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SUMMARY. Normal ECG values were determined using computer-assisted measurement of the

E

CGs of 2,141 white children aged 0 to 16 years divided into 12 age groups.

hese values are plotted on graphs containing the second, fifth, 25th, S0th, 75th, 95th, and
th percentiles for each age group. This provides a convenient, fast, and practical methed for
,Comllaring the values found ip a given ECG with those found in a normal population, taking

o account the evolution of ECG patterns with age.
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Measurements

The Purpose of the study was (1) to facilitate the
“Valuation of the ECG in children by producing
Clear, easily understandable graphs and tables and
) to establish a large data bank of ECGs from nor-
Mt children that could serve as a development and
test' library for pediatric computer-ECG programs
teslgned for screening and eventually diagnostic in-
€rPretation of ECGs.
comprehensive review of pediatric ECG stan-
ds with an extensive list of references was re-
‘ently pubiished by Liebman and Plonsey {81
n ©s€ authors state: **It is the authors’ opinion that
O Mtandards available are adequately complete.”
hile ECG standards for normal adults have been
'mly established [16], the corresponding standards
9T normal children have been based on small num-
oirs of subjects from relatively wide age ranges and
tiona Small number of ECG variables. The acquisi-
m of a large data base at all ages if the ECGs are
“asured by hand would be time-consuming. Auto-

Stpponay o
u H 3
epgmed_ in part by the Medical Research Council of Canada,
wstin 20ian Heart Foundation (Québec division), 1a Fondation
iérc;“f*l-acost&Beaubien, L' Université du Québec  Trois-Riv-
+ nd the Macdonald Stewart Foundation.

Aday, . . .
Secﬁ?y Teprint requests to: André Davignon, Director, Cardiac
n

Mot o Hopital Sainte-Justine, 3175 Chemin Sainte-Catherine,
real, Quebec H3T 1CS

For rep
equ;epﬂnts of Percentite Charts on pages 133 to 152, address
Im"nSts 0! Ms. Sandra Whisler, Promotion Department,
8er-Verlag, 175 Fifth Avenue, New York, NY 10010

matic ECG measurement procedures such as those
possible using tape recorders and computers are
therefore attractive.

When the present investigation was initiated in
1972, none of the available computer-ECG pro-
grams was completely satisfactory for measurement
of the ECGs of small children. Programs usually
succeeded in ECG wave recognition, and amplitude
and duration measurements then were very accu-
rate. However, wave recognition was sometimes
faulty, and gross measurement errors then oc-
curred.

We used a modified version of the Mayo Clinic
Computer Program }17] to obtain fast and precise
measuremenis but monitored the resunlis visvally
and corrected the measurements when wave recog-
nition was seen to be faulty. Thus, a relatively fast
analysis of the large ECG data files of the present
study became possible, with a satisfactory degree of
precision and accuracy.

Methods and Study Popuiation

Selection and Characteristics of the Study
Population

The population studied consisted of 2,141 white children aged ©
to 16 years. The source of newborn infants was a large obstetric
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service and of the other age groups either well-child clinics or
primary and secondary public schools in Montreal. Schools and
clinics were selected to make the population representative of
the middle socioeconomic groups. The total population was di-
vided into 12 age groups (Table 1). Seven of the 12 age groups
were composed of children in the first year of life because this is
when changes in the ECG are greatest. However, in the age
groups from 1 week to 6 months the number of subjects is smaller
than in the other age groups because mothers were reluctant to
bring their child to a well-baby clinic. All children underwent a
complete physical examination and were included in the study
only if no disease was found.

The anthropometric characteristics of the population, namely,
weight, height, and body surface area vs age, are reported in
Tables 2, 3, and 4. The body surface area was calculated using
the DuBois equation, with the correction factor introduced by
Boyd [1]. Data for weight and height at different ages for our
sample corresponded reasonably well with those already pub-
lished for the North American population [18].

Table 1. Age and sex distribution of the study population.

Group Age? Male Female Total
1 0 to 24 hours 85 104 189
2 1to 3 days 85 94 179
3 3to7 days 88 93 181
4 1to 4 weeks 59 60 119
5 1to 3 months 51 64 115
6 3 to 6 months 4 65 109
7 6to 12 months 60 78 138
8 1to 3 years 94 98 192
9 3to S years 114 98 212

10 5to 8 years 114 112 226

11 8to 12 years 110 124 234

12 12 to 16 years 105 142 247

Total 1,009 1,132 2,141

2 The term ‘‘to’’ specifies the upper limit of each age range in the
sense of ‘‘less than'' logic. For instance, age group 2 (1 to 3
days), includes children from 24 to less than 72 hours.

Table 2, Weight (kilograms) by age-group
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Recording Techniques

Conventional limb and precordial leads were recorded in all sub-
jects. In agreement with common pediatric practice, lead V3 of
the conventional lead system was replaced by V3R.

Five-millimeter-diameter Hewlett Packard electrodes were
used. Great care was taken to avoid electrical contact between
adjacent electrodes when placing the electrodes and applying the
paste. Each tracing was repeated, if necessary, until judged by
the technician to be of good quality.

Recordings were made using a three-channel Marquette con-
sole model C-242. The frequency response of this recorder is DC
to 250 Hz (-3 db point), with an input impedance of 50 meg-
ohms. The console was coupled with an Ampex model C-602 FM
recorder. This configuration permitted the technician to check
the quality of the record on paper at the same time it was record-
ed on magnetic tape. Each subject was assigned an identification
code that included age, weight, height, and sex. The FM record-
ings of the ECGs were intermittently transmitted through a tele-
phone line for signal preprocessing using an IBM 1800 computer.

Analog-to-digital conversion was performed at a sampling rate
of 1,000/sec, ie, 333/sec/channel. The computer program used for
data acquisition and measurement of the 12-lead ECG was a
modified version of the Mayo Clinic Program [17]. This program
was originally designed for analysis of the orthogonal Frank-lead
ECGs, and changes were necessary to adapt it to the convention-
al 12-lead ECG of children. Amplitude measurements were made
using the PR segment as reference for the baseline. The measure-
ments are made from a single P-QRS-T cycle representative of
the majority-type (normal) complex.

Verification of Amplitude and Duration
Measurements

After ECG wave amplitude and duration were determined by the
aforementioned program, the values were stored on punched
cards and analyzed using a CDC 7400 computer. Visual veri-
fication using a magnifier was systematically performed on all
data in the upper and lower decile in each age group from which
graphs and tables were later constructed. In instances of poor
quality records, the measurement was discarded. When the wave
was easily measurable by visual inspection and there was a com-

Age Number of Mean Stand. Percentile
subjects deviat.

2% 5% 25% 50% 75% 95% 98%
0to 24 hours 189 33 0.4 2.4 2.6 2.9 33 3.6 4.0 4.1
1to 3 days 179 3.3 0.4 2.5 2.7 3.0 3.2 35 3.9 4.0
3to7 days 181 3.2 0.5 2.3 2.4 2.9 3.2 3.5 4.0 4.3
1to 4 weeks 119 3.5 0.5 2.3 2.6 3.1 3.6 39 4.4 4.6
1 to 3 months 115 4.8 0.9 2.6 3.5 4.0 4.8 5.5 6.0 6.7
3 to 6 months 109 6.6 1.3 4.5 4.9 57 6.8 7.2 8.6 10.0
6 to 12 months 138 8.7 1.3 5.9 6.4 7.8 8.8 9.5 11.1 11.6
1to 3 years 192 12.4 2.0 7.7 8.0 10.0 12.5 15.0 17.0 17.3
3to 5 years 212 16.1 24 11.0 12.6 14.0 15.8 17.8 22.0 23.9
5to 8 years 226 20.9 37 13.0 13.9 18.2 20.5 23.2 27.3 31.4
8to 12 years 234 31.1 7.7 18.8 20.9 25.5 29.9 35.8 47.7 53.8
12 to 16 years 247 47.8 10.2 32.1 34.4 40.0 46.2 54.6 65.3 73.6
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g;‘;esrt‘wave-}recognition error, the' visu?.lly determined valfw was
sep ar;tuted in the data file. This visual 1nspection_was carried out
adjuq'te‘y by two observers, and a tore experienced observer
init‘a]“-:ated whenever there were differences between the two
1al independent measurements.

. ec:rcause .amplimde distartions produc;ed by a direc.t-writing
ameﬂ;"fafdlOgraph can be large, depending on the writing char-
Stituﬁgncs of the‘recorder and the ECG wave form, ag sub-
When & fﬁl“amphtudes measureq by the computer were made
mengs e differences betwec;n visnal and compuier measure-
V1o were less than a’pproxxmately 10% for large waves ot‘50
cqui T small waves.. With improved standards of ECG'recordmg
o vi‘;lem: the fidefity of ECG recovfds has in genera( \mpr_oved.
in by €r, in actual operating conditions most instruments in use
Whenst%lms can producg fanrly large distortions. [;xs a result,
Sureq Ee baseline or tracing width is too large, the visually mea-
are 'I‘h'CG wave durations may seem to be Jess than they really
You'n q 1S efror i pz?mcmaﬂy pronounced with certain types of
*el‘esjl Pressurized-ink stylus recorders [14). Substantial hys-
§ errors can produce a considerable bias toward reduced
amplitudes even with the most modern direct-writing elec-

r . 5 .
Ocardiographs. For this reason, amplitude measurements in a

T .
able 3, Height (centimeters) by age-gronp
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given medical center may be lower than ours, which are based on
more accurate and precise computer measurements. The dif-
ferences between visual and computer measurements may be-
come less, with a general improvement in the fidefity of ECG
machines.

Differences Between Computer and Visual
Measurements of Selected ECG Amplitudes
and Intervals

Table 5 shows a comparison between visual reading of tracings
abtained with the Marquette console from 24 children, two from
each age group, and computer measurements of selected waves
from the same children. There is a reasonable agreement for PR,
QRS, and QT intervals, computer measurements being 4 to 6§
msec greater than visual measurements. The greatest difference
is for P wave duration where the computer measurement is on
the average 16 msec longer. For amplitudes, visual measure-
ments are consistently less than computer measurements. The
relative errar for R and T mean amplitude is of the order of 10%
and somewhat greater for P waves. Table S shows that the mean

Age Number of Mean Stand. Percentile
subjects deviat,
2% 5% 25% 50% 75% 95% 9%
‘1’20 24 hours 189 51 2.2 46 47 49 51 52 54 56
3103 days 179 5 2.0 46 47 49 53 52 54 54
“07 days 181 50 2.0 47 43 49 50 52 54 56
X tﬂ 4 weeks 119 51 3.0 45 43 49 51 53 56 58
t°3 months 115 56 47 45 48 53 56 59 63 68
p 10 6 months 109 63 5.9 55 s6 60 63 66 71 75
“0 12 months 138 7 50 60 61 67 7’ 77 81 87
10 3 years 192 85 73 70 72 81 86 92 99 100
s lg 3 Years 212 101 6.0 86 % 95 101 106 112 17
b years 226 115 16 101 102 110 115 120 129 133
21 2 years 234 135 9.6 113 117 127 134 141 153 158
@ ¥ years 247 154 8.7 137 140 148 154 160 169 173
Tabye 4, Body surface area (square metres) by age-group
‘\\H‘M‘
A Number of Mean Stand. Percentife
subjects deviat.
2% 5% 25% 50% 5% 95% 958%
‘1} ;g §4 hours 189 0.20 0.02 0.17 0.18 0.19 0.20 0.21 0.23 0.24
Vigs days 179 0.20 0.02 0.17 0.18 0.19 0.20 0.21 0.23 0.23
o4 days 181 0.20 0.02 0.17 0.17 0.19 0.20 9.21 0.23 0.24
o weeks 119 0.21 0.02 0.16 0.18 0.19 0.21 0.23 0.25 0.25
months s 0.26 0.03 0.17 0.21 0.23 0.26 0.28 0.31 0.32
tg? months 108 0.32 0.04 0.26 0.27 0.29 0.32 035 0.38 0.42
T 32 months 138 0.44 0.04 0.30 0.31 0.36 0.42 0.50 0.58 0.59
34 SV 192 0.57 0.07 0.35 0.43 0.49 0.55 0.62 0.72 0.74
o8 Years 212 0.69 0.07 0.50 0.56 0.64 0.69 0.713 0.86 0.89
810 g cars 226 0.83 0.10 0.61 0.63 0.76 0.82 0.89 1.02 1.04
Ri1p 18 234 1.09 0.17 0.77 0.81 0.95 1.06 119 1.43 1.53
Years 247 1.43 0.17 1.4 1.18 1.30 1.41 1.57 1.73 1.84
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difference for the R wave amplitude in V5 can be expected to
exceed 20% of its absolute value in 5% of records. This suggests
that channel saturation or clipping of tall R waves can take place
in paper tracings.

Reproducibility of ECG Measurements

To evaluate total variability of all components of the system, in-
cluding electrode placement as well as other biological and tech-
nical sources of variation, the ECG was repeated after a short
interval in 50 children, 25 from the age group 3 to 7 days and 25
from the age group 12 to 16 years. At first, the electrode replace-
ment procedure may not have been entirely blind, although our
initial procedure called for a several-hour interval between the

Table 8. Differences between computer and visual measurements
of selected ECG amplitudes and intervals in a group of 24 chil-
dren.

Measurement Lead Mean difference® S.D.»
P amplitude 11 0.04 0.05
R amplitude Vs 0.21 0.18
S amplitude Vv, 0.21 0.24
T amplitude V., 0.05 0.06
P duration 11 16 15.7
PR interval 11 4 12.5
QRS duration Vv, 5 59
QT interval Vs 6 23.4

a2 A positive value for the mean difference indicates that comput-
er measurement was larger than visual measurement.

b §.D.: Standard deviation of the differences. The amplitudes are
given in millivolts and the intervals in milliseconds.

Table 6. Vanability of selected ECG amplitudes and intervals in
a group of S0 children.

Measurement Lead Percentile difference®
50% 0%
P amplitude 11 0.06 0.12
Q amplitude Vs 0.03 0.07
R amplitude Vs 0.10 0.17
S amplitude V. 0.12 0.24
T amplitude Vv, 0.19 0.24
P duration I 25 60
PR duration * 21 43
QRS duration \A 6 18
QT duration Vs 36 72

* Second longest PR interval in frontal plane leads.

2 The recording, inciuding electrode placement, was repeated
within a few minutes. The absolute differences between paired
measurements were determined and are expressed by their medi-
an (50th percentile) and 90th percentile values. The amplitude
differences are given in millivolts and the duration differences in
milliseconds.
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two recordings; the slight red circle from the adhesive tape of the
electrodes was still visible after several hours in some cases. O
the other hand, if the excess paste was removed immediately
after taking off the electrodes, marks made by the electrodes
were not distinguishable because the whole area was slightly hy-
peremic. Consequently, the electrodes were replaced within &
few minutes after the first recording. The results in Table 6 ob-
tained using the latter procedure indicate that biological and
technical short-range variations constitute the greatest source of
error, exceeding the differences observed between visual and
computer measurements. Electrode placement variation is prob-
ably the greatest source of short-range, age-independent ECG
variation in clinical applications.

Sample Size Considerations

The number of subjects in each group is an important determi-
nant of the confidence limits for various distributions of ECG
measurements. Table 7 lists standard deviations of the mean and
95th and 98th percentiles as a function of sample size, assuming 3
normal distribution, for selected ECG measurements. The values
suggest that it is desirable to have more than 100 subjects to se-
cure 98th percentile limits for the most important ECG variable,
especially since their frequency distribution often is not normal.

Data Analysis

The relation between ECG wave amplitudes and durations as
well as some other ECG indices commonly used in pediatric car-
diology and heart rate, age, height, weight, body surface area,
and sex were studied. A total of 461 tables and graphs were pro-
duced. Figure 18 is a representative graph, On the horizontal axis
are the different age ranges and on the vertical axis the scale for
the variable studied; in this example, the amplitude of the R
wave is expressed in millivolts. Each continuous line indicates &
given percentile limit interpolated from age group to age group,
ranging from the second to the 98th percentile values. The mean
value for each age group is indicated by an . At the top of the
graph, the first row indicates the total number of subjects studied
in each group for that particular variable. Below this are figures
giving the minimum and maximum values observed.

We believe this is a good way to concentrate a large amount of
information in an easily understandable form. These graphs also
facilitate serial ECG comparisons, permitting the physician to
decide whether observed ECG changes can be attributed to the
normal evolution with age. This is also a simple way to present
an asymmetric distribution, which many ECG variables have.
However, the time scale provided is neither linear nor continu-
ous. The percentiles given in each age range are for all the children
in that range combined, the most reliable values probably being
those at the median age for the group. The exact ages at which 2
given ECG value first falls below or rises above, say, the second
or 98th percentiles cannot be determined from these graphs.
Where a percentile line is ‘‘smooth,”’ it seems reasonable t0
place more reliance on it than where it is *‘unsmooth,” ie, where
there are inconsistent differences between adjacent age ranges-

In addition to the percentile charts, an equal number of tables
were made showing the distributions of data in more detail.
These tables are not reproduced here but are available from the
authors on request,
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Table 7, The dependence of the confidence limits on the sample size®

P arameter Mean  SE sample size SD 95th% sample size SD 98th% sample size
20 50 100 200 20 50 100 200 20 50 100 200
Pllll?mplit}:de 15 011 0075  .0050  .0035 023 015  .010 .0073 .031 .022 .014 .010
amplitude A2 029 018 013 .0092 060  .037  .021 .019 .083  .051 .037 .026
a\g l‘;mplin.xde 1.9 13 .082 .058 .041 21 17 12 .09 .37 24 .17 .12
amplitude 35 .11 .066 047 .033 23 .14 .10 .07 31 19 .13 .09
14 amplitude 40 049 03] 022 .015 .10 065 046 032 .14 088 .063 .043
linterval 114 4.0 2.5 1.7 1.2 8.4 5.3 3.6 2.5 11.5 72 49 34
Vyinterval 299 4.9 3.1 2.2 1.5 10.2 6.5 4.6 3.1 14.1 89 63 43
QHSI Xa duration 56 1.9 1.2 86 61 40 25 1.8 13 55 34 25 18
Uration 103 1.7 1.0 .74 .52 3.6 2.1 1.6 1.1 4.9 29 2.1 1.5

a
selli.xpressed as standard deviation of the mean (standard error, SE) and the standard deviation (SD) of the 95th and 98th percentiles for
€cted ECG measurements.

__ 8 -
SE‘\‘andSD=————-—P(1 p) 8

, where 8 = SD of the parameter, p = percentile and f = probability density of normal

v'n f(p) \/;
distr, ibution.
Table 8. Sex differences in R wave amplitudes in age group 12 to
Results 16 years.

T Lead Sex® Mean® SD Percentile limit
Within normal limits’’ refers to values between

t . .
® second and 98th percentiles in each age range. 02% 05% 50% 95% 98%
aVR girls 0.11 0.11 0.00 0.01 0.09 0.35 0.40
Heqgyy Rate (Fig. 1) boys 0.13 0.12 0.00 0.01 0.12 037 042
D  0.02NS
The i aVL girls 0.23 0.18 0.01 003 0.8 0.62 0.70
of li;nean heart rate increases between the first day boys 0.23 020 001 002 019 0.60 0.86
cre € and about 1 month of age and slowly Qe- D 0.00 NS
v ases from about 3 months onward. There is wide aVF  girls  0.96 0.33 027 035 095 1.53 1.66
aMability of heart rate in all age groups. The high- boys 1.05 0.41 0.17 033 1.06 1.73 2.04
o ameam heart rates occur between 1 and 3 months v D l g-gg NS 023 001 006 035 085 09
ge, Wit . n arl 1 BITis . . . . . . .
150/min ha mean value in that age range of nearly boys 044 025 0.02 005 042 094 1.03
) D 0.07*
V, girls 0.92 0.36 0.28 0.36 087 163 172
Fr boys 1.11 040 023 0.44 111 179 194
Ontal Plane QRS Angle (Fig. 2) D 0.19%*
h Vv, girls 1.76 0.57 0.61 076 174 279 3.32
e‘;tf.rontal plane angle is the conventional mean ll;oys g-gg*** 072 111 136 2.55 3.81 3.54
rlcal H : o o : B
and 1gqe ta)uls], with 0° to the left, 90° vertical down, v iye 16 050 063 083 163 273 2.9
O the right. boys 2.40 0.60 1.09 129 241 3.39 347
bet € mean value of the QRS frontal plane angle D 0.74%%*
crew‘?en 0 to 7 days is about 135°, progressively de- Ve girls 1.23 030 0.59 072 122 178 191
asing to about 60° in the age range 3 to 6 months boys 1.58 0.40 0.80 1.01 1.59 223 241
and D 0.35%x

Temaining relatively unchanged thereafter.

a Mean values (millivolts), standard deviations (SD) and percen-

PR, ile limits are listed separately for 105 boys and 142 girls. D =
R nterval (Fig. 3and 4) :::plllitude difference (bl:)ys -ygirls) Y #
The me . ) . ".*** = p value < 0.0001, * = p < 0.05, NS = non-significant
age of 3an PR interval changes little until about the difference.
. > months and then gradually increases (Fig.
rate &mllarly mean PR interval increases as heart intervals around the mean at different ages and dif-

€Creases (Fig. 4). However, the scatter of PR ferent heart rates is very large.
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QRS Duration (Fig. 5)

QRS duration was measured in lead V5 (Fig. 5) be-
cause, in our series, V5 is one of the leads where the
beginning of QRS seems more sharply defined and
thus easier to identify. The values for QRS dura-
tions measured by the computer from V2 were
about 10 to 15 msec longer. The QRS duration mea-
sured by computer using multiple, simultaneously
recorded leads can be expected to be wider than
that measured using a single lead because the begin-
ning or end of the QRS may deviate from the base-
line only slightly or not at all, in some leads.

QT Duration (Fig. 6, and 7)

The mean QT duration decreases steadily with in-
creasing heart rate (Fig. 6). The nonlinear relation-
ship between QT duration and age (Fig. 7) roughly
corresponds to the relationship expected from the
variation of heart rate with age; the scatter of QT
duration is particularly large in the younger age
groups, probably reflecting the wide variation in
heart rate. The corrected QT (QT/\/RR) was also
calculated. It was found that the mean value of the
corrected QT interval remains at about 0.40
throughout all age groups studied. In 95% of the
subjects, the corrected QT interval is less than 0.45
and in 98% less than 0.48, with the exception of the
first day of life where the values are slightly higher.

P Wave Amplitude (Fig. 8)

Mean P amplitude in lead I remains remarkably un-
changed from birth until at least 16 years of age.
After 6 to 12 months, the 98th percentile is 0.25 mV,
whereas slightly higher extreme values (up to 0.3
mV) can be seen in younger subjects. In several age
groups, negative P waves were occasionally found.
These may represent ectopic atrial rhythms but
were not excluded from the group of normal sub-
jects because it was assumed that they would not
significantly influence the percentile distribution
curves because of their rarity.

Q Wave Amplitude (Fig. 9 to 12)

Q amplitude distributions according to age are
shown in Fig. 9 to 12 for leads III, AVF, V5, and
V6. In contrast to adult ECGs, fairly large ampli-
tude Q waves are seen in children. For instance, in
lead III the 98th percentile exceeds 0.45 mV until
the age range 1 to 3 years. In lead V5 and V6 promi-

Pediatric Cardiology Vol. 1, No. 2, 1979/80

nent Q waves can be present at least up to the age
range 12 to 16 years. Twenty-five percent of normal
newborns have no Q wave in lead V6 (Fig. 12). AQ
wave was found in V1 only once; V1 showed a QS
wave in a one 3-day-old child, but at 3 months the
EGC pattern was normal.

R Wave Amplitude (Fig. 13to 19)

Amplitude distributions of the R wave according to
age in a VR, V3R, V1, V2, V4, V5, and V6 are
shown in Fig. 13 to 19. The scatter for extreme val-
ues is larger in the younger age groups. There is a
sharp reduction in the upper normal limits with age.
Minimal values indicated as 0 in this table mean that
any R wave is not greater than 20 uV.

The amplitude of the mean R wave decreases pro-
gressively in V3R, with concomitant decrease in the
normal range. The upper normal limits for R in V3R
are very high, with maximum values about 2 mV in
the first two age ranges. As can be expected, the
mean amplitude of R wave in the right chest leads
(Fig. 14 and 15) decreases with age, whereas in the
left leads (Fig. 18 and 19) there is a gradual increase
in this amplitude. In all age groups extreme values
for the R wave were seen, especially in V5; the
highest value, 4.6 mV, occurred in the 8- to 12-year
age group.

R wave amplitude distributions were studied sep-
arately in all age groups stratified by sex. Some
highly significant differences were observed within
the age group 12 to 16 years. Table 8 summarizes
the mean differences between R wave amplitudes.
The normal percentile limits are listed for boys and
girls separately. No significant R wave amplitude
differences were found in the limb leads, whereas
the R wave amplitudes in the anterior and especially
the left chest leads were significantly larger in boys
than in girls. The amplitudes in girls are mainly re-
sponsible for the decline in R wave amplitudes ob-
served in the oldest age group in Fig. 18 and 19,
probably reflecting changes in extracardiac factors
(eg, breast development and greater amount of sub-
cutaneous fat) associated with the puberty.

S Wave Amplitude (Fig. 20 to 25)

Amplitude distributions for the S wave in leads V4
through V6 show, as expected, a progressive ampli-
tude reduction in the left chest leads as age increas-
es. In leads V3R through V2 there is an initial re-
duction of the mean S wave amplitude followed by
an increase after 1 to 3 months.
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TWave Amplitude (Fig. 26 to 30)

In V3R and V1 the mean value for the T wave is
g?Sltwe at birth but becomes negative within the
an?t lt_hree days of life. In the 3j to.7-day'r_ange the T
thep71tude: at the 98th Qer_centlle is positive, but in
Chart- to 30-day range it is negative. Althoggh our
98tk $ do not indicate the exact age at which this
Percentile first becomes negative, it is general-
y agreed that this occurs by the age of 7 days and
at it remains negative until about the age of 5
Years (3 to 8 years in our charts). Our maximum
Ues were negative between 1 month and 3 years
Ut were positive before and after this range. In V2,
12“- T wave can be negative at least until the age of
Years, Over the left chest leads (Fig. 26 and 29),
Wieuinean T wave amplitude increases progressively
e age until 8 to 12 years and then shows a small
in \;‘gase. In a small proportion of cases the T wave
et can be negative at birth but becomes positive
€en 1 and 3 days of age.

Ris Amplitude Ratio (Fig. 31to 34)

In v3r the mean R/S ratio is greater than 1/1 until
ter 1103 months of age; its mean value then be-
omes_ less than 1/1. Up to the age of about 3 years,
rateire IS substantial scatter of normal ve!lues for this
In \?- After that, a ratio exceeding 1/1 is at')normal.
of 161’ R/S ratio can exceed 1/1 at lgast _unpl the age
limit years, and a ratio up to 2/1 is within normal
ati S until the age of 5 to 8 years. As expected, R/S
Wit}? ,‘“Creas'es progressively with age in V5 anq V6
valy INCreasing normal range. Minimal and maximal
t es haVe been omitted from these tables because

¢ fatio loses its practical meaning when either R

Wave are extremely small.

c

S
“M of R and § Amplitudes (Fig. 35 to 38)

The Mean value of the sum of R and S wave ampli-
®S In anterior chest leads changes little with age.
ab:utg 8th percentile for lead V2 decreases from
Iny 46_'3 mV to about 4.8 mV with increasing age.
my It stays stable at a level of approximately 5
€Xcept for a peak between 3 and 6 months

alues up to 5.8 mV are observed.
inle ff Mean value of the sum of R wave arqplituQe
Tight preCOT(‘hal leads plus the S wave amplitude in
untiy Precordial leads remains relatively unchanged
Feach Week-1 month, progressively increases to
2 peak value in the group from 8 to 12 years,

h .
0 declineg (Fig. 37 and 38).

Where v
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OR Interval (Ventricular Activation Time) (Fig. 39)

The QR interval measured from the beginning of the
Q wave to the peak of the R wave in V5 increases
progressively from a mean value of 18 msec at birth
to 32 msec in the age group 12 to 16 years. The
range of normal value is fairly narrow in all age
groups. A deviation from the mean exceeding
roughly 10 msec is outside the normal range.

ORS Transition Zone

The location of the QRS transition zone was also
investigated. It was found that the location of the
transition zone is extremely variable, and graphic
presentation was not considered useful.

Discussion

The evolution and progression of the ECG and vec-
torcardiogram from birth to adolescence in normal
children have been discussed by many authors, no-
tably Liebman [7], Ziegler [20], Liebman and
Plonsey [8], McCammon [9], and Rautaharju et al
[13].

In the interpretation of children’s ECGs, one
practical need preponderates: In what proportion of
normal children of the same age is the observed val-
ue for a given measurement expected to occur? The
charts provided here should enable that need to be
fulfilled if high-fidelity records are used.

ECG patterns and the normal limits for ECG
measurements determined for clinically healthy
children change markedly with age. An example of
the striking differences between children and adult
ECGs is seen in Fig. 37, representing the sum of R
wave amplitude in V5 and S in V2. The sum of these
waves exceed 3.5 mV in more than 80% of the chil-
dren of the 5- to-8-year group. This value is much
less frequent in adults and in them is a criterion of
left ventricular hypertrophy.

It is of interest to examine some diagnostic cri-
teria used by pediatric cardiologists in ECG inter-
pretation. The pathological significance of a Q wave
in V3R or V1 at any age [19] or a positive T wave in
these leads after the first few days of life in younger
children [21] is reemphasized by our findings. A
positive T wave in V1 is above the 98th percentile
between the first week of life and the range 3 to §
years (Fig. 27). Its occurrence at 1 month of age, as
reported by Rosen and Gardberg [15], is certainly
exceptional. By the age of 5 years, positive T waves
in V1 are becoming more and more common.

The R/S amplitude ratio in V1 is considered use-
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ful in the diagnosis of right ventricular hypertrophy
in children. Our data suggest that a criterion of nor-
mality currently used [5] may need revision. An R/S
ratio of 2/1 is still within normal limits in the age
group S to 8 years, as is a ratio of 1.6/1 in the groups
from 8 to 16 years (Fig. 32).

The presence of large R and S waves in the mid-
precordial leads is generally considered a sign of bi-
ventricular hypertrophy [4]. However, the value of
5 mV for the sum of R and S amplitudes suggested
as a criterion for biventricular hypertrophy by Elliot
et al [2] is below our 98th percentile at least up to
about 8 years in V2 (Fig. 35) and at most ages in V4
(Fig. 36). The value of 6 mV proposed by Namin
[11} is more plausible, being above our 98th per-
centile after 3 to 7 days of age, although we had
some maximum values greater than this in V2 and
even more in V4,

In the age group from 8 to 16 years, SmV is above
our 98th percentile in both V2 and V4.

Q waves in V5 or V6 greater than 0.4 mV, alone
or in association with tall symmetrical T waves, are
generally accepted as a sign of left ventricular hy-
pertrophy [S, 6, 10]. In our study (Fig. 12) 0.3 milli-
volts for Q wave amplitude in V6 is above the 98th
percentile up to 1 to 3 years and after 8 to 12 years.
In V5, a Q wave up to 0.4 mV is within normal lim-
its in the age groups from about 1 to about 8 years
(Fig. 11).

Left ventricular hypertrophy is also believed to
be likely when the sum of R in V6 and S in V1 ex-
ceeds 5 mV at any age [6, 10, 12]. Our data are con-
sistent with that belief in that 5 mV was above the
98th percentile in all age ranges and very few maxi-
mum values exceed 5 mV. Perhaps an even lower
voltage should be used, even in the age range Sto 8
years in which the highest values are found. High-
amplitude R waves in the left precordial leads are
relatively common, especially between about 5 to
12 years when the mean values exceed 2.5 mV.
Therefore, the charts for these leads should be
checked before an R wave is declared above normal
limits and left ventricular hypertrophy invoked. The
aforementioned comments regarding amplitude cri-
teria for ventricular hypertrophy relate only to the
specificity of these criteria. No conclusions regard-
ing their sensitivity can be drawn from our study.

We would also like to caution users of our charts
not to place too much emphasis on the extreme min-
imal and maximal values given for each measure-
ment. These values depend heavily on the sample
size, and with a large number of observations occa-
sional anomalous or even erroneous values cannot
be easily eliminated in this type of study. On the
other hand, with a large sample these occasional
deviant values will not significantly influence the
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confidence limits for percentile values.

A potential technical limitation of our study is the
relatively low sampling rate used in the analog-to-
digital conversion. The sampling rate of 333 per
channel corresponds to the Nyquist frequency of
about 166 Hz. It is conceivable that there are high-
er-frequency components in the ECGs of young
children. It is not known whether such higher-fre-
quency components contain significant energy or
significant medical information. In future ECG
studies in children, therefore, it may be desirable to
use a higher sampling rate. Despite this possible
limitation, the present study represents an improve-
ment in signal fidelity and measurement precision in
comparison with analyses performed from direct-
writing electrocardiograph tracings, as is evident
from Table 5.

Of special concern is the limited reproducibility
of ECG measurements observed in our test group of
50 children (Table 6). The variability in records re-
peated at short intervals is substantial. To a large
extent, this variability is caused by variations in
electrode placement. It is likely that the normal lim-
its would be narrower if the magnitude of this error
source could be reduced. This is an important tech-
nical problem that seems to warrant further studies.

As indicated in Table 7, the sample size of the
different age groups in the present study seems ade-
quate for reliable determination of normal percent-
iles, including the second and 98th percentile val-
ues. These sample size calculations assume a nor-
mal distribution; greater or smaller sample sizes
may be needed for the extreme percentiles where
the distributions are grossly nonnormal, eg, R/S ra-
tio in V1. To our knowledge, this is the first time
that limits for 96% normal range for infants and chil-
dren have been determined using such large homog-
enous samples in all age groups. Previous reports
have presented 90% normal range because of in-
sufficient sample size for reliably determining 96%
ranges. The utility of 90% limits is less because one
tenth of normal children would be outside these lim-
its for each variable used. While stratification of the
different age groups according to anthropometric
variables such as height, weight, and body surface
area would presumably narrow normal ranges, it
was believed that this would be too complicated for
general application. In the oldest age group the
stratification according to sex seems important be-
cause of significant sex-related differences in R
wave amplitndes. Also sample size needs to be
larger if different age groups are stratified as in-
dicated previously, and since all of these anthropo-
metric variables are strongly correlated with age,
the additional data would include much redundant
information. It is conceivable, however, that in the
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irl;ture multiple correlation techniques will further
Prove the computer analysis of pediatric ECGs.
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