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Changes in left ventricular stroke volume measured
by Doppler echocardiography
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SUMMARY Cardiac stroke volume was measured simultaneously by Doppler echocardiography
and thermodilution in 20 patients with coronary artery disease. Stroke volume as determined by
ultrasound was calculated from the area of the aortic orifice and the flow velocity just distal to the
aortic cusps. The recordings were made twice at rest. Ten patients were given dobutamine (2-5
and 5.Oig/kg/min) by infusion to induce rapid changes in stroke volume from the resting state.
The individual Doppler data before, during, and after dobutamine infusion correlated closely
with the thermodilution data (r= 0-92). These results suggest that Doppler echocardiography
reliably detects changes in stroke volume.

Several groups have reported successful estimation fore not flat over the total cross section of the aortic
of cardiac output by different methods of Doppler root. This mathematical and experimental evidence
echocardiography. --3 We have described a method accords with our previous work which showed that
which measures flow at the aortic orifice.4 Repeat when the area of aortic orifice is used flow is accu-
measurements are simple to obtain and the flow rately predicted but when the aortic root area is used
velocities are reproducible.56 Doppler echo- it is considerably overestimated.4 Velocity at the aor-
cardiography should be suitable for evaluating rapid tic orifice cannot be measured from the suprasternal
changes in cardiac output. We determined whether position because- the Doppler signal is disturbed by
our method is suitable for measuring changes in the valve movements. Since blood moves as a mass
stroke volume during dobutamine infusion. from the aortic orifice into the aortic root, the veloc-

ities in the central core flow are unchanged for a
Patients and methods considerable distance.12 13 This concept is sup-

ported by recent experiments in dogs when centre-
Determination of volumetric blood flow by Doppler line velocities were the same at different levels in the
echocardiography requires a flat velocity profile at ascending aorta.14 Ultrasonic stroke volume (SV.)
the site at which cross sectional area is being mea- and cardiac output (COu) may therefore be calcu-
sured.7 In the human ascending aorta, a flat velocity lated from the equations: SVu = (D/2)2 xX x SVI
profile is most likely to be present at the aortic andCO. SV. x HR where D is the diameter of the
orifice, since at this site blood is accelerated from the aortic orifice, SVI is the systolic velocity integral of
wide left ventricle through a small orifice, producing centre aortic root flow, and HR is the heart rate. In
an "inlet" condition.8-10 The cross sectional area at early diastole there is irregular flow with formation
the aortic root is considerably larger and during sys- of eddies in the aortic root.12 13l This is partly
tole is partly occupied by the open aortic valve caused by the pulsatile flow pattern but a slight
leaflets. This produces irregular flow patterns in the reversed surge towards the left ventricle, aortic wall
sinuses of Valsalvat" and th-e velocity profile is there- compliance, and blood drainage into the coronary

arteries also contribute. These early diastolic events
can be seen as mainly retrograde velocities. They do
not satisfy the requirements of a flat velocity profile
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Fig. 1 Comparison of integral of systolic maxin
velocity in the aortic root obtained by spectral an
the Doppler signal (Chirp-Z Fourier transform)
analogue estimator in 20 consecutive patients wit
valves. The grey scale display of the velocity spe(
traced by following the outline of its darkest port
Integration of the velocity curves was stopped at

valve closure. An average of 10 consecutive beats
for the calculation. The line of identity is shown.

STUDY POPULATION
The study was performed in 20 patients
54 years, range 40-64) undergoing comple
right heart catheterisation for evaluation
pectoris. All had regular sinus rhythm
without valvar heart disease or intracardi
They were not selected according to their
for ultrasound examination before inclus
study. Informed consent was obtained i

patient.
At the end of routine heart catheterisati

modilution catheter (Balltherm Thermal
Catheter, Elecath) was positioned in the p
artery, and the patients were brought to
sound laboratory. Blood velocity in the a
was recorded by the Doppler technique, a

output was simultaneously measured b3
dilution. These measurements were repe
patients had rested for 15 minutes in the si

ition. In 10 of the 20 patients an infusic
utamine hydrochloride was started at an i:
of 2-5 sg/kg/min, which was then increa
after 15 minutes, and, if this was well tol
dose was increased to 10-0 sg/kg/min. Th
rate was kept constant for 15 minutes 1

measurements were repeated and the inf
stopped. Fifteen minutes later the f

/ surements were repeated. The aortic orifice diameter
was determined by cross sectional echocardiography
before the first flow measurement and during the
highest dobutamine infusion.

DOPPLER TECHNIQUE
The Doppler measurements were carried out with a
commercial multifrequency (1-10 MHz) Doppler
instrument (ALFRED, Vingmed) which has been
described in detail.4 The velocity estimator in this
instrument accurately determines the maximum
velocity in experimental studies and in the human
aorta.617 In our laboratory the integral of the max-

'x imum velocity derived from an adequate Doppler
signal distal to normal aortic valves4 is similar to that
obtained from the maximum velocity estimator (Fig.
1). The analogue velocity curves, the amplitude of

30 35 the Doppler signal, and the integral of the maximum
velocity were recorded on an electrocardiograph
together with a phonocardiogram (Fig. 2).

num The Doppler probe was placed in the suprasternal
alysis of position and the aortic valve was identified by the
and by an pulsed wave technique. The amplitude signal of aor-
ctrumwas tic valve closure was compared with the pho-
ion. nocardiogram and the corresponding high frequency
aortic vibration was later used for timing. The sampling

s was used volume was then withdrawn until the valve move-
ments disappeared, and the beam direction was
adjusted to obtain the highest velocities in the aortic
root. The results of automatic integration of the

(mean age maximum velocity curve were read when the aortic
te left and valve closed, and an average of 10 consecutive beats
of angina was used for the calculations. All later measurements
and were were done at exactly the same depth and by the same
ac shunts. investigator.
suitability
ion in the ECHOCARDIOGRAPHY
from each An Irex III phased array cross sectional instrument

was used for the echocardiographic recordings and
ion a ther- the aortic diameter was measured by a digitising
I Dilution computer system (CARDIO 80, Kontron). The aor-
)ulmonary tic orifice diameter8 was measured in the parasternal
the ultra- long axis view distally in the outflow tract. The
Lortic root echoes of the orifice appear as two bright spots at or
nd cardiac just below the level of attachment of the valve cusps
y thermo- (Fig. 3). Measurements were done at the time in the
ated after cardiac cycle at which the orifice echoes were most
upine pos- distinctly seen. The cross section was carefully
in of dob- scanned to ensure that the diameter was measured
nitial dose through the midpoint of the lumen and the distances
ised to 5*0 were determined by use of the leading edge to lead-
lerated the ing edge standard.
Le infusion
before the THERMODILUTION TECHNIQUE
Fusion was Cardiac output was measured by another
low mea- investigator using the thermodilution technique, and
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Fig. 2 Electrocardiogram (ECG), phonocardiogram, and analogue signals obtainedfrom the Doppler
system during dobutamine infusion. Heart rate fell in parallel with the increase in blood velocity in this
patient. Velocities were recorded in early diastole. The maximum velocity estimator is non-directional;
the mean velocity estimator shows that these velocities are mainly retrograde. The integral of maximum
velocity was read at aortic closure (A2) and not at the top of the curve.

the results were not compared with those obtained
by the Doppler technique until the study was com-

pleted. An Elecath Cardiac Output Computer 4000
with digital display was used, and the temperature
curve was recorded on a Mingograph 34 electro-
cardiograph. The output estimate was taken as the
mean of three consecutive measurements with iden-
tical temperature curves.

tested by means of Wilcoxon's signed mid-rank test.
Coefficient of variance and 50% interquartile range
were used as indices of dispersion,'8 and changes in
dispersion were determined by use of Sandvik and
Olsson's test. 9 The results obtained by the thermo-
dilution and Doppler techniques were compared by
linear regression analysis.

Results
STATI STICAL ANALYSIS
The results were expressed as the median with 95% STROKE VOLUME IN CONTROL PERIODS
confidence interval and changes in the median were The median of the stroke volume estimates deter-

Table Distribution of estimates of stroke volume (ml) determined by Doppler echocardiography and the thermodilution
technique in 20 patients during two control periods (I and II)

Doppler Thermodilution

Control I Control II Control I Control II

Median (95% confidence 85 85 84 87
interval) (68-111) (66-105) (61-112) (62-108)

(NS) (NS)
Coefficient of variation 0-32 0 30 0-34 0 33

(NS) (NS)
50% interquartile range 60-112 60-110 60-121 60-109

(NS) (NS)

NS, not significant.
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Fig. 3 Cross sectional echocardiogram from the
parasternal long axis view showing the aortic valve during
systole. The aortic orifice echoes are seen as two bright
echoes at the attachment of the right and non-coronary
valve cusps. LV, left ventricle; IVS, interventricular
septum; AO, aortic orifice; c, cusps of the aortic valve in
the open position.

mined by the Doppler technique was 85 ml during
the two control periods. The corresponding medians
determined by the thermodilution technique were 84
and 87 ml (Table). There was a similar distribution
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Fig. 4 Estimates of stroke volume (median with 95%
confidence intervals) obtained in 10 patients by Doppler
echocardiography and by thermodilution during the second
control period (II) and during and after dobutamine
infusions. *p <0-02 VS control II; **p <001 VS
control II.

of stroke volume estimates obtained by the Doppler
technique in the two control periods which resem-
bled the results when stroke volume was measured
by thermodilution. The median of differences
between estimates obtained in the two control peri-
ods for each patient was 2 ml with both techniques,
which was not significantly different from zero.
The results obtained by the Doppler and thermo-

dilution techniques were not significantly different
in either of the control periods.
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Fig. 5 Individual values of (a) cardiac output and (b) stroke volume obtained by Doppler echocardiography and by
thermodilution for 10 patients during the second control period (II), and during and after dobutamine. Results from the
same patients are joined by lines.

381

A



Ihlen, Myhre, Amlie, Forfang, Larsen

CHANGES IN STROKE VOLUME BY
DOBUTAMINE INFUSION
The lower dobutamine infusion rate for the 10
treated patients was 2-5 jg/kg/min and the higher
dose was 5-0 gig/kg/min. In one patient, drug
infusion at the dose of 50 jtg/kg/min was stopped
because of chest pain before measurements were
performed. No other complications were observed.
Dobutamine at an infusion rate of 2-5 jIg/kg/min

increased stroke volume estimates (Fig. 4) obtained
with Doppler echocardiography by 14% (p<0001),
whereas the increase in stroke volume determined by
the thermodilution technique was 5%; this increase
was not statistically significant. Infusion of dob-
utamine at the higher rate produced changes in
stroke volume which were significantly higher than
control values by both techniques-14% (p<0-01)
and 19% (p <0-02) for the Doppler and thermo-
dilution techniques respectively. Fifteen minutes
after the infusion, stroke volume was not
significantly different from that during the control
periods.
There was no significant difference in stroke vol-

umes determined by the two techniques either dur-
ing or after the dobutamine infusions. For the 10
patients from the second control period and during
and after the dobutamine infusions, individual
Doppler data correlated closely (r= 0-92, p < 0-001)
with the results obtained by thermodilution tech-
nique (Fig. 5). Dobutamine did not change the heart
rate significantly and Fig. 5 shows that alterations in
cardiac output were the result of altered stroke
volume.

Discussion

We obtained blood flow measurements in the present
study at the aortic orifice, where the velocity profile
is probably flat.10 12 In an earlier study we found that
flow measurements in that area were reliable4
whereas the successful flow measurements in the
aortic root reported by others23 were not confirmed.
Experiments in dogs showed a flat velocity profile
during baseline conditions, but much higher veloci-
ties in the central core flow in the ascending aorta
during isoprenaline infusion.20 If this is true in man,
measurement of flow in the aortic root by ultrasound
might be unreliable during catecholamine stimu-
lation and possibly during physical exercise. On the
other hand, our Doppler technique for deter-
mination of cardiac output requires a flat velocity
profile in the aortic orifice not in the aortic root. We
presume that the highest velocity of central core flow
in the aortic root equals the aortic orifice veloc-
ity.12 13

Another feature of our method is that blood vel-
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ocity is determined by a frequency estimator without
use of the zero crossing technique. Obviously, spec-
tral analysis of velocities in normal flow patterns is
not needed for reliable results. This is because of the
good signal to noise ratio which generally obtains
during Doppler measurements in the aortic root dis-
tal to a normal valve. The frequency estimator which
automatically integrates the maximum velocity is
more convenient for clinical work than spectral anal-
ysis for which manual integration is required. Com-
bined display of velocity spectrum and the analogue
curve is preferable, but was not possible at the time
of the study. A third characteristic of our method is
that only systolic blood flow is recorded. Mea-
surement of blood flow during early diastole is
impcossible because of an irregular flow pat-
tern. 12 1315 Reverse flow in early diastole is probably
of minor importance; other difficulties in the calcu-
lation of flow from Doppler echocardiography are
more important.47
We determined whether the ultrasound technique

could detect changes in stroke volume; these might
be more important clinically than an exact volu-
metric measurement. In a recent study the
reproducibility of aortic root velocities by the
Doppler technique was reported to be acceptable,6
and the technique might therefore be suitable for the
evaluation of changes in flow. We only determined
intraobserver variability during two control periods
15 minutes apart because we were attempting to
determine changes in stroke volume. The results
showed that the variability of our Doppler method
was acceptable for this purpose.
The Doppler instrument measures flow velocities

over a single heart cycle and therefore estimates the
beat to beat stroke volume.21 Thermodilution, on
the other hand, measures flow during a certain time
independent of heart rate, and stroke volume is cal-
culated as an average of several heart beats. To com-
pare stroke volume calculated by the two methods,
dobutamine was infused intravenously in doses
which did not change the heart rate significantly. By
keeping heart rate constant, we were able to show
that the Doppler technique may be used to detect
volumetric changes in flow. The change in stroke
volume induced by dobutamine was small; higher
doses would probably alter flow further by
increasing the heart rate. Patients with heart failure,
in whom haemodynamic monitoring is of particular
interest, were not included in this study. Because
changes in flow during and after dobutamine were
apparently unrelated to the magnitude of baseline
stroke volume we believe that the method will detect
stroke volume changes in heart failure.

Several haemodynamic variables may be assessed
by the Doppler technique which evaluates changes
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in blood flow. Changes in peak blood velocity cor-
relate well with changes in stroke volume except at
high flow values.2223 High stroke volumes are pri-
marily increased by extending the ejection time,
which also correlates with stroke volume.2224 The
integral of the flow velocity curve includes both of
these haemodynamic variables in addition to the
early systolic acceleration and the velocity curve
form. Thus the flow velocity integral is probably the
best estimate of changes in blood velocity and we
therefore used this in our study.
Changes in volumetric flow can be calculated from

an accurate measurement of cross sectional area.
Determination of the aortic area is the factor that is
most likely to introduce the largest error into a calcu-
lation of cardiac output. This factor is most critical
if aortic cross sectional area is altered during systole
when cardiac output changes. We have already
shown that echocardiographic measurements of the
diameter of the aortic orifice are highly
reproducible.4 Such measurements are unchanged
by systole and are also constant when the heart is
under the influence ofa positive inotropic drug. This
implies that changes in aortic flow are caused exclu-
sively by altered blood velocity, and that a single
measurement of the area is probably sufficient when
changes in cardiac output are being monitored dur-
ing drug intervention.

In conclusion, Doppler echocardiography reliably
measures changes in cardiac stroke volume during
and after dobutamine infusion and therefore may be
useful for monitoring changes in cardiac output.
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