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Principles of Flow Assessment
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Introduction

Hemodynamic is concerned with the physi-
cal and physiological principles governing the
movement of blood through the circulatory
system. In other words, hemodynamic is the
science and art of the relationship among pres-
sure, viscous resistance to flow, and the volume
flow rate in the cardiovascular system. Prior to
the application of Doppler echocardiography,
hemodynamic assessment was obtained inva-
sively through cardiac catheterization. For most
clinical purposes and in daily practice, Doppler
echocardiography has replaced cardiac cath-
eterization and becomes the preferred method
for hemodynamic assessment. Doppler prin-
ciple can be applied to calculate flows through
different valves, stroke volume, cardiac output,
valve areas, regurgitant volumes and shunts.
Several animal and clinical studies have vali-
dated these methods and have yielded excellent
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correlations with simultaneously acquired inva-
sive data [1-5].

The Doppler Principle

The Doppler principle is applied in echocar-
diography to enable the determination of the
blood flow characteristics such as velocity and
direction. In principle, the frequency of the
sound waves that are reflected by a station-
ary object is the same as the frequency of the
sound waves transmitted by the transducer.
On the other hand, the transmitted frequency
of sound waves is altered when reflected by a
moving object. If the object is moving toward
the transducer, the reflected frequency will
be slightly higher and if the object is moving
away from the transducer the reflected fre-
quency is slightly lower. This phenomenon is
called Doppler Effect. In cardiovascular imag-
ing, the moving objects are the red blood cells.
The echocardiography instruments determine
the frequency (Doppler) shift (f D) which is the
difference between the transmitted (f T) and
the received frequency (f R).

fD=fR-fT
This Doppler shift is affected by speed of sound

in the tissue (¢ = 1540 m/s), blood flow velocity
(V), and the angle (q) between the ultrasound
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Fig.5.1 Spectral
Doppler analysis, where
the time is the horizontal
line (baseline), the
Y-axis determines the
velocity of the flow, and
the spectral envelop
above and below the
baseline determines the
flow direction. In this
example of aortic
stenosis, the transducer
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is at the apex and the
stenotic jet velocities are
moving away from the
transducer and,
therefore, are displayed
below the baseline

beam and the blood flow. So the equation can be
restated as follows (Doppler equation):

Vcos6
o=

Frequency shift (f D) is, therefore, directly
proportional to the blood flow velocity and the
equation may be more practically rewritten this
way:

e
2 f, cosO

(Note that C and f'T are constant and the cos g
(when the ultrasound beam is parallel to the flow)
is equal to one). Therefore, with this equation we
can easily determine the frequency shift and
hence the blood flow velocity. However, this does
not determine the direction of blood flow. The
direction can be determined by the echo machine
by calculating the frequency shift and giving a
positive sign for flow toward the transducer and
negative sign for that away from the transducer.
In the computer screen this is shown in two ways:

* Spectral Doppler analysis, where the time is the
horizontal line (baseline), the Y-axis determines
the velocity of the flow. The spectral envelops,
above and below the baseline, determines the
flow direction (Fig. 5.1). In this example the
envelop is below the baseline which represent a
flow away from the transducer.

e Color-flow Doppler analysis where the flow is
color coded according to the direction of the
flow. The flow toward the transducer is red and
the color away from the transducer is blue
(Fig. 5.2).

We will discuss the Doppler assessment of
hemodynamics as follows:

e Stroke volume, cardiac output, and cardiac
index determination.

* Methodology for calculation of stenotic valve
area.

* Principles of calculation of regurgitant vol-
ume and effective regurgitant orifice (ERO).

e Determination of transvalvular pressure
gradient.

* Estimation of intracardiac pressure and pul-
monary artery pressure.
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Fig.5.2 Color Doppler
analysis where the flow
is color coded according
to the direction of the
flow. The flow toward
the transducer is
depicted in shade of red
and the flow away from
the transducer is in
shade of blue. In this
example of the flow
across the mitral valve,
the transducer is at the
apex. The flow is
coming toward the
transducer, so it is
shown as red

Four equations or principles are commonly
used for these purposes:

1. Hydraulic equation of flow.

2. Continuity equation (law of conservation of
mass).

3. Proximal isovelocity surface area (PISA)
method.

4. Bernoulli equation.

Principle of Flow Assessment

Blood flow (Q) through a tube, vessel, or across a
valve can be derived by a simple hydraulic equa-
tion as the product of flow velocity (V) and cross-
sectional area (A) of the vessel at the site where
velocity is measured. The area can be assumed to
be circular and calculated as follows:

Area = r” (for circular orifice)
=n(D/2) =3.14(D/2)
= (3.14/4)D2 =0.785D*
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Where D is the diameter of the vessel.
And sometimes the area can be ellipsoid and
calculated as follows:

Area=r1 (D1 /2% D, /2)(for ellipsoid orifice)
=0.785D, D,

Flow is the product of area and velocity and
can be expressed as:

Ofcc/s)= A(cm2 )>< V(em/s)=0.785D*V
(for circular orifice) = 0.785D,D,V
(for ellipsoid orifice)

This equation assumes a constant flow. However,
in pulsatile system (cardiovascular system), flow
velocity varies throughout the ejection period and
calculation of the volumetric flow is more com-
plex. Therefore, the total flow has to be deter-
mined by integrating all individual velocities of
the Doppler spectrum over time. In Doppler
echocardiography this is known as time velocity
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Fig.5.3 This figure
the tube and its Flow
representation by
spectral method. The
relation between the D
distance (D) and time is

demonstrates the flow in (

U

also shown. The blood
travels longer distance (

with time. In pulsatile
system the flow velocity
starts at zero, gradually
increases to peak, then
again decelerates to zero

Dx2

integral (TVI), which is determined by measur-
ing the area under the curve of the Doppler spec-
trum. The area under the curve is a measure of the
distance the column of fluid travels (Figs. 5.3 and
5.4).

The commercially available echocardiography
machines can readily obtain TVI. The modal
velocity is derived using the Doppler equation and
is dependent on knowing the frequency shift, the
velocity of sound in tissue, and the angle between
the ultrasound beam and the direction of blood
flow. The latter has to be less than 20°; otherwise,
significant underestimation of velocity of calcu-
lated flow would occur using the assumption of a
zero or near-zero intercept between the sound
wave and the bloodstream. The area can be pla-
nimetered or calculated utilizing two-dimensional
echocardiography to obtain diameter (D) with a
circular (A =0.785 x D 2) or elliptic (A = 0.785 D
1 D 2) assumption after the diameter(s) (D) is
measured.

Stroke Volume and Cardiac Output

One of the fundamental functions of the heart as a
pump is to provide adequate amount of blood flow
for the normal function of the human body. In the
past, the cardiac output determination required
invasive comprehensive and time-consuming

Time ——————— - - >

TVI

X

Fig.5.4 This figure shows schematic illustration of spec-
tral Doppler. The outer border of the spectral Doppler dis-
play is traced to determine the TVI

methods based upon Fick and indicator dilution
principles. Nowadays, stroke volume and cardiac
output can be noninvasively and reliably mea-
sured by 2D echo/Doppler methodology.

The forward stroke volume can be determined
by the Doppler method mentioned earlier, which
can basically be applied to any of the cardiac
valves assuming no significant valvular regurgita-
tion is present. Usually the flow through the aortic
valve (or left ventricular outflow tract—ILVOT) is
calculated because the aortic annulus has the least
change in size during the cardiac cycle [4, 6].
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Fig. 5.5 This figure illustrates the Doppler method to
determine stroke volume. The diameter of the aortic annu-
lus is usually obtained from parasternal long-axis view
(lower). In this example aortic annulus diameter is equal
to 2.3 cm. The maximum diameter should be recorded.
The TVI of the aortic annulus is normally obtained from
apical long-axis view and occasionally utilizing 5-chamber
view (upper). The TVI of LVOT is obtained by tracing the
outer border of PW Doppler signal of LVOT. In this exam-
ple average TVl is equal to 20.0 cm

The aortic annulus diameter is measured in the
parasternal long-axis view (Fig. 5.5 -lower) and
the maximum diameter is obtained. The velocity
at the annulus is obtained utilizing the apical long-
axis view and by placing the pulsed-wave (PW)
Doppler sample volume at the level of aortic
annulus. The closing click of the aortic valve
should be recognized to insure good position.
This velocity is then planimetered along its outer
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edge to obtain the TVI (Fig. 5.5 -upper). If signifi-
cant aortic regurgitation is present, the flow
through this valve cannot be used to calculate the
cardiac output. Errors can be incurred in the area
calculation, mostly related to the diameter mea-
surement (the errorin area calculation is roughly
doubled compared to the error in diameter mea-
surement), but also includes inappropriate geo-
metric assumptions and data acquisition at a
different site from where velocity was recorded.
Looking at the numbers in the figures (Fig. 5.5)
we can calculate the stroke volume as follows:

Stroke volume (SV) =0.785xD* x TVI =
0.785x%2.32 x20.0 = 83ml

Cardiac output is the product of stroke volume
and heart rate (assume the heart rate is 65 beats/
min).

Cardiac output (CO) =SV x HR =83 x 65 =
5398 ml/min = 5.40 I/min (by converting the mil-
liliter to liter).

Cardiac index is obtained by dividing the car-
diac output by body surface area (BSA).

Cardiac index (CI) = CO/BSA (liter / min/ m2)

Alternatively, but uncommonly, cardiac output
can be obtained from pulmonic valve or right ven-
tricular outflow tract. In the short axis at the level
of aortic valve the ultrasound beam is almost par-
allel to the blood flow at the level of pulmonic
valve or right ventricular outflow tract. The TVI is
obtained by pulsed-wave Doppler at the same
level where the right ventricular outflow tract area
is measured in 2D echocardiography [7]. The car-
diac output can be obtained at any valve assuming
there is no regurgitation of the valve so the cardiac
output is constant for any given cardiac cycle.

Continuity Equation
Continuity equation is based on the principle of

conservation of mass. This principle states that,
under conditions of cardiovascular stability
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Fig.5.6 This figure shows two tubes with different diam-
eter in continuity. The continuity equation states that the
flow volume at point A is equal to that of point B and
mathematically written as follows: (Area A x Velocity
A = Area B x Velocity B). Note that the velocity is higher
with smaller area

without any regurgitation or shunt, the net blood
volume at any part of circulation must equal the
net blood volume at any other part next to it (what
comes in must go out) (Fig. 5.6). This situation is
true under certain assumptions:

e The two points are directly connected.
¢ Blood is neither added nor removed from the
system.

Clinical Applications of Continuity
Equation

In applying the continuity equation to the blood
flow in and out of the heart, the mitral valve
stroke volume is equal to aortic valve stroke vol-
ume provided there is no mitral or aortic regurgi-
tation (Fig. 5.7). In the same way the aortic
stroke volume is equal to pulmonic valve stroke
volume provided no significant regurgitation is
present in any of the valves, and no intracardiac
shunt is present. The tricuspid valve stroke is not
commonly used in clinical practice because of
complex geometry for valve area calculation and
because of the presence of tricuspid regurgita-
tion in the majority of normal subjects. The aor-
tic valve stroke volume is calculated by
measuring the aortic annulus diameter in para-
sternal long-axis view at maximum valve open-
ing in systole. The TVI is obtained utilizing
pulsed-wave Doppler sample volume at the level

Diastole

Fig.5.7 This figure demonstrates the continuity between
mitral and aortic valves’ stroke volume. The volume of
blood that comes in through mitral valve must go out
through aortic valve

of aortic annulus on the apical long-axis or
5-chamber view. The aortic valve area (AVA) is
assumed to be circular and, hence, the area is
calculated from the obtained aortic annulus
diameter (D AA).

AVA=7(D,, /2) =0.785D,,

The stroke volume at the level of aortic valve
is then calculated as follows:

SV,, = AVAXTVI,,
SV,, =0.785x D, xTVI,,

In calculating the mitral valve stroke volume,
the mitral valve area is calculated either by
assuming a circular or ellipsoid geometry. For
practical purposes, the circular shape is the most
often used. The mitral annulus diameter (D MA)
is obtained from the apical 4-chamber view at
maximum valve opening in diastole. The TVI is
obtained from the same view by pulsed-wave
Doppler sample volume at the level of the mitral
annulus.

MVA =0.785x D,,,’
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And therefore:

SV, = MVAxTVIL,,,
SV,,, =0.785x D,,,> x TVI,,,

Mathematically the continuity equation means
that stroke volume through mitral valve is equal
to the stroke volume through aortic valve:

TVI1x Areal(mitral ) = TVI2 x Area 2(aortic )
0.785xD,,,*> xTVI,,, =0.785xD,,* xTVI,,,

The concept of continuity is very useful
clinically to assess mitral or aortic regurgitant
volume, regurgitant fraction, regurgitant ori-
fice, as well as the stenotic mitral or aortic
valve area.

Mitral Regurgitation

In mitral regurgitation (MR) (Figs. 5.8 and 5.9),
the aortic stroke volume is less than the forward
mitral stroke volume because part of the blood
contained in the LV at the end of diastole is

Diastole

Fig. 5.8 This figure shows schematic illustration of the
principle of calculating mitral regurgitant volume based
on hydraulic formula. Mitral inflow volume of 150 cc
(what goes in) and aortic stroke volume of 80 cc (what
goes out) are calculated based on the continuity equation.
The difference (150 — 80 = 70 cc) must represent the
mitral regurgitation volume

ejected back to the left atrium through the regur-
gitant mitral valve.

Aortic stroke volume =
mitral stroke volume —RV (Mitral )

Therefore,

Mitral RV = mitral stroke volume — Aortic stroke volume

=(0.785x Dy, x TVI,,, )=(0.785x D,,* x TVI,, )

Aortic Regurgitation

In aortic regurgitation, the aortic stroke volume is
more than the mitral stroke volume because the
regurgitant volume through aortic valve will be
added to the subsequent stroke volume from
mitral valve (Figs. 5.9 and 5.10). The same meth-
odology described to assess the mitral valve
regurgitant volume is used to assess the aortic
regurgitant volume. The difference is that the aor-
tic stroke volume will be higher than that of
mitral stroke volume (see earlier).

Aortic \ stroke \ volume =
mitral \ stroke \ volume + RV (Aortic)

Therefore,

AorticRV = Aortic stroke volume —

mitral stroke volume = (0.785 xD,,> xTVI,, ) -

(0.785x D,,,” xTVI,,, )

Mitral Stenosis

The mitral valve area in the presence of mitral
stenosis can also be estimated using the continu-
ity equation. The stroke volume at mitral valve
orifice is equal to the aortic stroke volume (the



102

Fig.5.9 The
measurement needed for
continuity equation in
mitral regurgitation and
aortic regurgitation. The
mitral inflow volume is
calculated from the
mitral inflow TVI and
mitral annulus diameter
(0.785 D MA 2 x TVI
MA =196 cc). The
aortic stroke volume is
calculated from the
aortic TVI and aortic
annulus diameter
(0.785 x D AA 2 x TVI
AA =113 cc). The
difference

(196 — 113 =83 cc)
must be the MR volume

—

Aortic annulus 3
TVIi=23cm
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Mitral Ann ulus;_,-
Diameter = 5 cgf

Diameter . =

=25cm

Stroke volume = 113 cc

r Systole Diastole

Fig. 5.10 This figure shows schematic illustration of the
principle of calculating aortic regurgitant volume based of
hydraulic formula. Mitral inflow volume 80 cc (what goes
in) and aortic stroke volume 130 cc (what goes out) are
calculated based on the continuity equation. The differ-
ence (130 — 80 = 50 cc) must represent the aortic regurgi-
tation volume

method to obtain the aortic SV is already dis-
cussed). The aortic annulus area multiplied by
the aortic TVI is equal to MVA multiplied by the
mitral TVI. Mitral valve TVI is obtained by

continuous-wave Doppler across the mitral valve
from apical 4-chamber or apical long-axis views.
The MVA can then be calculated as follows:

MVA xflow = AVA xflow
MVAxTVA,,, =0.785xD,,* xTVI,,
MVA =0.785x D, > xTVI,, / TVI,,,

The limitation of this method is the presence
of more than trivial/mild MR, which may be
present in a significant number of patients [8, 9].

Aortic Stenosis

The same principle can be applied to any two ori-
fices connected in series or tube at two different
points provided that all the flow goes in one
direction. This can be applied to assess the aortic
valve area in aortic stenosis (what comes in must
go out) [10, 11] (Fig. 5.11). The volume of blood
going through LVOT (proximal) should be equal
to that going through a stenotic aortic valve
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AV Area

AV Area

Fig. 5.11 This figure shows the continuity method to
assess AS severity. The flow rates at the LVOT and AV are
the same. The LVOT flow rate is calculated from the
LVOT TVI and diameter (see also Fig. 5.5). The TVI of

(distal). The LVOT diameter and TVI (TVI
LVOT) is determined as discussed previously.
One important point to make is to avoid the area
of flow acceleration (due to severe aortic steno-
sis) in the LVOT TVI determination by moving
the sample volume about 1 cm below the aortic
annulus. The aortic TVI (TVI AA) is obtained by
CW Doppler across the aortic valve. This should
be done from multiple locations (Fig. 5.11) and
the highest velocity is used in the calculation.
Aortic valve area (AVA) is calculated as:

AVA(em®)xTVI,, =(0.785% Dyyor” X TVI, o )
And then,

AVA(cm®)=0.785x D,y x TV yor / TV,

Echocardiographic findings of patients with
tricuspid regurgitation generally mirror those
found in MR. Therefore, the tricuspid valve
stroke volume can be compared to the pulmonic
valve stroke volume and the regurgitant volume

LVOT Area

LVOT TVI

AV is obtained by tracing the outer border of CW Doppler
signal of AV. Then the AVA is calculated as: AVA
(cm?) = (0.785 D LVOT 2 x TVILVOT)/TVI AA

can be estimated, but clinically this method is
less often used than the PISA method [12].

Proximal Isovelocity Surface Area
Method

Proximal isovelocity surface area (PISA) method is
based on the law of conservation of flow. The law
states the flow rate at two consecutive points is iden-
tical. The method uses the advantage of aliasing in
color Doppler imaging. In color Doppler the flow is
given red or blue color if the direction of flow is
toward and away from the transducer, respectively.
As the flow approaches a narrowed orifice (stenotic
or regurgitant), its velocity increases, in a shape of
isovelocity hemispheric shell as blood flow con-
verges from all directions toward the orifice
(Fig. 5.12). The flow rate at the surface of the hemi-
spheric shell is equal to the flow rate at the regurgi-
tant orifice (law of conservation of the flow). As the
flow converges toward the orifice, it accelerates and
aliasing occurs if the velocity exceeds the Nyquist
limit. This can be nicely shown using the color
Doppler imaging where the color changes from red
to blue in a nice hemisphere. If the Nyquist limit is



104

A.A. Alsaileek et al.

Color Flow
Convergence

?

Vena Contracta

LV
v=20cm/s
v =50cm/s
v =100 cm/s
v =200 cm/s

LA MR jet

Fig. 5.12 Schematic illustration of the PISA. The flow
accelerates as it approaches a narrow orifice forming
hemispheric shell. This can be shown on color Doppler (as
in case of MR). The flow converges as it approaches the
regurgitant mitral valve. The color changes due to high
velocity exceeding the Nyquist limit and forming hemi-
spheric shell (PISA)

decreased, the aliasing occurs with lower velocity
and starts further away from the regurgitant orifice
making the hemisphere (PISA) larger. Using this
principle, flow rate at the surface of the hemispheric
shape can be estimated. The flow rate can be calcu-
lated by multiplying the area by velocity (Flow
rate = Area x Velocity). The area in case of valve is
circular so it is calculated as (p r 2), but in case of
hemisphere surface area is calculated as (2 77* or
6.28 1?), the r is the radius of the hemisphere. The
radius of the hemisphere can be measured from the
surface to the narrowest area of color flow, which is
closely related to the regurgitant or stenotic orifice.
The flow rate at the hemisphere (PISA) surface is
Flow rate = AV = 271 V,jiugne = 6.287 Vyjiasing.

Clinical Applications of PISA
Method

Mitral Regurgitation

In MR, the apical 4-chamber view with color
Doppler is commonly used (Figs. 5.12 and 5.13).
However, parasternal long-axis view is some-
times used in case of eccentric jet where the PISA
is better visualized. The Nyquist limit is shifted
downward in the direction of the flow of MR jet.
The velocity of the PISA is measured at midlate

systole (the same time the maximum MR veloc-
ity occurs) [13, 14].

Area(ERO)xV, MR =628V,

aliasing
Effective regurgitant orifice (ERO) =
6.287"V,ine / Vi MR

aliasing max

As discussed in the calculation of the stroke
volume, it is the product of area and TVI. The
same method can be applied to calculate the
regurgitant volume (RV). The area here is known
(see earlier), which is the ERO of the mitral
valve. The TVI is nothing but the TVI of the MR
jet. Therefore:

MitrlaRV = ERO(PISA ) x TVI,,, (CW\Doppler ) =
(6.287V, e/ Vi MR ) TV

aliasing© " max

Width of vena contracta is another quantita-
tive method to assess MR. It is defined as the nar-
rowest cross-sectional area of a jet. This can be
easily seen, while obtaining the zone of flow con-
vergence, above the mitral valve on the left atrial
side (Fig. 5.12). On transthoracic color-flow
mapping it has been shown that vena contracta
width predicts angiographic severity of MR [15].
Compared to continuity equation, vena contracta
of more than 5 mm correlates well with severe
MR [16].

Semiquantitative Doppler methods to evaluate
the MR are less sensitive and are considered
complementary in MR evaluation.

Color-flow Doppler: The features of severe
MR seen on color-flow Doppler imaging arise
from the high-energy transfer of a large vol-
ume of blood into the left atrium, producing
“jets” in the left atrium. Color-flow Doppler
remains the easiest and the best method to
screen for MR. It also provides semiquantita-
tive assessment of the MR severity. The ratio
of the MR jet area to the total left atrial area
has been reported to correlate well with MR
severity [17]. Severe MR is characterized by
large jet (>40%) and extending into the pulmo-
nary veins. However, jets are very sensitive to
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Aliasing velocity
=48cm/s

EFRO = 0.3 cm?
RV=0.3X 200 =60 cc

TVI = 200 cm

Fig. 5.13 This figure shows the PISA methods to evalu-
ate the severity of MR. The PISA is obtained from the
apical 4-chamber view. The baseline is shifted downward
toward the regurgitant jet flow (arrow). Then the PISA
diameter is measured from the surface of the hemisphere
to the narrowest area on color Doppler (0.8 cm). The CW

instrument settings, and the size of a color jet
may be misleading such as in an eccentric jet;
thus, reliance on these size judgments alone
may not be sound practice [18-20].

Doppler of pulmonary veins: Doppler interro-
gation of the pulmonary veins has produced
insights into hemodynamics. In MR evaluation,
pulsed-wave Doppler of the left and right upper
pulmonary veins is performed from the apical
4-chamber view. In hemodynamically severe
MR, the flow in one or more pulmonary veins
will show systolic flow reversal. This echo fea-
ture is the analog of the V wave seen in the left
atrial pressure tracing and on a pulmonary artery
wedge pressure tracing.
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MR velocity
610 cm/s

Doppler is utilized to measure the mitral regurgitation
TVI and peak velocity. The effective regurgitant orifice
(ERO) and the regurgitant volume (RV) are calculated as
follows: ERO = 6.28 ? V aliasing/V max MR = 6.28 x
.82 x 48/610 = 0.3 cm? and RV = TVI x ERO = 200 x
0.3=60cc

Continuous-wave Doppler of the MR jet: If the
flow signal can be aligned parallel to the beam, in
severe MR, the Spectral Doppler of the jet will
appear uniformly dense throughout its duration
and have a well-defined envelop. MR jet velocity
does not correlate with the severity. Other features
that are associated with severe MR include dilated
or dysfunctional left ventricle, dilated left atrium,
elevated pulmonary artery systolic pressure, and
the presence of significant tricuspid regurgitation.
In severe decompensated MR, the tricuspid regur-
gitation peak velocity will be increased as the
result of pulmonary hypertension.

D PISA in some studies has proved to be supe-
rior to 2D measures for distinguishing moderate
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from severe MR, especially for eccentric and
asymmetric jets.

Tricuspid Regurgitation

As with MR, severity of tricuspid regurgitation
(TR) can be estimated by effective regurgitant
orifice (ERO) by measuring the size of proximal
flow convergence zones (PISA) [21].

Area(ERO)xV, TR =6.28r°V,

max aliasing

ERO(Tricuspid) = 6.287°V, IV, TR

aliasing

And even the regurgitant volume (RV) can be
calculated:

RV (Tricuspid) = Area(ERO)x TVI =
(6:28°V, 0 / Vit TR)X TV,

aliasing

Aliasing
Velocity is 26
cm/s

Fig. 5.14 This figure shows the PISA method for calcu-
lation of the ERO in case of aortic regurgitation. The PISA
is obtained from the apical long-axis or 5-chamber view.
The baseline is shifted upward toward the regurgitant jet
flow (arrow regurgitant volume). Then the PISA diameter
is measured from the surface of the hemisphere to the nar-

A.A. Alsaileek et al.

Aortic Regurgitation

The severity of aortic regurgitation can be quantita-
tively assessed utilizing the PISA method [22]. The
apical 5-chamber and apical long-axis views are
used to visualize the PISA. However, parasternal
long-axis view is sometimes used in case of eccen-
tric jet where the PISA is better visualized. The
Nyquist limit baseline is shifted toward the flow of
the aortic regurgitation jet (Fig. 5.14). The PISA
radius is measured at early diastole [23]. The maxi-
mum aortic regurgitation (AR) velocity in early dias-
tole is measured. The ERO is calculated as follows:

Aortic ERO = PISA flow rate/
ARregurgitant velocity

= 6.28r" (V

aliasing

/AR regurgitant velocity)

The aortic regurgitant volume is calculated by
tracing the aortic regurgitation jet outer surface to

Max. velocity is

488 cm/s

TVIto 245 cm
=Y

(N

rowest area on color Doppler (1.2 cm). The CW Doppler
is utilized to measure the aortic regurgitation TVI and
peak velocity. The effective regurgitant orifice (ERO) and
the regurgitant volume (RV) are calculated as follows:

ERO = 6.28r2 Valiasing/Vmax AR = 6.28 x 1.2 x 1.2 x
26/488 =0.5 cm?> and RV =TVIx ERO=245x0.5=118 cc
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measure the aortic regurgitation TVI (TVIAR);
therefore:

flow volume (RV) = Area(ERO)x TVI =
(6:28°V, e / Vi AR) X TVI

aliasing

Vena Contracta 1t is the narrowest portion of the
jet crossing the plane of the valve. It lies immedi-
ately next to the area of flow convergence. It can
be measured from parasternal long-axis or apical
long axis views. To optimize the visualization, the
echo sector should be the narrowest possible and
the depth decreased. Vena contracta of equal to or
more than 6 mm has been shown to correlate with
severe aortic regurgitation. This method was found
useful even in eccentric jet [24—26]. Some investi-
gators [27] have used the cross-sectional area of
the vena contracta to evaluate aortic regurgitation
severity. The approach sounds promising and 3D
echo may help to further tune this approach [24].

There are several Doppler methods to evaluate
aortic regurgitation severity, most of which are
less accurate and should not be used alone to
guide clinical decisions [25-27].

Regurgitant Jet Size Similar to most of the valvu-
lar lesions, color-flow Doppler is the initial

Fig.5.15 Transthoracic
echocardiogram at
long-axis view
demonstrates color
Doppler method of the
ratio of jet height to
LVOT height to assess
the severity of aortic
regurgitation
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screening method for the aortic regurgitation.
With the advent of color Doppler many investiga-
tors had attempted to use the regurgitant jet size to
quantify aortic regurgitation severity. However,
this method has suffered several limitations [28,
29]. The jet is frequently eccentric and appears
much smaller even in the presence of significant
aortic regurgitation, and its spread may be affected
by the shape of the ventricular septum. Thus the
size of the jet is only used as a screening tool after
which other quantitative methods are used.

Jet Height to LVOT Height Ratio This method
depends on using the color Doppler in paraster-
nal long-axis view to record the jet height at the
valve orifice and compare it to the LVOT height
(Fig. 5.15).

This is related to the regurgitant orifice. The
higher the ratio, the more severe is the aortic
regurgitation. This method also has limitations.
Eccentric jet may be difficult to assess. The shape
of the regurgitant orifice affects the height of the
jetoncolor Dopplerimages. Due to 2-Dimensional
nature of the color-flow Doppler alignment on
2-Dimentional echo, they may not be perfectly
aligned as they may not be in the same plane
[30]. Pressure half-time (PHT)—Aortic regurgi-
tation jet PHT is measured using continuous-
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wave Doppler spectral display from apical
long-axis view. It represents how quickly the aor-
toventricular pressure gradient equalizes during
diastole (Fig. 5.16) [31]. The larger the regurgi-
tant orifice, the more quickly the pressure equal-
izes and the velocity falls. A group of investigators
has demonstrated that this sign is useful to judge
about severe aortic regurgitation. The PHT of less
than 200 ms has been used to indicate severe aor-
tic regurgitation [32]. However, it is important to
keep in mind that numerous other factors can
impact this, such as systemic vascular resistance
and ventricular compliance [33].

Aortic Diastolic Flow Reversal One of the earli-
est Doppler techniques to study aortic regurgita-
tion was to examine retrograde diastolic flow
reversal in the ascending and descending aorta or
arch. Different numbers had been proposed to the
measurement of the flow reversal TVI trying to
assess severity. In general, flow reversal through-
out the entire diastole is consistent with signifi-
cant aortic regurgitation [34].

Mitral Stenosis

The PISA method can also be used to estimate
mitral stenosis (MS) [35, 36]. Because of the ste-

BP: 138/54 MMHG

Fig. 5.16 CW spectral Doppler of the aortic regurgita-
tion showing the slope of pressure gradient decays. The
pressure halftime is then calculated to assess the severity
of aortic regurgitation
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notic mitral valve, blood flow accelerates at the
left atrial side and converges forming nice PISA
(Fig. 5.17). With the appropriate setting (moving
the Nyquist limit baseline upward the same direc-
tion of flow while interrogating the mitral valve
from apical views), PISA can be optimized. The
flow rate at the PISA surface is equal to the flow
rate at the mitral valve orifice. The mitral valve
maximum velocity is obtained by continuous
Doppler through mitral valve at early diastole.
Then the stenotic area (MVA) can be calculated
as follows:

MVA = 6.28r” Valiasing/stenotic MV max velocity

The truly hemispheric shells occurs if surface
of the valve is flat with the leaflets apposed at
180°. This PISA method in case of mitral steno-
sis is not perfect because mitral valve at maxi-
mum opening is not fl at (less than 180°)
(Fig. 5.17). So the angle (alpha = a) has to be
corrected for, by dividing this angle by 180°. The
estimation of the angle is crude approach and a

Stenotic mitral or
Tricuspid valve

Fig.5.17 This figure shows the PISA at the mitral or tri-
cuspid valves in case of mitral or tricuspid stenosis.
Occasionally, the valve leaflets form an angle while open-
ing during diastole (not flat surface). This angle (a) is less
than 180 and needs correction factor (a/180) when using
the PISA to calculate stenotic lesion. This makes the
method less perfect than for the regurgitant lesions
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significant source of error [35-37]. MVA then
calculated as:

MVA = 6.281" x Valiasing /
stenotic MV maximum velocity (a /180)

The advantage of this approach is that it is not
affected by coexisting mitral or aortic regurgita-
tion [38]. The tricuspid stenosis is not common.
The severity can be quantitatively estimated in an
identical way as the mitral stensos. Utilizing
PISA, the flow at the PISA surface is equal to the
flow rate at the tricuspid valve orifice (TVA).
Because of complex valve geometry similar to
the mitral stenosis, the angle needs to be cor-
rected for (a /180).

TVA =6.28r Valiasing /
stenotic TV maximum velocity x (a /180)

Again this approach is not perfect and less
commonly used than other methods such as mean
gradient and pressure half-time.
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