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Background: Reference values and the characteristics of the electrocardiographic (ECG) findings using a large number of subjects
are lacking for children and adolescents.

Methods and Results: A total of 56,753 digitally stored ECGs of participants in a school-based ECG screening system were
obtained between 2006 and 2009 in Kagoshima, Japan. Each ECG was manually reviewed by 2 pediatric cardiologists and only
ECGs with sinus rhythm were included. A final total of 48,401 ECGs from 16,773 1st (6 years old, 50% girls), 18,126 7th (12 years
old, 51% girls), and 13,502 10th graders (15 years old, 52% girls) were selected. ECG variables showed differences in age and sex.
However, the effects of age and sex on ECG variables such as the PQ interval, QRS voltage, and STJ segment were also different.
The 98th percentile values of well-known surrogate parameters for ventricular hypertrophy in the present study were much higher
than the conventional criteria.

Conclusions: The present study of a large number of pediatric subjects showed that the effects of age and sex on ECG parameters
are different, and that criteria for ventricular hypertrophy should be newly determined by age and sex. We have developed reference
data for STJ segment elevation for children and adolescents. These findings are useful for creating guidelines and recommendations

for interpretation of pediatric ECG.
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adolescents is always tragic and is devastating for
family members, the local community, and the whole
society. Consequently, there is considerable interest in
screening for early identification of cardiovascular disease at
risk of SCD in the young. However, the strategies for SCD
screening and cost-effectiveness are still controversial.l-2
There are alternative approaches to screening the young
population with cardiovascular disease at risk for SCD:
pre-participation screening of young competitive athletes?
and mass screening of the general population of young
people.? A recent study showed that SCD was more
common in non-athletes compared with athletes. However,
performing either pre-participation screening or general
screening suggests the necessity of having standard values
of electrocardiographic (ECG) findings. Additionally, inter-
pretation of the 12-lead ECG of subjects of different ages

S udden cardiac death (SCD) in infants, children, and

is recommended.!-25-11

To establish the standard values of ECG parameters, a
large number of ECGs need to be obtained and ECGs with
abnormal findings need to be excluded. However, there are
limitations in the current literature concerning normal or
reference values for pediatric ECGs.”1? These limitations
include measurements that were performed manually and
lead by lead in early studies; a limited set of ECG param-
eters; and values based on a small number of ECGs. These
limitations can be overcome by using computer-assisted
analysis of digitized multichannel ECGs and reviewing of
all ECGs by experienced pediatric cardiologists.

Therefore, the present study aimed to determine the
standard values and characteristics of ECGs in children and
adolescents based on ECG data from a large-scale general
population who participated in a screening program in
Japan.
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Study Population

The ECGs included in the present study came from a total
of 56,753 participants in a screening system in Kagoshima
City in Japan from 2006 to 2009. The participants included
19,367 1st graders (9,849 boys and 9,518 girls), 21,807 7th
graders (10,401 boys and 10,686 girls), and 16,299 10th
graders (8,096 boys and 8,203 girls). The reason for the
relatively small number of 10th graders was that some
private high schools carried out their own systems of
screening; the remaining public high schools in Kagoshima
City joined the screening system.

The process of identifying cardiovascular disease in the
school-based screening program in Kagoshima is described
elsewhere in detail.® In brief, the process consisted of 3
steps of examination: the st screening, and 2nd and 3rd
examinations. In the st screening, students underwent a
12-lead resting ECG and their parents were asked to fill
out questionnaires, including written informed consent to
participate.?

ECGs in the Present Study
In the present study, the ECGs from the 1st screening were
used. ECGs were recorded at the schools using a portable
PC-based system (Fukuda Denshi Co., Ltd., Tokyo, Japan)
at a speed of 25mm/s, a sampling rate of 500 Hz, and with
a bandwidth of 0.5-35Hz. ECGs were recorded by autho-
rized technicians with supervisors at each recording. ECGs
were processed by a 12-lead ECG analysis program (S2
Version, Fukuda Denshi Co.), based on an international
standard from the International Electrotechnical Commis-
sion (IEC 60601-2-25).12 We understand that all medical
electrical equipment in Japan is based on this international
standard. All ECGs were manually checked before analysis
by at least 2 of the authors who were experienced with
pediatric ECGs. ECGs that were included were those in
sinus rhythm, namely the presence of positive P waves in
leads I and II.

Excluded ECGs The following ECGs were excluded
(Supplementary File 1, Table S1).
1. ECGs of subjects with underlying cardiovascular disease

or a family history of SCD.3 The questionnaire asked

parents about the presence or absence of a past and/or

family history of SCD before 40 years of age and the
cause of SCD. The content of these questionnaires has
been described in detail.3 ECGs of subjects with dextro-
cardia or funnel chest were also excluded.

2. ECGs that were recorded incorrectly or unclearly. ECGs
with inappropriate attachment of electrical leads (e.g.,
right hand instead of left hand) and those with artifacts
and/or drifts were excluded.

3. ECGs showing arrhythmia. ECGs showing rhythm
disturbance of the P wave (wandering pacemaker and
junctional rhythm), 2nd- and 3rd-degree atrioventricular
block, intraventricular conduction disturbance (complete
bundle branch block and WPW syndrome), and prema-
ture beats (atrial or ventricular) were excluded.

4. Other abnormal findings. ECGs showing the presence
of Q waves in lead V1 and that of ST depression and/or
an inverted T wave in leads V5 and V6 were excluded.

Definition of Each Segment of the ECG
Figure 1 is a diagram of a typical ECG. Definitions of each
segment were as follows.

P wave In the P wave analysis in this study, the first
peak was defined as P1 and the second peak with opposite
polarity to the first wave was defined as P2 in each lead. If
there were 2 peaks with the same polarity, the higher peak
was selected as P1 and the other peak was not measured as
a peak.

QRS Complex The Q wave was the first negative deflec-
tion during ventricular depolarization. The R wave was
defined as the first positive deflection, and the S wave was
defined as the first negative deflection that followed the first
positive deflection (R wave). The R” wave was the second
positive deflection during ventricular depolarization. An
amplitude 2104V in each lead was detected by computer
analysis.

Combined Calculated QRS Voltages Several combined
QRS voltages have been used as the amplitude criteria for
ventricular hypertrophy. The Sokolow-Lyon criterion!3
(SVI+RV5 or SVI+RV6 >35mm), Cornell criterion'4
(RaVL+SV3 >28 mm in men, 20mm in women), Cornell
product!® [(RaVL+SV3)x(QRS duration) >2,440 mmxms],
and pediatric-specific criteria for hypertrophic cardiomy-
opathy (HCM)! (RaVL+SV2 >23mm) were included in
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the present study.

STJ Segment We measured the deviation from the
isometric line at the end of the QRS complex (J point).

T-Wave Amplitude The T-wave amplitude was measured
in the same manner as the P wave. Throughout the T wave,
the first peak was defined as T1, and the second peak with
opposite polarity to the first wave across the baseline was
defined as T2 in each lead. If the T wave was monophasic
and existed in only one side of baseline, the T1 value was
positive or negative according to the polarity of the T wave.
The T2 value was then measured as zero. If the T wave was
biphasic and existed on both sides of the baseline, the T1
and T2 values were measured according to their amplitudes.
If there were 2 peaks with the same polarity, the higher
peak was selected as the T1 or T2 value, and the other peak
was not measured. Therefore, T-wave polarity could be
determined based on the values of T1 and T2. Monophasic
positive, monophasic negative, and biphasic T waves were
defined as T1 >0 and T2=0, T1 <0 and T2=0, and T1#0
and T2#0, respectively, in the present study.

QT Interval The present study was based on auto-
matically measured data. Automatic measurement of the
uncorrected QT interval was based on the differentiation
method, not on the tangent line method, and automatically
measured uncorrected QT intervals were more than 20ms
longer than manually measured QT intervals.'” The QT
interval was not analyzed in the present study. Instead,
manually measured data from a prior study'® were analyzed
and the data are shown in Table S2.

Statistical Analysis

Statistical data for standard ECG values are shown in the
Tables and Figures. Variables are shown as the mean,
standard deviation, and 2nd and 98th percentile values for
all 12 ECG leads for boys and girls in Ist, 7th, and 10th
grades. The data are shown as the median, and 2nd and
98th percentile values when they are skewed in distribution.

Results

A final total of 48,401 ECGs was used in the present study:
16,773 1st graders (8,350 boys and 8,423 girls), 18,126 7th
graders (8,943 boys and 9,183 girls), and 13,502 10th graders
(6,477 boys and 7,025 girls). The selection process of normal
ECGs is described in detail in Supplementary File 1.

Mean Values of the 12 ECG Leads

The mean values of the PQ interval and QRS duration from
the data of all 12 leads are shown in Table 1. The PQ interval
increased with age with little effect of sex (Figure 2A). The
QRS duration showed prominent age and sex differences
(Figure 2B). The mean values of ventricular activation time
are shown in the Table S2.

P Wave

P-Wave Amplitude P1 amplitude was highest in lead 1I
in all graders of both sexes (Figure 3A). P1 was positive in
leads I and II (this was an inclusion criterion in this study)
and V3-V6, either positive or negative in leads III, aVL,
aVF, V1, and V2, and exclusively negative in lead aVR in
all groups (Table S2). P2 peaks were recognized only in
leads III, V1, and V2 in both sexes, and most of them had
a negative polarity.

P-Wave Duration P wave duration was the longest in
10th graders, with a sex difference, especially in the right

precordial leads, and the shortest in 1st graders with similar
values for the sexes in all leads (Table S2). The 7th and
10th grade girls showed a similar P wave duration. The P
wave duration was longest in lead IT among the 12 leads in
7th and 10th graders, while the duration of V1 was longest
in Ist graders.

QRS Complexes

Q Wave The median value of the Q wave amplitude
was deeper in the order of leads aVR, V6, V5, and Il in
boys of all grades, and in leads aVR, III, V6, and aVF in
7th and 10th grade girls (Table S2). The median Q wave
duration was wide in leads aVR, III, and V6 in both sexes.

R-Wave Amplitude Among the 12 leads, the median R
wave amplitudes in leads V4-V6 were similar among boys
(Table 1, Figure 3B). The median R wave amplitude in all
precordial leads decreased with age in girls. The percentile
curves of the RVI and RVS5 amplitudes clearly showed sex
differences (Figure 4A,B). The RV1 amplitudes were similar
in 1st and 7th graders and these amplitudes were higher
than those in 10th grade boys (Table 1). RV5 amplitudes
were similar among boys. However, in girls, R wave ampli-
tudes decreased with age in RV1 and RVS5.

S-Wave Amplitude The median S wave amplitude was
highest in lead V2. Median S wave amplitude in V1, V2,
and V3 increased with age in boys and decreased with age
in girls (Table 1, Figure 5A).

Combined Calculated QRS Voltages The 98th percentile
values of {SVI+RVS5 (or RV6)} in the present study were
>35mm, except in 10th grade girls (Table 1). The 98th
percentile values of (RaVL+SV3) were greater than the
Cornell criterion,' except in 1st grade boys and 10th grade
girls, and those of (RaVL+SV3)x(QRS duration) were
greater in all grade boys than the criterion of Cornell
product.!® The 98th percentile values of (RaVL+SV2) was
also much greater in all grades of both sexes than the
pediatric-specific criteria for HCM.16

QRS-Wave Duration The mean QRS wave duration was
the longest in 10th grade boys and the shortest in 1st grade
girls in all leads (Table S2). The QRS wave duration in 7th
and 10th grade girls showed similar values. The QRS wave
duration was longest in lead V2 among all 12 leads.

STJ Segment

The STJ segment showed elevation in the mid-precordial
leads, especially leads V2 and V3 (Figure SB). ST segment
elevation ranged from 0.05 to 0.5mV. We identified >0.2mV
STJ segment elevation in lead V2 in 3.6%, 16.1%, and 34.1%
of boys in 1st, 7th, and 10th grades, respectively, and in
2.1%, 2.1%, and 1.0% of girls in 1st, 7th, and 10th grades,
respectively. ST segment elevation was more marked with
age in boys, than in girls.

T-Wave Amplitude

The median T1 peak amplitude was higher in boys than in
girls in all grades, except for leads aVL and V2 in 1st graders.
In the precordial leads, the median T1 amplitude was
maximum in V4 and minimum in V1 leads in all grades. A
monophasic negative T wave was prevalent in 1st graders
(Table 2). However, approximately 1% of Ist graders
showed monophasic positive T waves. Monophasic negative
T waves were less prevalent from right to left precordial
leads and by age. No 10th grade males showed monophasic
negative T waves in lead V4 (Table 2).
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Table 1. Standard Values of Representative ECG Variables in a Screening Study of Japanese Schoolchildren
1st graders (6 years old) 7th graders (12 years old)
Variable / Lead Male Female Male
Mean* 2nd/98tht Mean* 2nd/98th Mean* 2nd/98th
Heart rate (beats/min) 81 (10) 63/104 83 (10) 65/108 76 (11) 56/103
PQ interval (ms) 124 (15) 96/159 123 (15) 96/158 134 (17) 103/173
QRS duration (ms) 85 (6) 73/100 82 (6) 71/95 94 (7) 80/109
QRS axis (degrees) 65 (23) 5/98 68 (20) 14/98 65 (22) 5/96
P1 amplitude (mV)
I 0.07 (0.04) 0.02/0.15 0.08 (0.04) 0.02/0.16 0.09 (0.04) 0.02/0.18
P2 amplitude (mV)
V1 -0.01 -0.06/0 -0.01 -0.06/0 -0.01 -0.07/0
P1 duration (ms)
Il 77 (12) 48/98 79 (12) 50/100 87 (12) 58/110
Q amplitude (mV)
V5 -0.07 -0.39/0 -0.05 -0.33/0 -0.05 -0.33/0
V6 -0.09 -0.33/0 -0.06 -0.29/0 -0.06 -0.29/0
Q duration (ms)
V5 18 0/26 16 0/26 18 0/28
V6 20 0/28 18 0/26 20 0/30
R amplitude (mV)
V1 0.61 0.14/1.43 0.52 0.09/1.21 0.49 0.09/1.27
V4 2.27 1.00/3.86 2.16 0.91/3.65 2.25 0.96/3.94
V5 1.84 0.93/3.22 1.80 0.91/3.09 1.93 1.02/3.43
V6 1.27 0.64/2.29 1.27 0.65/2.25 1.40 0.73/2.52
S amplitude (mV)
V1 -1.03 -2.25/-0.24 -1.10 -2.29/-0.32 -1.20 -2.57/-0.31
V2 -1.77 -3.09/-0.6 -1.80 -3.09/-0.61 -2.03 -3.64/-0.67
V3 -1,140 -2,510/-100 -930 -2,310/0 -1,190 —-2,740/-100
SV1+RV5# (mV) 2.98 (0.78) 1.56/4.78 3.00 (0.76) 1.61/4.73 3.26 (0.85) 1.74/5.23
SV1+RV6t (MV) 2.40 (0.68) 1.19/3.94 2.46 (0.67) 1.19/3.94 2.71 (0.74) 1.35/4.46
RaVL+SV2# (mV) 1.96 (0.64) 0.70/3.34 1.99 (0.62) 0.75/3.29 2.24 (0.72) 0.84/3.81
RaVL+SV3¢ (mV) 1.36 (0.61) 0.27/2.71 1.14 (0.60) 0.13/2.48 1.41 (0.66) 0.25/2.91
Cornell product (mmxms) 1,176 (557) 220/2,454 944 (517) 101/2,156 1,339 (653) 222/2 877
ST Segment (mV)
V2 0.10 (0.05) 0.01/0.02 0.09 (0.05) 0.01/0.20 0.13 (0.06) 0.02/0.28
T wave (mV)
Il 0.41 0.21/0.67 0.36 0.16/0.61 0.41 0.08/0.71

*Values are expressed as the mean and standard deviation (in parentheses). When the data were skewed in distribution, the median value
was used. tValues are expressed as 2nd percentile value/98th percentile value. *Sokolow-Lyon criterion; #pediatric-specific criterion for

hypertrophic cardiomyopathy; $Cornell criterion.

Discussion

The present study determined standard values of pediatric
ECG findings using data from a large number of subjects.
Our study showed that the effects of age and sex were
different among the ECG parameters, and that the criteria
for ventricular hypertrophy should be newly determined
by age and sex. The present study is the first to present
reference data for STJ segment elevation in children and
adolescents. These findings may be useful for creating
guidelines and recommendations for the interpretation of
pediatric ECGs.

PQ Interval
The present study showed an increase in the PQ interval
with age and it was similar between sexes in both children

(Table 1 continued the next page.)

and adolescents; the difference in the mean value between
sexes was 1 ms. In adults, a sex difference in the PQ interval
has been reported, with a difference in mean value between
sexes of 10ms in Whites and 6 ms in Asians.!”” ECG studies
in the Netherlands showed an approximately 5-ms sex
difference in the mean PQ interval,” suggesting that racial
differences are also present in childhood.

P Wave

P-Wave Amplitude A P wave amplitude greater than
0.25mV2 or 0.30mV?2! in lead II is used for diagnosing
right atrial hypertrophy. Normal upper limits for P wave
amplitude in leads other than II have been rarely reported.
The mean and 98th percentile values were highest in lead
II in all groups in the present study, which suggests that
the P wave amplitude in lead II is the most important for
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7th graders (12 years old)

10th graders (15 years old)

Female Male Female
Mean* 2nd/98th Mean* 2nd/98th Mean* 2nd/98th
80 (12) 59/109 67 (12) 46/98 72 (12) 50/101
135 (18) 103/177 142 (19) 107/186 141 (19) 106/186
89 (7) 76/103 99 (7) 85/115 90 (7) 77/105
69 (19) 17/97 68 (22) 8/98 69 (20) 6/99
0.09 (0.04) 0.02/0.19 0.09 (0.05) 0.02/0.20 0.09 (0.04) 0.02/0.18
-0.01 -0.06/0 -0.01 -0.07/0 -0.01 -0.05/0
89 (13) 60/114 91 (13) 61/116 90 (13) 62/116
0 -0.17/0 -0.04 -0.28/0 0 -0.13/0
-0.03 -0.20/0 -0.06 -0.26/0 -0.02 -0.17/0
0 0/26 18 0/30 0 0/26
18 0/28 20 0/30 16 0/28
0.35 0.05/0.99 0.46 0.08/1.17 0.28 0.04/0.83
1.50 0.62/2.86 2.1 0.79/3.86 1.21 0.43/2.30
1.43 0.74/2.52 1.86 0.89/3.36 1.25 0.58/2.16
1.20 0.63/2.02 1.39 0.67/2.55 1.10 0.56/1.90
-1.03 -2.22/-0.30 -1.28 -2.87/-0.40 -0.94 -1.97/-0.27
-1.61 -3.02/-0.55 -2.21 -4.01/-0.75 -1.35 -2.64/-0.43
-740 —2,040/0 -1,250 —2,985/-80 -670 -1,765/0
2.56 (0.70) 1.33/4.17 3.29 (0.90) 1.64/5.39 2.26 (0.63) 1.16/3.69
2.31(0.63) 1.22/3.78 2.80 (0.80) 1.35/4.71 2.12 (0.59) 1.10/3.45
1.79 (0.61) 0.68/3.17 2.39 (0.79) 0.88/4.14 1.52 (0.54) 0.55/2.77
0.94 (0.51) 0.10/2.18 1.47 (0.72) 0.21/3.12 0.84 (0.45) 0.09/1.94
844 (472) 91/2,015 1,471 (749) 202/3,225 771 (439) 74/1,855
0.09 (0.05) 0/0.20 0.16 (0.08) 0.03/0.35 0.07 (0.04) 0/0.19
0.31 0.10/0.56 0.09 0.12/0.69 0.08 0.08/0.55
(ms) A. PQ interval (ms) B. QRS duration
220 120
200 110
180
100
160
90 Figure 2. Percentile curves for PQ intervals
140 (A) and QRS duration (B) among 1st (circles
80 and a dotted line), 7th (triangles and a broken
120 line), and 10th (squares and continuous line)
graders. The lines are shown in blue (boys)
100 70 and red (girls). The percentile values used
. were 1st, 2nd, 2.5th, 3rd, 5th, 10th, 25th,
80 60 50th, 75th, 90th, 95th, 97th, 97.5th, 98th, and
2 3 10 50 90 97 98 2 3 10 50 90 97 98 99th perpentlles. Because of .|Imlte.d space, a
. ) description of the percentiles in bold is
Percentile Percentile included.
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A. P1 amplitude (mean)
(mV) (mV)

2.5

B. R wave amplitude (median)

0.12

2.0

0.04

0.00 1.0
Figure 3. Distribution of the mean values
/ of P1 amplitude (A) and median values of
-0.04 0.5 R wave amplitude (B) for the limb and
precordial leads among 1st (circles and a
0.08 dotted line), 7th (triangles and a broken
- 0.0 i i
T TRV o) e T s s o
Leads Leads (boys) and red (girls).
A. RV1 amplitude B. RV5 amplitude
(mV) P (mV) P
2.0 4.0

3.5

3.0

25

Figure 4. Percentile curves of RV1 (A) and
RV5 (B) amplitudes among 1st (circles and
a dotted line), 7th (triangles and a broken
2 3 10 50 90 97 98 . line), and 10th (squares and continuous

2 3 10 50 90 97 98 line) graders. The lines are shown in blue
(boys) and red (girls).

Percentile Percentile

(mV) A. S wave amplitude (median) (mV) B. ST segment (mean)

0.0 0.20
05 0.16
0.12
-1.0
0.08
-1.5
0.04 Figure 5. Distribution of the median values
' of S wave amplitudes (A) and mean values
-20 of STJ amplitudes (B) of limb and precordial
0.00 leads among 1st (circles and a dotted line),
)5 7th (triangles and a broken line), and 10th
- I 11 I oViaVe VI V2 V3 V4 Vs Ve (squares and continuous line) graders. The
I 11 1l aVRaVLaVEVI V2 V3 V4 V5 V6 lines are shown in blue (boys) and red
Leads Leads (gils)
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Table 2. Prevalence of Negative, Biphasic, and Positive T Waves in Precordial Leads by Sex and Age
Groups
Precordial lead \'Al V2 V3 v4 V5 V6
Monophasic negative T wave
Male
1st graders 711 15.7 2.57 0.12 0 0
7th graders 59.8 5.1 0.86 0.10 0 0
10th graders 45.4 1.4 0.08 0 0 0
Female
1st graders 791 18.1 2.59 0.15 0 0
7th graders 70.9 5.3 1.68 0.13 0 0
10th graders 67.8 29 0.88 0.04 0 0
Biphasic T wave (Negative to positive in
appearance)
Male
1st graders 13.5 13.4 0.93 0.06 0 0
7th graders 8.5 3.3 0.15 0.01 0 0
10th graders 2.2 0.4 0.02 0 0 0
Female
Primary 6.5 8.8 0.81 0.02 0 0
7th graders 4.2 2.1 0.19 0.01 0 0
10th graders 14 0.7 0.06 0 0 0
Biphasic T wave (Positive to negative in
appearance)
Male
1st graders 14.2 39.6 21.0 2.16 0.57 0.22
7th graders 17.6 141 7.8 0.79 0.16 0.04
10th graders 16.9 6.6 4.0 1.05 0.52 0.12
Female
1st graders 14.7 45.8 24.3 2.45 0.11 0.18
7th graders 171 16.3 9.7 1.06 0.47 0.03
10th graders 18.3 8.5 4.1 0.41 0.09 0.03
Monophasic positive T wave
Male
1st graders 1.3 31.3 733 97.6 99.43 99.78
7th graders 14.2 77.5 91.2 99.1 99.84 99.96
10th graders 35.4 91.6 96.0 99.0 99.48 99.88
Female
1st graders 0.7 27.3 72.3 97.4 99.88 99.82
7th graders 7.8 76.3 88.4 98.8 99.53 99.97
10th graders 12.5 88.0 95.0 99.5 99.91 99.97

Values are expressed as %. The prevalence in some leads is expressed with a second decimal place to show a very
low (near 0%) or very high (near 100%) value. 1st, 7th and 10th graders were 6, 7 and 15 years old, respectively.

diagnosing right atrial hypertrophy. However, the upper
limit of the P wave amplitude in lead II in our study was
slightly lower than in previous studies.”® One of the reasons
for the differences in voltage criteria between studies may
be that a lower bandwidth was used in the present study.

P wave amplitude (depth) in lead V1 is used for diagnosing
left atrial hypertrophy. Lower limits of a negative P wave
in each lead have not been established in children. Our
study showed that the lower limits (2nd percentile) ranged
from —0.05 to —0.06 mV.

P-Wave Duration 1In our study, the P wave duration
increased as male participants became older and was similar
in 7th and 10th grade girls. P wave duration might depend
on the size of the atria and differences in the rate of growth
to adolescence. The P wave duration in the present study
was shorter than that found by Rijinbeek et al” and longer

than that found by Semizel et al.” The reasons for these
differences among studies are unclear, but might be related
to differences in race, age range, number of subjects, or a
combination of these because the sampling rate was the
same (500 Hz) in the 3 studies.”?

QRS Complexes

Q Wave A normal Q wave, produced primarily by
depolarization of the ventricular septum, is observed in
leads II, I, aVR, aVL, aVF, V5, and V6. Q waves simulating
coronary artery disease can be related to altered ventricular
conduction, such as left bundle branch block or Wolf-
Parkinson-White syndrome.?>? A Q wave also appears in
cases of right/left ventricular hypertrophy, HCM, myo-
carditis, amyloidosis, myocardial tumor, and sarcoidosis.?
The amplitude of the Q wave is normally less than one-
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quarter of the R wave (Q/R <0.25), less than 0.2mV in lead
III, and the duration of the Q wave is less than 0.04s.23 The
median Q wave amplitude was within 0.ImV and the
median Q wave duration was within 0.2 ms, except in lead
aVR, in the present study.

R-Wave Amplitude R wave amplitude is an important
parameter of ventricular hypertrophy, but is probably
affected by extracardiac factors (e.g., age, sex, and physique).5
The median and 98th percentile values of the R wave
amplitude in V6 in the present 10th graders (15 years old)
were similar to those in children aged 12-16 years, as shown
by Davignon et al,> and lower than those reported by
Rijnbeck et al.” In girls, the R amplitude in the left precor-
dial leads was greatly decreased from the 7th grade (12
years old) in the present study. A large change in amplitude
occurred at 12-16 years, but not at 8-12 years, in another
study.” These findings suggest that considerable changes in
extracardiac factors associated with puberty may occur at
approximately 12 years in girls.

S-Wave Amplitude S waves are inversely related to R
waves, and the S wave amplitude is an important parameter
of ventricular hypertrophy, similar to R waves. In the present
study, S waves were most frequently observed in the right
precordial leads, and were highest in V2 among the 12 leads.
The incidence of S waves gradually decreased from V1 or
V2to V6. The S wave amplitudes in V1 to V3 increased with
age for boys and decreased with age for girls. Therefore,
differences in amplitudes between boys and girls increased
with age.

Combined QRS Voltages Several combined QRS volt-
ages have been used as amplitude criteria for ventricular
hypertrophy. In the present study, the 98th percentile values
of the combined QRS voltages for hypertrophy were much
higher in many groups than the Sokolow-Lyon criterion,3
the Cornell criterion,'# the Cornell product,'s or the pedi-
atric-specific criteria for HCM.16 The values of (RaVL+
SV3)14 gradually increased with age for boys and decreased
with age for girls. The differences in values between boys
and girls increased with age because of the effect of the S
wave amplitude in V3. These criteria should be determined
for children and adolescents by age and by sex.

QRS-Wave Duration In the boys in our study, the QRS
duration in the 12 leads increased as they became older. In
girls, the QRS duration did not differ between 7th and 10th
graders. Growth of girls is faster than that of boys, and 7th
and 10th grade girls are considered to grow to the same
extent. These findings show that QRS wave duration might
depend on the size of the ventricle and that differences in
sexes are considered to be related to the rate of growth in
adolescence.

STJ Segment

The ST segment represents part of ventricular repolariza-
tion, and corresponds to phase 2 of the myocardial trans-
membrane action potential. Early repolarization is one of
the normal variants that represent elevated ST segments.4
There is an association between early repolarization syn-
drome and SCD.2 However, there are no reference data on
ST segment elevation in healthy children. The present
study showed that the highest ST elevation was present in
lead V2 and that the amplitude increased with age in boys,
with the opposite finding in girls. In adults, men also have
greater ST elevation compared with women. Zarafshar et
al reported that significant differences in ST amplitude in
the precordial leads were present according to sex and

race.?¢ They found that up to 3% of African American men
and 1% of all other men had >0.2mV ST elevation in leads
V2 and V3. Tsuneoka et al reported that 3.2% of healthy
Japanese men aged 40-64 years had 20.2mV ST segment
elevation in the right precordial leads.?” And 10th grade
boys have a higher prevalence of ST elevation than in adults,
possibly associated with sex hormones,? left ventricular
hypertrophy,? or sporting activity.3® The present study
provides important data for creating guidelines for early
repolarization syndrome in the pediatric field.

T-Wave Amplitude

Throughout childhood, the T-wave pattern, particularly in
the precordial leads, is different to that of adults.® In the
right precordial leads, the T wave is often inverted in early
childhood and there is a progression of the T wave becoming
upright in the sequence of V3, V2, and V1.8 The T wave in
V5 and V6 should be upright at all ages except for newborns
of 1-3 days of life.® The present study showed the correct
prevalence of a negative T wave in V4, and that was 0%
in the 10th grade boys. The prevalence of a monophasic
negative T wave in V1 was lower in all age groups in our
study compared with that in the study by Davignon et al.’
The exact reason for this difference between studies is
unknown, but part of the biphasic T wave might have been
judged as negative in the other study.’

Clinical Implications

The present data were based on a final total of 48,401
ECGs, the largest database among published reference
data®10 for children and adolescents. Our study showed
that the effects of age and sex were different among ECG
parameters, and that the criteria for ventricular hypertrophy
should be newly determined by age and sex. Another
implication is that these are the first reference data for STJ
segment elevation in children and adolescents. The present
data can be used as the standard for pediatric ECG findings,
although differences in race might have been present, as
reported in adults.!®

Study Limitations

First, the present study did not obtain ECG findings for
continuous age groups, but only for 1st, 7th, and 10th
graders. These grades correspond to the 1st year of elemen-
tary, junior high, and high school years, respectively, in
Japan. These grades are also consistent with the start of
group, competitive, and highly or professional competitive
sports, respectively, suggesting that these are appropriate
times for participation of screening for cardiovascular
disease. Second, the voltage standards in the present study
are for those with a low bandwidth that are frequently used
in the school-based screening system in Japan and may
show slightly lower amplitudes of waves. Preliminary
conversion equations for use in the clinical setting are
shown in Supplementary File 1. However, the use of ECGs
at 3 different age points and the use of a large number of
subjects allowed us to obtain important and new findings
regarding the parameters of pediatric ECGs.

Conclusions

The present study has reported standard values of pediatric
ECG findings using data from a large number of subjects.
Our study showed that the effects of age and sex are different
among ECG parameters, and that the criteria for ventricular
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hypertrophy should be newly determined by age and sex.
We present the first reference data for STJ segment elevation
in children and adolescents. These findings may be useful
for creating guidelines and recommendations for interpreting
pediatric ECGs.
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