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Assessment of right and left ventricular function
in terms of force development with gestational age

in the normal human fetus
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Abstract
Objective-To assess right and left

ventricular systolic function in normal
human fetuses by cross sectional Dop-
pler echocardiography to calculate the
force developed by myocardial shorten-
ing.
Design-Cross sectional echo-

cardiographic images of the aorta and
pulmonary arteries were obtained pros-
pectively in order to measure great ves-
sel diameters and calculate their cross
sectional areas. Doppler velocity signals
were recorded from the proximal aorta
and the proximal pulmonary artery and
digitised to obtain peak velocity,
acceleration time, flow velocity time
integral during acceleration, and the flow
velocity time integral for the whole of
ejection. Right and left ventricular force
development was estimated by Newton's
equation in which force is defined as the
product ofmass and acceleration.
Patients-58 normal human fetuses at

a gestational age offrom 20 to 42 weeks.
Results-The cross sectional area of

the pulmonary artery was 20% greater
than that of the aorta. Aortic accelera-
tion time was longer than that in the
pulmonary artery, and peak blood flow
velocity in the aorta was consistently
greater than that in the pulmonary
artery. Right ventricular stroke volume
was significantly greater than left ven-
tricular stroke volume. The force
developed by the right and left ventricles
was, however, similar throughout the
gestational period studied, increasing
tenfold from 20 weeks' gestation to
term (r = 0'74, p < 0-0001; r = 0 75,
p < 0'0001) respectively.
Conclusion-The development of right

and left ventricular force in the human
fetus is similar in spite of the greater
volume handled by the right ventricle.
This index of ventricular performance
does not require calculation of ven-
tricular volume and because it varies
independently of ventricular geometry
and heart rate it should prove useful in
assessing cardiac function in the normal
human fetus and in fetuses with ven-
tricular dysfunction.

Assessment of right and left ventricular func-
tion in terms of ejection fraction is not feasible
in the human fetus because ventricular cham-

ber volumes are too small to quantify
accurately. Currently the only available
measures of ventricular function in the human
fetus are percent systolic shortening of the
right and left ventricular short axis diameters
and estimation of ventricular stroke volumes
with cross sectional Doppler echocardio-
graphy.`5 Often it is not possible to assess
ventricular systolic shortening because the
ultrasound beam cannot be correctly aligned
to pass through the right and left ventricular
diameters. Moreover, although stroke volume
can be calculated in most fetuses, it varies
inversely with heart rate67 and does not
provide information regarding the efficiency of
ventricular emptying.
A non-invasive method of assessing right

and left ventricular function would be useful
not only in normal human fetuses but more
importantly in fetuses with ventricular dys-
function caused by Rhesus incompatibility,
hypoxaemia, and recurrent tachycardias.8 In
addition, such a technique would be of value
for early detection of the adverse cardiovas-
cular effects of tocolytic # sympathomimetic
agents which have become the mainstay treat-
ment for prevention of premature birth.9
We describe a method of measuring right

and left ventricular function in the human
fetus in terms of myocardial force develop-
ment that does not require estimation of ven-
tricular volumes and is independent both of
ventricular configuration and cardiac cycle
length over the range of heart rates encoun-
tered.
This study had three aims: first to calculate

the force developed by the two ventricles,
second to assess the magnitude of changes in
ventricular performance with gestational age,
and third to determine whether there were
any systematic differences between the two
ventricles.

Patients and methods
STUDY POPULATION
We studied 58 normal fetuses whose mothers
were recruited from patients referred for
routine ultrasound examination. The indi-
cations for ultrasound examination were
estimation of gestational age and placental
location. Mothers with diabetes, hypertension,
eclampsia, Rhesus incompatibility, and multi-
ple gestations were excluded. Doppler echocar-
diograms were obtained from fetuses ranging
in gestational age from 20 to 42 weeks. The
study protocol was approved by the Brigham
and Women's Hospital Human Subjects Com-
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Figure 1 Doppler
velocity signalfrom the
aorta shown with
schematic
electrocardiogram. A T,
acceleration time; Pk V,
peak velocity; FVIAT,
blood velocity integral
during acceleration.
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mittee of Harvard Medical School and written
informed consent was obtained from each
mother.

DATA ACQUISITION
Cross sectional Doppler echocardiographic
studies were performed with a Hewlett Packard
ultrasound system and a 3-5 MHz or more
often a 5 0 MHz transducer. Each mother
rested in the recumbent position for 15 minutes
then a transducer was placed on her abdomen
and the fetal heart was located using the fetal
spine and liver as easily recognisable land-
marks. A systematic cross sectional echocar-
diographic examination of the fetal heart was
performed to exclude any structural abnor-
mality and to confirm the presence of normal
atrial situs, concordant atrioventricular con-
nections, concordant ventriculoarterial con-
nections, and normal cardiac chamber sizes and
functions. The great arteries were identified by
their characteristic pattern of major branches.
High quality cross sectional echocardio-

graphic images of the aorta and pulmonary
artery were obtained with the ultrasound beam
aligned as orthogonally as possible with the
axial plane of the vessels to measure their
diameters. Doppler blood flow velocity signals
were recorded from the main pulmonary artery
and from the ascending aorta immediately
distal to the respective semilunar valves. The
pulsed wave Doppler sample volume was
positioned within the lumen of the pulmonary
artery and aorta and its size adjusted to sample
velocities from the whole of the flow stream.
The insonating beam was aligned as close as
possible to parallel the direction of blood flow.
The flow direction cursor was used to measure
the angle of incidence between the ultrasound
beam and the direction of blood flow, and
Doppler velocity signals were only recorded
when this was less than 200. We chose 20° as a
cut off because flow velocity varies inversely
with the cosine of the angle of incidence, and
velocity measured at an angle of 20'C under-
estimates true velocity by no more than 8%.
Doppler signals with maximum velocity were
recorded during periods of apnoea because
fetal respiratory efforts can alter velocity
amplitude."0 11

Heart rate was measured from the Doppler
velocity signals obtained from the great
arteries.
The gestational age of each fetus was asses-

sed from the first day of the last menstrual
period and corroborated by ultrasound
measurements of biparietal cephalic
diameter.'2 13

DATA ANALYSIS
Cross sectional echocardiographic images of
the aorta and pulmonary artery were trans-
ferred from half inch videotape to the digital
disc of a Frieland Medical off-line computer
analysis system. The aortic and pulmonary
artery diameters were measured at the level of
the annulus immediately distal to the semilunar
valves at the time of maximum leaflet separa-
tion. The gain controls of the ultrasonoscope
were adjusted to minimise "blooming" of
echoes from the vessel walls. Measurements
were made with an electronic cursor from a
minimum of five separate cardiac cycles and
rounded off to the nearest millimetre. Mean
values were calculated for each vessel diameter.

Cross sectional areas ofthe pulmonary artery
and of the aorta were calculated assuming a
circular cross section CSA = i(D/2).2 Doppler
velocity signals recorded from the aorta and
pulmonary artery from a minimum of three
consecutive cardiac cycles during periods of
fetal apnoea were transferred from videotape to
the hard disc of the computer analysis system.
The velocity spectral envelopes with the
maximum velocities were digitised through the
middle of the densest portion of the spectral
envelope. The following measurements were
made from the pulmonary artery and the aorta:
(a) Peak velocity (pkV); (b) acceleration time
(AT), defined as the time from the initial
increase in velocity to the time ofpeak velocity.
(fig 1); (c) the flow velocity time integral during
acceleration (FVIAT), which is the area under
the velocity spectral envelope up to the time of
peak velocity (fig 1); and (d) total velocity time
integral FVI for the whole of ejection.
The force developed by each right and left

ventricular contraction accelerated a column of
blood into the pulmonary artery and aorta
respectively and represented transfer of the
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Figure 2 Comparison of right and left ventricular stroke
volumes showing thatfor the population as a whole the
right ventricular stroke volume was greater than left
ventricular stroke volume.

energy of myocardial shortening to work done
on the pulmonary and systemic circulations.
We used Newton's equation to estimate the
force (that is, the product ofmass and accelera-
tion (F = ma)).'4 The mass component of the
force equation was the mass of blood
accelerated into the arteries, which was cal-
culated as the product of the density of blood
(1 -055), the cross sectional area of the great
artery (CSA), and the flow velocity time integral
during acceleration (FVIAT) (fig 1). The
acceleration component of the force equation
was estimated as the peak velocity divided by
the acceleration time (pkV/AT)-thus force
F = (1-055 x CSA x FVIAT) x (pkV/AT).

Right and left ventricular stroke volumes
(SV) were calculated as the products of the

n = 44
r = 0 74
y = 0-00212x -0*0444
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Figure 4 Plots showing a linear increase in right and left
ventricularforce with gestational age.

cross sectional areas of the great arteries (CSA)
and the flow velocity time integrals (FVI) ofthe
Doppler signals obtained from the respective
great arteries, so that SV = (FVI x CSA).

STATISTICAL ANALYSIS
Student's t test was used to assess the sig-
nificance of differences between right and left
ventricular force development, stroke volumes,
peak velocities, aortic and pulmonary cross
sectional areas, and acceleration times. Values
are given as mean (1 SD).
We assessed changes in myocardial force

development and stroke volume with ges-
tational age and changes in right and left
ventricular force and stroke volumes with
gestational age by regression analysis using
Pearson's method.

Results
Pulmonary artery diameters were larger than
aortic diameters throughout the period of ges-
tation studied, so that the mean cross sectional
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Figure 3 Plot showing a linear increase in right and left
ventricular stroke volumes with gestational age.

n = 41
r = 0-88
y = 0 993x +0-000145

IT * I

0 10 20 30 40 50 60 70 80

Left ventricular force (mN)

Figure S Plot comparing right and left ventricular force
development and showing similarforce development in the
right and left ventricles.
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area of the pulmonary artery was 20% greater
than that of the aorta (0 31 (0-16) cm2 v 0 39
(0 20) cm2) (p < 0-01). The blood flow
velocities in the aorta were consistently greater
than velocities in the pulmonary artery
(mean 0-88 (0-14) m/s v 0-78 (0-13) m/s.)
(p < 0 0001). However, neither the aortic nor
the pulmonary artery peak velocities varied
significantly with heart rate (r = -0 01,
r = + 0 04 respectively).
The mean ventricular stroke volume ejected

by the right ventricle was 24% greater than that
ejected by the left ventricle for the population
as a whole (4-1 (2-6) ml v 3-3 (2 0) ml)
(p < 0 01) (fig 2). Both right and left ven-
tricular stroke volumes increased progressively
with gestational age (fig 3). Heart rate declined
from a mean of 144 beats per minute at 20
weeks to a mean of 129 beats per minute at 42
weeks. The acceleration time in the aorta was
significantly longer than that in the pulmonary
artery (44-6 (6 9) ms v 39 4 (10-6) ms)
(p < o OO1).
The myocardial force developed by the right

and left ventricles increased more than tenfold
from 20 weeks' gestation to term, (r = 0 74,
p < 0O0001;r = 0-75,p < 0O0001)(fig4). The
force developed by the right ventricle was
similar to that developed by the left ventricle
throughout the period of gestation studied (fig
5). The force developed by both ventricles
varied independently of heart rate (r = -0-12
and r =-01 1).

REPRODUCIBILITY
The reproducibility of measurements of great
vessel diameters in the human fetus has already
been reported and the consequences of errors
in diameter measurement on volume flow cal-
culations derived from them have been
estimated. '5

Discussion
The lack of a simple measure of ventricular
performance in the human fetus prompted us
to develop a non-invasive technique to measure
the force developed by both right and left
ventricles. We chose to measure ventricular
force because it can be defined in physical terms
and because it relates directly to myocardial
systolic shortening. Importantly, myocardial
systolic shortening, force development, and the
force-velocity relations in the fetal myocar-
dium differ from those in the adult myocar-
dium.'6 These differences in myocardial
mechanics are determined by the different
enzyme kinetics of the myosin ATP'ase on the
fetal and adult myosin isoforms." 18
We estimated force as the product of mass

and acceleration as defined in Newton's
equation. This required simple measurements
of blood flow velocity signals and great artery
diameters, all of which have been reported
individually in several previous studies.4 5 19 20
The concept of force development was

attractive for several reasons. First, it did not
require any assumptions regarding ventricular
geometry or size. Second, it did not need
measurement of ventricular volumes. Third, it
was not affected by variation in heart rate over

the physiological range encountered. Fourth, it
represented an estimation of the energy trans-
ferred from right and left ventricular myocar-
dial shortening to work done by accelerating
blood into the pulmonary and systemic circula-
tions respectively.
The cross sectional areas of the pulmonary

artery were consistently greater than those of
the aorta throughout the period of gestation
studied, but the reverse was true of the peak
blood flow velocities. The mean stroke volume
ejected by the right ventricle was more than
20% greater than that ejected by the left
ventricle for the population as a whole; this
result accorded with previous reports.45
Acceleration time was longer in the aorta than
in the pulmonary artery, as has been previously
described,2' and varied inversely with heart
rate. Acceleration time was longer in the aorta,
whereas in normal children and adults
acceleration time in the pulmonary artery is
longer, as is the right ventricular ejection time.
The main finding in this study was that the

force developed by the right and left ventricles
was similar throughout the latter part of the
second and third trimesters even though the
right ventricle ejected a significantly greater
stroke volume than did the left ventricle. The
myocardial force in both ventricles increased
more than tenfold from 20 weeks to term and
this increase paralleled the increase in heart
weight and total body weight,3 22 indicating that
force increases as myocardial mass increases
with fetal growth. The variability in force
development in the third trimester most prob-
ably relates to the variability in fetal body
habitus and therefore myocardial mass.
The similarity between the force developed

by the two ventricles was initially surprising in
view of the significantly different stroke
volumes. Myocardial systolic shortening in the
intact ventricle is determined by several fac-
tors, important among which are ventricular
chamber geometry and ventricular loading
conditions or afterloads.2324 Calculation of
right and left ventricular afterloads requires the
measurement of chamber diameters, wall
thicknesses, and ventricular systolic pressures.
Left and right ventricular diameters, wall
thicknesses, and free wall weights were found
to be similar in the human fetus when they were
measured in vivo by ultrasound and in vitro in
necropsy specimens,3 22 indicating similar right
and left ventricular chamber geometry.
However, right and left ventricular systolic
pressures cannot be measured in the human
fetus and therefore ventricular afterloads can-
not be quantified. In the fetal lamb, which has
been used extensively as an experimental
model, right and left ventricular systolic pres-
sures are equal,25 26 and there is little reason to
believe they are different in the human fetus.
Thus ventricular afterload, which is the force
that the myocardium must overcome to eject
blood into the pulmonary or systemic circula-
tions, must be the same in the two ventricles.
Because afterload varies inversely with ven-
tricular fractional shortening further evidence
that right and left ventricular afterloads are
equivalent is provided by the observation that
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fractional shortening is similar in the right and
left ventricles. Since right and left ventricular
chamber geometries, afterloads, and myocar-
dial shortening are all closely similar, it is easier
to understand how the two ventricles develop
the same amount of myocardial force even
though their respective volume handling is
different. The right ventricle ejects a larger
stroke volume than the left ventricle, but does
so at a lower velocity than the left ventricle.
We describe a non-invasive method of asses-

sing right and left ventricular performance in
terms of myocardial force in the human fetus.
The study showed that the force developed by
the right and left ventricles is similar and
increases more than tenfold from 20 weeks to
term. We submit that this quantitative method
of assessing ventricular function may be of
clinical value not only in the normal fetus but
also in monitoring fetuses with impaired ven-
tricular function.
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