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SUMMARY Cardiac output was determined in 20 patients with various cardiac conditions by measuring the cross sectional area of the mitral orifice by echocardiography and the transmitral flow by the
Doppler technique. Cardiac output was calculated by multiplying the corrected mitral orifice area by
the maximum diastolic velocity integral recorded by the pulsed mode. The results were compared
with that obtained by the Fick method. The correlation for cardiac output by the two techniques
was high in the whole group, particularly in patients without mitral regurgitation. There was also a
good correlation for stroke volume determined by the two methods. Cardiac output was significantly
overestimated by the continuous mode and in patients with mitral regurgitation. These results show
that the mitral orifice method provides a new and reliable approach to the non-invasive measurement
of cardiac output.

With the advent of Doppler echocardiography there
has been an increased interest in estimating cardiac
output by measuring aortic flow.' 2 Although satisfactory results have been reported using different models, the true value of determining the aortic cross sectional area method remains in dispute. This technique
is invalid in patients with an abnormal aortic valve.3-6
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is to measure blood flow through the mitral orifice.
Preliminary results obtained in animal experiments
have been promising.7 There have, however, been
few clinical studies using this approach. We therefore
undertook the present study to evaluate the feasibility
and validity of this, method in clinical practice.

Patents and methodls
STUDY POPULATION

Twenty consecutive patients (11 men and nine
women, ranging in age from 17 to 65 years) were
studiedn All patients gave their informed consent to
partiedpate in the study and underwenf cosetheart
catheterisation with measurement of cardiac output
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by the Fick method. The Table shows the clinical
diagnoses. All patients were in sinus rhythm. Doppler
echocardiography and right heart catheterisation were
performed within 24 hours by different investigators,
and the results were not compared until after the
study was completed.
THEORETICAL CONSIDERATIONS

Transmitral flow (MF) can be calculated as:
is the spatial mean
MF=fV(t) CSA(t) dt where V sectional
area of the
blood velocity, CSA is the cross
mitral
orifice,
and t indicates that both V and CSA are
functions
of time.
The maximal mitral orifice area can readily be
from the parasternal left ventricular short
measured
axis view. Since the mitral orifice area, however,
changes
considerably during diastole the maximal
area must be corrected for such variations. Assuming
that the normal mitral valve orifice varies throughout
diastole as a series of ellipses, the changes of the
mediolateral diameters of these ellipses are so small
relative to those of anteroposterior diameters that
these changes can be ignored. In such circumstances,
the changes in area will be directly proportional to
changes in anteroposterior diameter, which are shown
o 4 e derived M mode echocardiograms By this
technique, we can obtain a ratio of the mean to maximal opening of the mitral orifice. This ratio multiplied
by the maximal mitral orifice area equals the mean or
130
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Table Results of Doppler echocardiography in 20 patents
MMA (cm2)

Case No

Diagnosis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

9.58
CAD
6-98
Normal
CAD
4-65
8-38
PS
CAD
8-95
6-50
HCM
CAD
9-16
7-42
Normal
CAD and VA 9.82
MR
9.72
AV
7-11
PE
10 60
9.44
Normal
7-48
HCM
CAD and VA 8-26
11-02
CAD, VA,
and MR
6.80
ASD
7-77
PS
PS
7-27
ASD
7-28

17
18
19
20

MOR

CMA (cm2)

DVI (cm)

HR(D)
(beatsbnin)

SV(D) (cm3)

0.55
0-61
0-72
0-57
0-52
0-80
0-52
0-62
0-57
0-63
0 57
0-65
0-58
0-80
0-51

5.27
4-26
3-35
4-78
4-65
5-20
4-76
4-60
5-60
6-12
4-05

17-1
24-7
20 8
23-5

0.54

5-48
5-98
4-21
5-95

15-1
24-0
11.9
25-6
17.4

55
9
90
58
48
62
47
75
63
70
98
80
60
73
50
55

90
105
70
112
91
85
87
81
80
120
79
104
132
71
108
104

0-78
0-60
0-70
0-65

5-30
4.66
5-09
4.73

15-7
18-7
18-9
16-0

73
67
75
70

83
87
9
76

6.89

19.5
16.4

18-2
17-6
14-2

19.6
19.4

CO(D) (1/nmn)

5*0

10.0
6-3
6-5
4-4
5-3
4-1
6-1
50
8-4
7-7
8-3

7.9
5-2
5-4
5.7

6-1
5-8

7-2
5-3

CAD, coronary artery disease; PS, pulmonary stenosis; HCM, hypertrophic cardiomyopathy; VA, left ventricular aneurysm; MR, mitral

AV, prosthetic aortic valve; PE, pericardial effusion; ASD, atnal septal defect; MMA, maximal mitral orifice area; MOR, mitral
regurgitation;
orifice opening ratio; CMA, corrected mitral orifice area; DVI, diastolic maximum velocity integral recorded from position A by pulsed

Doppler; HR(D), heart rate during Doppler examination; SV(D) and CO(D), stroke volume and cardiac output by Doppler echocardiography.

corrected mitral area, which can then be regarded as-a
constant during diastole.
The Doppler mean velocity is representative of the
spatial mean velocity of the whole mitral orifice area
only if the blood velocity profile is flat. Experimental
data indicate that the velocity profile across the mitral
valve is flat except for a zone of high shear near the
margin of the anterior leaflet in mid and end diastole.8
To our knowledge, there is no such information available in humans. Assuming that there is a flat velocity
profile across the mitral orifice during diastole and the
angle between the ultrasound beam and the blood
flow direction is O0, the transversed distance of blood
can be obtained by integrating the velocity during
diastole. Cardiac output (CO) can then be calculated
as: CO= DVI x CMA x HR, where DVI is the diastolic
velocity integral, CMA the corrected mitral orifice
area, and HR the heart rate.
ECHOCARDIOGRAPHY
A phased array cross sectional instrument (IREX III)
with a 2*5 MHz transducer was used for both cross

sectional imaging and M mode recordings. All
patients were examined in the left lateral decubitus
position. After the mitral valve orifice had been
imaged in the left parasternal short axis view, the
transducer was angled to record the maimal mitral
orifice area and both leaflet tips. The images were
recorded on video tapes. By adjusting the M mode
cursor across the middle of the mitral valve orifice, a
derived M mode echocardiogram was obtained at a

paper speed of 50 mm/s.
DOPPLER TECHNIQUE
A commercially available multifrequency (1-10 MHz)
Doppler instrument (ALFRED, Vingmed), with
both pulsed and continuous mode, and a transducer
of 2 MHz were used to record the Doppler signals.
The instrument has been described in detail elsewhere.6 The sample volume in the pulsed mode is
approximately 8 mm in diameter and 5 mm in length.
The received signals were processed by two frequency
estimators and converted into analogue voltages in
Doppler freproportion to the mean and maximum the
The
shifts.
electrocardiograms, mean and
quency
maximum velocity curves, the phonocardiograms,
and the amplitude of the Doppler signals were
recorded simultaneously on a Mingograph 82 electrocardiograph (Siemens Elema) at a paper speed of
50 mm/s.
The Doppler probe was placed at the apex, and the
continuous mode was first used to localise and record
the mitral flow signals. The probe was angled by listhe highest mitral
tening to the audio signals to obtain
flow velocity. The pulsed mode was then switched on
to record the velocities from different positions: (A)
where the mitral valve opening was first heard and
recorded on the amplitude curves, (B) 1 cm above
was
(A), and (C) where only the mitral valve closure
heard and recorded. Care was taken to adjust the gain
to
setting properly to minimise noise interference and
avoid the left ventricular outflow area while still maximising mitral flow.
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consecutive cardiac cycles were analysed and the values averaged (Fig. 1).
The derived M mode echocardiograms were traced
manually along the outermost echoes from the
mitral valve and digitised by the same computer to
determine the following measurements: (a) the opening area enclosed by the two leaflets; (b) the time
interval between the D and C points of the mitral
valve; (c) the mean opening of the two leaflets, which
was obtained by dividing (a) by (b); (d) the maximal
opening, which corresponds to EE' or AA' depending
on which is the larger; and (e) the mean to maximal
opening ratio, which was obtained by dividing (c) by
(d). Ten consecutive cardiac cycles were digitised and
the mean opening ratio calculated (Fig. 1).
The diastolic velocity integral was determined by
tracing and digitising the area under the mitral flow
velocity curves over 10 cardiac cycles. Since maximum velocities are less affected by errors in aiming
than mean velocities69 we integrated the maximum
velocity curves. The integration was ended at the
mitral valve closure component of the first heart
sound, which was identified by the recordings at position C. The mitral velocity recorded at position A was
used to calculate cardiac output (Fig. 2).
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Fig. 1 (a) Short axis echocardiogram showing the maximal
mitral valve orifce area and the posito of theM mode line. (b)
A derived M mode echocardiogram shouing the mehod for
calculing themil orfieopeningratio. The area between the
leaflets ws intrated and divided by the ime intrval between
D and C points (tDC) to obtain the mean opening which,
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divided by the maximal opening (MO), equals the opening ratio.
DATA ANALYSIS

The video tape recordings were analysed frame by
frame. The frame with the maximal mitral orifice area
within one cardiac cycle was selected and digitised by
a computer system (CARDIO 80, Kontron) programmed to give a planimetered area. Five to seven
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Fig. 2 Ekctrocardiogram (ECG), phonocardiogram, and
pulsed Doppkr recordings shouing (a) the maximal and (b) mean
velocity, (c) the amplitude ofDoppkr signal, and dte techniW of
integrating dte maximum velocity (hatched area).

STATISTICS

p<0.Ol
i

@

E 22-

p<0*0Ol
p<O.OOl

p<0.0Ol

Y 20-

Statistical analysis was performed using paired t tests
and correlation and linear regression analysis. All
results are given as mean and 1 standard deviation
(SD).
Results

E 18-

DOPPLER ECHOCARDIOGRAPHY

M 16-

E 14.

echocardiography. Technically adequate recordings
of cross sectional and M mode echocardiograms were
obtained in all patients. The values for the maximal

9

(8.21 (1.57) cm2). The smallest value was found in one

The Table shows the individual results of Doppler

mitral orifice area varied between 4*65 and 11-02 cm2

12.

patient with coronary artery disease (case 3), who also
had the lowest stroke volume by Doppler echocardiography. The largest value was found in one (case
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Fig. 3 (a) Diastolic velocity integrals recorded bydthed
mode Dopp ler techniqe from different positions (A, B, and C)
and by the icontnous mode. (b) Cardiac output determined by
Doppler echiocardiography using different diastolic velocity
integrals anId by the Fick method. Values are mean (SD).
A

(n=20)

FICK METrHOD

Cardiac ooutput was measured in the catheterisation
laborator y using the standard Fick method. Oxygen
in air and blood was measured using ABL-3 and
OSM-3 instruments (Radiometer, Copenhagen)
respective-ly. Stroke volume was computed by dividing cardialc output by heart rate measured during the
Fick proc-edure.

16) of the two patients with mitral regurgitation, both
of whom were characterised by a high stroke volume

by Doppler echocardiography. The values for the

mitral orifice opening ratio varied between 051 and
in
0*80 (0.62 (0-09)). The highest values were found
two patients with hypertrophic cardiomyopathy (cases
6 and 14), which was related to the reduced EF slope
in these patients. The corrected mitral orifice area
ranged from 3-35 to 6-89 cm2 (5.05 (0-82) cm2). The
smallest value was found in the patient with the smallest maximal mitral orifice area and the largest value in
the patient with a pericardial effusion (case 12).
All Doppler measurements recorded in the pulsed
mode were technically adequate, whereas recordings
in the continuous mode from three patients were
excluded because of noise interference. With the
pulsed mode, the diastolic velocity integral from position A ranged from 11*9 to 25.6 cm (18.7 (3.61) cm).
There was no significant difference between the velocity integral measured from positions A and B, whereas
the velocity integral recorded from position C was
significantly lower than that from position A
(p<0001) or B (p<0-001). On the other hand, the
velocity integral recorded by the continuous mode
was significantly larger than that recorded from any of
the three positions by the pulsed mode (Fig. 3).
The cardiac output by
Doppler echocardiography
by
ocity
the ech
The ard ode
using the pulsed mode and the diastolic velocity

integral from position A ranged from 4*4 to 10-0 I/min
(6-3 (1-5) I/min). The stroke volume varied between
70 and 132 cm3 (93 (17) cm3). The comparison between the maximal mitral orifice area and the stroke
volume yielded a significant correlation (r=0.54,
p<002), although the values were scattered. There
was no significant correlation between the corrected
mitral orifice area and the stroke volume (r=0-33,
p>0-05). The correlation between the diastolic velocity integral and the stroke volume was also significant
(r=0.66, p<0.005).
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CARDIAC CATHETERISATION

12-

The cardiac output by the Fick method ranged from
3-8 to 9*8 1/min (6-1 (1.5) 1/min). The highest value
was found in one normal subject (case 2), who also
had the highest cardiac output by Doppler echocardiography. The lowest value was found in one patient
with coronary artery disease (case 16), whose cardiac
index by the Fick method was <2*5 1/M2 per min. The
stroke volume varied between 58 and 118 cm3 (89 (16)
cm3). The highest value was in one normal subject
(case 13), who also had the highest stroke volume by
Doppler echocardiography. The lowest value was in
the patient with the lowest cardiac output by the Fick
method.
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COMPARISON BETWEEN DOPPLER
ECHOCARDIOGRAPHY AND CARDIAC
CATHETERISATION

There was a highly significant correlation for cardiac
output between Doppler echocardiography and the
Fick method (r=089, p<0 001, Fig 4). In the two
patients with mitral regurgitation, however, the Fick
results were considerably overestimated by Doppler
echocardiography. If these two patients were
excluded, an excellent correlation was derived
*
/
(r=0-95, p<0*001). The cardiac output by the Fick
/ ,, method was not significantly different from that
measured by the pulsed mode using the diastolic vel0040
0
/,S'
ocity integral from either position A or B; nevertheS
0.'
less, it was considerably overestimated by the con0
tinuous mode and underestimated by the pulsed mode
using the velocity integral from position C (Fig. 3).
There was no significant difference between the
heart rates during the Doppler and Fick procedures
(68 (15) beats/min vs 69 (13) beats/min), and the
stroke volumes derived from the two measurements
could therefore be compared. There was a significant
correlation of stroke volume between the two techniques (r=0.66, p<0 005, Fig. 4). In the two patients
with mitral regurgitation, however, stroke volume
was also overestimated by Doppler echocardiography.
120
140 If these two cases were excluded, a highly significant
100
60
80
correlation was also obtained (r=0-87, p<0001).
Stroke volume (Fick) (cm3

lb

4
6
8
Cardiac output (Fick) (1/mi n)

12

Fig. 4 Comparison of(a) cardiac output and (b, stroke volume
determined by Doppler technique and Fick metho)d. (a) In dte
wholegroup (broken line) including two patients 0) wuith mitral
regurgitatim (MR), the equation for the linear re?gresston Wma
y=0*90x+0,80, r=0 89, p<0 001, SEE 071 lb nO In Pa2ien
without MR (continuous line) the equation wasy
r=O-95, p<0 001, SEE 049 I/nin. (b) In the s
grou
(broken line) including two patients (0) with mitrral regurgitatin
the
the
linear
(MR), equation for
regression was
y=0*70x+30-79, r=066, p <0005. In patients tith MR
(continuous line) the equaion was y=0-95x +4*8 3, r=087,

=0*97x+Ou22,
rlhok

p<0001.

Discussion
Volumetric flow measurements using Doppler
echocardiography require (a) a correct determination
of the cross sectional area, (b) a flat velocity profile at
this site, and (c) a near alignment between the Doppler beam and the flow direction. Theoretically, there
are two places in the left ventricular inflow tract where
the mitral cross sectional area could be measured. One
is at the mitral annulus, the inlet of the mitral valve,
and the other is at the mitral valve orifice, the outlet of
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Nevertheless, the angle within the elevational or
azimuthal plane still cannot be determined.'7 In such
circumstances, we believe that the single Doppler
technique using the apical approach and the audio
signals is well able to obtain an optimal beam direction for the mitral flow. By moving the Doppler sample from the left ventricle step by step to the left
atrium, the amplitude signal from the mitral valve
movement can be recorded and used to determine the
optimal sample location. The level at which the valve
opening is first recorded (position A) is probably the
level of the mitral valve tips. This statement may not
be true because the mitral valve moves constantly
relative to the chest during diastole. We therefore
measured the velocity at position B (1 cm above position A). The fact that there was no significant difference in the velocity integral between the two positions
indicates that small changes in sample location are
unimportant in the measurement of mitral flow. On
the other hand, the velocity integral recorded from
position C was signficantly smaller than that from
either A or B. The reason for this is probably that at
this level the sample has reached the mitral annulus
whose area is much larger than that of the mitral
orifice so that the flow velocity is decreased. These
findings agree with previous observations.'8
The good correlations of cardiac output and stroke
volume between pulsed Doppler echocardiography
and the Fick method obtained in this study confirm
the reliability of the mitral orifice method in determining cardiac output. Although we did not measure cardiac output simultaneously by the two techniques,
similar heart rate during the two examinations suggests that there was no important haemodynamic difference between the two procedures. In contrast, cardiac output was significantly overestimated by the
continuous mode. This is probably because when a
sample volume in the mitral flow canal approaches the
left atrium the early diastolic velocity decreases,
whereas the late diastolic velocity increases.'8 The
continuous mode picks up both the highest early and
late diastolic velocities, resulting in an overestimated
cardiac output. It seems, therefore, that in the mitral
orifice method only the pulsed mode can be used. Our
data also show that both the diastolic velocity integral
and the maximal mitral orifice area correlated
significantly with the stroke volume by Doppler
echocardiography; nevertheless, because the values
are scattered use of either the mitral echocardiograms'9 or mitral flow characteristics alone is an unreliable method for estimating cardiac output.
There are some limitations to this method. Firstly,
mitral valve disease makes the measurement unreliable, as shown by the two patients with mitral regurgitation. Secondly, any congenital heart disease with a
shunt below the level of the mitral orifice would pro-
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the mitral valve. Since the mitral annular cross sectional area is difficult to localise on an echocardiogram
the annular diameter has been used to calculate the
area. IO Ormiston et al showed, however, that changes
in a single echocardiographic annular diameter may
not predict changes in annular area since both the
position and shape of the annulus may change during
the cardiac cycle.'1 On the other hand, the mitral
orifice area can be determined precisely by planimetry
in the cross sectional short axis view. To achieve an
optimal measurement, it is mandatory that the maximal orifice area at the valve tips should be recorded.
In their study, Fisher et al planimetered the mitral
orifice area through the middle of the leaflets,7 but in
most other studies'2'3 the mitral orifice area was
measured on a trailing to leading edge basis. The latter method has proved to be accurate and reproduciblel4 and hence has been used in the study.
Since the mitral orifice area changes considerably
during diastole it is necessary to correct for such variations. Theoretically, it would be more accurate to
measure area changes over all diastolic frames. This
procedure is, however, tedious and time consuming.
Moreover, because the mitral valve tips move in and
out of the sectional plane during diastole it is practically impossible to obtain all the cross sectional areas
throughout the cardiac cycle. Nevertheless, as the
normal mitral orifice is elliptical,8 and its area changes
are mainly due to the movement of both leaflets in the
anteroposterior direction,'5 16 such changes could be
predicted by the variations in the anteroposterior
diameter-that is, the variations of the leaflet separation that can be calculated on derived M mode
echocardiograms. The mean to maximal opening
ratio, as described previously by other workers,6 17 iS
a correction factor for the changes in diastolic area. In
contrast to their method of dividing the M mode diastolic recording into 0*05 s segments in one cardiac
cycle we performed planimetry of the whole separation area over 10 cardiac cycles, which may provide a
more accurate mean opening diameter and opening
ratio.
The diastolic flow pattern through the mitral valve
in sinus rhythm is complex including two acceleration
and deceleration phases combined with alterations in
cross sectional area. Despite this, experiments on
normal mitral valves have shown a fairly flat velocity
profile at the mitral annulus and a slightly peaked
profile at the valve orifice.8 The Doppler measurements therefore estimate the mean spatial velocity
profile with a reasonable degree of accuracy provided
that it is made at the site where the area is determined
and in alignment with the flow direction. Duplex
Doppler echocardiography has reduced these problems by visualising the sample volume and showing
the Doppler angle within the sectional plane.

YZ is a research fellow from the Cardiovascular Institute, Shandong Medical College, People's Republic of
China.
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duce similar results. Finally, since both area and flow
of the mitral orifice are very variable measurement of
a number of cardiac cycles is necessary and hence time
consuming.

