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Reproducibility of cardiac output measurement by
cross sectional and Doppler echocardiography
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SUMMARY The variability ofDoppler echocardiographic estimation ofcardiac output at the aortic
orifice was investigated in eight healthy subjects. Cross sectional echocardiograms of the aortic
orifice and aortic Doppler velocities were recorded and measured by four echocardiographers.
Between subject variability was significantly larger than within subject variability for all variables.
Variability owing to different echocardiographers and different measurement times was small
compared with total variability. Coefficients ofvariation for aortic annular diameter, aortic velocity
integral, and heart rate were 4a 1 %, 6-4%, and 5 0% respectively. The coefficient of variation for
cardiac output was 8 8% and the 95% confidence interval for measurement ofcardiac output by the
Doppler method was 4-45 to 6-35 1/min. One echocardiographer reanalysed all the recordings and
the results showed that recording the echocardiograms introduces a significantly larger source of
error than measuring them.
Thus serial measurements of cardiac output by the Doppler method can be performed with

acceptable reproducibility; this indicates that the technique can be accurately applied in clinical
practice.

Cardiac output can be calculated from the blood
velocity in the ascending aorta (measured by Doppler
ultrasound) combined with aortic orifice area
(measured by cross sectional echocardiography).
The technique has been validated in various
laboratory and clinical situations`' and provides a
simple and reliable method for the measurement of
cardiac output without the need for vascular cath-
eterisation.
To interpret Doppler flow measurements in clin-

ical practice it is necessary to establish the variability
of velocity and area measurements. Several studies
have reported the variability of aortic velocity
measurements,' but the variability of calculated
cardiac output has been inadequately reported. This
study investigated the variability of cardiac output
measurement across the aortic valve in normal
subjects. The contribution of the various sources of
imprecision to the overall variability was determined
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and the 9500 confidence interval for a single observa-
tion was estimated.

Patients and methods

Eight healthy people (six men, two women) aged 22-
52 years (mean 28 years) were investigated. The
procedure was explained to each subject and their
informed consent was obtained. Measurements were
made with the subjects in the semirecumbent posi-
tion after they had rested for at least 15 minutes in a
warm, quiet room. Cross sectional echocardiograms
and continuous wave Doppler recordings were made
on a Hewlett-Packard system (Model 77020A) with a
3.5 MHz phased array transducer and a 19 MHz
dedicated independent continuous wave transducer.
Recordings were made by four experienced
echocardiographers. The order of investigation was
randomised using a LS and the subjects remained
recumbent throughout.
The diameter of the aortic orifice was measured

during systole from cross sectional echocardiograms
in the parasternal long axis plane.7 Echocardiograms
were recorded on videotape and then measured after
completion of the velocity recordings by a freeze
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frame facility with superimposed calipers.
Measurements were made from the leading edge of
the anterior wall to the leading edge of the posterior
wall. The diameters from five consecutive beats were
averaged and the cross sectional area (CSA) was
calculated from the equation n x (D/2)', whereD =
mean aortic diameter.
Blood velocity in the ascending aorta was recorded

from the suprasternal notch by continuous wave
Doppler ultrasonography. The direction of the
ultrasound beam was adjusted until the highest
velocities with the "cleanest" envelope were
obtained. These velocities were taken to represent
the velocities at the aortic orifice when the ultrasound
beam was parallel with flow. The Doppler output and
an electrocardiographic tracing were recorded on a
strip chart at a paper speed of 100 mm/s. The area
under the velocity curve, or the velocity integral (VI),
was determined after each investigation by tracing
from the baseline around the maximum velocity
curve with a digitising tablet linked to a microcom-
puter.8 Ten consecutive beats were averaged for each
measurement.
Heart rate (HR) was measured directly from the

RR interval of the simultaneously recorded elec-
trocardiogram. Stroke volume (SV) and cardiac
output (CO) were calculated as follows:
SV (ml) = VI (cm) x CSA (cm2), CO (1/min) =

SV (ml) x HR (min") 1000.
The observers analysed their own recordings.

Heart rate and velocity recordings were then num-
bered and reanalysed blindly out of order by one
observer (SCR) to measure intraobserver variability.
Because cross sectional echocardiograms were stored
on videotape it was not possible to reanalyse them in
random order. To try to eliminate any possible
observer bias, recordings were reanalysed several
weeks after the initial investigation.

STATISTICAL ANALYSIS
An analysis of variance was used to determine the
contribution of various factors (variance compon-
ents) to the overall variance. The total variance
consists ofa component owing to differences between
the subjects (as2) and a component owing to differen-
ces within subjects (aw'). The within subject
variance is made up of a component representing the
variability between echocardiographers (aE2), a tem-
poral component representing the variability bet-
ween measurement times (cT9), and a component
representing the residual variability (aR'). An
approximate 95% confidence interval for a particular
measurement on a typical subject was calculated as
mean ± 2 aw. The confidence intervals calculated in
this way relate specifically to the method used in this

study which gives an average over a given number of
cardiac cycles to reduce some of the within subject
variability attributable to measurements from
individual cardiac cycles. Coefficients of variation
were determined from the within patient variance as
aw mean.
An estimate of the contributions to the total

variance of recording and of measuring the echocar-
diogram was obtained by calculating the differences
between the initial measurements (performed by
the four echocardiographers) and the repeat
measurements (performed by one echocardiogra-
pher) for all recordings of the velocity integral, heart
rate, and diameter. The variance attributable to
measuring an echocardiogram was estimated from
the standard deviation of the differences. This
variance was then subtracted from the total variance
for an estimate of the variance caused by the record-
ing of the echocardiogram.

Results

Satisfactory diameter and velocity recordings were
obtained in all eight subjects by each of the four
echocardiographers. Investigations were completed
in less than 30 minutes in each subject. Calculated
Doppler cardiac output ranged from 4-59 I/min to
6f50 1/min.

Figure 1 shows the variance components for heart
rate, velocity integral, and aortic diameter. Figure 2
shows the variance components for the calculated
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Fig 1 Variance components for heart rate, velocity
integral, and aortic diameter. as2, between subject
component; aw', within subject component; oTi, temporal
component; aE2, echocardiographer component; UR', residual
component. See textfor explanation.
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Fig 2 Variance components for stroke volume and cardiac output. as', between subject component; aw', within subject
component; aT2, temporal component; ae, echocardiographer component; aR2, residual component. See textfor explanation.

variables stroke volume and cardiac output. For all
variables the within subject variance was significan-
tly smaller than the between subject variance (p <
0-001). The "between echocardiographer" variance
(aE') and the "between measurement times" variance

Table 1 95% confidence intervals and coefficients of
variation for Doppler and cross sectional echocardiographic
measurements

Coefficient
of
variation

Mean 2 SD (%)

Heart rate (beats/min) 63-4 6-4 5-0
Aortic velocity integral (cm) 23-4 3-0 6-4
Aortic diameter (cm) 2-17 0-18 4-1
Stroke volume (ml) 86-9 13-6 7-8
Cardiac output (1/min) 5 40 0 95 8-8

Table 2 Variability owing to making and measuring
Doppler and cross sectional echocardiographic recordings

Makir,6 Measuring
echo (SD) echo (SD) p

Heart rate (beats/min) 31 0 4 <0-001
Aortic velocity integral (cm) 1-3 0-7 <0-001
Aortic diameter (cm) 0 07 0-05 < 0 05
Stroke volume (ml) 5 0 4-6 NS
Cardiac output (1/min) 0 40 0-27 < 0-025

(aT') were both small for all the measured and
calculated variables and in no case were they sig-
nificantly different from the residual variance (aR').
The calculated within subject components shown in
figs 1 and 2 are given for completeness, even though
there were no significant differences.
Table 1 shows the mean and approximate 95°o

confidence intervals for each variable. Table 2 shows
the contribution of recording and measuring the
echocardiograms to the total within subject variance.
The variance owing to recording the echocardiogram
was significantly larger than the variance owing to
measuring recordings for all variables except stroke
volume. The variability of the one analyser who
reanalysed his own recordings (intraobserver
variability) was compared with the variability of the
same analyser analysing the recordings of the other
three analysers (interobserver variability) and no
significant differences were found except for the
measurement of velocity integral (p < 0.005).

Discussion

This study reports the variability of Doppler
measurements of aortic flow in a group of healthy
adults. The echocardiographers were all experienced
in obtaining and analysing Doppler velocity and
cross sectional recordings and no attempt was made
to select good echocardiographic subjects. Thus we
hoped that the study would determine the size and
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source of error that might be expected in clinical
practice.
We used a components-of-variance analysis to

estimate the different possible sources of imprecision
for each of the measurements. The results suggest
that the variability caused by different observers
obtaining and measuring echocardiographic record-
ings is small relative to the total variability. The
variance owing to differences between the
measurement times was also very small. By having
one observer reanalyse all the recordings we were also
able to determine that recording the echocar-
diograms is a significantly larger source of error than
measuring them.
We believe that the present study is the first to

report the reproducibility of measurement of aortic
cardiac output by continuous wave Doppler. Lewis
et al studied the interobserver reproducibility of
measuring aortic flow by pulsed Doppler from the
cardiac apex.9 They reported a mean (SD) percentage
error (difference between paired measurements
expressed as a percentage of the mean of the pair)
between the two observers of 6-8 (50)% for aortic
stroke volume and cardiac output. With two
observers, Ihlen et al obtained aortic continuous
wave velocity recordings on two occasions one to 21
days apart.'0 All the recordings were then analysed by
both observers. Aortic diameter was measured only
once and this value was used for all later stroke
volume calculations. The coefficient of variation
between any pair of.measurements in each patient
was 9.20o, which is similar to that found in the
present study. The coefficient of variation between
the two observers was 01% and between the two
measurement times it was 0 9%, confirming that
interobserver and temporal variability contribute
little to the overall variability.

Several previous studies have investigated the
reproducibility of measurements of the velocity
integral obtained from aortic continuous wave
Doppler traces. Most studies have reported inter-
observer, intraobserver, and day to day variability,
whether expressed as a mean percentage error or as a
coefficient of variation, to be less than 6%0.5611
Comparable figures have been reported for heart rate
measurements.61 The results ofthe present study are
consistent with these findings.
Although several workers have investigated the

change in aortic diameter during the cardiac cycle3 14
this is the first study to report the variability of
measurements of aortic annular diameter. Meijboom
et al, in a study ofDoppler mitral flow measurement,
reported comparable variability for measurements of
mitral diameter.'5 These findings suggest that alth-
ough cross sectional echocardiographic diameter
measurements are very reproducible, they are the

largest source oferror in Doppler flow measurements
because the diameter has to be squared to obtain
cross sectional area for flow calculation (the
coefficient of variation for aortic area in the present
study was 8-3%).

Probably the most clinically useful measure of
reproducibility is the 95% confidence interval for a
single measurement. This quantitates the size of
change in an individual subject that is likely to
represent a true haemodynamic change. Thus when
different observers study unselected subjects, chan-
ges in cardiac output of more than 1 1/min cannot be
accounted for by the variability inherent in the
technique and are likely to represent a genuine
change in cardiac output. This result resembles
measurement of cardiac output by the dye dilution
and thermodilution methods.'6 7 Satisfactory record-
ings were obtained in all subjects in the present
study. Most previous studies have reported accepta-
ble recordings in over 80% of patients with heart
disease' 18 although this fell to approximately 70% in
ill patients undergoing haemodynamic monitoring in
intensive care.319 Nevertheless, in those subjects in
whom satisfactory recordings are possible the Dop-
pler method provides a simple, quick, and non-
invasive technique for measuring cardiac output.
The present results indicate that serial
measurements, even if performed by different
observers, are sufficiently reproducible to be useful
in clinical practice.
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