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ABSTRACT

Background : Treadmill exercise testing is a crucial diagnostic tool for evaluating congenital and 
acquired heart disease in the pediatric population. This study aimed to perform a 
comprehensive evaluation of exercise-induced electrocardiographic (ECG) changes in 
children. Although there are numerous studies on exercise testing in various cardiac 
pathologies, studies on exercise-induced ECG changes in normal children with coverage 
of all ECG parameters of atrial and ventricular depolarization and repolarization are 
very scant, if any.

A i m s  a n d 
Objectives

: This study aimed to investigate the exercise-induced ECG changes in healthy children 
and evaluate the effects of gender and four different formulas of heart rate correction 
of Bazett, Fridericia, Framingham and Hodges on ventricular repolarization parameters 
pre-and post-exercise.

Materials and 
Methods

: Between April 2019 and April 2020, all children with normal electrocardiogram, 
echocardiogram and exercise test, high-quality ECG tracings and consent for participation 
were enrolled in this prospective study. Twenty electrocardiographic parameters were 
measured and 25 indices were calculated. P-value < 0.05 was considered significant. 

Results : Seventy-four healthy children were studied. Amplitudes of P, S, and T waves increased 
significantly after the exercise. All durations, except P wave time to peak and T peak 
-T end /QT (Tp-e/QT) interval decreased significantly with exercise. Generally, the 
parameters of ventricular repolarization were not statistically significant between males 
and females. There were significant differences among the heart-rate corrected values 
of intervals of QTc, QoTc, JTc, J point to peak T and Tp-e/QTc by various formulas. 
There was no U wave either at pre-exercise or post-exercise. QT interval was shortened 
by 24.6 % ± 12.1 % with exercise. The ECG-derived estimated duration of mechanical 
systole and diastole decreased with exercise. The percentage of decrease in diastole was 
more than systole (43.79 %± 13.31% versus 33.74% ±15.79 %, respectively, P-value < 0.001).
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INTRODUCTION

Treadmill exercise testing (TET) is a crucial diagnostic 
tool for evaluating congenital and acquired heart 
disease in the pediatric population.[1-3] Nevertheless, 
although there are numerous studies on exercise 
testing in various cardiac diseases in children, studies 
addressing exercise-induced electrocardiographic (ECG) 
changes in normal children are very old and scant, if 
any.[4] Furthermore, these studies do not include all ECG 
parameters of atrial and ventricular depolarization and 
repolarization.

The aims of this study were four-fold: (1) To evaluate 
comprehensive ECG changes in the amplitude and 
duration of P, Q, R, S, T, and U waves, in addition to 
alterations in the duration of PR, Onset of Q wave to the 
end of T wave (QT), Q to onset of T wave (QoT), J point 
to end of T wave (JT), J to peak T (JTP) and peak T to end 
T (Tp-e) intervals in children before and after exercise 
testing, (2) To compare four heart rate correction 
formulas of Bazett, Fridericia, Framingham, and Hodges 
for QT, QoT, JT, JTP, and Tp-e intervals before and after 
the exercise test, (3) To compare gender differences of 
these parameters of ventricular repolarization (QT, QoT, 
JT, JTP, and Tp-e intervals) before and after exercise, 
and (4) To compare ECG-derived estimated duration of 
systole and diastole and systolic-to-diastolic time ratio 
before and after exercise.

METHODS

Study design and study population

A prospective study was performed. Between April 
2019 and April 2020, children who underwent TET and 
had the following criteria were included in the study: 
Normal baseline electrocardiogram and echocardiogram, 
normal reports of exercise testing, acceptable quality 
of ECG tracing, and consent to participate in the study. 
Those with a history of congenital or acquired heart 
disease were excluded from the study. The exercise test 
was performed to evaluate chest pain with exercise, 
determination of exercise capacity before participation 
in competitive sports in children with complaints of 
exercise-related easy fatigability or palpitation.

Estimation of minimum sample size

Since there was no similar study for sample size estimation, 
a pilot study was performed on 12 cases and then 
the sample size was estimated using G * Power 
software (version 3.1.9.7, Germany).[5] At a power level 
of 95% and a significance level of 5%, a minimum sample 
size of 70 was estimated.

Treadmill exercise testing protocol

Following the American Heart Association guidelines 
regarding clinical stress testing in children, TET (Avicenna 
Company, Medical Equipment Stress Test System, 

Table 1: Modified Bruce protocol used for graded treadmill exercise testing in this study
Speed (km/h) Speed (mile/h) Duration Grade (%) METs

Before starting 0 0 2 0 1
Stage 1† 2.7 1.7 2 0 2.3
Stage 2 2.7 1.7 2 5 3.4
Stage 3 2.7 1.7 2 10 4.6
Stage 4 4 2.5 2 12 7
Stage 5 5.5 3.4 2 14 10.2
Stage 6† 6.8 4.2 2 16 13.6
Stage 7 8 5 2 18 17.1
Stage 8 8.9 5.5 2 20 20.5
Stage 9 9.7 6 2 22 23.9
†Preexercise ECG tracing were obtained before start of stage 1 and postexercise ECG tracings were obtained at the end of stage 6 in the erect position. 
METs: Multiples of resting metabolic equivalent, ECG: Electrocardiographic

Conclusion Diastolic time decreased more than systolic time with exercise and systolic time to 
diastolic time increased with exercise. Hodges' and Fridericia's formulas resulted 
in the longest and shortest QT and QoT, JT, and JTP, respectively. Thus, using a 
single value as the cut-off for long QT syndrome can lead to under or over-diagnosis. 
Nomograms incorporating data on age, heart rate, and heart rate correction formula 
are indispensable for accurate long QT diagnosis. Furthermore, gender differences 
in ventricular repolarization parameters are not generally present in 5 to 14-year-old 
healthy children. The lack of U wave in this study may implicate the need for more 
careful investigation in the presence of U wave in the treadmill exercise testing of 
healthy children.

Keywords : Electrocardiogram, exercise test, J to peak T interval, J point to end of T wave interval, 
Onset of Q wave to the end of T wave interval, T peak to T end interval
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Version 6.1.0, CE 2195, Iran) was performed, using a 
modified Bruce protocol, which is shown in Table 1.[6]

Electrocardiographic measurements

All measurements were performed immediately before stage 
1 and immediately after stage 6 of the test while the child 
was in the erect position [Table 1]. Lead II was selected for 
all measurements. All tracings were recorded and printed 
at a speed of 100 mm/s. Amplitude was variable between 
5 mm (mm)/1 millivolt (mv) and 20 mm/1 mv, adjusted 
according to the voltages’ height. All amplitude calculations 
were based on millivolts. At the time of measurement, the 
region of interest of the tracing was magnified using a 

digital magnifier. Variables shown in Table 2 were manually 
measured or calculated before and after TET by two 
experienced pediatric cardiologists [Figures 1 and 2]. The 
duration of mechanical systole and diastole was estimated 
from the Wiggers diagram of the cardiac cycle.[7]

Statistical analysis

Categorical variables were expressed as number and 
percentage and continuous variables as mean ± standard 
deviation (SD) or median and interquartile range, 
depending on the variable’s distribution. We used the 
Shapiro–Wilk test to test the normality of the distribution 
of the variables. A paired t-test was applied to compare 

Table 2: Measured and calculated parameters in electrocardiographic tracings at pre‑ and post‑exercise 
in Lead II of 74 healthy children aged 5 to 12 years

20 measured parameters at pre‑ and post‑exercise
Amplitudes of waves Amplitudes of P wave, Q wave, R wave, S wave, T wave, and U wave
Durations or waves Durations of P wave and P wave time to peak, QRS , T wave and T wave time to peak and U wave
Duration of intervals PR, QT, QoT, JT, JTP, Tp‑e [Figure 1]

(QT: Onset of Q wave to the end of T wave, QoT: onset of Q to onset of T wave, JT: J point to the end of T wave, JTP: 
J point to peak of T wave, Tp‑e: Peak of T wave to end of T wave, Tp‑e/QT: peak of T wave to end of T wave/QT)

ECG‑derived estimation of duration of systole=Equivalent to JT interval as shown in the simplified Wiggers diagram in Figure 2
ECG‑derived estimation of duration of diastole=RR interval‑JT interval as shown in the simplified Wiggers diagram in Figure 2

25 Calculated parameters at preexercise and postexercise
Heart‑rate corrected 
by four heart‑rate 
correction formulas

QTc by four formulas, QoTc by four formulas, JTc by four formulas, JTPc by four formulas and Tp‑e/QTc by four 
formulas

Absolute QT shortening=QT interval at preexercise‑QT interval at postexercise
QT shortening fraction=QT interval at preexercise‑QT interval at postexercise/QT interval at preexercise×100
Systolic to diastolic time ratio=duration of systole/duration of diastole
Bazett’s formula=Interval/√RR interval
Fridericia formula=Interval/∛RR interval
Framingham’s formula=Interval+0.154× (1‑RR interval)
Hodge’s formula=interval+1.75× (HR‑60)]
Percentage of decrease in ECG‑derived estimated duration of systole=(preexercise duration of systole‑postexercise duration of systole/
preexercise duration of systole) ×100
Percentage of decrease in ECG‑derived estimated duration of diastole=(preexercise duration of diastole‑postexercise duration of diastole/
preexercise duration of diastole) ×100

QoT: Onset of Q to onset of T, JT: J point to end of T wave, QTc: Corrected QT, JTP: J point to peak T interval, Tp‑e: T peak‑T end interval, QT: Onset 
of Q wave to the end of T wave, QoTc: Onset of Q to onset of T, ECG: Electrocardiographic, HR: Heart rate, JTc: Corrected JT interval, JTPc: Corrected 
J point to peak T interval, QRS: QRS complex, PR: PR interval

Table 3: Basic characteristics and data of treadmill exercise testing of the study population (74 healthy 
children)

Basic Characteristics Values
Age in years (range, mean±SD) 5‑12, 10.3±2.7
Sex, n (%)

Male 49 (66.2)
Female 25 (33.8)

Weight in kg (range, mean±SD) 18‑108 (38.82±16.6)
Height in cm (range, mean±SD) 110‑172 (141.46±14.6)
Body surface area (m2), mean±SD 1.29±0.45
BMI (kg/m2), mean±SD 24.82±5.14
Duration of exercise in min (range, mean±SD) 11.12‑25.31 (18.25±2.28)
Estimated METs (range, mean±SD) 10.20‑23.90 (14.62±3.18)
Heart rate at the beginning of exercise in beats/min (range, mean±SD) 70‑147 (108±17)
Heart rate at the end of exercise in beats/min (range, mean±SD) 145‑212 (181±15)
Percentage of achieved target heart rate (range, mean±SD) 81‑120.40 (102.74±0.09)
Systolic BP before exercise in mmHg (range, mean±SD) 75‑125 (94.7±12.07)
Diastolic BP before exercise in mmHg (range, mean±SD) 49‑90 (64.7±7.63)
Systolic BP at the end of exercise in mmHg (range, mean±SD) 85‑140 (110.46±13.72)
Diastolic BP at the end of exercise in mmHg (range, mean±SD) 50‑95 (73.43±9.02)

SD: Standard deviation, BMI: Body mass index, METs: Metabolic equivalents, BP: Blood pressure
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the variables with normal distribution and Wilcoxon 
signed-ranks test was performed for nonnormal 
distribution variables. An independent-samples t-test was 
utilized to compare ventricular repolarization parameters 
in boys and girls. The mean of heart-rate corrected 
QT, QoT, JT, and JTP by the four formulas of Bazett, 
Fridericia, Framingham, and Hodges were compared 
using repeated-measures analysis of variance (ANOVA). 
IBM SPSS Statistics for Windows, version 25 (IBM Corp., 
Armonk, N.Y., USA) was used for statistical analysis. 
P < 0.05 was considered statistically significant.

Ethical considerations

Informed consent was obtained from all participants and 
their guardians. The study was performed in accordance with 
the Helsinki Declaration on ethical principles for medical 
research involving human subjects and was approved by the 
Institutional Committee for Ethics in Biomedical Research 
of the medical school of Tehran University of Medical 
Sciences (ID: IR. TUMS. MEDICINE. REC. 1398. 774).[8]

RESULTS

Seventy-four children aged 5–12 years were enrolled in 
this study. Basic characteristics and basic data of TET of 
the study population are shown in Table 3.

Changes in amplitudes of P, Q, R, S, T, and U 
waves before and after treadmill exercise testing

All amplitudes were significantly increased after exercise 
except for amplitudes of Q and R waves, which were 

not increased significantly [Table 4]. Of note, there 
was no U wave detected either in the preexercise or 
postexercise ECG tracings. Since U waves are more 
evident in mid-precordial leads, these leads of ECG 
tracings were also investigated. Nevertheless, no U waves 
were detected.

Changes in duration of P wave, P wave time to 
peak, QRS, T wave, T wave time to peak and PR, 
Onset of Q wave to the end of T wave, Q to onset 
of T wave, J point to end of T wave, J to peak T, 
T to end T and T to end T/Onset of Q wave to the 
end of T wave intervals

All durations, except P wave time to peak and Tp-e/
QT interval, decreased significantly. P wave time to 
peak decreased at the end of the exercise, but the 
decrease was not statistically significant [Table 4]. 
Median (and interquartile range) of Tp-e pre- and 
post-exercise were 60 (30) and 40 (10) milliseconds, 
respectively [Figure 3].

Exercise‑induced changes in the duration of heart 
rate‑corrected Onset of Q wave to the end of T 
wave, Q to onset of T wave, J point to end of T 
wave, J to peak T intervals by four formulas of 
Bazett, Fridericia, Framingham, and Hodges

Mean ± SD of values of corrected QT (QTc), QoTc, 
JTc and JTPc at pre- and post-exercise are shown in 
Table 5. All intervals significantly decreased with 
exercise [Table 5].

Table 4: Amplitudes and duration of electrocardiographic waves and intervals before and after exercise
Electrocardiographic characteristics (mean ± SD) Preexercise Postexercise P
Amplitudes of electrocardiographic waves (mm)

P wave amplitude 1.84±0.48 2.57±0.76 <0.001
Q amplitude 1.74±3.45 2.08±2.07 0.394
R amplitude 20.06±6.51 20.25±6.97 0.651
S amplitude 2.47±2.55 3.03±2.98 <0.001
T wave amplitude 2.8±1.30 4.06±1.51 0.001

Durations of waves and intervals (s)
PR interval 0.108±0.018 0.089±0.019 0.002
P wave duration 0.075±0.014 0.06±0.01 0.001
P wave time to peak 0.04±0.05 0.03±0.008 0.127
QRS duration 0.072±0.198 0.06±0.01 0.006
T wave duration 0.11±0.02 0.09±0.05 <0.001
T wave time to peak 0.06±0.01 0.04±0.02 <0.001
QT interval 0.30±0.4 0.23±0.03 <0.001
QoT interval 0.19±0.03 0.14±0.03 <0.001
JT interval 0.23±0.04 0.15±0.04 <0.001
J to peak T interval 0.17±0.36 0.11±0.32 <0.001
Peak T to end T interval (Tp‑e) 0.06±0.01 0.04±0.02 <0.001
Tp‑e/QT interval 0.20±0.06 0.20±0.10 0.724
Tp‑e/QTc (B) 0.15±0.04 0.12±0.06 <0.001
Tp‑e/QTc (Fridericia’s formula) 0.17±0.05 0.14±0.07 <0.001
Tp‑e/QTc (Framingham’s formula) 0.16±0.04 0.14±0.07 <0.001
Tp‑e/QTc (Hodges’s formula) 0.16±0.04 0.10±0.06 <0.001
Absolute shortening of QT interval with exercise 0.226±0.30
QT shortening as fraction 24.6%±12.1%

SD: Standard deviation, QoT: Q to onset of T wave, JT: J point to end of T wave, Tp‑e: T peak‑T end interval, QTc: Corrected B: Bazett’s formula, 
QT: Onset of Q wave to the end of T wave, QRS: QRS complex, PR: PR interval
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Pairwise comparison of effects of four different 
formulas of heart rate correction of Bazett, Fridericia, 
Framingham and Hodges on the values of onset of 
Q wave to the end of T wave, Q to onset of T wave, 
J point to end of T wave, and J to peak T

Except between preexercise QoTc and postexercise JTc, by 
Bazett and Framingham formulas, pairwise comparison 
by multiple measurements of ANOVA revealed significant 
differences among mean values obtained by different 
formulas of heart rate correction for these parameters 
of ventricular repolarization [Table 6].

Gender differences in ventricular repolarization 
parameters (onset of Q wave to the end of T wave, 
Q to onset of T wave, J point to end of T wave, J 
to peak T, T to end T interval, T to end T/Onset of 
Q wave to the end of T wave ratio, corrected onset 
of Q wave to the end of T wave, QoTc, JTc, J to 
peak Tc and Tp‑e/Corrected Onset of Q wave to 
the end of T wave)

Except for the preexercise QT and JT intervals and 
postexercise JTP corrected by Hodges formula, there 
was no statistically significant difference between 
girls and boys for the parameters mentioned above 
for ventricular repolarization, either in preexercise or 
postexercise [Table 7]. At preexercise, uncorrected QT 
was slightly higher in boys (0.31 ± 0.03 in boys versus 
0.29 ± 0.03 in girls, P = 0. 022).

Changes in electrocardiographic ‑derived estimated 
duration of systole, diastole, and systolic‑to‑diastolic 
time ratio before and after treadmill exercise testing

ECG-derived estimated duration of systole and 
diastole decreased significantly with exercise 
and the systolic-to-diastolic time ratio increased 
significantly [Table 8].

Table 5: Heart rate corrected onset of Q wave to the end of T wave, Q to onset of T wave, J point to end 
of T wave and J point to peak T intervals by four formulas of Bazett, Fridericia, Framingham and Hodges 
before and after treadmill exercise testing

Preexercise 95% CI Postexercise 95% CI P
Heart‑rate correction of QT interval

QT‑c‑Bazett (mean±SD) 0.40±0.04 0.39‑0.41 0.38±0.03 0.37‑0.39 <0.001
QT‑c‑Fridericia (mean±SD) 0.36±0.04 0.36‑0.37 0.32±0.03 0.31‑0.32 <0.001
QT‑c‑Framingham (mean±SD) 0.37±0.03 0.36‑0.37 0.32±0.02 0.32‑0.33 <0.001
QT‑c‑Hodges (mean±SD) 0.39±0.04 0.38‑0.40 0.42±0.02 0.41‑0.43 <0.001

Heart‑rate correction of QoT interval
QoT‑c‑Bazett (mean±SD) 0.25±0.04 0.24‑0.26 0.22±0.03 0.21‑0.23 0.001
QoT‑c‑Fridericia (mean±SD) 0.22±0.04 0.21‑0.23 0.19±0.03 0.18‑0.19 <0.001
QoT‑c‑Framingham (mean±SD) 0.25±0.03 0.24‑0.26 0.23±0.02 0.23‑0.24 <0.001
QoT‑c‑Hodges (mean±SD) 0.27±0.04 0.26‑0.28 0.33±0.03 0.32‑0.34 <0.001

Heart‑rate correction of JT interval
JT‑c‑Bazett (mean±SD) 0.30±0.04 0.29‑0.31 0.25±0.05 0.24‑0.26 <0.001
JT‑c‑Fridericia (mean±SD) 0.27±0.04 0.26‑0.28 0.21±0.04 0.20‑0.22 <0.001
JT‑c‑Framingham (mean±SD) 0.29±0.03 0.28‑0.30 0.25±0.03 0.24‑0.25 <0.001
JT‑c‑Hodges (mean±SD) 0.31±0.04 0.30‑0.32 0.34±0.03 0.34‑0.35 <0.001

Heart‑rate correction of J point to peak T interval
J‑T peak‑c‑Bazett 0.22±0.04 0.21‑0.23 0.19±0.05 0.17‑0.19 <0.001
J‑T peak‑c‑Fridericia 0.20±0.04 0.19‑0.21 0.15±0.04 0.14‑0.16 <0.001
J‑T peak‑c‑Framingham 0.23±0.03 0.23‑0.24 0.21±0.03 0.20‑0.22 <0.001
J‑T peak‑c‑Hodges 0.25±0.04 0.24‑0.26 0.32±0.03 0.31‑0.33 0.002

C: Corrected, QoT: Q to onset of T wave, JT: J point to end of T wave, JTP: J point to peak T, CI: confidence interval, SD: standard deviation, QT: Onset 
of Q wave to the end of T wave

Figure 2: J point to end of T wave interval (from J point to the end 
of T wave), J to peak T and T peak to T end intervals

Figure 1: Simplified Wiggers diagram of the cardiac cycle for 
electrocardiographic‑derived estimation of duration of systole 
and diastole
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DISCUSSION

Exercise‑induced electrocardiographic changes in 
amplitudes and duration

This study showed that amplitudes of all waves 
increased with exercise, although the increase in Q 
and R waves were not statistically significant. Lack 
of U waves either in preexercise or postexercise ECG 
tracings implicates that U wave does not seem to be 
a typical feature in 5–12-year-old children. Thus, 
their detection may warrant further investigation. 
Except for Tp-e/QT, all the durations were decreased 
with exercise, although a decrease in P wave time was 

not statistically significant. These findings show that 
exercise-induced changes in amplitude and duration 
of ECG waves and intervals are not the same for atrial 
and ventricular depolarization and repolarization. The 
studies on ECG changes with TET in healthy children 
are old and uncomprehensive and extremely scant if 
any.[9-11]

Simoons and Hugenholtz studied 56 healthy adult 
males aged 23–62 years undergoing bicycle ergometry. 
They evaluated one beat from each stage. They 
reported exercise-induced decreased PR interval and 
T wave amplitude and increased P wave amplitude 
associated with no change in QRS duration or vectors. 
They attributed the increase in P wave amplitude to 
increased right atrial volume and mildly elevated 
hematocrit produced by volume loss during the 
exercise.[12] They did not state that they have chosen 
one single lead to conduct the study. Comparing 
complexes from different leads in each case of the 
study population may confound the comparison 
between preexercise and postexercise ECGs. The 
advantage of our study was that we chose lead II for our 
investigation. Simoons et al. did not explain why the 
decrease in volume and rise in hematocrit only affected 
P wave amplitude and not other waves. Furthermore, 
since this study was done a long time ago, the authors 
did not include the extensive set of parameters as in 
our study.

Ogedengbe et al. studied ECG changes in 40 healthy 
medical students before and after bicycle ergometer 
exercise testing.[4] They reported an increase in PR, QRS, 
and QT duration after exercise and they suggested the 
necessity of further research in this field.

Watanabe et al. showed a correlation between R wave 
amplitude and spatial QRS vector loop during exercise 
in 43 individuals undergoing supine bicycle testing, with 
posterior shift resulting in decreased R wave amplitude 
and anterior shift causing an increase or no change.[13] 
This finding implies that body position during exercise 
may affect R amplitude changes and should probably 

Table 6: Pairwise comparison of values of 
Onset of Q wave to the end of T wave, onset 
of Q to onset of T, J point to end of T wave, 
and J point to peak T intervals at preexercise 
and postexercise by four different formulas of 
heart rate correction including Bazett, Fridericia, 
Framingham and Hodges
Formula P value (significanceb)
QTc: Preexercise

Bazett
Fridericia <0.001
Framingham <0.001
Hodges <0.001

QTc: Postexercise
Bazett

Fridericia <0.001
Framingham <0.001
Hodges <0.001

QoTc: Preexercise
Bazett

Fridericia <0.001
Framingham 0.343
Hodges <0.001

QoTc: Postexercise
Bazett

Fridericia <0.001
Framingham 0.002
Hodges <0.001

JT: Preexercise
Bazett

Fridericia <0.001
Framingham <0.001
Hodges 0.013

JT: Postexercise
Bazett

Fridericia <0.001
Framingham <0.001
Hodges <0.001

JTP interval: Preexercise
Bazett

Fridericia <0.001
Framingham <0.001
Hodges <0.001

JTP interval: Postexercise
Bazett

Fridericia <0.001
Framingham <0.001
Hodges <0.001

bAdjustment for multiple comparisons: Bonferroni. QTc: Corrected 
QT, QoTc: Onset of Q to onset of T, JT: J point to end of T wave, 
JTP: J point to peak T

Figure 3: Box‑and‑whisker plot of Tp‑e interval at preexercise in 
milliseconds, showing the median and lower and upper quartiles
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be considered. Moreover, this denotes the importance 
of considering the type of exercise testing in studies on 
exercise-induced ECG changes.

We presume the collective role of body position and 
Brody effect contributes more to the increase of QRS 
voltages than a rise in hematocrit since it is less likely 
for significant hematocrit changes to occur after a short 
period of exercise.[14-17]

Body position can affect the distance between the ECG 
lead and the heart. The amplitude of ECG waves is 
expected to increase as the distance decreases. Since all 
four chambers of the heart are not at the same orthogonal 
location, it is reasonable to observe not precisely the 
same changes throughout the ECG during exercise.

Exercise‑induced electrocardiographic changes in 
parameters of ventricular repolarization and effect 
of gender

This is the first report of mean ± SD of JTP pre- and 
post-exercise in healthy children to the best of 
our knowledge. JTP represents the early phase of 
repolarization and is a biomarker for arrhythmias 
produced by QT shortening medications.[18] The block 
of hERG potassium channels prolongs JTP interval, while 
the late sodium current block shortens this interval.[19] 
Tp-e interval reflects the late phase of repolarization 
and is valued as a marker for risk stratification in 
patients with Brugada syndrome.[20,21] Furthermore, it 
is useful for the prediction of ventricular tachycardia, 
ventricular fibrillation, and mortality in patients with 

Table 8: Comparison of electrocardiographic‑derived estimation of duration of systole and diastole and 
systolic‑to‑diastolic time ratio at preexercise and postexercise in 74 healthy children

Preexercise Postexercise P
Duration of systole (milliseconds) 230.3±36.86 150.9±35.35 <0.001
Duration of diastole (milliseconds) 335.8±82.1 181.1±32.5 <0.001
Systolic to diastolic time ratio 0.72±0.18 0.88±0.32 <0.001
Percentage of decrease in ECG‑derived estimation of duration of systole with exercise (mean±SD) 33.74±15.79
Percentage of decrease in ECG‑derived estimation of duration of diastole with exercise (mean±SD) 43.79±13.31
Heart rate (beats/min) 108±17 181±15 <0.001

ECG: Electrocardiographic, SD: Standard deviation

Table 7: Gender differences in ventricular repolarization parameters and their heart rate corrected values 
at pre‑ and post‑exercise in 74 healthy children
Parameters Preexercise Postexercise

Male Female P Male Female P
Heart rate 104±16 116±16 0.005 181±15 183±15 0.668
QT (s) 0.31±0.03 0.29±0.03 0.022 0.22±0.02 0.21±0.02 0.140

QTc‑Bazett 0.40±0.04 0.40±0.05 0.995 0.38±0.03 0.37±0.02 0.172
QTc‑Fridericia 0.37±0.03 0.36±0.04 0.343 0.32±0.03 0.31±0.02 0.182
QTc‑Framingham 0.37±0.03 0.36±0.03 0.167 0.32±0.02 0.32±0.02 0.205
QTc‑Hodges 0.38±0.03 0.39±0.06 0.380 0.42±0.02 0.42±0.01 0.525

QoT 0.18±0.03 0.18±0.03 0.456 0.13±0.02 0.13±0.019 0.837
QoTc‑Bazett 0.24±0.04 0.25±0.04 0.427 0.22±0.04 0.23±0.02 0.597
QoTc‑Fridericia 0.22±0.04 0.22±0.04 0.794 0.19±0.03 0.19±0.02 0.673
QoTc‑Framingham 0.25±0.03 0.25±0.03 0.544 0.23±0.02 0.23±0.01 0.677
QoTc‑Hodges 0.26±0.03 0.29±0.06 0.029 0.33±0.03 0.33±0.03 0.499

JT 0.24±0.03 0.22±0.04 0.027 0.15±0.04 0.15±0.03 0.764
JTc‑Bazett 0.31±0.04 0.29±0.04 0.157 0.26±0.06 0.26±0.04 0.673
JTc‑Fridericia 0.28±0.04 0.26±0.04 0.068 0.22±0.05 0.21±0.04 0.830
JTc‑Framingham 0.30±0.03 0.28±0.03 0.128 0.25±0.04 0.25±0.02 0.806
JTc‑Hodges 0.32±0.04 0.31±0.02 0.873 0.36±0.03 

(0.034)
0.36±0.03 

(0.026)
0.794

JTP 0.17±0.03 0.16±0.04 0.243 0.11±0.03 
(0.108±0.034)

0.11±0.03 
(0.105±0.028)

0.978

JTPc‑Bazett 0.22±0.04 0.22±0.04 0.725 0.18±0.06 0.18±0.05 0.752
JTPc‑Fridericia 0.20±0.04 0.19±0.04 0.521 0.16±0.05 0.15±0.04 0.724
JTPc‑Framingham 0.23±0.03 0.23±0.03 0.924 0.21±0.03 0.21±0.03 0.705
JTPc‑Hodges 0.25±0.04 0.26±0.03 0.281 0.32±0.03 0.32±0.03 0.949

Tp‑e 0.06±0.01 0.05±0.01 0.06 0.04±0.01 0.04±0.04 0.65
Tp‑e/QT 0.21±0.06 0.19±0.04 0.383 0.19±0.04 0.21±0.16 0.521
Tp‑e/QTc‑Bazett 0.16±0.05 0.14±0.03 0.085 0.11±0.03 0.12±0.10 0.535
Tp‑e/QTc‑Fridericia 0.17±0.05 0.15±0.03 0.139 0.13±0.03 0.15±0.12 0.544
Tp‑e/QTc‑Framingham 0.17±0.05 0.15±0.03 0.151 0.13±0.03 0.14±0.12 0.556
Tp‑e/QTc‑Hodges 0.16±0.05 0.14±0.03 0.037 0.10±0.02 0.11±0.10 0.576

c: Corrected, J‑Tpeak: J point to peak T interval, B: Bazett, JTP: J point to peak T interval, Tp‑e: T peak‑T end interval, QoT: Onset of Q to onset of T, 
JT: J point to end of T wave, QTc: Corrected QT, QT: Onset of Q wave to the end of T wave, JTc: Corrected JT interval, JTPc: Corrected J point to peak 
T interval
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heart failure and implanted cardioverter-defibrillator 
and identification of high-risk patients with congenital 
and acquired long QT syndrome.[20,22,23] In adults, heart 
rate-corrected Tp-e has been described as a predictor 
for sudden cardiac arrest (SCA). A heart rate-corrected 
Tp-e interval beyond 90 msonds has been reported to 
be associated with a threefold increase in SCA’s risk.[24] 
In a study on 523 healthy adults aged 31.9 ± 8.9 years, 
Hnatkova et al. reported significantly higher QTc, 
JTc, and JTPc and lower Tp-e intervals in female 
individuals.[25]

However, in our study, except for preexercise QT 
and JT intervals, there was no significant difference 
between male and female participants in QT, QoT, 
JTP, Tp-e interval, Tp-e/QT ratio, QTc, QoTc, JTc, JTPc, 
and Tp-e/QTc. Lower heart rate in boys at preexercise 
can explain the slightly higher uncorrected QT and JT 
intervals in this group (heart rate: 104 ± 16 bpm in 
boys vs. 116 ± 16 bpm in girls, P = 0.005) [Table 7]. Our 
findings may be explained by the prepubertal age of our 
study population. We do not expect the effects of sex 
hormones on ventricular repolarization to be present 
at this stage.[26-28]

We also presented pre- and post-exercise mean ± SD 
values of Tp-e interval. Tp-e interval is considered as 
an indicator of transmural dispersion of repolarization. 
An increased Tp-e interval and Tp-e/QT ratio are 
accompanied by ventricular arrhythmias and sudden 
cardiac death.[29,30] However, there is still a dearth of 
knowledge in the pediatric population in this regard. 
Demirol et al. studied 110 children with mitral valve 
prolapse (MVP) and showed increased Tp-e interval, 
Tp-e/QT, and Tp-e/QTc intervals in children with MVP 
compared with control groups. They presented their 
data as median and interquartile ranges for healthy 
control as 80 and 20 ms, respectively.[31] In our study, 
the median and IQR were 60 and 30 ms, respectively. 
Akın et al. reported increased Tp-e interval values, 
Tp-e/QT, and Tp-e/QTc intervals in 40 children with 
subclinical hypothyroidism compared with the control 
group.[32] Their reported mean ± SD of values for Tp-e 
interval, Tp-e/QT, and Tp-e/QTc intervals in the control 
group were 63.48 ± 13.03 msonds (ms), 0.19 ± 0.03, 
and 0.15 ± 0.03, respectively. These values are closely 
similar to our findings (60 ± 10 ms, 0.20 ± 0.06, and 
0.15 ± 0.04, respectively).

Electrocardiographic‑derived estimation of duration 
of systole and diastole with exercise

We introduced a novel concept out of an old Wigger’s 
diagram to estimate the duration of mechanical systole 
and diastole using ECG. We showed that the duration 
of systole and diastole decrease by exercise, but in 
healthy children, the percentage of decrease in duration 
of diastole (43.79% ±13.31%) exceeds the percentage 

of decrease in duration of systole (33.74% ±15.79%), 
P < 0.001.

Effect of the four formula’s for heart rate correction 
on electrocardiographic intervals and the dire need 
for revisiting the current conventional nomograms

As shown in Table 6, we found significant differences in 
values of heart-rate-corrected parameters of ventricular 
repolarization (QT, QoT, JT, and JTP), either at 
preexercise or postexercise in our study.

However, there was no significant difference between 
preexercise QoT interval by Bazett’s and Framingham’s 
formulas. The reason for this finding is unclear.

Given the difference among the results of QT correction 
by various formulas, the concept of considering one 
single value for diagnosing long QT as suggested by 
Schwartz et al., regardless of the formula used for 
correction, needs to be revisited. Nomograms considering 
both heart rate and heart rate correction methods are 
indispensable for the diagnosis of long QT in children.[33]

Vandenberk et al. studied the impact of different 
methods of heart rate correction on risk stratification 
and all-cause mortality in 6609 patients aged more 
than 18 years. They concluded that Fridericia and 
Framingham formulas were the best rate correction 
formulas for predicting mortality.[34] Luo et al. compared 
four methods of QT correction on 10,303 normal ECGs.[35] 
They presented nomograms for QT correction based on 
the heart rate-correction formula and heart rate. They 
concluded that overall, Hodges’ method was the most 
appropriate method for the correction of QT at any heart 
rate or any gender.

CONCLUSIONS

To the best of our knowledge, to date, this is the 
most comprehensive study on exercise-induced ECG 
changes in healthy children. We presented mean ± SD 
of amplitude and duration of P, Q, R, S, T, and U, in 
addition to durations of PR, QT, QoT, JT, JTP, Tp-e, Tp-e/
QT, and Tp-e/QTc intervals before and after treadmill 
exercise test in healthy children aged 5–12 years. This 
study showed diastolic time decreased more than 
systolic time with exercise and systolic time to diastolic 
time increased with exercise. We also calculated heart 
rate corrected values of ventricular repolarization 
parameters by four different formulas of Bazett, 
Fridericia, Framingham, and Hodges. We studied the 
effect of heart rate correction method and gender on 
these intervals. This study showed increased amplitude 
and decreased duration of ECG waves and intervals 
with TET in 5–12-year-old healthy children. Ventricular 
repolarization parameters of QTc, QoTc, JTc, JTPc, Jp-e, 
Tp-e/QT, and Tp-e/QTc did not differ in boys and girls 
either before or after exercise. In contrast, overall, a 
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significant disparity exists among heart rate corrected 
values of QT, QoT, JT, and JTP intervals at pre- and 
post-exercise by different formulas.

Hodges’ and Fridericia’s formulas of heart rate correction 
resulted in the longest and shortest ventricular 
repolarization values, respectively. Therefore, using a 
single value as the cut-off for long QT syndrome diagnosis 
may lead to under-diagnosis or over-diagnosis of long 
QT in children. Therefore, nomograms incorporating age, 
heart rate, and heart rate correction formula are strongly 
recommended as a baseline for accurate diagnosis of 
long QT.

Last but not least, the presence of U waves in ECG tracings 
of healthy children after the TET may warrant more 
careful investigation.
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