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Abstract

Objectives—To determine normal values
for variables of left ventricular diastolic
function in children measured by
Doppler echocardiography and their
relations to body surface area (BSA).
Background—There is increasing inter-
est in echocardiographic assessment of
left ventricular diastolic function in chil-
dren but normal data for children are
limited.

Methods—Assessment of left ventricular
diastolic function was performed in 130
normal participants (aged from 2-4
months to 19-6 years) from their trans-
mitral flow patterns obtained by pulsed
wave Doppler echocardiography.
Results—Centile charts for commonly
used left ventricular diastolic functional
variables plotted against BSA are pre-
sented. Peak early diastolic filling veloc-
ity and atrial phase filling velocity
integral were independent of BSA.
Although most other filling indices
showed strong relations with BSA, some
had more curvilinear relations with BSA
due to additional interactions with heart
rate. The increase in left ventricular fill-
ing with growth is largely achieved by an
increase in the early “passive” contribu-
tion to filling. The slower heart rates of
older children are associated with lower
atrial phase filling velocities but
increased filling time, so the atrial con-
tribution to filling remains relatively con-
stant.

Conclusions—Normal values of many left
ventricular diastolic function variables
change with growth in children and
cannot be extrapolated from adult data.
The data presented are suitable for use
in size matched matched comparative
studies of left ventricular function in
children. Careful standardisation of
echocardiographic protocols is necessary
to ensure the validity of any comparisons.

(Br Hearr ¥ 1995;73:334-339)
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The accurate assessment of ventricular func-
tion is becoming increasingly important in the
management of children with heart disease,
particularly with improvements in long-term

survival for congenital and acquired heart
disease.

High quality echocardiography equipment
is now in general use. Echocardiography is
readily performed and multiple examinations
are rarely contraindicated. Measures of left
ventricular systolic function obtained by M
mode echocardiography are widely accepted
and used. Their utility, however, is limited in
the presence of regional wall motion abnor-
malities or dyskinesia.' It is also well recog-
nised that symptomatic congestive cardiac
failure may occur despite apparently normal
cardiac function according to these indices in
individuals with predominantly diastolic func-
tional abnormalities.?> There is increasing
interest in the use of Doppler echocardio-
graphy to measure transmitral flow velocity
patterns as an index of left ventricular filling
and hence diastolic function. This may pro-
vide a more global index of myocardial
integrity.*”’

Normal values for diastolic filling para-
meters measured by Doppler echocardio-
graphy have been reported for preterm
infants,® neonates,’ and adults,® "' There are,
however, few data for older infants, children,
and adolescents,'> although these measure-
ments are known to vary markedly with age
and heart rate in adults.”” " There are no data
on the relations of transmitral diastolic filling
patterns to body surface area (BSA) in healthy
children.

Normal values for diastolic left ventricular
function in 130 children and adolescents
under 20 years of age measured by Doppler
echocardiography are presented here.

Patients and methods

Echocardiographic examination of 130
healthy children and adolescents from whom
full clinical histories had been obtained
and cardiovascular examinations performed
was recorded. Height (m), weight (kg), BSA
(m?) and systolic and diastolic blood pressures
(mm Hg) were noted in each case (table 1).
There were 62 girls and 68 boys. Their
ages ranged between 2-4 months and 19:6
(mean 7-52) years, with BSAs between 0:22
and 1-85 (mean 0-94) m? No child had
heart disease, as judged by history, clinical
examination, and echocardiography, and all
had normal systolic left ventricular function.
Four had grade 1 or 2 ejection systolic mur-
murs diagnosed clinically as “innocent” and
confirmed echocardiographically as having no
pathological significance.
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Table I  Cross correlation matrix of transmitral flow variables*

EAcc EAccT  EDec EDecT A EVI AVl EAVI IVRT BSA HR

E 0-68 0 0-31 0-31 0-22 075 0-24 072 -0'16 0 -0:25
EAcc — -0-7 054 -0-13 0-48 0-2 0-32 0-2 -024 -047 0-29
EAccT — — —0-42 0-47 —0-41 046 —0-15 0-4 0-17 063 —063
EDec — — — -0-74 0-41 —-0-27 0 -025 -0 —0-57 0-48
EDecT — - —_ — -0-2 0-8 0-16 0-76 0-43 062 —063
A — — — — — 0 0-86 0-16 —-033 -0-38 0-68
EVI — — — — — — 0-2 0-94 015 045 —0-63
AVI — — — — — — — 044 -—0-14 0 0-38
EAVI — — — — — — — — 013 0-4 -0-5

IVRT — — — — — — — — — 0-56 —0-47
BSA — — — — — — — — — —0-64

*A, Peak atrial phase filling velocity (ms~'); AVI, velocity integral of A wave (cm); BSA, body surface area (m?); E, peak early
phase filling velocity (ms~!); EA, EA ratio (E/A); EAcc, acceleration to peak E (ms2); EAccT, time to peak E (ms); EAVI,
velocity integral of entire transmitral flow complex (cm); EDec, deceleration from peak E (ms-2); EDecT, time from peak E to
baseline (ms); EVI, velocity integral of E wave (cm); HR, heart rate (beats min~'); IVRT, isovolumic relaxation time (ms); VIR,
velocity integral ratio (EVI/EAVI). Table shows values of Pearson’s correlation coefficient (r) for relations between transmitral

flow variables. r Values in bold text denote those with P < 0-001.

Full ethical approval was given for the
study by the Bristol and Weston District
Ethical Committee. Informed consent for
each study was obtained from all parents and
from the participants where appropriate.

ECHOCARDIOGRAPHIC EXAMINATION

Echocardiographic examination was per-
formed in the left lateral semirecumbent posi-
tion whenever possible. Sedation was not used
and some small children were examined only
in a semirecumbent position on their mother’s
lap. Examinations were performed by a single
operator (FAB) using a Hewlett Packard
77020AC ultrasound scanner and recorded
onto videotape. An electrocardiographic trace
(ECG) and phonocardiogram were recorded
simultaneously with the echocardiogram.
Transducer frequency was 3-5 MHz or
5 MHz, either or both being used for each
patient, to provide optimal imaging and
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Figure 1 Standard spectral Doppler trace of velocity against time obtained with the
pulsed wave Doppler sample volume positioned between the tips of the mitral valve leaflets
from the apical four chamber view. Chart speed is 100 mm/s, vertical velocity markers
indicate 0-2 ms™'. Measurements are taken using the line of maximum spectral density. A,
peak atrial phase filling velocity (ms™'); AVI, velocity integral of A wave (¢cm); E, peak
early phase filling velocity (ms”); EAccT, time to peak E (ms); EAVI, velocity mtegral of
entire tr ral flow complex (cm); ECG, electrocardiographic trace; EDecT, time from
peak E 1o baseline (ms); EV V1, velociry integral of E wave (¢cm); Phono’,
phonocardiogram trace; RR, RR interval (s); S2, second heart sound; IVRT, isovolumic
relaxation time (ms).

Doppler ultrasonographic recordings. “Chart
speed” was 100 mm/s for all recordings.

Transmitral flow velocity patterns were
recorded from the apical four chamber view,
with the smallest possible sample volume
being positioned between the tips of the mitral
valve leaflets. Participant and transducer posi-
tion and angulation were adjusted as neces-
sary to provide optimal alignment with
transmitral flow and minimise the angle of
incidence to left ventricular inflow; electronic
angle correction was not used. Wall filter set-
tings were kept to the minimum appropriate.
Colour flow Doppler mapping was sometimes
useful to clarify the spatial resolution of trans-
mitral flow. A minimum of 30 cardiac cycles
were recorded for each participant.

ECHOCARDIOGRAPHIC ANALYSIS

All scans were analysed by a single observer
(FAB) from the previously recorded video-
tapes using the Hewlett Packard “on-line”
analysis software. The mean of measurement
from the five cardiac cycles with the highest
peak early filling velocity (E (ms')) and a
clear atrial phase filling peak (A (ms!)) for
each participant was used for analysis.

Peak E and A velocities were measured and
the EA ratio (E/A) calculated (fig 1).
Duration of acceleration to peak E velocity
and of deceleration from peak E velocity were
measured in milliseconds using linear extrap-
olation of the velocity slopes through the wall
filter to the baseline if necessary. Slope of the E
velocity with time was recorded as the acceler-
ation to and deceleration from (EDec) peak E
velocity (ms?). The pressure half time
(PHTE) (ms) of the deceleration from peak E
velocity was measured using the formula:

PHTE = (E - E/V 2) (1/EDec)

The isovolumic relaxation time (IVRT (ms))
was measured as the time interval between the
first high frequency component of the second
heart sound (recorded on the phonocardio-
gram) and the onset of transmitral flow. The
“areas under the curves” of the E wave (EVI),
A wave, and of the EA complex (EAVI) were
measured in centimetres by planimetry of the
line of maximum density. Where there was
mid-diastolic flow distinct from the E and A
waves it was included in the area under the
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Table 2 Normal percentile values for BSA independent variables

Centiles

10 25 50 75 90
Peak early phase filling velocity (ms~) 07 0-76 0-84 0-91 0-97
Velocity integral of A wave (cm) 2:34 2-82 3-35 3-81 4-36

total flow curve, but not within either the E or
A velocity integrals. The velocity integral ratio
was calculated as EVI/EAVI. The RR interval
(s) during the mitral recordings was also
noted and heart rate (beats min') calculated
as 60/RR.

Results

STATISTICAL ANALYSIS

Univariate analyses confirmed that values of
the study variables principally correlated with
height, weight, BSA, age, heart rate, and sys-
tolic blood pressure. These variables highly
correlated with each other and multivariate
analysis was performed to establish the smallest
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possible set of predictor variables which
described the variations in the study variables.
Forward selection analysis showed that BSA
(or a transformation of BSA) provided such a
model for most study variables and that fur-
ther refinement (and added complexity)
through adjustment for heart rate was of little
additional predictive value. For some vari-
ables, however, inherent curvilinearity in the
data was noted. This finding was related to
heart rate in a univariate model and was prob-
ably the result of the range of normal heart
rates at any given BSA.

RELATION TO GROWTH

Peak E velocity and A velocity integral
appeared largely independent of BSA; their
overall centile range is given in table 2.

There was also little change in diastolic
blood pressure with BSA across this study
group.

The remainder of the diastolic filling vari-
ables significantly correlated with BSA (or a
transformation of BSA). Peak filling veloci-
ties, EA ratio, velocity integrals, and velocity
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Figure 2 Centile charts for the most commonly used Doppler echocardiographic parameters of diastolic function in
relation to body surface area (BSA) calculated using data from 130 normal paricipants. The 10th, 25th, 50th, 75th, and
90th centiles were calculated for children < 0-5 m?, > 1-5 m? and within 0-2 m* BSA groups between these limits and
plotted at the median BSA value for each BSA group. Additional plots for other parameters and the corresponding
numerical data are available on request. A, Peak atrial phase filling velocity; EA, EA ratio (E/A); EVI, velocity integral
of E wave; IVRT, isovolumic relaxation time; PHTE, pressure half time.



integral ratio all had a more linear relationship
with heart rate than with BSA, but the rela-
tion remained weak for peak E velocity and A
velocity integral. Although overall resting
heart rate is inversely proportional to BSA in
healthy children, there is significant variability
and thus, range of normal, for a given BSA.
Therefore the 10th, 25th, 50th, 75th, and
90th centile values for each variable were
calculated for children with BSAs < 0-5 m?,
= 1-5m? and within 0-2m?> BSA groups
from 0-5 to 1-49 m?. Centile plots of the rela-
tion of the most frequently used diastolic vari-
ables with BSA are shown in fig 2. Plots for
the other study variables, and the correspond-
ing numeric data are available from the
authors on request.

Cross correlations between transmitral flow
variables were examined (table 1). The PHTE
from peak E velocity mainly correlated with
BSA (r=0-67), in keeping with its relation
with mitral valve area. IVRT also correlated
with BSA (r = 0-56) and to a lesser degree to
heart rate (r=-0-47) and E deceleration
(r =-0-5), but showed no noteworthy rela-
tion with any other variable.

There were no sex related differences
detectable by comparative regression analysis
in the relations between diastolic filling vari-
ables and BSA.

Discussion

Normal values for left ventricular diastolic fill-
ing variables change with age and this pro-
vides some interesting insights into left
ventricular diastolic function in childhood.
Although in healthy children, BSA and age
are closely correlated, this is frequently not
the case in sick children, including those with
cardiac dysfunction. Normal data are there-
fore presented in relation to body size (BSA)
rather than age.

The change in profile of the transmitral
Doppler flow velocity envelope with growth is
a result of the interdependence of filling vari-
ables (shown in table 1) and their relations
with BSA and heart rate:

— Peak early filling velocity is most strongly
related to the rate of acceleration to peak E,
which depends principally on the atrioventric-
ular pressure gradient."” This is inversely
related (among other factors) to mitral valve
area and therefore also to BSA, but is largely
unrelated to heart rate. Acceleration time is
inversely proportional to heart rate and accel-
eration to peak E. Thus peak E velocity is
largely independent of BSA and only weakly
inversely related to heart rate.

— The velocity integral of the E wave is
strongly correlated with deceleration time
from peak E, which, like acceleration time,
has similar but opposite relations with heart
rate and BSA. As the heart rate decreases
(with increased BSA), total early filling time
lengthens. Therefore, despite little change
in peak E velocity, E velocity integral and
EA velocity integral increase with BSA as
heart rate decreases. These findings are in
agreement with observations!® and pacing
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studies'” '® in adults, although absolute rela-
tions differ. This might simply be the result of
the much wider range of heart rates seen in
the present participants. It might also reflect
true physiological differences, however,
between changes in diastolic function and
alteration of heart rate in the same individual
as opposed to cross sectional relations in the
normal resting state.

— Peak atrial phase filling velocity is not
related to the velocity integral of the E wave
but is principally related to heart rate in this
study. Heart rate is known from studies in
normal adults''® to have a major effect on
peak A velocity and therefore on EA ratio.
This is probably the result of the shorter time
available for early diastolic filling at faster
heart rates,'> with a greater atrioventricular
pressure gradient during atrial systole. The
velocity integral of the A wave is related to
peak A velocity but shows little overall change
with growth.

Thus, the lengthening of diastole at slower
heart rates affects early and atrial phases of
diastolic filling; the prolongation of early fill-
ing time is associated with a lower peak A
velocity, but the constancy of the A velocity
integral suggests that late filling also continues
for longer. The increased total filling at higher
BSAs (and lower heart rates) is therefore
largely the consequence of an increase in the
proportion of left ventricular filling occurring
“passively” during early diastole.

The relation of IVRT to BSA, age, and
deceleration from peak E, with a weaker rela-
tion to heart rate, is largely as expected. With a
larger ventricle and slower heart rate, the time
taken during early diastolic relaxation for left
ventricular pressure to decrease below left
atrial pressure is increased and transmitral
flow begins later. The negative correlation
between IVRT and acceleration to peak E (r >
—0-7) demonstrated in adults by Brecker ez
al® was not found in these children. The
adult group, however, had significant myocar-
dial pathology with inco-ordinate relaxation,
in addition to lower heart rates (the group
mean heart rate was only 75 beats min™).
Such relations are clearly different in healthy
children.

Normal values for PHTE in children have
not previously been reported. This variable is
clearly related to BSA in children, and, as in
adults, may provide a guide to functional
mitral valve area which might be of additional
benefit in the evaluation of mitral stenosis.

These data provide new and potentially
useful information on normal diastolic func-
tion in children. Concerns relating to the
influence of loading conditions on results
obtained as well as to technical factors in data
acquisition, however, must also be addressed.

LOADING CONDITIONS

There is no doubt that transmitral diastolic
flow patterns are affected by loading condi-
tions.’ > By selecting 130 healthy, resting
but unsedated children, the values obtained in
this study incorporate normal variations in
physiological loading conditions without
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pharmacological or physical manipulations, as
reflected in the recorded measurements of
blood pressure and heart rate. When making
comparisons with these normal data, it is
important to be aware that abnormal
loading conditions are often associated
with pathological processes and that either or
both factors may influence the variables
measured.

RESPIRATORY PHASE

It is well recognised that the respiratory phase
may have an effect on transmitral flow pat-
terns.22 There are considerable practical
difficulties involved in obtaining detailed
echocardiographic records from small chil-
dren with ECG leads and a phonocardiogram
attached. The use of a respiratory phase
detector was considered to impose additional
complications which could not be justified
in healthy children. Thus there is no
direct compensation for the respiratory phase
in this study. It was felt, however, that
selection of multiple similar Doppler com-
plexes fulfilling certain predefined criteria—
that is, those with the highest E wave and a
clear A wave, was likely to minimise the
variability due to the respiratory cycle.
These are likely to be expiratory cycles as peak
E velocity decreases during inspiration.?'-?*

SAMPLE VOLUME POSITION

Studies in adults® and infants® have
demonstrated differences in transmitral
flow velocities obtained in the same individual
at different locations within the left ventricu-
lar inflow tract. In common with many
other groups,”” sample volume location was
standardised at the tips of the mitral valve
leaflets. This was because personal experience
suggested greater reproducibility of sample
volume siting at this location and also because
it is suggested that the higher velocities
obtained at this point best reflect the driving
force across the mitral valve.>

REPRODUCIBILITY

Measurement error may arise at the time of
scanning and analysis. The magnitude of
interoperator and interanalyser variability has
been demonstrated to be mainly between 5
and 10% in healthy adults.?*?” OQur own studies
of reproducibility in 22 children with anthra-
cycline cardiomyopathy yielded similar
results, with only random variation for inter-
operator differences. These studies also
demonstrated the potential for small but sig-
nificant systematic variability in data analysis
(for peak E velocity, A velocity integral, and
deceleration time), although there was good
correlation between analysers for all variables.
Careful audit of data analysis results is
required to ensure uniformity of measurement
criteria if scans are to be analysed by more
than one individual. The adult studies?® %" also
addressed within subject variability on differ-
ent days (without controlling for operator)
and noted similar findings; generally 5-10%
variation, with more error for flow time mea-
surements than for absolute velocities.
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Although different sources of measurement
error are not mutually exclusive, the magni-
tude of errors introduced by multiple opera-
tors, analysers, and examinations are likely to
be cumulative. Thus, particularly for serial
studies of individual patients, it is important
to minimise other sources of error by reducing
the number of operators and analysers, prefer-
ably to unity. Moreover, fewer effects of vari-
ability will occur with larger numbers of
participants in such a series.

Conclusions

Standard normal data for healthy children
may be used for comparative purposes in
other studies. Such data are presented graphi-
cally here as centiles for particular BSA inter-
vals. They portray actual observed data
without statistical assumptions and provide a
ready gauge of the degree of departure from
the observed normal range for a given individ-
ual’s function. These may be of particular
value with serial studies of individual patients.

Transmitral diastolic flow patterns are
strongly related to BSA. Some variables, how-
ever, show a degree of additional variability
with resting heart rate. Differential effects of
heart rate variation within the same individual
were not examined here. Comparative studies
of left ventricular function in children require
BSA matching; the effects of heart rate in
pathological situations also need careful con-
sideration.

Doppler echocardiographic assessment of
transmitral flow is relatively simple to per-
form, but the relations of the variables
obtained to diastolic performance are less
clear cut. The normal ranges for children
(who are not small adults) are reported here,
to permit further examination of these vari-
ables in pathological states. When applying
these normal data to clinical or experimental
results, the precise study protocols used and
participants examined will have an important
bearing on their accuracy and relevance. The
relevance of these data in the structurally
abnormal heart is not defined. The variability
of transmitral flow velocity variables means
that in clinical use, standardisation of
echocardiographic examination and analysis
techniques is vitally important. Perhaps
guidelines similar to those of the American
Heart Association for M mode echocardio-
graphy?® are now indicated?
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