1%
28.2%
26.1%

33.3%
15.2%
35.9%
13.0%
38.5%
13.0%

7.7%
13.3%
10.3%
13.0%
10.3%
13.0%

5.1%
0.0%
5.

0.0%
2.2%
0.0%
2.2%
0.0%
2.2%

5.1%
6.5%
2.6%
4.3%
2.6%
4.3%

0.0%
4.3%
0.0%
0.0%
0.0%
0.0%

2.6%
2.2%
2.6%
2.2%
2.6%
2.2%

0.0%
8.7%
0.0%
8.7%
0.0%
8.7%

2.6%
2.2%
0.0%
0.0%
0.0%
0.0%

n=41
n=47
n=41
n=47
n=41
n=47

Derivation/validation

Tp-e

Smoker/vaper

.0000
<.0002

15

Derivation/validation

Tp-e/QT

0.0%
5.1%

0.0%

Smoker/vaper

.0000
<.0002

Derivation/validation

Tp-e/QTc

Smoker/vaper

ap-value indicates distribution compared to uniform.

dispersion of ventricular repolarization (Xia et al., 2005). In either
case, our findings support the notion that unipolar ECG leads placed
anatomically directly over the ventricles, that is, the precordial
leads, perhaps simply due to proximity, have the greatest sensitiv-
ity to detect this measure of dispersion of ventricular repolarization
(Antzelevitch, 2001; Bieganowska et al., 2013).

In patients with suspected congenital long QT syndrome, the QT
on the resting ECG may be within the normal limits, and provocative
maneuvers are necessary to unmask QT prolongation and confirm
the diagnosis (Takenaka et al., 2003; Viskin et al., 2010). Maneuvers
that increase heart rate are typically utilized, since abrupt increases
in heart rate may paradoxically prolong repolarization in certain
forms of congenital long QT syndrome (Takenaka et al., 2003).
Interestingly, in a porcine model, direct sympathetic nerve stimula-
tion was found to increase global dispersion of repolarization, which
was accompanied by an increase in Tp-e (Yagishita et al., 2015). It has
since been hypothesized that prolongation of the Tp-e interval may
reflect increased sympathetic nerve activity, a widely recognized
risk factor for lethal ventricular arrhythmias (Bachmann et al., 2016).
Provocative maneuvers have been utilized to detect abnormal Tp-e
intervals (Takenaka et al., 2003), but once again, the ideal leads for
recording Tp-e prolongation during abrupt increases in heart rate
have not been established. In our study, we found that the location
of the maximal Tp-e interval during abrupt standing was more widely
spread across the precordium. The selection of more leads, specifi-
cally leads V2-V6, was necessary to capture the maximal values to a
similar degree of accuracy as during supine-rest. We speculate that
this wider distribution of maximum Tp-e values may reflect a shift in
the relationship of the heart's position to the recording electrodes on
the chest wall while standing compared to supine-rest. Alternatively,
the increase in the heart rate, independent of body position, may
lead to the wider distribution of lead location for determination of

the maximal depolarization; this question warrants further study.

4.1 | Limitations

This study was conducted in healthy young people without known
cardiac disease. It is possible, but unlikely, that leads other than the
precordial leads may be more sensitive to detect Tp-e prolongation
in an older population, in obesity, or in the setting of cardiac pathol-
ogy. This study could be repeated in these settings to address this
question. However, a strength of the study is the validation of our
findings in an independent cohort, and the extension of our find-
ings in an additional cohort that smokes or vapes. The results were
highly consistent among the cohorts. We have only addressed one
aspect of the methodology to measure the ventricular repolariza-
tion - that is, which leads are moist sensitive to detect the maximal
Tp-e interval. Other aspects of the methodology for Tp-e record-
ing and analysis must also be optimized, such as determination of
the minimal number of complexes necessary for analysis, and the
most accurate analytical software. Although our purpose was not
to evaluate the ECG analysis software, only rarely were corrections



RUEDISUELI T AL.

by the over-reader necessary. A systematic comparison of available
software programs would be of interest. Nonetheless, to our knowl-
edge, this is the first study in adults to address a basic, fundamental,
methodological question, that is, which ECG lead(s) should be re-
corded and analyzed to increase the likelihood of detection of the
longest Tp-e interval.

5 | CONCLUSIONS

In summary, in healthy young adults, the Tp-e interval length is not
uniform among the 12 ECG leads. The precordial leads, especially
leads V2-V4 at supine-rest and leads V2-Vé during the provocative
maneuver of abrupt standing, are most likely to detect the maximal
Tp-e interval. If only a subset of ECG leads is available for recording

or analysis, selection of the precordial leads is desirable.
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