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A stenotic lesion becomes clinically significant
when the vascular bed downstream from the
stenosis is insufficiently supplied or the
upstream vascular bed is subjected to intolera-
ble stasis. The severity of the stenosis can be
assessed by the extent of the symptoms of stasis
or insufficient blood supply. From the point of
view of fluid mechanics or haemodynamics,
stenosis can be clinically assessed by the
stenotic orifice area, the flow passing through
the stenosis, and the driving pressure needed
to expel the blood through the stenosis.
Regardless of the increasingly sophisticated
methods available for clinical assessment of
stenotic lesions it is still important to be aware
of these fundamental haemodynamic relations.
From the patient's point of view, accurate

non-invasive methods for obtaining imaging
and haemodynamic data are the most attrac-
tive. Therefore, Doppler echocardiography
has had a considerable clinical impact during
the past decade. Its use to assess stenotic
lesions has expanded to the entire cardiovas-
cular system and to the acquisition of many
variables.

This paper deals with aortic and mitral
stenoses and focuses on the clinical impact of
Doppler echocardiography. The principles of
fluid dynamics that apply to the aortic and
mitral valves also apply to the tricuspid and
pulmonary valves but these valves are not dealt
with in this paper.

Fluid dynamics
One of the fundamental parameters describing
the severity of a stenosis with turbulent flow is
the haemodynamic resistance (R)

R= Ap Q' (1)

where Ap is the transvalvar pressure drop and Q
is the transvalvar flow. In this paper the
expression "pressure gradient" is intentionally
avoided and pressure loss, pressure drop, or
pressure difference are instead used.The pres-
sure gradient is dp/dx (change in pressure as a
function of change in distance). This is not
measured either in clinical practice or in the
experimental laboratory. What we measure is
the pressure difference across a stenosis-in
the cardiovascular system this will always be a
pressure loss.There is an exponential increase
in the transvalvar pressure drop as transvalvar
flow increases (fig 1).

In many papers resistance is calculated by
assuming a linear relation between pressure
loss and flow (Ap/Q).2A From a fluid dynamic
point of view this is incorrect because in
important stenotic lesions flow is always tur-
bulent. Despite this limitation the valvar resis-
tance parameter calculated in this way gives
information about the severity of a stenosis
when invasive techniques have been used. In a
strictly controlled in vitro experiment, how-
ever, Voelker et al2 recently showed that valve
resistance and stroke work loss, another pro-
posed measure of stenosis severity, both vary
considerably with flow. These measures
should therefore be used with caution.

Ideally one catheter should be placed on
each side of the valve to obtain simultaneous
pressure recordings. When the pull-back tech-
nique is used beat-to-beat fluctuations in pres-
sure will influence the pressure difference
making measurements less reliable. Improper
dampening caused by the fluid in the catheters
and the poststenotic pressure recovery phe-
nomenon 5-6 are additional potential sources of
errors.
As suggested by Hatle et al,7 the simplified

Bernoulli equation can be used to assess the
pressure difference non-invasively by Doppler
ultrasound:

Ap = 4 x v2 (2)

Figure 1 Relation I
flow model. Four me
flow loop: BSC = E
Hall-Kaster (Medtrm
exponentially with in
systolic conditions. (,

5 10 15 20 25 30 where v is the peak systolic blood velocity in
I/min the stenotic jet. The pressure difference esti-

between transvalvar pressure drop and transvalvar flow in a stenotic mated in this way is an instantaneous pressure
chanical heart valves (all 27 mm aortic valves) were mounted in a drop, unlike the catheter derived pressure dif-
3jork-Shiley convexlconcave; BSS = Bjork-Shiley standard; HK = ference which usually is reported as a "peak to
onic-Hall); SJM = St Jude Medical. The pressure drop increased
wcreasingflow. Flow values in the steady state model reflect peak peak" pressure difference. The mean pressure
Adapted with permission from the J Biomech 1987;20:353-64.') difference is a more meaningful measure for
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comparing pressure drops estimated by the
catheter and Doppler techniques since one can
be calculated from the other. The Doppler
derived mean pressure loss cannot be calcu-
lated directly from the mean velocity. It has to
be calculated as the time average of the instan-
taneous pressure differences obtained from the
Bernoulli relation. This is quite cumbersome
to do manually, whereas with modem equip-
ment this value is calculated at the same time as
the velocity integral.

Cardiologists are conservative and most still
use pressure differences calculated from
Doppler data by the simplified Bernoulli equa-
tion. None the less it is more straightforward
to calculate the time velocity integral, which
conveys the same information as the mean
pressure difference. Has the time come to
report measured velocity data instead of
derived pressure data? The advantage of using
velocity data is obvious when the difference
between Doppler-derived and catheter-mea-
sured pressure differences seen in some
mechanical valve prosthesis is considered.6

Because the blood velocity in stenotic jets is
usually high, continuous wave Doppler has to
be used. This implies that velocity recordings
are made in the entire cross field of the emit-
ted and received ultrasound wavefronts. The
reliability of this technique depends on its abil-
ity to detect the highest blood velocity area in
the entire flow field and often a stand alone
pencil probe has to be used. Furthermore, it
requires the insonated ultrasound beam and
the jet to be aligned. It is unwise to apply angle
correction because the stenotic valve may
direct the jet in any direction into the receiving
chamber,8 increasing the problem of aligning
the ultrasound wave and the jet.

Cardiac output, Q can be assessed non-
invasively from the simple equation:

Q=vx A (3)

where vi is the spatial mean blood velocity in
the cross sectional area (A). Cardiac output
can then theoretically be measured by multi-
plying area obtained from the cross sectional
echocardiographic image and Doppler derived
mean blood velocity. This technique has been
suggested for use in the pulmonary artery, the
mitral annulus, and the left ventricular outflow
tract. All these techniques assume a flat blood
velocity profile but this is not true of the pul-
monary artery9 or the mitral annulus.'O 11 The
technique, however, seems to work in the out-
flow tract of the left ventricle in patients with
aortic stenosis.'2 Rebreathing techniques have

A AU1 _______2U2

V,

Figure 2 Illustration of the continuity equation. Volume
flows on each side of a stenosis are identical. The reduced
area in the stenosis necessitates a higher mean velocity to
expel the same volume offluid through the stenosis per time
unit.

also been applied for non-invasive determina-
tions of cardiac output.'3 Clearly both ultra-
sound and catheter based methods have
sources of errors which the user must be aware
of.
The functional area of the valve orifice can

be estimated by the continuity equation,
which states that volume flow at each cross-
section is constant (fig 2). This is an expres-
sion of the conservation of mass principle.
Using equation 3:

Al x v1 = A2 x v2 (4)

where Al and A2 are prestenotic and stenotic
cross sectional areas, respectively, and v, and
v2 are the spatial and temporal mean velocities
in the same locations. By planimetry of Al and
measuring vI and v2 the stenosis area can be
calculated by rearranging equation (4):

VI Al xTVI~
Al = Al X orxA. (5)

V2 TVI2
where TVI1 and TVI2 are the time velocity
integrals of the prestenotic and stenotic areas,
respectively.
The Gorlin formula'4 is a special version of

the continuity equation where the Bernoulli
equation has been used to recalculate pressure
as velocity. Accordingly, the Gorlin formula is
used to estimate stenosis orifice area (A) from
the transstenotic flow and the resulting trans-
stenotic pressure drop. The original Gorlin
formula has been challenged often-by in vitro
studies,2 by animal experimental studies,'5 and
in humans.'6 For example in the modification
of the Gorlin formula used to assess aortic
stenosis:

Qsm
A= (6)

where Qsm = mean systolic flow and Apsm =
the mean systolic transstenotic pressure drop;
the factor "k" was originally reported as 44-3
but values from 50 to 20 have been sug-
gested.24
When "Gorlin areas" are compared with

"continuity areas" it is important to remember
that the Gorlin equation gives the anatomical
area whereas the continuity equation calcu-
lates the flow area (which is smaller).

Stenoses always cause stenotic jets which
include blood velocities above the critical
value for causing turbulence. Turbulence can
be heard with a stethoscope or recorded by
an accelerometer. Turbulence can also be
measured by pulsed and colour Doppler
techniques. These require specialised equip-
ment'17 18 that is not used routinely.

Aortic stenosis
Aortic valve stenosis is often diagnosed before
the patient is investigated with Doppler
echocardiography. The cross sectional image
will confirm this, but for a more exact assess-
ment of the severity of disease Doppler record-
ings have to be made. The technique is well
described elsewhere.'9 We only want to
emphasise that the aortic valve must be
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Figure 3 Example of
aortic stenosis of different
severity. (A) A case of mild
stenosis with low velocity
and an early maximum.
(B) A recordingfrom a
prosthetic St jude valve
(size 19 mm) in the aortic
position. Note the early
maximum despite the high
velocity. This valve has no
abnormal obstruction. (C)
A case with severe stenosis
and a symmetrical curve.
The patient has atrial
fibrillation. Note the
similarity in configuration
despite the variations in

velocity caused by
differences in volumeflow
between the beats.
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explored from several different positions to
detect the highest velocities. None the less,
velocities are flow dependent and may be high
with fairly mild aortic stenosis or low with
severe stenosis. Calculation of the stenotic
area using the continuity equation, as

described above, is then often of great help.
This is achieved by measuring the velocity in
the stenosis and in the outflow tract of the left
ventricle and multiplying it by the subvalvar
area obtained from the cross sectional image.
In most cases the subvalvar flow profile is
flat.12 However, since the subvalvar diameter is
sometimes difficult to measure this approach
is not always feasible. Visual analysis of the
spectral curve is always important. With mild
stenosis and high flow, the peak velocity
occurs early in systole, whereas with severe

stenosis the maximum is reached in midsys-
tole-that is, the curve is symmetrical (fig 3).

Analysis of the spectral curve is also of spe-

cial importance when subvalvar obstructions
are assessed. Dynamic subvalvar obstruction,
such as that seen in hypertrophic obstructive
cardiomyopathy, typically produces a spectral
curve with late maximum (fig 4) in addition to
well known signs such as septal hypertrophy,
systolic anterior motion of the mitral valve,
and premature closure of the aortic valves. If a
patient with dynamic subvalvar obstruction
also has mitral regurgitation this can start late
and peak late and may be mixed with the sub-

valvar component.
Patients with aortic valve stenosis some-

times also have dynamic subvalvar obstruc-
tions. This is of special importance because
surgical resection of the hypertrophic septum
may be necessary as part of the surgical proce-
dure. The information is also relevant to the
treatment of the patient in the immediate post-
operative period when inotropic drugs, which
may provoke dynamic outflow obstruction,
must be used with care.

Patients with aortic stenosis who are in car-

diac failure are often difficult to assess because
they have a low cardiac output and therefore
low blood velocities and accordingly a low
transvalvar pressure loss. In addition to visual
analysis of the spectral curve, measurement of
ejection time is of value here. A normal ejec-
tion time in a patient with cardiac failure is
highly indicative of severe aortic stenosis or

regurgitation.2021

Use of the continuity equation in low flow
states may yield falsely low valve areas. Dobu-
tamine22-24 or exercise echocardiography25 have
been suggested as being helpful in these cir-
cumstances. The rationale behind this is that if
the valve area increases with increasing flow,
then the stenosis can not be severe. It is not
obvious from these reports that this is the final
answer to this question.

Transoesophageal echocardiography with
its higher resolution and overall image quality

Figure4 Spectral
Doppler recordings from
left ventricular outflow in a
patient with obstructive
cardiomyopathy. Note how -

difficult it can be to record
the highest velocities, the
late peak when these high __ __ ___ _
velocities are recorded, and
how the appearance of the
spectral curve changes -
when these high velocities
are missed.
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Figure 5 Shaded boxes show haemodynamic conditions
known to occur with increasing severity of mitral stenosis-
that is, increasing pressure difference (Ap) across the valve
and decreasing stroke volume (SV). The influence on
pressure half time (TO.) is shown to the right. Thus the
direct and net effect ofdecreasing area is a prolonged
pressure halftime, but the extent ofchange depends on
changes in ApO and SV. The expected changes in both tend
to shorten To.,. Reproduced with permission from the J Am
Soc Echocardiogr 1988;1:313-21.33

allows direct visualisation of the aortic orifice
area. Planimetry of aortic valve area using
multiplane transoesophageal transducers has
been described. The level of the smallest ori-
fice in the long axis view (130-1500) is located
and the transducer plane is then rotated to a

short axis view at 40-600. Planimetry is per-

formed in this view. Sometimes colour
Doppler can be helpful to delineate the orifice.
Sometimes planimetry is not feasible when
there is heavy calcification, and misalignment
with the valve plane may also induce errors.
Good correlations with Gorlin areas have,
however, been reported.26 This technique
should be reserved for the few patients in
whom conventional Doppler echocardiogra-
phy does not give adequate information.

Doppler echocardiography, used in the way
described above, generally provides an accu-

rate assessment of the severity of stenosis.
However, it is important that the assessment
includes other information obtained in the
echocardiographic investigation-for example,
left ventricular cavity size and wall thickness.

Mitral stenosis
Diagnosis of mitral stenosis was the first clinical
application of echocardiography.27 The M
mode two dimensional patterns are character-
istic but do not provide exact information on

the degree of stenosis. Doppler too was first
used clinically to acquire data on mitral steno-

Si.28sis.2

Planimetry of the mitral valve area from the
cross sectional image is a well established tech-
nique29but is subject to certain limitations: the
stenotic orifice is seldom circular or even sym-
metrical, it may vary during the cardiac cycle. It
may also vary with changing blood flow
through the valve and be influenced by
machine settings. Furthermore the technique
requires that a directly orthogonal imaging
plane can be achieved and recognition that
excessive reflecting material, such as calcified
tissue, may cause blooming-especially when
older equipment is used. Those who see only
occasional patients with mitral stenosis should
use the technique with caution.
The pressure gradient half time method for

assessing mitral stenosis was introduced for
use at catheterisation30 and later adapted to
echocardiography.3' It was initially applied
with great enthusiasm and a number of reports
supported its value. However, theory and
model experiments predicted that the gradient
half time should be influenced by atrial and
ventricular compliance as well as the imped-
ance exerted by the mitral orifice.32 Fluid
dynamics predict that the gradient half time
will be influenced by the diastolic transmitral
flow and peak early transmitral pressure differ-
ence as well as the orifice area33 (fig 5).
When the half time concept was introduced

and initially evaluated cardiologists were
unaware of the importance of diastolic relax-
ation to mitral flow. We all now know that the
flow velocity pattern of impaired diastolic
relaxation can be characterised by a prolonged
deceleration time (equivalent to a prolonged
gradient half time). Therefore the combina-
tion of delayed ventricular relaxation and mild
mitral stenosis may give a long gradient half
time and simulate severe stenosis.34 It is also
well known that gradient half time is incorrect
after balloon dilatation of the mitral valve35
and shortened in patients with coexisting aortic
regurgitation.36 For these reasons gradient half
time shall not be used in isolation to assess
mitral stenosis.
How then should we assess the severity of

mitral stenosis? The qualitative diagnosis is
generally obtained directly from the cross sec-
tional image or M mode recording. The
degree of calcification and involvement of the
subvalvar apparatus are also obtained from the
cross sectional image. The mean pressure loss
or the diastolic velocity integral can easily be
calculated from the spectral curve. The
motion of the interventricular septum will pro-
vide further information; the more severe the
stenosis the later the filling of the left ventricle
in relation to the right and consequently the
more severe the abnormality of the septal
motion. Assessment of right ventricular sys-
tolic pressure from a tricuspid regurgitation
provides further evidence. The valve area can
be calculated by planimetry of the cross sec-
tional image and also by using the continuity
equation, where flow can be calculated from
the left ventricular outflow (if there is no aortic
regurgitation). The proximal acceleration
technique has also been used for this pur-
pose.'537 Use of a combination of these tech-
niques should generally give the correct
diagnosis.

Prosthetic valves
Normal prosthetic valves cause some degree of
flow obstruction, sometimes resulting in a sig-
nificant pressure loss. It is important to recog-
nise that Doppler-derived flow velocities and
pressure differences vary with valve type and
size because of the variation in effective orifice
areas. Therefore, valve type and size must be
specified when Doppler data are interpreted.
Even when these variables have been defined,
the reported range of normal velocities and
gradients for prosthetic valves varies widely,

39



Wranne, Baumgartner, Flachskampf, Hasenkam, Pinto

A StJude
30-

20 - 19mm

10 j= 23 mm
HE-.-.~~~~:.~~ 25 mm

27 mm

E2 Catheter position
2 BSt2Jude -Central orifice
20 -- ~~~~~~Sideorifice

--/,~=~ 21 mm

=. 1 t _- 25 mm

Co
o C Hancock
' 40 19mm

530_/~~~~~~~19 mm

0 10 20 30
Distance from valve (mm)

particularly for small valve sizes.38 The reason

for this variation is the marked flow depen-
dence of Doppler velocities across prosthetic
valves.39 Therefore, particularly for small valve
sizes, accurate evaluation of prosthetic valve
function from Doppler velocities requires
some information on the flow rate at which
they were measured.
To provide a flow independent variable the

continuity equation has been proposed as a

method of calculating aortic prosthetic valve
areas. However, at least for bileaflet valves,
these calculations are not correct (see below).
For mitral prosthetic valves, the pressure half
time can be used. Normal values have been
collected for most of the commonly used
valves.'8 Despite some variation, this variable
has proved to be useful for the detection of
prosthetic valve obstruction. As for the other
variables, it is important to obtain baseline
data early after surgery for comparison during
later follow up.40 There are no data to justify
the calculation of prosthetic valve areas from
pressure half time.

The good agreement between Doppler and
catheter data for native aortic valve stenosis
has not always been found in heart valve pros-

theses.39 Particularly for mechanical valve
prostheses, conflicting results have been
reported. In vitro studies have helped to
explain this phenomenon, demonstrating the
dependence of the Doppler-catheter gradient
relation on the geometric design of the valve
prostheses. While acceptable agreement was

found for normal Medtronic-Hall tilting disc
and Hancock bioprosthetic valves, Doppler
gradients significantly exceeded catheter gradi-
ents in normal bileaflet valves and caged ball
valves.639 For bileaflet valves, it has also been
shown that these discrepancies between
Doppler and catheter gradients are not due to
erroneous measurements by either technique
but to spatial variation in pressure within and
distal to the valve. Catheter pullback measure-

ments (figs 6 and 7) showed that the Doppler
calculated pressure loss accurately reflected
the highest obtainable values obtained by the
catheter technique. The maximal pressure loss
was localised between the two leaflets of the
valve and not in the side orifices. However,
when distal pressures were measured 30 mm
downstream from the valve, catheter gradients
decreased and were significantly smaller than
Doppler gradients (fig 7). The difference
between Doppler and catheter measurements
was, therefore, due to localised high gradients
and pressure recovery and to the fact that the
two techniques measured gradients in differ-
ent locations; Doppler gradients reflect the
highest gradient along the interrogation line
and across the orifice (that is, the localised
high gradient between the two leaflets)
whereas catheterisation measures a recovered
pressure further downstream from the valve.6
The discrepancies between Doppler and

catheter pressure differences become particu-
larly clinically relevant in small valves and at
high flow rates, where differences as great as

44 mmHg have been observed,39 but are of less
importance in large valves with very low pres-

sure differences. The relation between
Doppler and catheter measurements is sig-
nificantly altered by malfunction of the valve

Figure 7 Peak (left
panel) and mean (right
panel) Doppler derived
gradients in relation to
corresponding catheter
gradients. Open circles
refer to highest catheter
gradient and closed circles
to gradients 30 mm distal
to the valve.
Measurements were
obtained in St Jude valves
(19-27 mm). Reproduced
with the permission of
Circulation.6
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Figure 6 Plots ofmean
catheter gradient and
distance from
valve. (A) Gradient
obtained when the catheter
was pulled back through
the central orifice of the St
Jude valve. (B) Gradients
obtainedfor two sizes ofSt
Jude valves when the
catheter was pulled back
through either the central
or the side orifice. (C)
Gradients as a function of
distance from the valve
ringfor Hancock tissue
valves. Reproduced with
the permission of
Circulation.6
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Figure 8 Correlation
between mean Doppler and
mean catheter gradients in
a 19mm CarboMedics
bileaflet valve studied
during normalfunction
and in various stages of
malfunction ranging from
slightly restricted opening
to total occlusion of one
leaflet. The different
symbols indicate the
functional status at which
the gradients were
measured. Reproduced
with the permission of
Circulation.4'
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(fig 8). With increasing restriction of opening
of one leaflet, the differences between Doppler
and catheter gradients decrease and eventually
almost disappear when one leaflet is totally
occluded. This is due to the changing flow
characteristics of this valve type4' that occur

with malfunction. The pressure recovery seen

in the "central tunnel" of normal bileaflet
valves is not present with restricted leaflet
motion where hydraulic conditions are similar
to those seen in native stenotic valves.

These observations have several important
implications. First, the dependence of the
Doppler-catheter gradient relation on the
functional status of the valve precludes the
application of correcting factors. Second, one

should not assess the function of bileaflet aortic
valve prostheses by calculating the valve orifice
area with the continuity equation. Because
these calculations are based on localised high
velocities between the two leaflets rather than
on the average velocity across the orifice, the
Doppler valve area underestimates the true

effective orifice area of bileaflet valves.42 Since
differences between localised high velocities
and average velocities across the orifice
decrease with increasing restriction of leaflet
motion the decrease of Doppler valve area

caused by restricted leaflet opening will also
underestimate the true change in effective ori-
fice area. Therefore, bileaflet valves with high
Doppler gradients should be studied carefully
with additional non-invasive techniques such
as cinefluoroscopic evaluation of leaflet
motion to avoid erroneous diagnoses of pros-

thetic valve stenosis. Transoesophageal echo-
cardiography can often image leaflet motion in
the mitral position very well.

In this review we have concentrated on aor-

tic and mitral valve stenosis. The general prin-
ciples described here for these valve lesions
also apply to pulmonary and tricuspid steno-
sis. We believe that Doppler echocardiography
is currently the best technique for evaluating
valve lesions. However, a good knowledge of
fluid dynamics, the machine, and clinical car-

diology is needed to get optimal information
from the investigation and to avoid mistakes in
interpretation of data. Every echocardiogram
has to be interpreted taking into account the
clinical condition of the patient.
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