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Review

Clinical applications of Doppler
echocardiography combined with
two-dimensional cardiac imaginc -
A review

Inthisreview, we have demonstrated thenormal patternsof flow and some quantitative
applicationsof Doppler echocardiography combined with two-dimens onal imaging. Flow
information can beaccurately measured and valve gradient cal culationscan be madein
patientswith stenotic disease. Further corroborativeworkin thisareaisnecessary before
definitive statements can be made, but thisappearsto bea promising noninvasivetech-
niquewhich can beapplied at thebedside or inan ambulatory setting with afair degree of

confidence.

To date, cardiac output measurements have primarily
been accomplished by invasive procedures including
cardiac catheterization, thermodilution catheters in
intensive care units, or contrast angiography. These
methods allow quantification of intracardiac and intravas-
cular blood flaw, but carry the attendant problems of
expense, some morbidity and potential mortality.
Echocardiography allows volume and output estimation
but development of more accurate noninvasive methods
for accomplishing this same purpose is desirable.

The purpose of thisreview isto provide a status report
about new techniques for Doppler echocardiography
which show promise for accurate noninvasive character-
ization of normal flow!*, calculation of cardiac output®®
prediction of severity of vavular disease'®® and shunt
guantitation®-%,

Physicsand instrumentation in doppler
echocar diogr aphy

The Doppler effect impliesthat sound frequency of re-
flected sound is altered when the sound source or target is
moving . Christian Johan Doppler, an Austrian physicist,
was first to demonstrate this effect.

Thischangesin frequency iscalled * Doppler frequency
shift”. Since flowing blood contains particulate material,
mainly red blood, cells, these can serve as a target for

reflection or scattering of ultrasound. The Doppler shift
infrequency will be proportional to the velocity of cell mo-
tion. Reflected ultrasound isreceived at an angle (0) from
the transducer placed cm the skim, and the changein fre-
quency between transmitted (f ) and reflected (f ) ultra-
sound cam be measured. This’relationship, wich trans-
latesultrasound frequency into blood vel ocity, isexpressed
by the Doppler equation: blood flow velocity =

(f -f ) x velocity of sound in blood
10

2f x cos©
0

(where velocity of sound in blood = 1540 m/sec, f =re-
flected ultrasound, f = transmitted frequency, and 0 Zangle
between the assumed direction of flow and the Doppler
sampling direction. The numerator is divided by two be-
cause sound travels from and to the transducer.)

Two types of Doppler instrumentation are
commonly used in medical applications: continuous
wave Doppler and pulsed Doppler. Continuous wave
Doppler uses a constant transmission and reception
of ultrasonic signals and has the advantage of
measuring very high maximal velocities. In pulsed
Doppler sequentially transmitted bursts of ultrasound
are emitted over time. The advantage of pulsed
Doppler isthat the signal can berange gated that is, a
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period of time during the returning cycle corresponding
to a specific structure to be interrogated to the exclusion
of others can be sel ected, all owing measurement of vel ocity
in that small area at a selected depth along the ultrasonic
beam. Continuous wave Doppler does not allow range
gating. However, pulsed Doppler limitsthe maximal veloc-
ity which can be recorded unambiguously.

When pulsed Doppler isused, theregion whereflow is
sampled is called the sample volume. The samplevolume
shape is variable depending upon the type of instrumen-
tation utilized. The width is determined by beam width
characteristic of the transducer, whereas the axia length
may be adjustable or fixed, depending upon theinstrument
used.

Positioning of the samplevolumeisfacilitated by com-
bining the Doppler examination with an echocardiographic
examination. Early phinstrumentation used M mode
echocardiography, but the present state of the art incor-
porates Doppler with two-dimensional echocardiography.
This allows placement of the sample volume into various
chambersor vessel sand permits determination of tileangle
(6) between the sampl e volume and flow within that vessel
or cavity for quantitation of flow. The Doppler velocities
are measurable by spectral analysis. This method relies
upon fast Fourier transform analysis to yield a signal
composed by Doppler shifted frequencieswhich allowsa
linear display of the frequencies.

When flow thorough acardiac chamber, valveorifice or
great vessel is smooth and uniform, red cells generaly
moveinapardlel fashion. The shape of theflow wavefront
can beflat or parabolic, depending upon vessel diameter.
Generally, flow islaminar. When flow is disturbed, as oc-
curs in some cardiac lesions such as valve stenoses, red
cellsscatter asthejet vortices shed and the corresponding
Doppler shift will be composed of widely distributed fre-
guencies. Thisistermed “disturbed” flow. Characteriza-
tion of laminar or disturbed flow was made in the early
Doppler literature to qualitatively describe lesions which
were associated with vortex shedding.

Theinstrumentation which we have primarily used for
quantification of cardiac output, shunt measurement and
valve gradient measurements is a two-dimensional me-
chanical sector scanner,(E for M/Honeywell), with pulsed
Doppler. Thisinstrument can be operated in three modes;
1) atwo-dimensiona imagewith movable cursor for sample
volume positioning and angle determination; 2) pulsed
Doppler output derived from the position selected by the
cursor. This Doppler signa is submitted to fast Fourier
transform to analysis provide linear vel ocity information;
3) simultaneous M-mode and pulsed Doppler outputs are
available. A lead |1 electrocardiogram may be displayed
for time reference. This instrument allows selection of
various frequency transducers (3.5 and 5 MHz). These
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can be mechanically oscillated over asector angle range
from 30 to 75 degrees sector angle. The same trans-
ducer can be utilized for all three modes Sample volume
cam be varied to a maximal depth of 12 cm from the
transducer and cam be varied in axial length from 2 mm
to 2 cm. Doppler pulse frequency is 13,000/sec when a
signal is obtained from a depth less than 6 cm, 7800
samples/see when it is beyond 10 cm. The respective
maximal velocities that cam thus be recorded are 143,
85, and 52 cm/sec. Images are displayed on a
oscilloscopic monitor in real-time at 30 frames/ sec.
Selected frames cam be printed on a combination strip
chart page print recorder (Honeywell LS8). A cursor is
used to fallow sample volume placement. Signals are
displayed on an oscilloscopic monitor which has sweep
speeds of up to 100 mm/sec. Data can be recorded on
video tape and hard copy. The systems computer allows
automatic determination of angle between flow and
transducer sample volume interrogation.

The second instrument isa 2-5 MHz phased array two-
dimensional sector scanner which allows choice of either
pulsed or continuouswave Doppler (Irex system 3-A). This
instrument allows simultaneous visualization of two-di-
mensional image on one monitor and Doppler or M-mode
outputs on another monitor. The sample volume can be
moved only in the vertical axis on the two-dimensional
image, and hasafixed 2 x 4 nun size. Doppler outputs can
be displayed in three simultaneous modes, 1) digital spec-
trum velocity, 2) anal og vel ocities (mean and maximal), and
3) integral velocities (mean and maximal). Two-dimensional
echo and Doppler outputs can be simultaneously recorded
on video monitors and selected frames. The system’s
computer determines angle between flow direction and the
Doppler beam.

Examination technique

A standard two-dimensional echocardiographic exami-
nation is performed first?. The Doppler examination then
includes samples volume interrogation of the following
areas: Right atrium, tricuspid outflow, right ventricle, tri-
cuspid outflow, right ventricular body, right ventricular
outflow tract, pulmonary valve area, main pulmonary ar-
tery area, left atrium, body and mitral valve inflow, left
ventricle, mitral valve outflow, |eft ventricular outflow tract,
aortic valve area, aortic root, and suprasternal ascending
and descending aorta. Several echocardiographic planes
can be utilized for sampling various areas. For example, the
apical two-chamber plane allowsinterrogation of the mitral
inflow and outflow, left ventricular outflow, aortic root, and
part of the ascending aorta. Subcostal planes allow
interrogation of either side of theatrid septum and short axis
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viewsare best for pulmonary outflow and pulmonary artery
measurement. An important principle is that the
interrogation beam angle (0) should be as close as pos-
sibleto 0° or 180°, with referenceto flow.

Normal flow patterns

Right atrial and right outflow tract - Tricuspid valvein-
flow and outflow cam be best imaged when thetransducer is
heldinastandard apical four chamber position. Ve ocity trans-
ducer is held in a standard apical four chamber position.
Velocity values of flow through the tricuspid valve parallels
the pattern of thetricuspid valveitsdlf, with aninitial forward
pesk inearly diastole(rapid ventricular filling phase) followed
by velocity deceleration which continues until atrial
contraction, resultinginasmall forward peak. Forwardflow is
generdly not detectable during systole. Diastolic velocity is
increased during inspiration in most children; however, this
is no necessarily the case in newborns, who have a short
diastole period. Most tricuspid vel ocitiesare best detected in
theright ventricular inflow tract. Flow intheright atrial body
isgeneraly of dight magnitude (fig. 1A).

Fig. 1A - Apical four chamber view of the right atrium (RA), right
ventricle (RV), left atrium (LA), and left ventricle (LV) with the sample
volume (SV) positioned along the direction of flow into the right ven-
tricle. Doppler velocity output derived from that sample site is shown
below. The peak velocity record is 60 cm/sec as measured from the
ordinate on theright. Thisis atypical triscupid valve flow pattern (TV
FLOW).

Pulmonary outflow tract - Thisareais best sampled
with the transducer in the parasternal short axis plane and
the sample volume placed either proximal or distal to the
pulmonary valve. Since systolic flow Is away from the
transducer, it isdetected as negative. The diastolic pattern
is generally random but in some children with slow heart
rates, some diastolic flow can be detected during inspira-
tion (fig. 1B).
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Fig. 1B - Parasternal short axis view of the aorta (AO). Pulmonary ar-
tery (PA) and PA branches. The sample volume (SV) is positioned in
the main PA along the direction of flow. Doppler flower velocity de-
rived from that sample site is shown below. The peak velocity away
from the transducer recorded id - 70 cm/sec. This represents a normal
pulmonary flow (PA FLOW) pattern.

Mitral Inflow and outflow tract - Mitral inflow
and outflow velocities are best detected from the apical
two-chamber plane, apical four chamber plane, and areless
well detected in parasternal long and short axis planes
because of transducer angulation.

Left ventricular inflow is best detected below the mitral
valve and theflow pattern is reminiscent of the mitral echo
pattern and thetricuspid pattern already described (fig. 1C).
Usually, very littleflow activity isdetected inthe. left atrial
body itself. Thismay be dueto law flow velocity from the
pulmonary veins into the left atrium and also due, to the
distance of theleft atrium from the sampling transducer.

Left ventricular outflow tract - Flow in the left
ventricular outflow tract is best detect-
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Fig. 1C - Apical four chamber view of theright atrium (RA), right ven-
tricle (RV), left atrium (LA), and left ventricule (LV) with the sample
volume (SV) positioned along the direction of flow into the left
ventricule. Doppler velocity output derived from that sample site is
shown below. The pesk velocity recorded is 60 cm/sec (normal). The
closure spike of the mitral leaflets is also detected. Mitral valve flow
(MV FLOW) closely resembles the pattern of movement of the mitral
leaflet on M-mode echocardiography.

ed with the transducer in either the apex four or two-
chamber position, and can also be detected with the
transducer in the subcostal position if the interrogation
angleis not approaching the perpendicular. Since flow is
away from the transducer (in the apex plane), a negative
deflection isnoted during systole. With the samplevolume
moved through the aortic valve plane from the suprasternal
notch, leaflet motion can be detected. When the aortic
root is Interrogated, forward flow is noted during systole
and some reverse flow is detected during diastole
(probably representing coronary flow).

Ascending aorta, descending aorta- Theaorticarchis
best evaluated from the suprasternal notch view. Systolic
flow istoward the transducer when the ascending aortais
interrogated (fig. 1D), and is away from the transducer
when the descending aortais interrogated. Velocities are
higher than those seen in pulmonary artery. Diastolic flow
is generaly not detected in the descending aorta.
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Fig. 1D - Supraesternal notch view of the ascending aorta (ASC AO)
with the sample volume placed along the direction of flow in the as-
cending aorta. Doppler velocity output derived from that sample siteis
shown below. The top curves represent the analog output of the maxi-
mal (MAX) and mean velocities. The bottom curve display isthe Dop-
pler spectral signal. The peak velocity is 120 cm/sec. This pattern of
flow represents normal aortic flow.

Clinical applications

Cardiac output measurements- A major application of
two-dimensional echocardiography in pulsed Doppler is
flow quantification. This can be achieved using the equa-
tion: SVD = (meanV x CSA x RRinterval)/cosOwhere SVD
isstrokevolumeby Doppler, meanV = mean velocity, CSA
= cross-sectional areaof thevessel or valve, cosO=cosine
of the angle between the Doppler beam and direction of
the flow). Two of the variables are derived from the two-
dimensional image. The first one is the angle 0. This
presents alimitation with regard to its accurate measure-
ment, since an angle in the third dimension cannot be de-
termined. However, because the cosine of the angle O is
utilized in the equation, variations in angulation of up to
25° are so small that they cause insignificant calculation
errors. The second variable is the cross-sectional area of
the vessel (CSA) in question. This can be obtained by
measuring the vessel diameter and converting it into area
by using thefollowing equation: CSA =11/ d d)? (whered
= vessel diameter). Mean velocities carh obtained by
measuring the areaunder the Doppler velocity curvefrom
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successive beats on the spectral display using a desk-top
digitizing system. Multiplying theresult of equation 1 times
the heart rate allows quantification of cardiac output.
Shunt quantitation - Recent work by our group %2 has
demonstrated that pulmonary flow (QP) and systemic flow
(QS) in patients with various congenital cardiac and
extracardiac shunts (atrial septal defects, ventricular sep-
tal defects, patent ductus arteriosus) and in animals with
surgically-created shunts, can be accurately quantified,
allowing shunt determination. M ost cardiac flow measure-
ments are based upon measurement of aortic flow or pul-
monary artery flow. In order to overcome some of the er-
rorsin calculation of pulmonary flow, which is disturbed,
especially in patients with cardiac shunts, we developed

the mitral valve orifice method’. In our laboratory, excel-
lent correlation was found between noninvasive estimates
of cardiac outputs in animals with electromagnetic flow
meter correlations and in humans with thermodilution.
Measurement. This method is based upon interrogation
of the mitral area from the two-dimensional parasterna
short axis plane and multiplied in this area by an average
opening factor obtained from the derived M-modetracing.
The Doppler mitral flow is obtained from an apical four
chamber view (fig. 2). Pulmonary (QP) and systemic (QS)
blood flows may be calculated in different cardiac sam-
pling sites according to the type of lesion asfollows:
Transvalvar gradient - Another quantitative
application of the Doppler method is measument of

Fig. 2 - Paraesternal short axis view of the mitral orifice (MVO). Maxima mitral valve orifice is obtained by gating the real-time two-dimensional
image to maximal opening from a derived M-mode trace and simultaneous electrocardiogram. The mean diastolic mitral orifice is determined by
examining the mitral M-mode pattern (see text for details). Flow is then sampled from an apex view by poistioning the Doppler sample volume in the
left ventricular inflow. Doppler velocity evidence of significant spectral dispersion. LV = left ventricule; PM = papillary muscle; SV = sample volume;
MV = mitral valve; LA = left atrium; MV FLOW = mitral flow.

Lagion, ASD Va0 PhA
QP Pulmonary artery
[alc] Aorta or mitral valve Aorta RYVOT

Mitral walve  BMitral walve

pressure gradient through stenotic valves. This is
accomplished by application of simplification of the
Bernoulli equation asdescribed by Hatleet al 141920, Inthis
equation, the maximal velocity of flow distil to the ste-
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notic valve orifice in the area of greatest vortex shedding
is squared and multiplied by a constant, 4 (VG = V2 x 4)
(where VG = valve gradient, V = maximal velocity).

Examplesof quantitative applications of
doppler echocar diography

Shunt Quantitation

Patent ductusarteriosus- A patent ductus arteriosus
can bevisualized by two-dimensional echocardiography?.
The flow characteristic cannot be determined. The shunt
through a patient ductus arteriosus can be left-to-right,
right-to-left, or bi-directional . Accordingly, quantitation of
flow may beimportant clinically in these patients. With the
samplevolume placed in the pulmonary, we can detect the
high velocity flow toward the transducer during diastole
(fig. 3) Thispattern of flow can befound evenwhen patient

Fig. 3 - Paraesternal short axisview the pulmonary artery (PA) and aorta
(AO) with the sample volume placed along the direction of flow in the
main pulmonary artery. The derived Doppler flow is shown below and
represents the patterns of flow found in patients with patente ductus
arteriosus. Note the abnormal pattern of flow detected in the pulmonary
artery during systole and diastole.
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ductus arteriosus is associated with other forms of con-
genital heart disease. In children with patent ductus
arterious, the systemic flaw (QS) is calculated as the sys-
temic venousreturn in the subpulmonic region of theright
ventricular outflow tract. Since some blood in the ascend-
ing aorta is diverted through the ductus arteriosus into
the pulmonary circulation, and the main pulmonary artery,
which exhibits multidirectional flow patterns may mot re-
flect total pulmonary flow, pulmonary flow cal culation (QP)
in these cases is obtained from the mitral valve site.

Transvalvar gradients

Pulmonary stenosis- Echocardiography (M-modeand
two-dimensional) are useful techniques to provide diag-
nosis of pulmonary stenosis. However, they do not allow
prediction of severity of stenosis or of transvalvar gradi-
ent. Doppler echo has been reported as a good technique
for quantifying severity of stenotic valvar lesions
1214181920 The simplified Bernoulli equation is applied to
spectral outputs derived from the continuous wave Dop-
pler, since pulsed wave vel ocitiesexceed the limit frequency
(Nyquist frequency). Inarecent study from our laboratory
12 good correl ationswere found between Doppler maximal
velocity (r =94 £ 51 cm/sec) and Doppler estimated pres-
sure gradients (r = 98 + 7 mm Hg) and transvalvar gradi-
entsmeasured at cardiac catheterization (fig. 4).
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Fig. 4A - Regression line comparing pulmonary maximal velocities
(MAX VEL in cm/sec) in patients with pulmonary stenosis with the
pressure gradients obtained by invasive techniques (mm Hg).

Briefly the ultrasonic examination begins with two-
dimensional echocardiographic parasternal short axis
view imaging of the right ventricular outflow tract,
pulmonary valve, maim pulmonary artery and bifurcation.
The sample volumeis placed in the center of the pulmo-
nary artery distal to the domed pulmonic valve leafletsin
line with the apparent orifice. The maximal velocity is
found and recorded by varying the position of the sample
volume within the pulmonary artery until the maximal
audible signal identified as a whistle is achieved and
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Fig. 4B - Regression line comparing Doppler-predicted pressure

gradient (simplified Bernoulli equation) with the pressure gradient

obtained by catheterization in patients with pulmonary stenosis.
See text for details.

the maximal graphic output isthen recorded. Usually, the
angle of sample volume and direction of flow was Q°
(parallel). Therecorded peak systolic flow velocitiesfrom
two to there consecutive beats were to transvalvular
gradientsusing the simplified Bernoulli equation (VG =V?
x4) (fig. 5).

Fig. 5 - Paraesterna short axis view of the aorta (AO) and pulmonary
artery (PA) with the sample volume (SV) positioned in the main pulmo-
nary artery. Peak flow velocity of 500 cm/sec was detected in this pa-
tient with severe pulmonic stenosis (PS). The estimated pressure gradi-
ent at catheterization was 110 mm Hg.

RESUMO

No presente artigo procuramos descrever 0s conceitos
basi cos bem como demonstrar os padres normais de flu-
X0 através das diferentes valvas cardiacas obtidos por meio
daecocardiografia Doppler combinadacom imagem cardi-
acaobtidaatravés daecocardiografiabidimensional . Tam-
bém descrevemos as mais recentes aplicagdes clinicas
dessa nova modalidade diagnostica. Enfoque especial foi
dado a quantificacdo de fluxo, isto é medidaestimavado
Ohito cardiaco e “shunts’ esquerda-direita, bem como es-
timativa ndo invasiva gradientes pressoricos em pacien-
tes acometidos de lesBes valvares tipo estenose.

Enquanto mai or experiénciasefacanecessariaparaaqui-
Sicdo de conceitos definitivos, essa recente metodologia
parece oferecer um novo campo para obtencdo de dados

degrande aplicabilidadeclinica.
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