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Noninvasive assessment of pressure drop in mitral
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SUMMARY A noninvasive method is described for measuring the pressure drop across the mitral valve
in mitral stenosis by Doppler ultrasound. A maximum frequency estimator was used to record maximum
velocity in the Doppler signal from the mitral jet. Provided the angle between the ultrasound beam
and the maximum velocity is close to zero the pressure drop can be calculated directly.
Good correlation was found between Doppler measurements and simultaneous pressure recordings

during heart catheterisation in 10 patients. No false negative or false positive diagnoses ofmitral stenosis
were made among 55 patients (35 patients with mitral stenosis and 20 patients with other valve lesions).
The measurements were easy to perform in most patients and the method seems well suited both to
diagnose and to follow patients with mitral stenosis.

Holen et al. (1976) have shown that the pressure
drop across a stenotic mitral valve may be calculated
from transcutaneous Doppler ultrasonic measure-
ments of the blood velocity in the mitral jet.
A pressure difference across the valve is necessary
both to accelerate the blood through the valve
constriction and to overcome the viscous resistance.
The work of Holen et al. indicates that viscous
resistance may be neglected for the blood with the
highest velocity in the jet. The pressure drop across
the valve may then be calculated from the maximum
velocity in the jet using the Bernoulli equation.
The ultrasound reflected from a small blood

sample will undergo a change in frequency (Doppler
effect) which is proportional to the velocity of the
blood and to the cosine of the angle between this
velocity and the ultrasonic beam. This angle can be
approximated to zero for measurements of mitral
jet velocity from the chest. The maximum velocity
in the jet can, therefore, be calculated from the
maximum frequency shift in the Doppler signal.
Holen et al. used a complete spectral analysis to
obtain the maximum frequency shift in the Doppler
signal. In the present study a simple maximum
frequency estimator is used (Brubakk et al., 1977),
and the time variation of the frequency shift can be
recorded on an ordinary paper recorder.

Received for publication 4 May 1977

The purpose of the present study was to evaluate
the clinical usefulness of the maximum frequency
estimator for assessment of the pressure drop in
mitral stenosis. Ultrasonic measurements were
done simultaneously with pressure recordings during
heart catheterisation in 10 patients with mitral
stenosis.

Methods

THEORETICAL CONSIDERATIONS
A constriction in a tube accelerates fluid which passes
through it. This acceleration is called convective,
since it is caused by the convection of the fluid
from one point in space with one velocity to another
point in space with a different velocity. Convective
acceleration occurs in flow through a stenotic
mitral valve as blood passes from comparatively
low velocity in the left atrium (0.2 m/s) to higher
velocity ( - 2 m/s) in the jet. Additional acceleration
is caused by changes in blood flow velocity during
diastole, especially at the time of mitral valve
opening and closure.

Acceleration of a mnass requires a force. A small
fluid element of volume aV may be regarded as a
body with mass p - aV, where p is the density
(106 x 103 kg/m3 for blood) of the fluid per unit
volume. Acceleration of this element through a
stenotic valve is achieved by the pressure drop
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Fig. 1 Contribution of the different terms in Eq. (1)
to the total pressure drop across a stenotic valve. The
relative values of the terms are arbitrarily chosen.

across the valve. The relation between the pressure

drop and the velocity is given by the Bernoulli
equation with an added viscous term

2

P1-P2 = ip(v22-vl2) + P -ds + R(v) (1)

where suffix 1 denotes the position of the fluid
element in front of the valve, and suffix 2 in the

valve jet; P is the pressure, v is the velocity vector

of the fluid element along its path, and ds is the
path element.
The firstterm ofthe right-hand side ofthe equation

represents the convective acceleration, the second
term represents the acceleration caused by changes
of the velocity with time, while the last term repre-
sents viscous losses.

Estimates of the magnitude of the first and second
terms may be given. The atrial velocity, vi, is
0-2 m/s. The value of the jet velocity V2 Will

depend on the degree of stenosis, usually being
1-3 m/s. We thus see thatv22 > v12 so that vi may be
neglected in the convective acceleration term in
Eq. (1). For V2 = 2 m/s, the convective term
represents a pressure drop of 16 mmHg (Fig. 1).

For the second term we assume that the velocity
increases from a zero value in the atrium to the
maximum jet velocity v2 proportionally to the square

of the distance. The time dependency of the veloc-
ity is assumed to be the same along the whole path
of the fluid. This term then takes the form
pl dv2 (2)
3 dt

where I is the path length of the fluid element from
the atrium to the jet. For a stenosis with maximum
velocity of 2 m/s, typical values at the valve opening
and closure are (see Figs. 2 and 3).

d=2 30 to 40m/s2
1= 510-2m

pl . - = 4to 5 mmHg (3)
3 dt

We thus see that this term is of the same order as the
convective pressure drop during valve opening and
closure. When the valve is open, however,
dv2/dt 1 m/s, which gives

pl*dd2 02 mmHg (4)3 dt

which implies that the convective term dominates
the acceleration during diastole.
The magnitude of the viscous losses is difficult

to estimate. The viscous losses arise from friction
between the fluid element and its neighbouring
fluid, and will thus not only depend on v2, but on
the whole velocity profile. However, our findings
together with those of Holen et al. suggest that for
the fluid element with the maximum velocity in
the mitral jet, the viscous losses may be neglected.

In Fig. 1 the contribution of the different terms
to the total pressure drop is seen. The relative
values of the terms are arbitrarily chosen. Because
of the second acceleration term in Eq. (1) there is a
delay between the pressure drop and ipv22. In
addition this term requires a negative pressure
drop to arrest the blood flow at the end of the
diastole. When dv2/dt = 0, the second term is
zero, and the difference between the pressure drop
and Jpv22 is given by viscous losses only.
By neglecting the second acceleration term and the

viscous losses, the pressure drop can be calculated
from V2 alone. Inserting the value for p in Eq. (1),
the following simple formula is found
P1 - P2 = 4 - v22 (mmHg) (5)
where v2 is in units of m/s, while the pressure drop
is found in units of mmHg. P1 is the atrial pressure,
and P2 is the pressure in the jet where v2 is achieved.
P2 will actually be less than the ventricular pressure
since a pressure drop working against the flow is
needed to retard the large jet velocity to a much
smaller ventricular velocity. However, most of the
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Fig. 2 Case 8. Above
left: Left ventricular and

\ pulmonary capillary venous
pressure. Above right:
Ultrasonic recording.
Below: Measured and
calculated pressure drop
during diastole.

Ultrasonic Doppler recording

Ultrasonic Doppler iecording
Pressure recording

Fig. 3 Case 4. Simulta-
neous ultrasonic (above)
and pressure recording
(below) with calculated
and measured pressure
drop during diastole
(middle).

01 .......

kinetic energy in the jet is lost in turbulence and
post-valvular vortices, so that this pressure drop
is probably not large.
The maximum velocity in the jet, V2, is calculated

from the maximum frequency shift, f2, of the
Doppler signal according to the following equation

c f2
22=yfo COSsb (6)

fo is the transmitted ultrasonic frequency, c is the
velocity of sound in the blood, and is the angle
between the ultrasonic beam and the direction of
the maximum velocity. By proper angling from the
chest, a small value of can be obtained so that
cos 0 = 1 is a good approximation. This approxima-
tion is used in the work, thereby enabling us to
estimate v2 from f2.
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Table

Case No. Sex Age (yr) Diagnosis Functional Rhythm Mean Mean Cardiac LV
class pulmonary pulmonary index diastolic

artery capillary pressure
pressure venous

pressure

1 F 48 Mitral stenosis II Sinus 20 15 2-6 +7+4
2 F 66 Mitral stenosis, III Atrial 36 26 3-2 3-8

mitral regurgitation, fibrillation
aortic stenosis

3 F 55 Mitral stenosis III Atrial 36 22 2-7 + 2-12
fibrillation

4 F 55 Mitral stenosis, II Atrial 22 18 3-3 .4+7
mitral regurgitation, fibrillation
aortic regurgitation

5 F 45 Mitral stenosis III Sinus 52 33 4-1 0-8
6 F 57 Mitral stenosis III Sinus 50 27 2-4 18-30
7 F 47 Mitral stenosis, II Atrial 26 16 2-1 0-8

mitral regurgitation fibrillation
8 M 49 Mitral stenosis, II Sinus 44 27 3-5 0-8

mitral regurgitation,
aortic regurgitation

9 F 47 Mitral and aortic II Atrial 34 21 3-6 0-10
stenosis, aortic fibrillation
regurgitation

10 F 63 Mitral stenosis, III Atrial 30 21 2-0 3-15
mitral regurgitation, fibrillation
aortic regurgitation

CLINICAL PROCEDURE
In 10 patients with mitral stenosis simultaneous
ultrasonic and pressure recordings were performed
during evaluation for surgery. There were 9 women
and 1 man, aged 45 to 66 years: 5 patients had pure
mitral stenosis, and 5 had combined mitral stenosis
and regurgitation; 2 had additional aortic stenosis
and 4 had aortic regurgitation. Four patients were in
sinus rhythm, 6 had atrial fibrillation. In 4 of the
patients mitral commissurotomy had been done
several years previously. Functional class, heart
rhythm, and catheterisation data are given in the
Table. Heart size varied from 450 to 870 ml/m2.
Ultrasonic recordings were performed before or

after heart catheterisation in 25 other patients with
mitral stenosis and in 20 patients with other valve
lesion, but without mitral stenosis.

Right and left heart catheterisation was done
percutaneously from a cubital vein and the femoral
artery, respectively. Pressure was measured with
an Elema Schoenander transducer, type EMT 35,
and recorded on a Mingograph 81. Zero level for
pressure measurements was the anterior axillary
line in the 4th intercostal space. Cardiac output
was determined by the Fick method. Pressures
were recorded simultaneously in the pulmonary
wedged position (PCV pressure) and the left
ventricle, both before and immediately after left
ventricular angiography. The mitral valve pressure
drop was measured as the difference between the
PCV pressure advanced 0-06 s and the left ventricu-
lar pressure.

The ultrasonic Doppler instrument used for
measuring mitral flow velocity is described in detail
elsewhere (Angelsen, 1975, 1976). The instrument
can be used either in a pulsed mode or as a con-
tinuous wave meter. The ultrasonic frequency is
2 MHz. In the pulsed mode, using repetition
frequencies of 617 and 9-8 KHz, velocities up to
1-7 m/s can be measured within 7 cm from the
transducer and up to 1 m/s within 12 cm. The
velocities were measured in a cylindrical volume of
15 mm diameter and 7-5 mm length. In the con-
tinuous mode, velocities up to 5 m/s can be measured
but with loss of range resolution.
The transducer was placed over or slightly

medial to the apex of the heart and angled until the
characteristic sound of mitral flow was detected.
The audible Doppler signal in mitral stenosis is a
harsh sound containing high frequencies from the
large jet velocity and differs clearly from the sound
obtained from normal blood flow. The direction
of the transducer was carefully adjusted until the
maximum Doppler shift was found. The maximum
and mean velocities were recorded together with
the electrocardiogram. From the maximum velocity,
the pressure drop between the left atrium and the
left ventricle was calculated for each 01 s during
diastole, using Eq. (5). The calculation was per-
formed both for single beats and as an average for
several- consecutive beats and compared with
simultaneous pressure recordings. The mean
pressure drop during diastole was obtained from
the average diastolic curves of 10 to 30 beats
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recorded simultaneously with pressure transducer
and ultrasound.

Ultrasonic and pressure recordings were made
both before and after left ventricular angiography
in 2 patients also with raised legs to increase venous
return. In addition, ultrasonic recordings were
repeated within minutes several times the day before
and one or two days after catheterisation to test
the reproducibility of the method.

Results

Fig. 2 (right) shows the maximum velocity curve
measured by ultrasound in case 8. This curve is
typical for severe mitral stenosis in a patient with
sinus rhythm. After the opening of the mitral valve,
there is a rapid increase in blood flow velocity
from zero to its maximum value. After the initial
peak, there is a slight decrease until the second
peak appears after atrial contraction. Below the
velocity curve the derived pressure drop is shown,
while to the left the results from the simultaneous
pressure measurements are seen. The pressure
curve obtained from the velocity is similar to that
obtained by catheterisation. The mean diastolic
pressure drop was 23 mmHg with both methods.
In severe mitral stenosis the pressure drop remains
high throughout diastole, which is also found for the
velocity curve. Peak velocity in this case was
2-8 m/s and the velocity at the end of diastole was
only slightly lower.

.~~~~~~.f ... ..L.
2

In atrial fibrillation (Fig. 3) a different curve is
obtained. The initial peak is followed by a gradual
decrease in velocity, and the second peak seen in
patients with sinus rhythm is absent. The peak
velocity varies more than in patients with sinus
rhythm as a short diastole in one or more of the
preceding beats results in a higher peak velocity
in the following beat. The variation in mean pressure
drop from beat to beat is easily seen from the ultra-
sonic as well as from the pressure recording.
The figure also shows how the pressure drop calcu-
lated from the ultrasonic recording during diastole
for each beat is very similar to that obtained by
catheterisation. Adequate correlation can also be
obtained for a longer time, as shown in Fig. 4.
These examples show close agreement between

pressure drops calculated from ultrasonic and
catheterisation recordings when good ultrasonic
signals were obtained. With a recording of poorer
quality spuriously low maximum velocities will be
found. Fig. 5 shows examples of some of the prob-
lems associated with this method. In curve a, the
initial peak velocity is less than expected when
compared with simultaneous pressure recordings.
However, this deficiency can be observed from the
ultrasonic recording alone as the initial peak
velocity should not be less than the atrial peak.
The curve also shows the false results which may
occur when the velocity exceed 1-7 m/s for the
pulsed mode of the instrument. Because of in-
complete filtering in the instrument a falsely high
velocity is observed.

Pressure recording
Ultrasonic recording

Fig. 4 Case 4. Above: Ultra-
sonic recording. Below:
Calculated pressure drop-
compared with simultaneous
pressure recording. (a) Before LV
angiography-mean of 44
consecutive beats; (b) after LV
angiography-mean of 50
consecutive beats.
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Pressure recording
-----Ultrasonk recording

b

'

C
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'

Fig. 5 Case 1. Above:
Ultrasonic recording. Below:
Pressure drop during diastole-
calculated from ultrasonic record-
ing and compared with simul-
taneous pressure recording. (a)
Pulsed ultrasound. (b, c, and d)
Continuous wave ultrasound.
(a and b) Mean of 10 beats. (c)
With raised legs--mean of 20
consecutive beats. (d) After LV
angiography-mean of 12
consecutive beats.

d

The next curve, b, shows the comparison
between simultaneous ultrasonic and pressure

recordings when the continuous mode was used
and beats showing loss of initial peak velocity
were omitted. In this patient good Doppler signals
throughout diastole were difficult to obtain for
more than a few beats at a time, perhaps because of
hyperventilation. Both methods (curve C) show
increase in pressure drop after the patient's legs
had been elevated but, as can be seen from
the ultrasonic recording, some of the initial peak
velocity is still lost. The difference in mean
diastolic pressure drop is 3-5 mmHg.

After left ventricular angiography a better ultra-
sonic recording was obtained (d), and then the
calculated pressure drop was similar to the simul-
taneous pressure recording (16-17-5 mmHg).

Fig. 6 shows part of the recordings from a patient
with atrial fibrillation. In the first and third beat,
a difference is noted between pressure and ultra-
sonic recordings, while in the following beats the
difference is very small. A recording showing many
of the former beats would underestimate the mean
pressure drop. From the velocity curve, however,
it can be seen that the ultrasonic recording of the
first and third beats differs from the rest. In par-
ticular the first beat shows a more rapid decline in
velocity.

Fig. 7 shows the least satisfactory of the ultra-
sonic curves recorded. The pressure drop calculated
from the velocity curves is underestimated for
most beats. The difference in mean diastolic
pressure drop with the two methods (calculated
from 30 beats) was 4 mmHg. However, calculating
the pressure drop from only the 'best' beats
recorded gave a result closer to the pressure drop
obtained by catheterisation.
The mean and peak diastolic pressure drop for the

10 patients with simultaneous pressure and ultra-
sonic recordings before and after left ventricular
angiography are shown in Figs. 8 and 9. The correla-
tion is good except for two patients. The enclosed
symbols marked represent a patient in whom,
after left ventricular angiography, the pulmonary
arterial instead of pulmonary capillary venous pres-
sure was used to obtain the pressure drop. This
pressure drop was consistently about 5 mmHg
higher than that obtained from the velocity curves.
Before angiography when pulmonary capillary
venous pressure was measured the two methods
gave nearly identical results.
The other patient represented by a square was

the only one for whom pressure drop calculated
from velocity was higher than that calculated from
catheterisation data. However, raised left ventricular
diastolic pressure was found in this patient without
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Fig. 6 Case 3. Above:
Ultrasonic recording.
Middle: Left ventri-
cular and pulmonary
capillary pressure.
Below: Pressure drop
during diastole-calcu-
lated and measured
from the above curves.
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Fig. 7 Case 2.
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Pressure recording with simultaneous

Ultrasonic recording
pressure recording.

satisfactory explanation. Left ventricular angio-
graphy showed normal volumes and contractions
with minimal mitral regurgitation. Moderate
systemic hypertension and electrocardiographic
signs of left ventricular hypertrophy were present,
but the left ventricular pressure curve was equally
raised throughout diastole without a significant
end-diastolic increase or a conspicuous a-wave. The
ultrasonic record, on the other hand, was of good
quality and several recordings gave similar results.
Though the zero level of the pressure transducer
was routinely checked both before, during, and

after catheterisation, the possibility of erroneous

zero line cannot be excluded.
Fig. 10 shows the variation in pressure drop,

measured by ultrasound, in one patient. Curve a

shows the diastolic pressure drop measured the day
before catheterisation. The unbroken line is the
pressure drop at rest, while the stippled line
shows the increase in pressure drop obtained by
raising the patient's legs to increase venous return.
Curve b, with a larger pressure drop, was recorded
in the catheterisation room before the start of the
procedure. Continuous ultrasonic recordings (curve
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x- Before LV angiography Fig. 8 Mean diastolic pressure
drop in JO patients.

- After LV angiogrcphy

40

Fig. 9 Peak diastolic pressure
drop in IO patients.

x - Before LV angiogruphy
* -After LVangiography

Pressure recording

c) showed an abrupt increase in peak velocity
immediately the catheterisation procedure began
with venous puncture. During catheterisation
several recordings (curve d) showed similar results,
except after left ventricular angiography (curve e)
when a further increase in pressure drop was
noted. The last curve (f) obtained the next day
is similar to the first one. The increase in pressure
drop after left ventricular angiography was con-
firmed by simultaneous pressure recordings.

Fig. 11 shows the results of repeat ultrasonic
recordings in 9 of the patients studied. In most

patients, the average pressure drop was higher
during catheterisation than on the previous or
following day, and was further increased after
angiography. In two patients the lower pressure
drop after angiography was associated with a slower
heart rate. Repeat measurements on a particular
day showed only small variations.

In the 25 patients with mitral stenosis, on whom
catheterisation and ultrasonic recordings were
performed on different days, the velocity curves
gave pressure drops within 20 per cent of the ones
calculated from the pressure curves, except in one

iHg)
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- 02s
Fig. 10 Pressure drop during
diastole-repeat ultrasonic
recordings in case 2. (a) Day
before catheterisation, stippled
curve shows pressure drop with
raised legs. (b, c, d, and e) In the
catheterisation room, (e)-after
LV angiography. (f) Day after
catheterisation. In all curves the
pressure drop is calculated from
a mean of 20 to 50 consecutive
beats.

a b c d

Fig. 11 Mean diastolic pressure
drop in 9 patients. 0 At rest, on
different days; * during
catheterisation; x after LV
angiography.

1 2 3 4 5 6 7 9 10

patient where ultrasonic measurements were

unsatisfactory.
In the patients with other valve lesions, but

without mitral stenosis, ultrasonic recordings
indicated a pressure drop from the left atrium to
the left ventricle of 2 to 4 mmHg early in diastole
decreasing to zero in mid-diastole. In patients with
sinus rhythm a late diastolic increase to 1 to 2 mmHg
was seen after atrial contraction. In patients with
more than moderate mitral regurgitation the
initial pressure drop was higher, 6 to 8 mmHg,
but with rapid decline giving a mean pressure drop
less than 3 to 4 mmHg.

Discussion

The present method depends upon the assump-
tion of a zero angle between the ultrasonic beam
and the maximum jet velocity, and the validity of
neglecting viscous losses. A small viscous pressure
drop may be masked by a reverse deceleration
pressure drop between the ventricle and the mitral
jet (see theoretical considerations). This reverse

pressure drop is probably small, which is confirmed
by Yellin and Peskin (1975) in their in vitro study
of pressure flow relations across a tube constriction.

The adequate correlation between pressure drop
estimated by ultrasonic recording using Eq. (5)
and that obtained by catheterisation, as shown in
Figs. 2, 3, and 4, confirm that viscous losses are

negligible.
In the patients for whom the pressure drop was

underestimated from ultrasonic measurements,
viscous losses were unlikely to have been the cause

of the error, as differences between the two methods
varied from beat to beat (Figs. 5 and 6). In these
cases improper angling of the ultrasonic beam is
more likely to have been responsible. Several trans-
ducer positions may have to be tried before the
maximum velocity is found. If the angle between
the ultrasonic beam and the maximum jet velocity
differs substantially from zero, the cosine of the
angle will be less than 1 and the maximum velocity
and the pressure drop will be underestimated
(Eq. 6).

In Fig. 7 the pressure drop measured by ultra-
sound is about 20 per cent lower than that obtained
during heart catheterisation, which could be caused
by an angle = 26°. A smaller angle than this should
be obtained in most patients, as the jet is divergent
and the maximum velocity may therefore be recorded
from more than one position. The underestimate
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of the pressure drop of about 20 per cent in this
patient was also the largest in this study. When heart
catheterisation and ultrasonic recordings were
performed on different days in 25 additional patients
with mitral stenosis, the underestimate was also
within 20 per cent with one exception. A satisfactory
position for recording maximum velocity was found
in 34 of the 35 patients examined. In the exceptional
case optimal audio signal and velocity curves could
not be obtained. The reason for this failure may
be anatomical, such as emphysema, rotation of
the heart, or a mitral valve deformity causing
the jet to be directed away from the area on the
chest wall from where it can be recorded. In all
other patients the results were easily repeated on
several occasions and by different observers.

Since the possibility of underestimating the
pressure drop exists, it is important to know whether
this can be recognised from the ultrasonic recordings.
An analysis of a large number of beats recorded
simultaneously with the two methods in the
10 patients indicates that significant underestimates
could usually be recognised from the velocity
curve. In sinus rhythm the deviations in curve
form were easily seen, as shown in Fig. 5. Further-
more, in sinus rhythm beat-to-beat variations were
usually small. Greater variations were observed
in one patient only-probably because of increased
respiration. In atrial fibrillation variations in peak
velocity with varying heart rate gave similar results
to the simultaneous pressure recording. However,
when a varying decline in velocity during diastole
was noted (Fig. 6), maximum velocity/pressure
drop was underestimated in the beats with the more
rapid decline. The results indicate that a significant
underestimate is not likely to occur if care is taken
to obtain a satisfactory ultrasonic recording.

In all patients with mitral stenosis the diagnosis
was confirmed by finding abnormally high velocities.
A false positive diagnosis may be made in patients
with severe aortic regurgitation in whom a rapid
flow towards the transducer during diastole may be
recorded from the chest. In patients with atrial
fibrillation the velocity curve may resemble that
obtained in mitral stenosis. In sinus rhythm,
differentiation is easier-as the increase in mitral
velocity after atrial contraction is not seen. By
changing the direction of the ultrasonic beam the
velocity in the mitral and aortic valve areas may be
differentiated (Brubakk et al., 1977).
Flow through the regurgitant aortic valve also

starts immediately after the aortic component of the
second heart soand. A false positive diagnosis of
mitral stenosis was not made among 4 patients

with significant aortic regurgitation.
Our results confirm that the maximum velocity

estimator gives correct values both at high and low
velocities. This was especially well seen in patients
with atrial fibrillation and slow ventricular rate
where an initial high velocity was gradually reduced
to nearly zero, indicating a pressure drop less than
1 mmHg at the end of diastole. In contrast to a
complete spectral analysis, the maximum frequency
estimator gives an output in the form of analogue
voltages, which may be displayed instantly on an
ordinary paper recorder.
The present data indicate that the pressure drop

across a stenotic mitral valve can be measured with
acceptable accuracy using transcutaneous Doppler
ultrasound. Additional information can be obtained
by ultrasonic recording during exercise, and the
method can be used in noninvasive diagnosis,
assessment, and follow-up of patients with mitral
stenosis.

Addendum

Since the preparation of this paper we have made
simultaneous measurements in 10 more patients
where the pressure drop across the mitral valve
ranged from 4 to 28 mmHg. In these patients even
better correlation between ultrasound and pressure
recordings was found, probably because of more
experience with the ultrasound method.
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