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Cardiac stroke volume during exercise measured by
Doppler echocardiography: comparison with the
thermodilution technique and evaluation of
reproducibility
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SUMMARY Cardiac stroke volume was measured simultaneously by Doppler echocardiography
and thermodilution in patients with severe coronary artery disease. One group (20 patients) was
examined during supine exercise at 25W and a second group (20 patients) during sitting exercise
at 25 W and 50 W. In a third group (10 patients) the reproducibility of the non-invasive stroke
volume estimate was determined during upright exercise. There was a considerable variation
between results obtained with the invasive and non-invasive technique at rest and during exer-
cise, but no systematic differences were found. Analysis of variance showed that no systematic
differences between ultrasonic results were introduced by two observers or by measurements on
different days. The coefficient of variation between any pairs of Doppler measurements in each
patient was 6%.
These findings demonstrate that the ultrasonic technique is suitable for detecting changes in

stroke volume induced by low load exercise in patients with severe angina pectoris.
Previous studies have shown that Doppler echo-
cardiography can be used to measure the cardiac
response to exercise'-4; however, the results were
not compared with those of invasive methods. In
addition, few data are available on the
reproducibility of blood flow measurements during
exercise. ' We have compared stroke volume results
obtained by Doppler echocardiography with those
obtained simultaneously by the thermodilution
technique in patients during exercise while supine
and sitting. We have also measured the
reproducibility of Doppler echocardiography for
measuring stroke volume during exercise in the
sitting position.

Patients and methods

PATIENTS
Seventy six men (mean age 49, range 29-63) under-
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going cardiac catheterisation for the evaluation of
severe angina pectoris gave their informed consent
to the study. All patients were in sinus rhythm and
none had valvar heart disease or intracardiac shunts.
Coronary angiography revealed one vessel, two ves-
sel, and three vessel disease in five, 12, and 59
patients respectively. Sixty nine patients were taking
one or several cardioactive drugs-nitrates,
,B-adrenergic blockers, or calcium channel blockers.
In four patients the results of Doppler recordings in
the supine resting position were technically inade-
quate and in 22 patients recordings obtained in the
sitting resting position were unsatisfactory. No
patients were excluded during the exercise tests.
Thus 50 patients were included in the study.

STUDY DESIGN
Doppler and thermodilution measurements of car-
diac output measurements were done simulta-
neously both at rest and during exercise on a bicycle
ergometer.

Supine position (20 patients): All patients were
exercised at 25W for 4 min.

Sitting position (20 patients): All patients were
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exercised at 25W for 4 min before -the mea-*
surements, and in 18 of them the procedure was
repeated at 50 W.

Reproducibility (10 patients): Doppler mea-
surements were performed during exercise in the
sitting position. After 4 min work at 50 W, the
Doppler measurements were obtained by one
observer and repeated immediately by another who
was unaware of the first results. An identical pro-
cedure was performed after an interval of 1-21 days
(mean nine days) at the same time of the day. The
drug treatment was- not changed.

DOPPLER ECHOCARDIOGRAPHY
A single DEopplerinstrument (Vingmed SD 100) was
used from the suprasternal approach to measure
blood velocities just distal to the aortic valve by a
pulsed technique.56 The analogue curve of the max-
imal velocity. was overlaid on the spectral display.7
This-velocity was integrated automatically and the
integrator was reset by the electrocardiogram. before
each beat. The integral was read at the closure of the
aortic valve, which was easily seen in the velocity
spectrum, and the average of 10 consecutive beats
was calculated.
A phased array cross sectional instrument (Irex

III) was used to measure the diameter of the aortic
orifice in the parasternal long axis view.5 68 Mea-
surements were obtained during three consecutive
beats at the point in the cardiac cycle when the
orifice echoes were most distinctly seen; the average
was used to calculate the orifice area. The diameter
was determined only at rest, and this value was used
during all stroke volume calculations.

THERMODILUTION TECHNIQUE
A thermodilution catheter (Baltherm or Torktherm,
Elecath) was positioned in the pulmonary artery
from a basilic vein (sitting position) or femoral vein
(supine position). Cardiac stroke volume was calcu-
lated from three-consecutive measurements of car-
diac- output using a Elecath Cardiac Output
Computer 4000.5

CALCULATIONS
All recordings were obtained blindly and were not
read until the study of each group was completed.
Aort'ic orifice area (A) was calculated as: A = ir x
(D/2)2, where D is the aortic orifice diameter. Ultra-
sonic cardiac stroke volunme (SVd) was calculated as:
SVd = A x SVI, where SVI is systolic velocity
integral.

STATISTICS
Invasive and non-invasive results were. compared by
the method of Bland and Altman.9 The variability of
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Doppler estimates of stroke volume was calculated
by analysis of variance (BMDP3V) and presented as
coefficients of variation.

Wilcoxon's signed rank test was used for paired
group comparison, and a p value <0 05 was
considered to be statistically significant.

Results

SUPINE POSITION
At rest the differences between each pair of stroke
volume:estimates measured by the two techniques
were distributed equally around zero; the mean
'difference being 1 7 ml (fig 1). The 95% confidence
limits for the differences (mean (2) SD) gave limits
of agreement of -26 to 29 ml (-33%o to 36% of the
mean stroke. volume). -During exercise the mean
difference between each. pair of stroke volume
estimates was- 0 3 ml (NS) and the limits of agree-
ment were -26 ml to 26ml'(-32% to 32%).

Stroke volume did not :change during exercise
with any of the measurement techniques (fig 2); car-
diac output increased because of a 450% increase in
heart rate.

SITTING POSITION
At rest-the differences between each pair of stroke
volume estimates were uniformly distributed
around zero; the mean difference being -1 ml
(fig 3). During exercise the mean difference was
-8 ml at 25W and -4 ml at 50 W. The first
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Fig 1 Difference between stroke volume measured by
Doppler echocardiography and thermodilution (SVd-SV,)
versus the mean of the two measurements ( (SVd + SIV,) 2)
during supine rest and during supine exercise at 25 W.
Broken lines indicate the mean and the 950% range of the
differences between the two measurements.
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Fig2 Mean (I SD) stroke volume measured by Doppler
echocardiography (D) and thermodilution (T) at supine rest
and during supine exercise at 25 W in 20 patients. Closed
circles indicate mean heart rate.

difference was barely significant (p = 0 04) with the
thermodilution technique giving slightly higher
results. The difference at 50W exercise was not
significant. The limits of agreement were -21 ml to
18 ml (-37% to 32%) at sitting rest, increasing to
-43 ml to 27 ml (-56% to 35O%) during 25W exer-
cise, and -40ml to 31ml (-49% to 38O%) during
50 W exercise.
Both techniques showed a considerable increase
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Fig4 Mean (1 SD) stroke volume measured by Doppler
echocardiography (D) and thermodilution (T) at upright
rest and during upright exercise at 25W and 50 W. Closed
circles indicate mean heart rate.

in stroke volume during 25W exercise (fig 4) and
cardiac output rose because of an increase in both
stroke volume and heart rate. No further change in
stroke volume was measured when the patients were
exercised at 50W and the increased cardiac output
was the result of a higher heart rate.

REPRODUCIBILITY
Mean (1SD) stroke volume was 105(18) ml during
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Fig 3 Difference between stroke volume measured by Doppler echocardiography and thermodilution

(SVd-S Vt) versus the mean of the two measurements ( (SVd+ SV,) 2) at upright rest and during upright
exercise at 25W and 50 W. Broken lines indicate the mean and the 950% range of the differences between the

two measurements.
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Table Doppler estimates of stroke volume (ml) obtained
during sitting exercise (50 W) by two independent observers
and on two different days (an average of nine days apart)

Day I Day 2

Observer Observer Observer Observer
Patient No A B A B

1 106 105 110 107
2 124 113 133 122
3 99 104 100 100
4 116 108 103 95
5 75 84 95 82
6 80 79 79 80
7 110 115 115 108
8 119 119 106 99
9 128 124 131 144
10 91 97 88 86
Mean (1SD) 105(18) 105(15) 106(17) 102(20)

exercise in the upright position (table). There was
no significant difference between measurements
obtained by the two observers or between mea-
surements performed on different days. The vari-
ance of the differences between any pairs of
measurements in each patient was 42ml and the
coefficient of variation was 6&2%. The coefficient of
variation was 0-9% between the two observers and
0 3% between the two days.
The coefficient of variation in individual patients

was calculated from the 10 beats which were
included in each estimate of the stroke volume. The
mean of these coefficients of variation in all the
patients was 4-3 (1-2)%.

Discussion

Whatever technique is used to measure cardiac out-
put at rest there are technical difficulties10 1; and
measurement during exercise causes additional
problems that particularly affect the ultrasonic
method. The thoracic movements produced by
exercise and increased respiration may lead to blood
velocity being measured at different positions in the
aorta. These thoracic movements are probably more
important during upright than supine exercise
because the chest is partially fixed in the lying posi-
tion. In the present study, the effect of this was
probably unimportant because there was little vari-
ation in beat to beat stroke volume during sitting
exercise. The velocity profile may be skewed during
exercise.12 Theoretically, however, when flow
increases the velocity profile is probably unchanged
at the level of the aortic orifice.13
During exercise the intraluminar aortic pressure

increases and there may be considerable cyclic
changes in cross sectional aortic area at the site of
velocity measurement. It is extremely difficult to
measure this area during exercise. This difficulty can
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be partly counteracted by our method which mea-
sures flow at the level of the aortic orific. This part of
the fibrous skeleton of the heart is probably little
affected by pressure changes, and we have pre-
viously shown that the diameter of the orifice is
unchanged during the cardiac cycle and by infusion
of positive inotropic drug.6 Accordingly, we deter-
mined the diameter only once in each patient,
assuming that it was unchanged during the course of
the study.

In the present study there were no systematic
differences between the estimates of stroke volume
obtained by Doppler echocardiography and by the
thermodilution technique either at rest or during
steady state exercise of low to moderate intensity.
The only exception was a barely significant
difference at the smallest work level during exercise
in the sitting position. To test the agreement
between these two techniques ofmeasurement, most
earlier reports used correlation coefficient and linear
regression analysis.5 1416 The data in the present
study were compared by a more appropriate
statistical method.9
We found considerable variation between results

obtained by the two techniques, and this variation
was of the same magnitude at rest and during exer-
cise in the supine position. Application of the Bland
and Altman analysis to earlier reports by us and
others showed similar variations.5 14-16 The
present study also showed an even larger variation
during exercise in the sitting position. This finding
might be due to higher stroke volume estimates.
However, when the difference was calculated as a
percentage of the mean stroke volume, larger vari-
ation during exercise in the sitting position
remained.
The reproducibility of the ultrasonic stroke vol-

ume was examined during sitting exercise using the
same model for repeated stroke volume mea-
surements as previously reported.7 The coefficient
of variation was 9% at rest7 whereas it was 6% in the
present study, showing that the variability of the
ultrasonic method is not increased by upright exer-
cise. No bias was introduced when velocities were
measured by two observers and on different days,
which also accords with our previous work.7 This
good reproducibility of ultrasonic estimates of
stroke volume during rest and sitting exercise dem-
onstrates the feasibility of Doppler echo-
cardiography in determining stroke volume despite
the considerable variation between the results
obtained with the two methods.
Measurement of cardiac output is of particular

interest in patients with advanced heart disease and
may be used to evaluate drug effects. In the present
study, the exercise load was kept low to avoid myo-
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cardial ischaemia and interference with steady state
haemodynamics. Our results suggest that mea-
surements of cardiac output by the ultrasonic tech-
nique may be useful during ischaemia induced by
low load exercise. A comparative study of the ultra-
sonic and thermodilution technique during higher
exercise levels than used in this study is necessary,
however.. Previous reports have shown the technical
difficulties of Doppler recordings at high load
exercise.2 3

In most patients cardiac output could be esti-
mated during supine low load exercise. However,
the changes in stroke volume were small both in nor-
mal individuals and in cardiac patients as previously
shown.1 1 7 On the other hand, there is usually a con-
siderable increase in the stroke volume response
during upright exercise and such a measurement
might be more sensitive to decreased cardiac func-
tion.' The approach is limited by the fact that the
Doppler technique is unsuitable in about one third
of the patients during upright exercise. Therefore,
further research is needed to determine whether the
supine or the upright position is more suitable for
testing cardiac function during exercise when this is
measured by the ultrasonic technique.

We thank Professor Lars Wall0e for statistical
advice.
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