
ORIGINAL ARTICLE

Variability of Myocardial Repolarization in Pediatric Patients
with a Ventricular Septal Defect

Hidetoshi Uchida1 • Miki Nishio2 • Yumi Omeki2 • Yuka Takeuchi2 •

Rina Nagata2 • Shota Oikawa2 • Arisa Nagatani1 • Yoshihiko Eryu1 •

Tadayoshi Hata1,2 • Tetsushi Yoshikawa1

Received: 24 June 2016 / Accepted: 16 August 2016

� Springer Science+Business Media New York 2016

Abstract In patients with a ventricular septal defect, left-

to-right shunting increases the left ventricular preload. This

pathological change affects myocardial depolarization and

repolarization and has the potential to evoke arrhythmo-

genic substrates. We examined the effect of ventricular

septal defects on myocardial repolarization by investigat-

ing the variability in the repolarization interval. This ret-

rospective study included 19 patients (mean age,

1.8 ± 2.1 years) who underwent surgical closure (mean

left-to-right shunt ratio, 2.60 ± 0.55) and 26 age-matched

healthy controls from 2008 to 2015. Using preoperative

electrocardiograms, we studied two electrocardiographic

parameters (heart rate-corrected repolarization and vari-

ability of repolarization) and four repolarization intervals

(QT, JT, J point to T peak [JTp], and T peak to T end [Tp-

e] intervals). The variability index (VI) was calculated

from the logarithm of the ratio of the repolarization

parameter variance to heart rate variance. The various

measures were compared between the patients and con-

trols, and significant differences were found in the cor-

rected QT, JTp, and Tp-e intervals (p\ 0.05). The VI of

the four intervals also showed significant differences (pa-

tients vs. controls: QTVI, -0.55 ± 0.61 vs. -1.10 ± 0.53;

JTVI, -0.33 ± 0.60 vs. -0.86 ± 0.57; JTpVI, -0.15 ±

0.78 vs. -0.73 ± 0.56; Tp-eVI, 0.75 ± 0.70 vs. 0.11 ±

0.73, respectively; p\ 0.05). No correlation was found

between the QTVI and corrected QT interval using linear

regression analysis. These repolarization characteristics

provide not only electrophysiological indices but also a

new index with which to assess the pathophysiology of

congenital heart disease.
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Introduction

The global prevalence of congenital heart disease has

increased substantially over the last century, stabilizing at

an estimated 9 per 1000 live births in the last 15 years. This

corresponds to[1 million newborns with congenital heart

disease every year and represents a major global health

problem [1]. Ventricular septal defect (VSD) is the most

common congenital heart defect. VSD occurs in 3 per 1000

live births [2] and may affect up to 0.5 % of the population

[3]. The defect spontaneously closes in almost all patients

who present before the age of 1 year; patients in whom

closure does not occur often require surgery [2, 4]. This

cardiac defect causes changes in cardiac hemodynamics in

accordance with the defect size and shunt volume [5]. In

myocardium that is continuously exposed to volume

overload, stress extends to tissues in the cardiac conduction

system, resulting in intraventricular conduction delay.

Furthermore, degeneration of cardiac cells, including

fibrosis secondary to myocardial remodeling, results in

pathological modification of myocardial repolarization [6].

Major surgery is necessary for patients with VSD who have

a high ratio of pulmonary blood flow (Qp) to systemic

blood flow (Qs) (Qp/Qs ratio); a high Qp/Qs ratio can lead

to secondary pulmonary hypertension and congestive heart
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failure, stunting development in children with VSD [7].

The presence of large biphasic QRS complexes in leads

V2–V5 of the electrocardiogram (ECG), referred to as the

Katz–Wachtel phenomenon, is an effective marker with

which to assess combined ventricular hypertrophy due to

severe VSD [8]. However, this marker cannot be used to

diagnose abnormal repolarization. In addition, left ven-

tricular hypertrophy is often missed because of the large

electromotive force of the right ventricular system.

Therefore, an ECG may be an inadequate tool with which

to diagnose VSD in infants [9].

Although the reported incidence of arrhythmia is 0.6 per

1000 people per year [3], the arrhythmogenic substrate in

patients with VSD is unknown. Transmural dispersion of

repolarization [10, 11] and QT dispersion [12] are two

measures of repolarization that can be useful for diagnos-

ing repolarization instability and heterogeneity.

Regardless of the mechanism of the arrhythmias in

VSD, the objective of the present study was to assess

noninvasive markers of arrhythmogenicity in patients with

VSD. A long QT is unequivocally associated with

arrhythmogenicity. However, in addition to measuring

repolarization parameters, we decided to measure the QT

variability index (QTVI) proposed by Berger et al. [13] in

children with VSD requiring surgery. The QTVI is

reportedly useful for assessing instability in myocardial

repolarization and takes into account the influence of heart

rate variability [13–15]. As long as the ECG baseline does

not fluctuate, the QTVI is reliably determined by applying

differential and absolute functions to ECG waveforms; it is

easily applied even to the ECGs of children [16, 17].

In the present study, we assessed changes in repolar-

ization in patients with VSD using two repolarization-re-

lated ECG subintervals: the early repolarization interval (J

point to T peak interval) (JTp interval) and the late repo-

larization interval (T peak to T end interval) (Tp-e interval)

[18]. The latter measure corresponds to the descending

limb of the T wave, and it has been experimentally and

clinically confirmed to quantify heterogeneity in ventricu-

lar repolarization [10, 19]. The heart rate-corrected subin-

tervals and VI calculated using the formula described by

Berger et al. [13] were compared between children

requiring surgical VSD closure and children in a healthy

control group.

Materials and Methods

Ethical Considerations

This study was approved by the Ethics Committee of

Epidemiological and Clinical Research at our institution.

Written informed consent was obtained from the study

participants’ parents or guardians.

Participant Characteristics

The patients comprised 74 consecutive children with VSD

who visited the pediatric cardiology department at Fujita

Health University Hospital from April 2008 to March

2015. Children with other systemic diseases or coexisting

cardiac anomalies were excluded. Of these patients, 19

(median age, 5 months; interquartile range, 2 months to

4 years 7 months) were found to need surgical closure for a

single defect of the perimembranous portion of the ven-

tricular septum. Indications suggestive of the need for

surgical intervention were failure to thrive, congestive

heart failure, and elevated pulmonary vascular resistance.

Twenty-six children (median age, 1 year 7 months;

interquartile range, 1 month to 4 years 2 months) who did

not have VSD or any structural heart disease as determined

by transthoracic echocardiography were enrolled as the

control group (Table 1).

Study Protocol

After obtaining written informed consent from the study

participants’ parents or guardians, ECGs (CM5 lead) were

obtained using a polygraph recorder (MP150; Biopac

Systems, Goleta, CA, USA) during routine echocardiog-

raphy. Triclofos sodium syrup (Tricloryl; GlaxoSmithKline

Pharmaceuticals Ltd., London, England) was preadminis-

tered at 0.7 mg/kg for sedation of children aged 3 months

to 1 year.

Using echocardiography (SONOS 7500; Philips Medical

Systems, Andover, MA, USA), the pulmonary blood flow

per min was estimated from the right ventricular output,

and the systemic blood flow per min was estimated from

the left ventricular output; the Qp/Qs ratio was then

determined. ECG and echocardiography records within

3 months before surgical closure were used. All patients in

the surgery group were given oral diuretics. No patients

showed electrolyte abnormalities.

ECGs were recorded for 5–10 min per patient, and ECG

analysis software (Acknowledge version 3.9; Biopac Sys-

tems) was applied to segments demonstrating normal sinus

rhythm and minimal baseline fluctuation. The software

detected the Q wave start, J point, T wave peak, and T

wave end using first differential and absolute functions. It

then computed the QRS interval, QT interval, JT interval,

JTp interval, and Tp-e interval [16, 17]. The software also

computed the mean, standard deviation, and variance of

parameters from 60 consecutive heartbeats without

arrhythmia. Bazett’s and Fridericia’s formulas were

applied to obtain heart rate-corrected values for the QT, JT,
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JTp, and Tp-e intervals. The QTVI, JTVI, JTpVI, and Tp-

eVI were calculated using Berger’s formula. This formula

uses the RR and QT intervals measured from a single lead

of an ECG recording to calculate the ratio of QT variability

to heart rate variability after normalization. The formula is

expressed as follows: log 10 [(QTv/QTm2)/(HRv/HRm2)],

where the subscript ‘‘v’’ denotes variance and ‘‘m’’ denotes

mean [13, 14]. The QTVI accounts for the influence of

heart rate variability on repolarization variability.

Statistical Analysis

Statistical analysis was conducted using JMP statistical

analysis software (SAS Institute, Cary, NC, USA). The

intergroup mean was compared using the traditional t test

for normally distributed data and the Wilcoxon signed-rank

test for non-normally distributed data. A p value of\0.05

was considered statistically significant.

Results

Participant Characteristics

The control group comprised 26 age-matched healthy

individuals. The echocardiography findings of all control

participants were normal. There were significant differ-

ences in height and weight between patients and controls

(Table 1).

ECG Parameters

The comparison of ECG parameters between the VSD and

control groups is shown in Table 2. Although the heart rate

and absolute QT interval did not differ, the corrected QT

(QTc) interval was longer in patients with VSD than in

controls. Likewise, the QRS, TP-e, and corrected TP-e

intervals were longer in patients with VSD than in controls.

The JT and corrected JT intervals did not differ between

the two groups, but the JTp and corrected JTp (JTpc)

intervals were shorter in patients with VSD. The compar-

ison of ECG parameters between the controls and patients

is shown in Table 2. There were significant differences in

the QRS, QTc, JTp, JTpc, Tp-e, and corrected Tp-e (Tp-ec)

intervals between the two groups. All repolarization VIs

Table 1 Demographic data of

the study population
Control (n = 26) VSD (n = 19) p value

Age (years)

Mean ± SD 2.2 ± 2.0 1.8 ± 2.1 0.926

Median 1 year 7 months 5 months

25th/75th percentile 1 month/4 years 2 months 2 months/4 years 7 months

Male (n) 19 6 0.008

Height (cm) 78.1 ± 22.2 74.9 ± 17.3 0.713

Body weight (kg) 10.5 ± 5.7 8.4 ± 4.0 0.223

Qp/Qs 1.0 2.53 ± 0.45

Data are presented as mean ± standard deviation unless otherwise indicated

VSD ventricular septal defect, Qp/Qs ratio of pulmonary blood flow to systemic blood flow

Table 2 Comparison of electrocardiogram parameters and variability

indices in healthy children and pediatric patients with a ventricular

septal defect

Control (n = 26) VSD (n = 19) p value

RR 553.2 ± 112.6 527.5 ± 103.4 NS

QRS 82.0 ± 10.2 94.6 ± 14.2 \0.05

QT 302.6 ± 30.4 303.0 ± 32.2 NS

QTcB 409.2 ± 13.1 418.8 ± 14.2 \0.05

QTcF 369.6 ± 15.5 375.6 ± 18.5 0.28

JT 220.1 ± 23.5 208.7 ± 22.7 NS

JTc 297.7 ± 12.4 288.1 ± 12.9 \0.05

JTcF 268.9 ± 13.6 258.4 ± 14.6 0.042

JTp 159.9 ± 15.3 140.9 ± 18.8 \0.05

JTpcB 216.7 ± 13.2 194.9 ± 17.7 \0.05

JTpcF 195.6 ± 11.0 174.8 ± 16.7 \0.001

Tp-e 60.2 ± 10.6 67.4 ± 10.4 0.018

Tp-ecB 81.0 ± 8.2 93.2 ± 11.0 \0.001

Tp-ecF 73.3 ± 8.9 86.3 ± 10.4 0.002

QTVI -1.10 ± 0.53 -0.55 ± 0.61 0.003

JTVI -0.86 ± 0.57 -0.33 ± 0.60 0.010

JTpVI -0.73 ± 0.56 -0.15 ± 0.78 0.014

Tp-eVI 0.11 ± 0.73 0.75 ± 0.70 0.006

All data (ms) are presented as mean ± standard deviation

VSD ventricular septal defect, RR RR interval, QRS QRS interval, QT

QT interval, QTc corrected QT interval, JT JT interval, JTc corrected

JT interval, JTp J point to T peak interval, JTpc corrected J point to T

peak interval, Tp-e T peak to T end interval, Tp-ec corrected Tp-e

interval, QTVI QT interval variability index, JTVI JT interval vari-

ability index, JTpVI J point to T peak interval variability index, Tp-

eVI T peak to T end interval variability index, NS not significant, cB

corrected using Bazett’s formula, cF corrected using Fridericia’s

formula
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(QTVI, JTVI, JTpVI, and Tp-eVI) were significantly

higher in patients with VSD.

VIs

We compared the repolarization VIs between the control

group and patients with VSD. A significantly higher QTVI

was observed in patients with VSD than in controls

(-0.55 ± 0.61 vs. -1.10 ± 0.53, respectively; p\ 0.05)

(Fig. 1a). Significant differences were also observed in the

other three VIs between the patients and controls (JTVI,

-0.33 ± 0.60 vs. -0.86 ± 0.57; JTpVI, -0.15 ± 0.78 vs.

-0.73 ± 0.56; and Tp-eVI, 0.75 ± 0.70 vs. 0.11 ± 0.73,

respectively; p\ 0.05) (Fig. 1b–d).

Relationship Between QTc Interval and QTVI

We performed a linear regression analysis to test for a

correlation between the QTc interval and QTVI in the two

groups. No correlation was found in either group (Fig. 2).

The correlation coefficients and p values were 0.057 and

0.781 in the control group and -0.187 and 0.442 in the

VSD group, respectively.

Discussion

The present comparison of repolarization parameters

between children with VSD requiring surgery and age-

matched controls revealed multiple differences. Both the

QRS interval and heart rate-corrected QT interval were

longer in the VSD group. Analysis of QT subintervals

showed that the latter part of the T wave, both absolute and

heart rate-corrected, was longer in the VSD group; these

differences were accompanied by a shortened initial part of

the T wave (JTp and corrected JTp). All VIs studied

(QTVI, JTVI, JTpVI, and Tp-eVI) were significantly

greater in the VSD than control group.

A prolonged Tp-e interval is believed to indicate

increased myocardial repolarization heterogeneity in

damaged hearts [11, 19, 20] and thus an increased risk of

arrhythmia. In support of this hypothesis, previous clinical

studies have shown that the Tp-e/QT ratio is useful for

evaluating arrhythmogenic substrates in patients with

pathologies as disparate as myocardial infarction, hyper-

trophic cardiomyopathy, and Brugada syndrome [21]. In

the current study, the Tp-e interval in the VSD group was

longer than that in the control group, which might suggest

an increased risk of arrhythmia [3]. However, none of the

patients with VSD in the present study had significant

arrhythmias during the 18-month follow-up period. Con-

sequently, repolarization lability in children with congen-

ital heart disease was considered to be difficult to assess by

prolongation of the Tp-e interval in a manner similar to that

in children with ischemic heart disease.

The QRS interval was significantly different between

the VSD and control groups. In our experience, pediatric

patients with severe VSD often have bundle branch block;

this may be a reflection of the conduction changes that

occur secondary to the VSD. When the QRS interval was

Fig. 1 Comparison of

repolarization variability indices

in healthy control participants

and patients with a ventricular

septal defect. a A significantly

higher QTVI was seen in

patients with a ventricular septal

defect than in healthy controls.

Significant differences in the

other three repolarization

variability indices were also

observed (b JTVI, c JTpVI, and

d Tp-eVI). VSD ventricular

septal defect, QTVI QT

variability index; JTVI JT

interval variability index, JTpVI

J point to T peak interval

variability index, Tp-eVI T peak

to T end interval variability

index
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excluded from the QT interval (i.e., when we examined the

JT interval alone), we found no significant difference

between the VSD and control groups. This finding indi-

cates that the pure repolarization interval was not affected

by the dynamics of the VSD. The results of a recent study

by Berul et al. [22] suggest that the corrected JT interval is

useful for diagnosing latent long QT syndrome. Further-

more, another study showed no significant difference in the

postoperative corrected JT interval between healthy chil-

dren and children with tetralogy of Fallot with complete

right bundle branch block [23], showing the efficacy of the

JT interval for assessment of pure repolarization. However,

when the JT interval was divided into early and late phases,

differences were evident between the surgery and control

groups. Both the JTp and corrected JTp intervals were

shorter in the surgery group, while both the Tp-e and

corrected Tp-e intervals were longer in the surgery group.

The activation–recovery interval in a cardiac-surface

ECG correlates well with the duration of the local action

potential [24, 25]. The activation–recovery interval in a

unipolar body surface ECG also correlates well with the

duration of the local cardiac-surface action potential [26].

A current hypothesis related to the activation–recovery

interval suggests that the duration of the epicardial action

potential is shortened because of increased sympathetic

tone in patients with VSD. Additionally, augmented sym-

pathetic nervous activity in children with VSD was sug-

gested to reflect the repolarization intervals (JTp and Tp-e

intervals).

In a previous study, we measured the QTVI in healthy

children from birth and found that the QTVI decreased as

children aged, reaching a value similar to that of healthy

adults at around 6 years of age [16]. Such postnatal chan-

ges in the QTVI were very similar to the postnatal changes

in the low-frequency component/high-frequency compo-

nent ratio of heart rate variability as reported by Massin

and von Bernuth [27]. The low frequency/high frequency

ratio is known to decrease from infancy to school age as the

autonomic nervous system matures with augmentation of

vagal nervous activity [27, 28]. The VIs were significantly

higher in the VSD than control group in the current study,

reflecting the pathological state in which sympathetic

nervous activity dominates due to VSD-induced congestive

heart failure compared with the activity of the immature

autonomic nervous system.

The sympathetic tone generally increases in patients

with heart failure; this is a compensatory reaction to

maintain organ perfusion pressure by increasing cardiac

output and peripheral vascular resistance [29, 30]. Some

researchers have reported that elevated repolarization

lability is directly associated with sympathetic cardiac

activation in patients with essential hypertension [31, 32].

Bilchick et al. [33] conducted a study of patients with

long QT syndrome and found a positive correlation

between the QTc interval and QTVI. They therefore con-

sidered that an increased QTVI was also indicative of

abnormal myocardial repolarization. We tested the rela-

tionship between the QTc interval and QTVI in both the

VSD group and control group and found no significant

correlation in either group (Fig. 2). However, an increased

QTVI has been observed in patients with various

pathologies [15], and it may be an indication of repolar-

ization instability in children with VSD. The QTVI may be

influenced by variability in the RR interval during the

cardiac cycle because of autonomic tension rather than by

variability in the repolarization of the QT interval.

In the current study, the characteristics of myocardial

repolarization were compared using VIs between children

with VSD requiring surgery and healthy children. We

found that the pathology induced by left-to-right shunting

increased the characteristic ratios of ventricular

repolarization.
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Fig. 2 Relationship between corrected QT interval using Bazett’s

formula (QTcB interval) and QT variability index (QTVI). Linear

regression analysis was performed to test for correlations between the

QTcB interval and QTVI in patients with a ventricular septal defect

(VSD) and healthy controls. No correlation was found in either group.

The correlation coefficients and p values were 0.057 and 0.781 in the

control group and -0.187 and 0.442 in the VSD group, respectively
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The indications for surgical closure of VSDs in children

are clearly defined. The need for surgery is based on a

morphological imbalance due to left-to-right shunting and

an imbalance in hemodynamics, including pulmonary

hypertension. Surgical closure is necessary for normal

development in these children. The results of this study

suggest that the myocardial repolarization intervals are

affected in children with VSD in a way that may be

harmful. Such analysis of the repolarization characteristics

may allow for the identification of a new electrophysio-

logical marker.

Study Limitations

This study had several limitations. First, this was a retro-

spective study with a small number of participants. Second,

of the 19 infants in the study, none had a QRS interval of

[120 ms. Therefore, delayed depolarization among the

patients could not be thoroughly explained. Third, we did

not assess the direct relationship between biochemical

makers of heart failure and the QTVI. Furthermore, we

could not confirm that the repolarization findings in the

patients with VSD were a specific feature of pulmonary

hypertension. Finally, Bazett’s formula is the most widely

used correction method in clinical practice, but Fridericia’s

formula is recommended by the US Food and Drug

Administration for clinical trials of drug safety [34]. In this

study, we used Bazett’s formula for corrections for ease of

comparison with previous research results [33].

Conclusion

Variability of myocardial repolarization was compared

between patients with VSD and a healthy control group.

We found that both the early and late repolarization pro-

cesses are influenced by left ventricular preload. These

repolarization characteristics may serve as new indices

with which to assess the electrophysiology and patho-

physiology of congenital heart disease in a noninvasive

manner.
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