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Reliability of Echocardiography in Assessing Cardiac Output

A Comparative Study with a Dye Dilution Technigue *
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Summary. Because of the potential benefits from a
noninvasive technique in assessing cardiac output, we
compared cardiac output estimates from left ventricu-
lar echocardiograms with results obtained simulta-
neously by a standard technique, dye dilution in 10
healthy normal volunteers. During rest, cardiac out-
puts by echocardiographic and dye dilution tech-
niques were reproducible and not significantly differ-
ent. Increases in cardiac output produced by intrave-
nous infusion of isoproterenol (15 ng/kg/min for 4
min) were accurately estimated by echocardiography
in subjects whose stroke volume increased less than
40%, but were significantly underestimated when
stroke volume increased more than 40%. Decreased
cardiac output produced by intravenous propranolol
(0.2 mg/kg) was comparable by both methods. Al-
though echocardiography accurately estimated mean
cardiac output for the group it over- or underestimat-
ed cardiac output in individual subjects. We propose
that echocardiography can reliably estimate cardiac
output in groups at rest and when stroke volume
changes less than 40%.

Key words: Cardiac output — Non-invasive — Echocar-
diography — Dye dilution

Echocardiographische Bestimmung
des Herzminutenvolumens: Vergleich
mit einer Farbstoffverdiinnungsmethode

Zusammenfassung. Einer nicht invasiven Methode zur
akkuraten Bestimmung des Herzminutenvolumens
(HMV) kime eine grole Bedeutung zu. Wir ver-
glichen deshalb aus links-ventriculdren Echocardio-
grammen bestimmte mit gleichzeitig mittels Farb-
stoffverdiinnungsmethode (Cardiogreen) bestimmten
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HMYV in 10 normalen Versuchspersonen. Unter Ru-
hebedingungen war das HMV mit beiden Methoden
reproduzierbar und nicht signifikant verschieden. An-
stiege des HMV nach intravendser Infusion von Iso-
proterenol (15 ng/kg/min iiber 4 min) wurden mittels
Echocardiographie zuverlissig nur bei Probanden er-
faBt, bei denen das Schlagvolumen weniger als 40%
anstieg. Bei groBeren Anstiegen wurde der Anstieg
des HMYV signifikant unterschitzt. Ein erniedrigtes
HMYV nach intravenéser Injektion von Propranolol
(0,2 mg/kg) wurde von beiden Methoden gleicher-
maBen erfat. Obwohl das HMV mittels Echocardio-
graphie fiir das Untersuchungskollektiv nicht signifi-
kant von den Farbstoffverdiinnungswerten verschie-
den war, wichen die echocardiographisch bestimmten
HMV bei einzelnen Probanden deutlich von den
Farbstoffverdiinnungswerten ab. Unsere Ergebnisse
zeigen, dal} die links-ventriculdre Echocardiographie
zur Bestimmung des HMV in Gruppen und bei Ande-
rungen des Schlagvolumens von weniger als 40% be-
nutzt werden kann.

Schliisselworter: Herzminutenvolumen — nicht-invasiv
— Echocardiographie — Farbstoffverdiinnungstechnik

M-mode left ventricular echocardiograms have been
used to calculate ventricular volumes, stroke volume
and cardiac output [1, 6-8, 15-18]. The problems in-
herent in the technique and the underlying geometric
assumptions have been reviewed [13, 19-21]. The
method has the obvious advantage of being non-inva-
sive and, therefore, qualifies for serial measurements
without risk or discomfort to the subject. Because
of this advantage it has been used in clinical investiga-
tion as a convient tool to estimate cardiac output
[3, 20]. However, the value of echocardiographic esti-
mation of cardiac output was investigated in only
a few studies [1, 16] and it ijs desirable to obtain
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more data on the accuracy of this method. Because
of the potential usefulness of a reliable, non-invasive
method for estimating cardiac output in clinical inves-
tigation, we assessed the accuracy of echocardiogra-
phy by comparing echocardiographic to simulta-
neously obtained dye dilution results in normal volun-
teers.

Subjects and Methods

Ten healthy male paid volunteers were studied. The protocol of
the study was reviewed and accepted by this institution’s Commit-
tee for Human Use in Clinical Investigation. All subjects read
and signed a detailed informed consent.

The studies were performed between 8-10:00 A.M. Cardiac
output was measured simultaneously by dye dilution and echocar-
diography four times in each subject: firstly, after resting in recum-
bency for 20 min after all catheters were placed, secondly, after
recumbent rest for an additional 10 min, thirdly, after intravenous
infusion of 15 ng/kg/min of isoproterenol for 4 min, and finally,
10 min after a slow intravenous injection of 0.2 mg/kg of proprano-
lol. One subject did not receive propranolol because of a history
of asthma.

The dye dilution technique for measuring cardiac output utiliz-
ing Cardiogreen and a Gilford densitometer is routinely used in
this laboratory [10]. In short, a 4-F caliber flow directed Swan-Ganz
catheter was introduced percutaneously into an antecubital vein
and advanced to the right atrium for delivery of dye. A 2!/, inch
18-gauge Longdwell Teflon catheter (Becton-Dickinson) was placed
in one brachial artery to allow continuous withdrawal of blood
through the densitometer. Cardiac output curves and lead II of
the electrocardiogram were inscribed using a Hewlett Packard 4578
A polygraph. Heart rate was derived from the ECG and stroke
volume was calculated by dividing cardiac output by heart rate.

Left ventricular echocardiograms were obtained as described
by Popp and Harrison [18] using a Smith Kline Instruments Ekoline
20 ultrasonic unit with an Aerotech transducer (2.25 MHz, 13 mm
diameter) and a Smith Kline Instruments Ekoline 21 strip chart
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recorder. The left ventricular internal end-diastolic diameter {Dy)
was measured as the distance between the left ventricular posterior
wall and the interventricular septum at the peak of the R-wave
of the ECG, and the end-systolic diameter (D,) as the shortest
possible distance during a cardiac cycle. Ten consecutive beats
obtained during the recording of dye dilution curves were analyzed
and the mean was used for calculating volumes and cardiac output
using the following formulae [18]:

End-diastolic volume (EDV)=(Dy)®

End-systolic volume (ESV)=.D)?

Stroke volume (SV ECHO)=EDV-ESV

Cardiac ouput (CO ECHO)=SV ECHO X heart rate

All echocardiographic recordings were measured by the same ob-
server without having knowledge of the dye dilution results.

Data are presented as the mean -+ standard error of the mean
(SEM) as an index of dispersion. The t-test for paired and unpaired
data was used to test the significance of differences. Linear correla-
tion coefficients were computed by way of the least square method.

Results

Echocardiographic measurements of left ventricular
dimensions as well as echocardiographically estimated
cardiac outputs in comparison with dye dilution mea-
surements are listed in Table 1. The agreement be-
tween both methods under the various conditions of
the experiment is illustrated in Fig. 1.

Measurements Under Resting Conditions

Calculations of cardiac outputs from echocardio-
grams gave results similar to the dye dilution determi-
nations under resting conditions and there was no
significant difference between the means obtained by
the different techniques. Correlation coefficients were
computed and the r value at Rest 1 was 0.55 (p=0.1)

Table 1. Echocardiographic measurements of left ventricular dimensions and comparison of cardiac output as estimated by echocardiography

with dye dilution measurements

Pat. Rest 1 Rest 2 Isoproterenol Propranolol
No.
SD DD Cardiacoutput SD DD  Cardiac output SD DD Cardiac output SD DD Cardiac output
Echo Dye Echo Dye Echo Dye Echo Dye
(mm) (I/min) (mm) (1/min) (mm) (1/min) (mm) (1/min)
1 353 478 275 475 341 49.5 392 491 289 488 552 10.00 355 509 3.85 4.48
2 345 48.1 393 7.07 341 485 446 711 265 489 708  9.23 327 476 350 6.50
3 352 499 516 7.2 314 504 660 6.90 251 509 882 940 -~ - - -
4 324 534 922 836 325 542 1024 9.68 274 544 1404 1372 336 536 627 579
5 389 555 792 569 361 547 795 6.40 268 504 816 11.18 36.2 533 624 535
6 353 511 537 583 342 507 6.05 531 287 503 9.33 13.03 350 475 366 574
7 343 478 414 5.60 342 475 403 5.63 26.6 474 736 9.03 304 478 4.14 399
8 32.5 508 586 5.05 332 519 650 5.03 26.5 529 984  9.30 374 527 509 3.83
9 31.5 487 7.08 749 316 494 694 7.3 26.1 487 880 13.05 319 486 527 442
10 292 472 529 503 27.8 470 548 4.5 19.4 46,6 751 7.33 321 477 422 370
Mean 338 500 567 6.21 329 5.04 6.22 6.29 26.2 499 865 1053 339 499 465 4387
+SEM 0.84 0950 062 032 0.75 0.86 0.61 048 0.88 0.79 0.72 0.67 0.81 093 037 033

SD =Systolic diameter, DD = Diastolic diameter, Echo =Echocardiography, Dye=Dye dilution technique
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Fig. 1. Scatter plot of 39 cardiac output measurements by echocar-
diography against simultaneously obtained dye dilution values of
ten normal volunteers under various conditions (for details see
Subjects and Methods)
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Fig. 2. Cardiac output changes induced by infusion of isoproterenol
(15 ng/kg/min for 4 min) and propranoclot (0.2 mg/kg) as estimated
by dye dilution and echocardiography

Table 2. Effect of isoproterenol (135 ng/kg/min for 4 min) on resting heart rates and stroke volumes

as determined by echocardiography and dye dilution

Rest 2 Isoproterenol

Dye dilution Echocardiography  Dye dilution Echocardiography
Heart Rate 65.8+3.0 80.3+3.6
(Beats/min)
Stroke Volume (ml) 95.4+4.95 93.14+5.92° 131.6+6.86 106.8+5.42°

Values are means+ S.E.M. The significance levels of differences between echocardiographic and dye

dilution results (Student’s r~test) are indicated
* No significant difference
® p<0.01

and at Rest 2, 0.72 (p=0.02). Two measurements at
rest were made so that the reproducibility of both
methods could be compared. The coefficients of varia-
tion! were 8.9% and 8.4% for dye dilution and echo-
cardiography, respectively. The coefficients of corre-
lation between the two sets of resting measurements
were r=0.94 and r=0.85 for dye dilution and echo-
cardiography, indicating adequate and comparable
reproducibility for both methods.

Measurements After Pharmacological Interventions

The effects of the infusions of isoproterenol and pro-
pranolol on cardiac output are shown in Fig. 2.
1 Coefficient of variation

_standard deviation of the mean difference »
B combined mean

100

Both techniques were able to detect the increase
in cardiac output induced by isoproterenol but echo-
cardiography underestimated this increase by 18%
as compared to dye dilution measurements. This dif-
ference, which was not statistically significant (p=
0.07), was due to an underestimation in stroke volume
(Table 2). Since this underestimation was not present
in all subjects, an attempt was made to characterize
the factor(s) responsible for the lack of agreement
between the methods in some subjects.

In our subjects, echocardiography was able to fol-
low increases in stroke volume up to 40% above the
resting values as determined by dye dilution
(Group 1). Increases greater than this (Group 2) were
underestimated. Figure 3 illustrates the ability of
echocardiography for detecting increases in cardiac
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Table 3. Comparison of cardiac output and stroke volume measurements by dye dilution and echocardi-
ography in two groups of subjects with different inotropic responses to isoproterenol infusion (15 ng/kg/
min for 4 min). Group 1 subjects increased stroke volume <40% and Group 2 subjects >40% above

the resting value

Group 1 (n=5)

Group 2 (n=5)

Cardiac output  Stroke volume

Cardiac output

Stroke volume

(1/min) (ml) (1/min) (ml)
Dye Dilution 9.74+1.06 117.6 +8.09 11.31+0.77 145.6+7.06
Echocardiography 8.96 +1.30° 107.349.53 8.33+0.75° 106.3+6.42°

Values are means+S.E.M. The significance levels of differences between echocardiographic and dye

dilution measurements (Student’s z-test) are indicated
* No significant difference
b p<0.025
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Fig. 3. Simultancous cardiac output

measurements by echocardiography and

. dye dilution before (m) and after (A)
isoproterenol infusion (15 ng/kg/min for
4 min, in two groups of subjects. Group
1 subjects exhibited less than 40%
increase in stroke volume in response to
isoproterenol while Group 2 subjects
increased stroke volume by more than
40%. A line connecting a resting and
an isoproterenol-stimulated value
parellel to the line of identity (broken
line) indicates equal increases of cardiac
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output in comparison with dye dilution. In subjects
of Group 1, echocardiographically determined in-
creases in cardiac output were in proportion to those
obtained by dye dilution, whereas echocardiography
clearly underestimated the effect of isoproterenol in
subjects of Group 2. In Group 1 no significant differ-
ences between stroke volume and cardiac output mea-
surements by either method were found, while in
Group 2, the values were significantly different
(Table 3). The groups did not differ regarding the
chronotropic effect of isoproterenol as heart rates
after isoproterenol infusion were comparable, 82.0 +
4.5 and 78.3+ 5.4 beats/min. The increase in cardiac
output in Group 1 did not reflect changes in heart
rate only, but also a significant increase in stroke
volume from a mean of 87.2 ml at rest to 107.3 ml
(p<0.01).

Infusion of propranolol decreased cardiac output
below resting values in all subjects. This was readily
detected by both methods and there was no significant
difference between the means obtained by either
method, however, no correlation between the meth-
ods was found following propranolol.

output by both methods. A steeper
slope than that of the line of identity
indicates an underestimation of the
increase by echocardiography

Discussion

The acceptability of any method depends upon the
fulfillment of three basic requirements: accuracy, re-
producibility and ability to detect changes. In the
present report, these parameters were assessed by
comparing echocardiographic results to those ob-
tained by an accepted standard technique, dye dilu-
tion [2]. Simultaneous recording of dye dilution and
echocardiographic measurements and the use of the
rapidly completed dye dilution technique precluded
spontaneous variations of cardiac output as a source
of error in our results.

Under resting conditions and after beta-blockade
with propranolol, the mean cardiac output by the
two methods was not significantly different, whereas
after isoproterenol echocardiography underestimated
cardiac output by an amount that nearly reached sta-
tistical significance. However, unlike for the total
group mean, the agreement between the methods was
less reliable for each individual since echocardiogra-
phy underestimated cardiac output in some cases and
overestimated it in others. This is reflected in the
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lack of an overall correlation between the methods,
being significant only at Rest 2. This lack of correla-
tion and, thus, precision was still present when regres-
sion equations derived by others [8, 21] were applied
to our data. However, these regression equations are
thought to be particularly helpful in the determination
of either small or large ventricular volumes. It is not
surprising therefore, that the application of these for-
mulae did not improve precision in our groups of
healthy volunteers with normal sized hearts.

Inspite of the individual differences between the
absolute cardiac output values obtained by the differ-
ent techniques their determination by echocardiogra-
phy proved to be a reproducible measurement with
a coefficient of variation for duplicate measurements
comparable to that of the dye dilution technique,
8.4% and 8.9%, respectively. Therefore, changes in
cardiac output and stroke volume greater than ap-
proximately 10% should be detectable by left ventri-
cular echocardiograms.

In the present study, isoproterenol increased and
propranolol decreased stroke volume and cardiac out-
put by more than 10% in each subject as determined
by dye dilution. Ventricular echocardiograms were
able to detect decreases in cardiac output produced
by propranolol and increases after isoproterenol infu-
sion when the change in stroke volume was less than
40% of the resting value. There was no agreement
between the methods when stroke volume increased
by more than 40%. The reason for this is not readily
apparent.

Fraster heart rates as a cause for the lack of agree-
ment in subjects with stroke volume increases of more
than 40% were considered and dismissed, since heart
rates were comparable in all subjects regardless of
the stroke volume response to isoproterenol. A possi-
ble explanation could be that a very strong inotropic
effect of isoproterenol alters the normal anatomical
relations of the left ventricle and therefore ventricular
dimensions might be obtained form different anatom-
ical sites.

However, since most physiological stimuli result
in stroke volume changes of 10-40% [4], echocardiog-
raphy could be used to evaluate the hemodynamic
effects of these as well as of pharmacological stimuli,
the inotropic effects of which are known to be mild.

Several previous studies have compared left ventri-
cular volumes and cardiac output determined by
echocardiography and angiocardiography [1, 7, 8, 15].
When patients with ventricular asynergy were ex-
cluded, significant correlations were found between
ventricular volumes [7, 8] and cardiac output [1, 15]
obtained by the two techniques. These correlations,
however, were due to the presence of only a few
cases with extremely high cardiac output thus creating
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a wide range of cardiac output values. Although a
wide range tends to improve a correlation statistically,
this does not neccessarily mean a better agreement
between the methods. If, for example, the range of
of cardiac output values in two of these studies [1,
15] is narrowed to normally expected resting values
of less than 10 1/min, the reported significant correla-
tion coefficients of 0.70 and 0.81 decrease to 0.004
and 0.3, respectively. The mean cardiac output values
by both methods, however, were not significantly dif-
ferent (calculated from Table 2 of each study), an
observation also noted in the present study.

Studies comparing cardiac output determined by
echocardiography and direct measuring techniques
are rare. A report by Pombo et al. showed a highly
significant correlation between cardiac output deter-
mined by echocardiography and dye dilution [16].
This correlation coefficient however, was derived
from 36 pairs of observations on nine patients and
therefore was not based on truly independent observa-
tions [14]. If, for example, all 39 pairs of observations
in our study are used to calculate a correlation coeffi-
cient, a value of r=0.76, p<0.001 is obtained. This
would suppose a greater accuracy of echocardiogra-
phy than what would appear from any single set of
measurements. It would though be due only to the
presence of low and high cardiac outputs following
the administration of propranolol and isoproterenol
(Figure 1). Thus this way of analyzing the data, al-
though resulting in statistically highly significant cor-
relations, obscures the true accuracy of echocardiog-
raphy.

In conclusion, our results suggest that echocar-
diography is adequate in assessing the mean cardiac
output in groups and in detecting changes in cardiac
output from physiological or mild pharmacological
interventions. M-mode echocardiography seems to be
less useful when accuracy of the absolute cardiac out-
put values is needed in an individual. Also can it
be used with confidence only in subjects known to
have normally contracting hearts. More sophisticated
techniques, such as twodimensional echocardiogra-
phy [5, 9, 11] or different approaches [12] may prove
more reliable for determining absolute cardiac output
at rest and under other conditions.
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