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Left ventricular output during postnatal circulatory
adaptation in healthy infants born at full term
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SUMMARY Left ventricular output was measured non-invasively at predefined time intervals
from <15 minutes to 72 hours after birth in 16 infants who had been born at full term. The blood
flow velocity in the ascending aorta was measured by a range gated Doppler technique and
multiplied by the cross sectional diameter measured by cross sectional and M mode
echocardiography. Left ventricular output remained high in the first two hours, 235-243 ml/min/kg,
despite a 10% decrease in heart rate. The fall in heart rate was compensated for by a 15%
increase in stroke volume. Between 2 and 24 hours there was a significant fall in mean (SD)
left ventricular output to 187 (35) ml/min/kg caused mainly by a reduction in stroke volume. The
fall in left ventricle output after two hours may reflect an adaptation to the decreased demand
on the left ventricle as the ductus constricts.

Postnatal circulatory transition entails fundamental
changes in the systemic and pulmonary cir-
culations.' During fetal life the two ventricles work
in parallel, the left ventricle mainly supplying the
upper body with blood, particularly the myocardium
and the brain. After birth and completed circulatory
transition, the left ventricular output provides all
systemic perfusion. This leads to an increased
volume demand on the left ventricle.1 The physio-
logical left to right shunt through the open ductus
arteriosus soon after birth may also contribute to an
increased volume load on the left ventricle.
The ability to increase output by increased stroke

volume is thought to be limited in the fetus and
newborn because of lower myocardial compliance2
and contractile reserve3 compared with the adult.
Despite this, left ventricular output in the lamb is
more than doubled after birth.4 Because non-
invasive methods of investigation have been
developed relatively recently, most of our know-
ledge about the haemodynamic changes after birth is
based on studies in animals. With ultrasound
imaging and Doppler techniques left ventricular
output can now be studied non-invasively in new-
born infants as well. Several non-invasive studies
have been carried out in the postnatal period but in
no study has left ventricular output been measured
directly after birth.7
The aim of this investigation was to study the

postnatal changes in the left ventricular output of

newborn infants by frequent measurements at pre-
cise time intervals starting almost immediately after
birth.

Subjects and methods

Sixteen healthy infants born at full term, each with a
normal neonatal course, were studied. Infants born
by elective caesarean sections were chosen so that
the first recording could be made within 15 minutes
of the birth. Indications for caesarean section were:
cephalopelvic disproportion, breech presentation,
and previous caesarean section. Maternal epidural
anaesthesia (bupivacaine) was used in 13 cases, and
general anaesthesia (barbiturates, halothane, and
nitrous oxide) in three cases.
Blood samples were taken at birth from the

umbilical arteries of the double clamped cord for
measurement of pH and packed cell volume. A
combined range gated and continuous multifre-
quency Doppler velocimeter (ALFRED, Vingmed
A/S) was used to measure blood flow velocities in
the ascending aorta. A high pass filter was set at 400
Hz to reduce noise from vessel wall motions. With
the infant supine under a radiant warmer, the
5 MHz transducer with a tip 8 mm in diameter was
positioned in the suprasternal notch. Guided by the
audio signal, the transducer was directed towards
the ascending aorta. The echoes from the aortic
valves were identified and the sample volume, with
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a length of 4 mm, was placed 5-10 mm above the
valves. Care was taken to find the most high pitched
frequencies by small changes in the probe angle.
The space average velocity (the average over the
cross section of the aorta) (fig 1) and the temporal
mean of the space average velocity signals were
recorded on an oscillograph (Mingograph 34,
Siemens Elema). A stable recording over 20-30
heart beats with the highest Doppler shift was
selected, and the corresponding mean flow velocity
was determined.

Cross sectional and M mode echocardiography
were performed immediately after each Doppler
recording using a 7-5 MHz sector scanner and an
echocardiograph (Technicare). The end systolic
internal diameter (trailing edge to leading edge) of
the ascending aorta, 5-10 mm above the valves, was
measured on a hard copy of the parasternal long axis
M mode recording, and a mean taken over 8-10
consecutive heart beats (fig 2). The calculated cross
sectional area was multiplied by the mean flow

Fig 1 Average cross sectionalflow velocity recording from
ascending aorta.

velocity, and divided by the body weight to give left
ventricular output in ml/min/kg. Stroke volume was
calculated by dividing left ventricular output by
heart rate. Blood pressure was measured non-
invasively in connection with each Doppler record-
ing using the oscillometric technique (Omega 1400,
In Vivo Research Laboratories). The width of the
cuff on the right upper arm was carefully chosen to
minimise errors.8

All recordings on the same infant were made by
the same investigator, and were performed at <15
minutes, 30 minutes, 2 hours, 5 hours (4-6), 24
hours (22-26), and 72 hours (70-74) after birth. The
two last recordings were performed about 30
minutes after feeding. The sleep stage was clinically
assessed as quiet sleep or rapid eye movement sleep.
Informed consent was obtained from the parents
before delivery, and the study was approved by the
local committee of ethics. The statistical evaluation
was made by multifactorial analysis of variance,
using a model where individual subjects, postnatal
age, and sleep stage were sources of variation.
Tukey's hourly significant difference test was used
for multiple comparisons of means.9
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Fig 2 Long axis M mode recordingfrom ascending aorta
(Ao), and left atrium (LA). Measurement ofinternal
aortic diameter (d) in end systole.

Fig 3 Mean (SD) left ventricular output, stroke volume,
heart rate, and arterial blood pressure during postnatal
circulatory adaptation in 16 healthy infants born atfull
term.
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Results

Each infant was healthy and had a normal neonatal
course. Mean (SD) gestational age was 38-5 (0.7)
weeks and birth weight was 3370 (344) g. Umbilical
arterial blood pH and packed cell volume were 7-32
(0.04), and 0*46 (0-05), respectively. Recordings
were obtained on all occasions in all infants. The
Doppler measurements were made at a sampling
depth of 3-3 (0-3) cm.
Mean left ventricular output, stroke volume,

heart rate, and arterial blood pressure are shown in
fig 3. Heart rate decreased with increasing age and
was significantly lower at 2 hours than at birth
(p<001). Blood pressure did not change signifi-
cantly before 2 hours. Between 2 and 72 hours
systolic, diastolic, and mean pressure rose signi-
ficantly (p<0.01). Pulse pressure decreased from 31
(4.8) to 25 (6-9) mm Hg between 2 and 5 hours
(p<0-01). The mean diameter of the ascending
aorta was 9-8 (1-0) mm. No significant differences in
aortic diameter were obtained between measure-
ments. The variation coefficients for the aortic
diameter measurements varied among the infants
from 2 to 13% (mean 6%).

Left ventricular output remained high for the first
two hours, decreased at five hours in 13 of the 16
infants (p<0-01), and then decreased further until
24 hours in 11/16 infants (p<001). Left ventricular
output was lower (p<001) when the infants were
sleeping but did not differ between quiet and rapid
eye movement sleep. Left ventricular stroke volume
increased from the first measurement to a maximum
at 2 hours (p<0-01), and then decreased until 24
hours (p<0.01).

Discussion

In this study left ventricular output was determined
at several predefined time intervals after birth. The
recording intervals were chosen so that the main
circulatory changes during the normal transition
should be included. Using strictly non-invasive
techniques, minimal stress was inflicted on the
infants and the transition itself should accordingly
not have been disturbed. Only infants born by
caesarean section were included. The lower plasma
catecholamine concentrations found in infants born
this wayl' and the drugs used for maternal anaesthe-
sia might influence both myocardial contractilityll
and left ventricular output.'2 The smaller placental
transfusion during caesarean section could also
affect the cardiovascular state.'3 Differences in left
ventricular output have also been reported. Gessner
et al showed somewhat higher left ventricular output
in vaginally delivered infants compared with those

delivered by caesarean section, but they found no
difference in ductus shunting during the first few
hours after birth. '4
A close correlation has been found between

invasive methods and the Doppler technique for
measurement of cardiac output in newborn and
older infants, although the Doppler does not include
coronary blood flow.5 15 16 We calculated left
ventricular output from the mean flow velocity and
the inner diameter of the ascending aorta. Others
have used the leading edge method (from the
external surface of the anterior aortic wall to the
internal surface of the posterior wall)6 l5 as
proposed by the American Society of Echocardio-
graphy in 1978,'7 as these structures may be easier
to define and should permit more precise measure-
ments in adults. The leading edge method over-
estimates the diameter, and the left ventricular
output, however, by including one vessel wall thick-
ness. With the higher ultrasound frequencies used in
neonates, and with modern ultrasound equipment,
the trailing to leading edge method may be more
appropriate. In spite of this, the mean diameter in
our group was almost the same as that given by
Walther et al in a similar group of infants, using the
leading edge method. 18 The variations in aortic
diameter between measurements probably reflect
errors in method rather than true changes in dia-
meter because there were no systematic changes
over the observation period in our study. Accord-
ingly, the mean diameter of each child was used for
calculation of the left ventricular output. Goldberg
et al did not overestimate left ventricular output with
the leading edge method,5 compared with dye
dilution measurements, which is in contrast to the
results of Mellander et al, who compared thermo-
dilution with different ultrasound methods for
measurement of left ventricular output. 16 Mellander
et al reported that the leading edge method over-
estimated left ventricular output by 30%, compared
with 2% for the inner diameter technique, and gave
a somewhat higher variation. As the velocity profile
in the ascending aorta is not flat,'9 20 using the
maximum flow velocity gives an overestimation of
flow whereas the mean flow velocity produces more
correct results.2' Although the maximum velocity
recording is less dependent on complete insonation
of the vessel, using it in neonates and older infants
gives only a slightly smaller variation, while it
produces a large overestimation of left ventricular
output.16 Hence the product of cross sectional mean
flow velocity and the cross sectional area derived
from the inner diameter should yield the best
measure of the output.
The decrease in heart rate between the first

measurement and 2 hours may reflect hormonal and
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metabolic changes-for example, the end of the
catecholamine surge at birth. Despite this, left
ventricular output remained high. A possible ex-
planation for the sustained high left ventricular
output at 2 hours is that it is a consequence of a left
to right shunt through the open ductus, which other
studies have suggested occurs at this time.14 23 24
This explanation is supported by the decrease in
diastolic blood pressure, and increase in stroke
volume up to 2 hours. From 2 to 5 hours and then to
24 hours, left ventricular output, stroke volume,
and pulse pressure decreased. This favours the con-
cept of a diminishing shunt starting before 5 hours of
age. This seems to occur earlier than expected, but
previous studies with invasive techniques may have
interfered with the normal circulatory transition and
delayed ductus constriction.23 24 Echocardiographic
signs of ductus constriction have also been shown
recently at 4 hours in 80% of healthy infants born at
full term.25 Even though ductal shunting can be
detected non-invasively with the Doppler technique
24 hours after birth in over half of the healthy
infants born at full term,26 this only gives a qualita-
tive measure of the shunt and the time period when
it is haemodynamically important may be much
shorter and occur earlier. At present there is no
available non-invasive technique for accurate
quantitation of the ductus flow, but studies of left
ventricular systolic time intervals also seem to show
early disappearance of a haemodynamically
important ductus shunt.27
The sleep/wake state may also influence left

ventricular output. At the first two recordings the
infants were awake and left ventricular output was
high, whereas at the two last recordings most infants
were asleep and left ventricular output was lower.
Multifactorial analysis of variance, however,
showed that postnatal age had a significant influence
on left ventricular output independent of sleep/wake
state.
The increase in stroke volume compensated for

the fall in heart rate between 30 minutes and 2
hours, and left ventricular output was unchanged.
Between 2 and 24 hours the stroke volume de-
creased, heart rate remained nearly constant, and
left ventricular output declined. Thus left ventricular
output seems to depend more on stroke volume than
on heart rate during this period.

In this study left ventricular output was 237
mlmin/kg at 2 hours and 200 ml/min/kg after 24
hours. These values are of the same magnitude as
has previously been reported in invasive studies.
Gessner et al found left ventricular output to be 233
ml/min/kg between 30 minutes and 2 hours of age in
infants born by caesarean section,'4 and Emma-
nouilides et al reported 209 ml/min/kg in newborn

infants without shunts.28 Previous Doppler studies
have shown somewhat higher left ventricular
output,5 6 probably explained by differences in
signal processing and measurements of the aortic
diameter. If the systemic perfusion (ductus flow
excluded) was maintained at 200 ml/min/kg, the
measured left ventricular output suggests a 15-20%
left to right shunt at 2 hours. If the shunt was larger,
however, it would mean reduced systemic flow at
this age. Whether the systemic perfusion is main-
tained or compromised by the ductus shunt cannot
be determined from our data. The cerebral blood
flow, however, does not seem to be reduced when
assessed in a similar group of infants at the same
time intervals.29
We conclude that left ventricular output remains

high during early postnatal transition in spite of
decreasing heart rate. A fall in left ventricular
output occurs after 2 hours of age, possibly as a
result of decreased demand on the left ventricle as
the ductus constricts.
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