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Doppler echocardiographic measurement of flow
velocity in the ascending aorta during supine and
upright exercise
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SUMMARY Doppler echocardiography was used to measure stroke volume, peak flow velocity, and
acceleration offlow in the ascending aorta in 10 healthy young volunteers during unlimited supine
bicycle exercise and upright treadmill exercise. High quality studies were obtained in all subjects
through the suprasternal notch acoustic window; there was no appreciable degradation in
Doppler signal caused by interference by increased respiration or chest wall motion. Stroke
volume index increased from 54 ml/m2 at rest to 63-5 ml/m2 at peak supine exercise and from 38
ml/m2 standing at rest to 63 3 ml/m2 during peak upright exercise. Mean peak flow velocity rose
from 0 91 m/s at supine rest to 1 36 m/s during maximum supine exercise. In the upright position
mean peak flow velocity increased from 0 75 m/s at rest to 1 39 m/s during maximum exercise.
Mean peak velocities were lower in the upright position at rest but were not significantly different
at peak exercise. Mean acceleration of flow in the ascending aorta increased from 12-02 m/s2
during supine rest to 21 6 M/s2 during supine exercise and from 10 8 m/s2 at rest on the treadmill
to 21-9 m/s2 during peak upright exercise.
This study shows that echocardiographic measurement of ascending aortic blood flow by the

Doppler technique is feasible even during vigorous exercise; that stroke volume and peak flow
velocity at rest are lower in the upright position than in the supine position but equalise at peak
exercise; and that acceleration of flow in the ascending aorta is the same in both the supine and
upright positions and increases equally at peak exercise in both positions.

The relative contributions of increments in stroke
volume and heart rate to the increase in cardiac out-
put which accompanies exercise have been exten-
sively studied with variable and sometimes
contradictory results.' - No change in stroke vol-
ume with exercise was found in early studies which
used sonocardiometry to monitor left ventricular di-
mensions during exercise.1 Subsequently, several
studies used dye dilution4`6 or Fick methods7-9 to
determine cardiac output and they showed an in-
crease in stroke volume with exercise. Whereas
invasive and non-invasive studies of the hae-
modynamic response to exercise have been per-
formed, measurements made during maximal supine
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bicycle exercise and maximal upright treadmill exer-
cise in the same subjects have not been compared
because of the technical limitations of available
methods. Doppler echocardiography is suitable for
such measurements and can be used to measure the
velocity of blood flow in the ascending aorta during
left ventricular ejection. Peak ascending aortic blood
flow and acceleration of flow have been correlated
with the maximum rate of rise of left ventricular
pressure (dP/dt) and hence left ventricular func-
tion.10 -13 Thus, changes in these variables with ex-
ercise may be useful for the non-invasive detection
of exercise induced left ventricular dysfunction.
Normal values of peak velocity and acceleration of
blood flow in the ascending aorta during exercise are
not known.
We have investigated the feasibility of performing

Doppler echocardiography during exercise to mea-
sure the effects of unlimited exercise on stroke vol-
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Fig. 1 Continuous wave Doppler echocardiographic recordingsfrom the suprasternal notch at rest and during exercise in the
upright (a) and supine (b) positions. Near the first beat during upright rest in (a) peakflow velocity is indicted by a large
arrow and ejection time by a smaller double arrow.

ume during supine bicycle exercise and upright
treadmill exercise and to obtain normal values for
rest and exercise aortic blood flow peak velocities
and acceleration.

Subjects and methods

We studied 10 healthy adults (six men and four
women) mean age 27 years (range 25-31 years).
None had important cardiac disease. All gave in-
formed consent to a protocol approved by the hu-
man studies committee of the Medical College of
Wisconsin.

Supine exercise was performed on a bicycle er-
gometer (Quinton) and was continued until exhaus-

tion. The upper body was kept flat with the legs
raised to approxiamately 30°. Haemodynamic data
were obtained at rest with the feet raised and
strapped in place on the bicycle ergometer. Exercise
was initiated at 200 kpm/min and was increased
every 3 minutes by 100 kpm/min (women) or 200
kpm/min (men) (1 kpm/min=0-167 W). Upright
exercise was performed on an automated treadmill
(Marquette CASE) following the Bruce protocol.
Subjects exercised until exhaustion. During both
supine and upright exercise, heart rate (electro-
cardiogram) and blood pressure were measured, and
Doppler echocardiography was performed at each 3
minute workload. The rate-pressure product (heart
rate x systolic blood pressure) was calculated at rest
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and at peak exercise. Supine and upright studies
were performed on different days so that the phys-
ical effects from the initial study did not influence
subsequent exercise performance. The subjects were
encouraged to exercise for as long as possible, but
not all of them achieved true maximal exertion.
Doppler echocardiography was performed from

the suprasternal notch with a 2 MHz dedicated
Doppler transducer (Irex Medical Systems). To de-
tect flow in the ascending aorta the transducer was
angled anteriorly and to the right. Both graphic dis-
play and audio signals were used to find peak veloc-
ity envelopes with distinct borders (Fig. 1). Pulsed
Doppler echocardiographic recordings obtained 7 to
10 cm from the suprasternal notch were compared
with continuous wave Doppler recordings to
confirm that the latter measured flow in the as-
cending aorta. When peak velocities exceeded the
Nyquist limit of pulsed Doppler echocardiography
during exercise only the continuous wave Doppler
was used.

Cardiac output was calculated from Doppler
echocardiography using the following formula14:
CO (ml/min) = SVI (cm) x A (cm2) x HR (beats/
min); where CO is cardiac output; SVI is systolic
velocity integral, A is the cross sectional area of the
aorta, and HR is heart rate.
The systolic velocity integral was determined by

integrating the peak velocity curves (from systolic
flow in the ascending aorta) over time. Peak velocity
curves were integrated by computer (Franklin In-
sight 2000) by digitising hardcopy data (Fig. 1). Pre-
liminary studies of 12 recordings obtained in three
subjects at rest and during both supine and upright
exercise revealed inter- and intraobserver variability
of less than 9%, no more than 0 1 m/s in any record-
ing. Data for this study were obtained by one ob-
server who was unaware of the other findings or the
state of exercise. The cross sectional area of the aorta
was determined by measuring the diameter of the
aortic root at the annulus with M mode echo-
cardiography guided by cross sectional echo-
cardiography (Irex Medical Systems).14 The largest
aortic diameter in systole and the diameter at end
diastole were averaged.15 The area (A) of the aorta at
the annulus was calculated as: A= t (diameter/2)2.
Cardiac indices were determined by multiplying
stroke volume indices and heart rate.

Acceleration of flow in the ascending aorta was
determined from hardcopy data and the formula:
acceleration =V peak/TP. Time to peak velocity
(TP) was calculated from the time of onset of flow to
the time at which velocity of flow was maximal (V
peak) (Fig. 1).
Each of the study variables was analysed with a

two way analysis of variance (four conditions by 10
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subjects) and the least significant difference test was
then used to assess specific comparisons.16 The four
conditions were: (a) supine rest, (b) supine exercise,
(c) upright rest, and (d) upright exercise. The F test
for analysis of variance was significant for 10 (for
(a) = (b) = (c) = (d)). The least significant difference
test was used to test (a) = (b), (a) = (c), (b) = (d), and
(c) = (d). Data were summarised as mean and stan-
dard deviation. A probability level of <0 05 was
taken to indicate statistical significance.

Results

Good quality Doppler echocardiograms were ob-
tained at rest and through all levels of exercise with-
out difficulty. The mean stroke volume index was
42% higher in the supine position at rest than in the
standing position at rest (p < 0-01). At peak exercise
the mean stroke volume index was not significantly
different in the supine and upright positions (Fig. 2).
Whereas the mean stroke volume index increased by
19% from rest to peak exercise in the supine posi-
tion, the increase (66%) from rest to peak exercise in
the upright position was far greater. Mean cardiac
index was not significantly different at rest or peak
exercise in the supine and upright positions. Al-
though the mean resting heart rate was lower in the
supine position than in the upright position, the
difference was not statistically significant. At peak
exercise the heart rate was lower in the supine posi-
tion than in the upright position (p < 0 05) (Fig. 3).
The mean maximum heart rate at peak supine bi-

cycle exercise was 138 beats/minute with individual
values ranging from 112 beats/minute to 161
beats/minute. During peak upright treadmill exer-
cise the mean maximum heart rate was 151
beats/minute with values ranging from 127
beats/minute to 191 beats/minute.
The mean double product increased with exercise

but was not significantly different in the supine and
upright positions (Fig. 3). Mean peak blood flow ve-
locity in the ascending aorta was 0 91 m/s at supine
rest with the feet elevated and increased to 1-36 m/s
during peak supine exercise (Fig. 4). At rest in the
upright position mean peak velocity was 0 75 m/s
and increased to 1-39 m/s during maximum upright
exercise. Mean peak velocity was significantly lower
in the upright position at rest (p < 0-05). than in the
supine position but not at peak exercise (Fig. 4).
Mean acceleration of blood flow in the ascending
aorta increased from 12-02 M/s2 during supine rest

to 21 16 M/s2 during supine exercise (p<001). In
the standing position mean acceleration increased
from 10-8 M/s2 at rest to 21-9 M/s2 during peak exer-

cise (p <0 01). Mean acceleration was not
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Fig. 2 Changes in mean (SD) stroke volume index and
mean (SD) cardiac index during supine and upright exercise.
Stroke volume index rosefrom 53 9 (6 3) ml/beat/m2 in the
supine position at rest to 63 5 (8-8) ml/beat/m2 at exercise
andfrom 38 (6&7) ml/beat/iM2 upright at rest to 63-3 (9-9)
ml/beat/iM2 at exercise. Cardiac index rosefrom 3-2 (0 4)
ml/minim2 supine at rest to 8-7 (1 5) ml/minIm2 at exercise
andfrom 2-6 (03) I/minlm2 upright at rest to 9 5 (1-3)
I/min/m2 during upright exercise.

Upright
m Supine
*p<001
**p<0 05

Rest Exercise Rest Exercise

Fig. 4 Changes in mean (SD) peakflow velocity and mean
(SD) acceleration offlow in the ascending aorta during
exercise. Peakflow velocity during supine rest was 0 9 (0 1)
mis rising to 1-4 (0 2) mis with exercise. Upright resting
peak velocity was 0-8 (0 1) mis rising to 1 4 (0 3) mis with
exercise.

significantly different in the supine and upright pos-

itions (Fig. 4).

Discussion

The effects of exercise on cardiovascular function
have intrigued investigators for decades. The re-
sponse of the heart to increased demand is of funda-
mental physiological importance and plays a major
role in the clinical detection and quantification of
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Fig. 3 Changes in mean (SD) heart rate and mean (SD)
rate-pressure product during supine and upright exercise.
Heart rate rosefrom 60 (9) beats/min at supine rest to 138
(16) beats/min at exercise andfrom 71 (15) beats/min at
upright rest to 151 (21) beats/min during exercise. Rate
pressure product rosefrom 7 8 (I 7) at supine rest to 25-5
(55) at exercise andfrom 8-7 (8) at upright rest to 25 (5)
at exercise.

heart disease. While many studies have been per-
formed to evaluate the haemodynamic response to
exercise in the supine and upright positions, accu-
rate methods of measuring variables such as stroke
volume, peak velocity of ascending aortic blood flow,
and acceleration of flow during high levels of exer-
cise in both the supine and upright positions have
only recently become available. The accuracy of
Doppler echocardiography in measuring stroke vol-
ume in subjects at rest has been clearly demon-
strated.1417-19 The technique has also been used
during low-level exercise in patients with mitral
stenosis20 and in normal subjects.2"
We have shown that Doppler echocardiography in

which the suprasternal notch is used as an acoustic
window can be performed in normal subjects during
rigorous exercise. Respiratory interference during
exercise was not a major problem because the ultra-
sound beam traversed the mediastinum to reach the
ascending aorta and did not come into contact with
the lung. In addition, lower frequency ultrasound
has a better penetrating capacity and can be success-
fully used in Doppler echocardiography. The high
signal to noise ratio of the dedicated continuous
wave Doppler system we used was particularly use-
ful in obtaining diagnostic quality data at peak exer-
cise. While the success rate will probably be less
when large numbers of patients rather than healthy
subjects are studied with this technique, the ease
with which we were able to record Doppler signals
during exercise is encouraging.
We found an increase in stroke volume and peak

velocity of flow in the ascending aorta with exercise.
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Table Stroke volume index measured by Doppler echocardiography during supine and upright rest and exercise

Stroke volume index (ml/mr2) Method

Supine* Upright Cardiac output Upright
exercise

Rest Exercise Rest Exercise

Wang et al (1960)6 53 60 32 59 Dye Treadmill
Frick and Somer (1964)8 51 68 - - Fick
Bevegard et al (1966)7 56 68 38 63 Fick Bicycle
Poliner et al (1980)2 42 58 30 54 Radionuclide Bicycle

angiography
Medical College of Wisconsin 54 64 38 63 Doppler Treadmill

*All supine exercise performed on bicycle.

At rest, stroke volume and peak velocity are greater
in the supine than the upright position. Heart rate is
slightly higher in the upright position to maintain
cardiac output. During exercise in the supine posi-
tion, stroke volume and peak velocity increase but
not nearly to the degree that they increase in the
upright position. During peak exercise, stroke vol-
ume and peak velocity are not significantly different
in the supine and upright positions. Acceleration of
flow in the ascending aorta increased with exercise
but was not significantly different in the supine and
upright positions, suggesting that this variable is in-
dependent of preload (Frank-Starling phenom-
enon).
The mechanism responsible for postural

differences in the haemodynamic response to exer-
cise is uncertain.'27 Changes in stroke volume dur-
ing exercise were not found in early studies,' but
most subsequent data, like ours, showed an increase
in stroke volume during exercise.7 15 22 Increased
myocardial contractility contributes to the increase
in stroke volume with exercise.2 23 The role of the
Frank-Starling mechanism is controversial; how-
ever, recent data suggest that stroke volume during
exercise is increased by a combination of the Frank-
Starling mechanism and an enhanced contractile
state.2426 Changes in the preload of the left ventri-
cle also contribute to changes in stroke volume. Ve-
nous return is augmented in the supine position and
this contributes to the greater stroke volume
achieved. Raising the legs and strapping feet into
place on the bicycle ergometer increased stroke vol-
ume by 19% compared with stroke volume in the
supine, legs flat position.8 The muscle pump action
of the legs is important in augmenting venous return
in the upright position. During upright exercise
when only the arms are used stroke volume is lower
throughout exercise and never rises as high as stroke
volume during upright exercise with the legs.37 Fi-
nally, changes in systemic impedance are also of im-
portance in causing changes in stroke volume.27

Thus increases in stroke volume with exercise are
brought about by various interacting mechanisms.
Our data show that these mechanisms result in simi-
lar stroke volumes at peak exercise in the supine and
upright positions whereas at rest stroke volume is
lower in the upright position.

In the Table we compare our results with those
obtained in other studies of normal volunteers of
similar age that used invasive techniques and radio-
nuclide ventriculography. Using the cardiogreen
dye indicator dilution method during supine and
upright exercise, Wang et al6 showed changes in car-
diac output nearly identical to ours. Bevegard et al7
and Frick and Somer8 used the Fick principle to
show changes in cardiac output with supine and up-
right exercise similar to those we demonstrated with
Doppler echocardiography. Using radionuclide ven-
triculography, Poliner et al reported lower resting
stroke volume indices than those found by others
and they did not detect an increase in stroke volume
with elevation of the legs in the supine position.24
The fact that our measurements of stroke volume by
Doppler echocardiography correlated closely with
stroke volume determined invasively confirms the
accuracy of the Doppler technique.
We also measured peak velocity and acceleration

of flow in the ascending aorta at rest and during ex-
ercise. In previous invasive studies a correlation be-
tween ascending aortic blood flow velocity and left
ventricular function was noted.'0-12 Acceleration of
flow has been related to dP/dt and thus is regarded as
an index of left ventricular function'0- ' Similarly,
changes in peak flow velocity have been shown to
reflect changes in left ventricular contraction induced
by positive inotropic stimulation.'0 After intra-
venous propranolol, depression in myocardial func-
tion can be detected by decreases in maximal blood
flow velocity, acceleration, and dP/dt.'2 Our data for
peak flow velocity and acceleration are similar to
those obtained by electromagnetic velocity sen-
sors. 12 Measurement of ascending aortic blood flow
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velocity and acceleration by Doppler echo-
cardiography provides a non-invasive means of as-
sessing left ventricular function. Monitoring of
these variables during exercise may allow detection
of exercise induced left ventricular dysfunction.

Exercise Doppler echocardiography may have
several limitations. We used an average of systolic
and diastolic potential diameters to calculate cardiac
output.1428 Since we were unable to measure the
aortic annulus diameter during exercise, we used the
resting value to calculate stroke volume during exer-
cise. This seems reasonable since aortic dimensions
at the annulus do not change significantly when car-
diac outputs are increased fourfold with dobutamine
infusion.'4 In an animal model too, it has been
shown that aortic dimensions do not change
significantly over a wide range of cardiac outputs.29
Nevertheless, determination of aortic diameter is a
well known source of error when Doppler echo-
cardiography is used to measure stroke volume.

Limitations in Doppler instrumentation and tech-
nique may prevent accurate recording of peak veloc-
ity profiles, especially if only pulsed wave Doppler
echocardiography is used. Care must be taken to lo-
cate the peak velocity profile when the interrogating
beam is parallel to flow in the ascending aorta. There
may be difficulties when this method is used in older
patients with cardiac disease who may not have
laminar flow in the ascending aorta.
We have demonstrated that stroke volume, peak

velocity, and acceleration of ascending aortic blood
flow can be measured by Doppler echocardiography
during vigorous supine bicycle exercise and upright
treadmill exercise. Different responses to supine and
upright exercise were shown by the technique,
which appears to have considerable potential for
evaluation of patients with known or suspected heart
disease.
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