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Hemodynamic Monitoring:

Noninvasive Techniques

Laura F. Wexler, M.D.,* and Gerald M. Pohost, M.D.§

TECHNIQUES IN CARDIOLOGY that do not in-
volve placement of a catheter into a cardiac
chamber or great vessel are called “noninva-
sive.” They have been used largely for diag-
nostic purposes, but offer an enormous po-
tential for future evaluation of physiologic
performance during acute perturbations in-
duced by anesthetics, operations and acute
illness. The “noninvasive™ techniques in-
clude, among others, electrocardiograph
vectorcardiography, and phonocardiography,
all of which have been used for severl
decades: echocardiography and mdionuclide
imaging techniques. developed in the past
decade, will require further innovative en-
gineering to allow for routine monitoring of
the critically ill. Table 1 lists the nonin-
vasive techniques presently available. The
following discussion deals mainly with the
newer noninvasive methods that have po-
tential application to perioperative evaluation
and monitoring. These include echocardiog
raphy, systolic time intervals, and mdio-
nuclide imaging techniques.

Echocardiography

Basic PRINCIPLES

crystal vibrates under the influence ol an
clectric field and emits ultrisound. Con-
versely, when ultmsound interacts with the
same piczoelectric eryvstal, electrical signals
are produced.

An ultrasound transducer consists
piezoelectric erystal located in a eylindrical
probe and a lens in front of the crystal.
The envstal is electrically stimulated to emit
ultrasound, which is collimated, or focused,
into a beam by the Iens. The beam s directed
at the heart through the chest wall. Ultra-
sound reflected from the cardiae structures
received by the transducer and  intercts
with the envstal to produce electrical signals,
which are amplificd and displayed on a
aathode-ray tube. The trnsducer ac both
transmitter and receiver. The entire system is
aalled an echograph.

The speed of sound within the heart and
surrounding structures is assumed to be
constant, and thus the distance bhetween any
reflecting structure and the transducer surface
can be derived from the intenal between
transmission and reception of reflected ultra-
sound. Circuitry within the echograph allows
display of the transducer surface as well as
position of reflecting structures by converting

. . 1y Son
tHmre—intervab-boetweerr-transmission and re-
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When a beam of high-frequency sound, or
ultrasound, encounters an interface  be-
tween two media of different densities, part
of the beam will be reflected and the re-
mainder transmitted.  Echocardiography is
defined as the analysis of ultrasound re-
flected from cardiic structur

Diagnostic ultrasound, which has a fre-
quency of 1 to 10 million cycles per second,
is generated by a piezoelectric crystal. This
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ception of ultrusound impulses into actual
distance. A strip-chart recorder continuonsly
records the oscilloscopic image obtained with
the echograph so that motion as well as posi-
tion of the reflecting structures can be
assessed. Echocardiographic examination per-
mits a beat-by-beat observation of the posi-
tion, motion, and relative intensity of reflected
ultrasound from the valves and the ventricular
walls.

Ultrasound is poorly transmitted through
lung and hone. Regions of the anterior chest
watll through which the ultmsound beam is
most successfully  transmitted are  called
“windows.” These “windows” are located
along the left stemal border and the lower
left chest toward the cardiac apex. Occa-

156

20z Iudy 01 uo 3senb Aq jpd°90000-000809.6 L-Z¥S0000/1 G925 /95 L/Z/S¥/HPd-01on1e/ABO|0ISUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



~1

iy NONINVASIVE TECHNIQUES 15

Aug 1976

Diosiole  Syswle
Transducer e

Beam axis

Fic. 1. The diagram on the left depicts as gittal section throngh the heart with the apex on the
left and base and sorta on the right. The altrasonnd beam is aimed to trverse the ventricular
chambers and interventricular septum. The diagram on the right depicts the echocardiogrun obtained
from this transducer position. ECG = electrocardiogram, CW = chest wall, RV = right ventricle,
IVS = interventricular septum, LV = left ventricle, nd LVPW = left ventriculas posterior wall.

TaBLE 1. Noninvasive Techniques

Technivue Deseription

s of graphic recordings of sotmds emanating from the heart

Phonocardivgrphy Analy
and great vessels

Apexcardiogriphy Study of recordings of precordial impulses relative to the chest wall

Study of recordings of multiple precordial impulses relative to a

Kinetocardiogrphy
fixed external point

Ballistocardiogmphy Analysis of graphic recordings of the movement of the body cansed
by cardiae contraction and aceeleration or decelention of blood

within the great vessels

Aualysis of cardine border movement by videotracking of roent-

Radarkymography
genographic images

ardiogram,

Analysis of time intervals derived from the electroc
cardio-

phounocardiogram, carotid pulse-wave recording and aped
gram

Systolic and diastolic time intervals

Use of shifts in frequencey of reflected wltrsonnd to determine
velocity of blood flow through cardiae chambers and great vessels

Doppler ultrusonogriphy

Echocardiogrphy Use of reflected ultrsound to study location and motion of cardiae
structures

¢ of radionuclides, i.c., mdioactive tracers, to visnalize cardiae
chambers, myocardium and myocardial infarct

Radionuclide imaging technique
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Fi1c. 2. Echocardiogrum showing the right ventricle (RV), interventricnlar septum (IVS). and left
ventricle (LV). ECG = electrociardiogram, AW = right ventricular anterior wall, LVPW
ventricular posterior wall, RVID = deht ventricular intemal dimension measured at end-dias
LVID, = left ventricular intemal dimension measnred at end-diastole (indicated by peak of QRS
complex), LVIDg = left ventricular internal dimension measured at end-systole (indicated by end of
T-wave on ECG).

On the strip-chart recording above, time and distance are indicated by markers (dots) that are 1 cm

apart in the vertical a

sionally, to obtain an adequate window, a
subxyphoid or suprasternal notch approach
can be employed.

EXAMINATION OF THE LEFT VENTRICLE AND
INTERVENTRICULAR SEPTUM

Figure 1 depicts the ultrasound beam as it
traverses the ventricles and the inter-
ventricular septum. The resultant echo-
cardiogram is illustrated in figure 2. After
the chest wall, the beam encounters the right
ventricular free wall. During systole it moves
posteriorly away from the transducer toward
the interventricular septum. The cavity of the
right ventricle is filled with blood of homo-
geneous acoustic density and thus is “echo-
free.” The next structure encountered is the
interventricular septum. The normal interven-
tricular septum moves posteriorly in
and anteriorly in diastole. The left ventricular

s and 0.2 seconds apast in the horizonta) axis.

posterior wall moves anteriorly towards the
septum during tole. Both septum and
posterior wall normally thicken during
systole. The motion and thickness of the left
ventricular walls, both free wall and inter-
ventricular septum, and left ventricular
chamber size can be assessed from this echo-
cardiographic axis. Noninvasive assessment of
left ventricular size and function is one of
the most important applications of echocardiog-
raphy. Although used principally for diagnos-
tic purposes, the quality of information ob-
tained to date suggests that an extension to
the intraoperative monitoring of ventricular
function may be possible.

A measurement of the thickness of the
interventricular septum and left ventricular
posterior wall can be made, as indicated in
figure 2. These measurements have been
shown to correlate with measurements made
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during cardiac surgery and postmortem ex-
amination.’* Normally, the interventricular
septum and the left ventricular posterior wall
are of comparable thicknesses (less than 1.2
em). Concentric left ventricular hypertrophy,
secondary to aortic stenosis or arterial hyper-
tension, can be demonstrated on echo as
symmetric thickening  of interventricular
septum and left ventricular posterior wall.
mmetric thickening of the interventricular
septum compared with the left ventricular
posterior wall (ina ratio of 1.3to 1.Oor areater)
is a feature of hypertrophic cardiomyopathy
and can be documented by echocardiogram,
as shown in figure 3.%

Internal dimension of the left ventricle can
be measured in both end-systole and end-
diastole (see figures 1 and 2). When made ina
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standard fashion such that the beam transects
the left ventricular cavity at a level imme-
diately below the mitral valve leaflets, echo-
cardiographic internal dimensions correlate
well with Teft ventricular dimensions dete:
mined angiogmphically.® The ejection frac-
tion} can be approximated from these echo-
ardiographic dimensions.® The technique is

1 The ejection fraction, EF, is the mtio of left
ventricular stroke volume to end-diastolic volume.

DV — ESV
EF = EB;ZD—\ES_\ where EDV = end-diastolic vol-

ume and ESV = end-systolic volume. The normal
value determined angiographically is 60-75%. A de-
crease in ejection fraction secondary to either redue-
tion in stroke volume or increase in end-diastolic
volume without concomitant increase in stroke
volume is a reliable indicator of left ventricular
failure.

Y
S =, o
i ebadrlom e T

Fic. 3. Echocardiogram of the interventricular septum, mitral valve, and left ventricular posterior
wall from a patient with idiopathic hypertrophic subaortic stenosis Characteristic abnormalities dem-
onstrted include 1) asymmetric septal hypertrophy (ASH) with an interventricular septal (IVS}
thickn, of 14 em and a posterior wall (LVPW) thickness of 0.8 em, 2) systolic anterior motion of
the anterior mitral valve leaflet (MV) indicated by the arow on right, 3) defayed mitrl valve closure
with a “shoulder” indicated by arrow on left. This finding is associ ted with elevated left ventricular
end-diastolic pressure. ) Beduced E to F slope of the mitml vadve (see text and figure 6B).
AW = right ventricular anterior wall, RV = right ventricular cavity.
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limited since it uses a single dimension to
derive end-diastolic and end-systolic volumes.
This limitation is especially important in pa-
tients with ischemic heart disease, who fre-
quently have regional wall motion ab-
normalities.®” However, the technique may be
of great value when one is following perform-
ance in the course of physiologic perturba-
tions, particularly if one looks for changes
rather than absolute values. Another index of
left ventricular contractility, the circum-
ferential fiber shortening velocity, can be
derived from end-systolic and end-diastolic
dimensions.®

An increase in left ventricular end-diastolic
dimension is seen in congestive cardiomyop-
athy, and/or left ventricular volume overload
secondary to mitral and aortic regurgitation or
ventricular septal defect. In congestive cardio-

L. F. WEXLER AND C. M. POHOST

myopathy, amplitude of left ventriculir wall
motion is attenuated, while in left ventricular
volume overload, wall motion may be ac-
centuated. Decreased or absent motion of the
interventricular septum and/or left ventricular
posterior wall may also be detected ina patient
with myocardial infarction.?

RicuT VENTRICLE (RV)

The internal dimension of the RV can be
determined echocardiographically as shown
in figure 2. It may be increased in associa-
tion with a number of c¢linical states, includ-
ing right ventricular volume overload (atrial
septal defect, tricuspid regurgitation), con-
gestive cardiomyopathy, and right ventricular
failure. Another indication of RV volume
overload is paradoxic motion of the inter-
ventricular septum.'® Normally, the septum

Fic. 4. Echocardiogram of right ventricle (RV), left ventricle (LV), and interventricular septum
(IVS) from a patient with an atrial septal defect. The right ventricle is enlurged and the inter-

ventricular septum moves paradoxically av
AW = right ventricular anterior wa

- from the left ventricular posterior wall during systole.
1, LVPW = left ventricular posterior wall.
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FIG. 5. Sagittal view of the heart, on the left, demonstrates the ultmsound be:
chest wall (CW), anterior wall, right ventricle (RV), interventdcular septum {
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1 traversing the
left ventricle

),

(LV). anterior leaflet of the mitral valve (AMV), posterior Teaflet of the mitral valve (PMV), and the
left ventricular posterior wadl (LVPW), On the right is a diagram of the strip-chart recording of

the resulting echocardiogram. The structures in the diagrum of the heart on the Teft are

the echecardiogram on the right.

moves toward the left ventricular posterior
wall during systole, Figure 4 shows an ex-
ample of paradoxic motion of the septum
away from the left ventricular posterior wall
during systole in a patient with an atrial
septal defect. Paradoxic septal motion can also
be seen in patients with ventricular conduc-
tion defects and following cardiopulmonary
bypass; it is not clear whether this finding is
entirely specific for abnormal increase in RV

volume.

MITRAL VALVE

Figure 5 shows the image obtained with
the ultrasound beam aimed at the mitsal valve
leaflets. Normally, the anterior leaflet of the
mitral valve has a distinetive M -shaped
configuration in diastole (fig. 6, A and B). In
early diastole, the anterior leaflet moves
anteriorly towards the chest wall, while the
posterior leaflet moves in the opposite direc-
tion. The point of maximum early diastolic
excursion is designated E. After the E point,
the leaflets drift towards cach other to point

matched with

F in mid-diastole. With atrial systole, the
leaflets again separate widely to point A and
then move rapidly towards each other as the
valve closes, C. During ventricular systole,
the closed leaflets move slowly anteriorly to
the D point immediately prior to diastolic
separation. This motion may be related to for-
ward motion of the mitral annulus during
svstole.

Changes in the slope of eurly diastolic
motion of the anterior mitral valve leaflet,
the “E-to-F slope,” can be an important clue
to abnormalities in left ventricular and mitral
valve function. The E-to-F slope appears to
be related to the rate of diastolic filling of the
left ventricle. A decreased E-to-F slope may be
observed in patients with diminished left
ventricular compliance associated with hyper-
trophic or congestive ardiomyopathy.’* The
E-to-F slope is also diminished in patients
with mitral stenosis, and the extent of flatten-
ing correlates with the severity of stenosis
as estimated at operation or calculated by the
Gorlin formula at the time of cardiac cathe-
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Fi1G. 6. A (abore), representative echocardio-
gram of a normal mitrul valve. AMV = anterior mi-
tral valve leaflet. PMV = posterior mitral valve
leaflet. Mitral valve motion during diastole results
in a charcteristic M -shaped configuration (see
text). B (below). diagram of mation of the anterior
mitral valve leaflet as recorded by echocardiogram.
At point D, the anterior leaflet moves rapidly
anterorly in early diastole. E is the point of maxi-
mum early diastolic excursion. At point F, the
Ieaflet drifts posteriorly in mid-diastele approach-
ing the posterior leaflet (not illustrated). The leaflet
again moves rapidly anteriorly in late diastole as
the atrium contracts to point A. With the onset of
ventricular  systole, the et moves rapidly
posteriorly to the closed position at point C.

terization.” Patients with abnormal E-to-F
slopes secondary to mitral stenosis can
usually be differentiated from those with left
ventricular dysfunction by the presence of
abnormal parallel motion of the posterior
leaflet (figz. 7), a finding more specific for
mitral stenosis.’®

No charcteristic abnormality of mitral
-alve motion is observed in patients with
rheumatic regurgitation of papillary mus-
cle dysfunction. Indirect evidence, such
as left ventricular andfor left atrial enlarge-
ment and increased left ventricular wall
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excursion, is {frequently present. Certain
abnormalities of the mitral valve known to be
associated with mitrl regurgitation can be
diagnosed or suggested by echocardiogram.
Mitral valve prolapse is a condition in which
one or both leaflets move back into the left
atrium  during tole. Abnormal posterior
motion of one or both leaftets, usnally during
mid or late systole, is frequently observed on
echocardiogram in patients with mitral valve
prolapse’ (fig. §). Prolapse may be seen in
patients with or without mitral regurgitation
but is frequently associated with the char-
acteristic mid-systolic click and late systolic
murmur. Flail mitral valve leaflets secondary
to ruptured chordae tendineae or papillary
muscle can also be suggested by echocardio-
gram.

The echocardiogram of the anterior leaflet
of the mitml valve chameteristically shows
abnormal anterior systolic motion in patients
with idiopathic hypertrophic subaortic
stenosis (IHSS)." In addition to abnormal
anterior systolic motion of the mitral valve,
asymmetric hypertrophy of the intenentricu-
lar septum is also characteristic of IHSS
(fig. 3). The abnonual systolic position of the
mitral valve and the asymmetric hypertrophy
of the interventricular septum result in the
nmiitral regurgitation and outflow gradient often
present in this disease.’®

Premature closure of the mitral valve is ob-
served in patients with acute, severe aortic
regurgitation, which is most commonly asso-
ciated with bacterial endocarditis™ and may
help in identification of patients requiring
-alve replacement. In many patients, the
presence of aortic regurgitation of even
moderate degree can be detected by fine
fluttering of the anterior mitral valve leaflet
during diastole, presumably related to
motion of the leaflet within the regurgitant
stream.

Abnormal left ventricular function may
be suggested by altered morphology of mitral
ralve closure during the A-to-C interval (see
fig. 6B). In some patients with marked eleva-
tion of left ventricular end-diastolic pressure,
the normally rapid and smooth posterior clo-
sure motion of the anterior mitral valve leaflet
is interrupted by the appearance of a
“shoulder” and the A-to-C interval may he pro-
longed (see fig. 3).
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Fic. 7. Echocardiogram
of the mitrl valve from a
patient with mitml steno-
sis, The E-to-F slope of
the anteror mitrl vabhve
Teaflet (AMV) is dim-
inished and the motion of
the posterior mitral valve
Teaflet(PMV) in diastole is
paradlel to that of the
AMVL

AORTA AND LEFT ATRIUM

When the transducer is angled superiorly
and slightly medially, the ultmsound beam
will traverse the aortic root and the left
atrium (fig. 9A). Aortic root and left atrial
dimensions measured from the echocardio-
gram correlate well with aortic root diameter
and left atrial size determined angiographi-
cally.® As a rule of thumb, the normal aortic
root dimension measured at end-diastole is

NONINVASIVE TECHNIQUES
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approximately equal to the left atrial di-
on measured at end-systole. Thus, any
ignificant disproportionate  increase in
cither aortic root or left atrial echocardio-
eraphic dimension represents abnormal en-
largement.® Figure 10 shows the echocardio-
arun of i patient with left atrial enlargement
due to mitral stenosis

Left atrial myyomas have a characteristic
echocardiographic pattern.® These  tumors
are usually on a stalk originating in the left

F16. 8. Echocardiogram
of a patient with mitral
salve  prolapse. During
systole the mitml valve
leaflets sag or prolapse
posteriorly  (see arrow).
ECG = electrocardio-

grum, MV = mitrl valve.
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the aorta (Ao) at the level of the aortic v

v

NONINVASIVE TECHNIQUES

1t, on the left, d

165

trates the ult 1 beam traversing
flets, and the left atriwm (LA). Diagram on the

right depicts resultant echocardiogram. CW = chest wall. B (below), echocardiogrun of the aorta
(Ao). left atrium (LA) and aortic valve (AV). The characteristic parallelogrun pattem of the aortic

leaflets is demonstrated.

atrium and prolapse into the left ventricle in
diastole. On echocardiogram, dense echos
are observed within the left atrium and in the
area of the mitrd valve in diastole (see fig. ).
Left atrial clot cannot reliably be detected
by echocardiogrum at this time.

The motion of the aortic valve produces
a box-like configuration on echocardiogram
(fiz. 9B) that reflects abrupt leaflet sepamation
at onset of left ventricular systole and rapid
closure at end-systole (fig. 9B).

Caleification or thickening of the aortic
valve is suggested by dense echos between
the aortic walls (fiz. 12), but unfortunately

* near its base, a normal confi

the severity of nortic stenosis cannot be as-
sessed reliably by echocardiogrphy.® The
echocardiogram of the aortic valve does not
reliably depict orifice size. Young patients
with congenital aortic stenosis frequently have
a domed aortic ve with normal leaflet
separattion at the base during ejection. Thus,
if the echo beam traverses the aortic valve
guration may be
observed., Patients with calcified aortic valves
but without significant stenosis may have
dense aortic valve echos with reduced separa-
tion. Two-dimensional echocardiography,
presently under investigation, may be able

Fic. 10. Echocardiogram from a patient with mitmal stenosis showing the aorta (Ao), which is 3.2

em. in diameter, and the dispropottionately enlarged left atrium (LA), which me;

aortic valve leaflets move normally.

s 5.5 em. The
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Fic. 11. Echocardiographic “scan” from the level of the anterior leaflet of the mitrt] valve and inter-
ventrcular septum (IVS) (left) to the level of the aorta (Ao) and left atrivam (LAY (right) in «

patient with a left at
the mitral valve in diastole and

more reliably to assess aortic valve area in
aortic stenosis.®

TRICUSPID VALVE

The tricuspid valve can be imaged by tilting
the transducer inferiorly to the aortic valve.
The echocardiographic patterns of normal
tricuspid valve motion, tricuspid stenosis,
cuspid valve prolapse and flail tricuspid valve
leaflet resemble those of the similar processes
involving the mitral valve.

PuMONIC VALVE

The pulmonic valve echocardiogram is to
the left and slightly superior to the aortic
valve but is often difficult to obtain in adults;
usually only a single posterior leaflet can be
defined. In late diastole, there is a trnsient
posterior motion just before systolic opening
that correlates with atrial systole and is called
the pulmonic “a” wave (fig. 13). Pulmonary
hypertension or pulmonic stenosis is sug-
gested by changes in the normal echocardio-
graphic pattern of the posterior leaflet of the

ial myxoma. The myxoma shows a cloud of echos hehind the anterior leaflet of
a cloud of echos within the Teft atrium in systole. RV = right ventricle.

pulmonic valve.®# With pulmonary hyper-
tension, the pulmonic “a” wave diminishes in
depth and may disappear. In pulmonic
stenosis, the “a” wave becomes deeperand the
leaflet fails to return to baseline before systolic

opening.

PERICARDIAL EFFUSIONS

In most patients, the epicardium and
parietal pericardium appear as a single inter-
face on the echocardiogram. When pericardial
fluid is present, the epicardium is separated
from the pericardium and an echo-free space
can be detected (fig. 14). The depth of the
echo-free space correlates grossly with the size
of the effusion and can be used to detect
increase or decrease in the size of the peri-
ardial effusion.® There is no reliable way to
make the diagnosis of pericardial tamponade
on echocardiogram.

CONGENITAL HEART DISEASE

The echocardiogram can be helpful in the
diagnostic assessment of patients with con-

h N
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genital heart disease. A complete review of
echocardiogrphy in congenital heart disease
is bevond the scope of this monograph,
and several comprehensive reviews are pres-
ently available. It is worth mentioning a few
of the important applications. Right ven-
tricubar dilatation and paradoxic septal motion
are associated with right ventrienlar volume
overload states (.., atrial septal defect). The
tricuspid valve echocardiogmphic pattern is
distinctive in paticuts with Ebstein’s anomaly.
Echacardiography is also helpful in identifica-
tion of a hypoplastic right or left ventricle. An
“sean’” is obtained when

echerardiographic
the transducer is directed from one area of the
heart (e.g.. aortic valve) toanother (e.g., mitml
vadve) while continuously recording on the
strip chart. Echo “scans”™ are of vtlue in the
analysis of relationships  between cardiac
chambers and great vessels in the following
lesions: tmnsposition of the great arteries,
truncus arteriosus, and tetralogy of Fallot.
Many new applications of echocardiography to
congenital heart disease have been described
in the recent literature.® There is great po-

ECG
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tential in combining standard radiologic and
radionuclide techniques with echocardiog-
raphy to evaluate complex congenital Tesions
noninvasively.® The sector scanner, an ultra-
sound device, provides a two-dimensional
image of the heart and appears to improve
the diagnostic efficacy of echocardiography in
congenital heart disease.

SUMMARY

Echocardiography is a relatively new non-
invasive technique that has proven itself in
numerous clinical applications, It has, to some
extent, replaced cardiac catheterization in the
dingnosis of hypertrophic cardiomyopathy, left
atrial myxoma, mitral stenosis and mitral valve
prolapse, and has allowed for a better patient
evaluation prior to cardiac catheterization,
which results in a better organized and thus
shorter catheter study. Furthermore, it allows
for noninvasive serial follow-up studies to
evaluate the timing and need for as well as
the results of operation. Two-dimensional
echocardiography, or sector scanning, may

EE DI L 4

FiG. 12. Echocardio-
wram of the aortic valv
a patient with cal

aortic  stenosis. Ao =
aorta, LA = left atritm,
ECG = clectrocardio-

gram. Multiple dense
echos in the region of the
aortic valve are char-
acteristic.
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FiG. 13. Echocardiogrum of the pulmonic valve
(PV), demonstrating the characteristic pattern of
motion of the posterior leaflet during late diastole.
The arrow points to the pulmonic valve “a”™ wave,
after which mapid posterior motion representing
opening occurs. In mid-systole and carly diastole,
this echo disappears.

diminish some of the limitations of standard
echocardiography. The most important ap-
plications of echocardiography are sum-
marized in table 2.

Systolic Time Intervals,
Phonocardiography and
Apexcardiography

DEFINITION OF SYSTOLIC TIME INTERVALS

Svstolic time intervals are derived from the
carotid pulse wave, phonocardiogram, and
electrocardiogram. Figure 15 illustrates the
derivation of some of these intervals: the
duration of systole (Q-Ay), left ventricular
ejection time (LVET), and the pre-ejection
period (PEP). The left ventricular ejection
time is the interval from the onset of the carotid
pressure rise (O) to the dicrotic notch (DN)
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and is related to left ventricular stroke volume.
Total electrical mechanical systole is the inter-
val from the Q wave of the electrocardiogram
to the aortic second sound (Q—A,). Note that
the dicrotic notch, reflecting aortic valve
closure, follows the aortic second sound,
A This delay is due to the time required
for pulse-wave transmission or the interval
between aortic valve closure and the arrival
of the dicrotic noteh transmission wave at the
external pressure transducer placed over the
carotid artery. The difference between the
Q-A. interval and the LVET is called the pre-
ejection period (PEP). The PEP is composed
of the isovolumic contraction time and the
duration of electrical depolarization of the
heart. Table 3 summarizes some of the im-
portant factors affecting the systolic time
intervals.

APPLICATION TO LEFT VENTRICULAR
FuxcTiox

In the absence of aortic stenosis, the PEP
and LVET have been used as indices of left
ventricular function. The ratio PEP:LVET is
used to increase the sensitivity of either in-
terval used separately. For example, left
ventricular dysfunction is usually char-
acterized by an increase in PEP and a de-
crease in LVET or a marked increase in the
PEP:LVET ratio. The systolic time intervals
and the pulse-wave propagation time have
been applied to the study of cardine function
during acute myocardial infarction, before
andafter cardiac surgery and in routine evalua-
tion of cardiac outpatients suspected of having
valvularlesions or left ventricular dysfunction.
It should be understood that the PEP and
LVET depend not only on left ventricular
systolic function but also on left ventricular
filling pressures and the status of the periph-
eral vasculature. Changes in the left ventricu-
lar preload and afterload may alter the systolic
time intervals and obscure or mimic changes
related to alterations in left ventricular func-
tion. During myocardial infarction, for ex-
ample, changes in catecholamine level will
lead to variable alterations in peripheral re-
sistance. If arterial systolic pressure is in-
creased in response to a high catecholamine
output, PEP may increase but LVET, which is
prolonged in response to increased afterload,
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Cw-= EFF

Fic. 14. Echocardio- iy
gram  from a patient [ II"IIII S
with anterior and poste-
rior percardial effusion
(EFF). A ‘e can be
seen between the chest

all (CW) and the right
ventricular anterior wall MU i
(AW) and between the
left ventricular posterior
call (LVPW) and the
cardium (PERI). IVS va"h‘l—
= interventricular P
tum, MV = mitml valve,

CW = chest wall.

EFF
Peric—

TaBLE 2. Some Important Applications of Echocardiography

1. Evaluation of left ventricular (LV) function

A. Estimation of ¢jection fraction from LV dimensions

B. Detection of abnormal LV wall motion and thickness (the posterior LV wall and intraventricular

septum can be visualized best, the apex and anteriolateral wall less consis ently)

C. Detection of altered mitral valve motion associated with LV dysfunction, i.c., abnormal mitrad
alve closure in patients with elevated LV end-diastolic pressure and abnormal mitral valve
tolic configuration in patients with reduced LV compliance
ssessment of left atrial size

. Evaluation of right ventricular (RV) function
A. Estimation of RV size from echocardiographic dimension
B. Detection of paradoxic mation of interventricular septum in patients with RV “volume overload”
states

I11. Diagnosis and quantification of pericardial effusion

IV, Analysis of valve function
A. Mitmal valve: detection of chareteristic changes in patients with mitral stenosis, [HSS, mitral
valve prolapse, flail leaflet, left myxoma, abnormal LV function
B. Tricuspid valve: similar to A above
C. Aortic valve: detection of thickening or calcification and detection of characteristic systolic “notch”
in THSS
D. Pulmonic valve: detection of pulmonary hypertension, di is of pul i
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may increase even more. Thus, in some pa-
tients with left ventricular dysfunction, the
expected increase in PEP:LVET may be
obscured or attenuated in the presence of
svstolic hypertension related to high levels
of circulating catecholamines. Patients under-
aoing general anesthesia may appear to have
left ventricular dysfunction based on a high
PEP:LVET matio. However, this also reflects
changes in left ventricular preload and after-
load related to positive-pressure breathingand
changes in systemic vascular resistance and
venous capacitanee?® A better analysis of
left ventricular function may be provided by
comparing measurements of the systolic time
intervals obtained during two or more differ-
ent physiologic states; for example, observa-
tion of changes in l’EP and LVET during
aungmented venous return induced by passive
leg rising or during diminution of afterload
or preload following administration of nitro-
ghyeerin. A normally functioning left ventricle
will tolerte augmented venous return without
much change in its end-diastolic pressure,
while a failing left ventricle may elevate its
end-diastolic pressure, thus increasing PEP.
In a normal heart, PEP will remain relatively
fixed while LVET will increase secondary to
an increasing stroke volume, thus shortening
the PEP:LVET mtio. In the failing heart,
PEP will increase along with the increase in
LVET. Furthermore, if the stroke output of
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F1c. 15. Denvation of the
intenvals. PCG = phonocardiogram, DN
= dicrotic notch, LVET = left ventricular
ejection time, PEP = pre-cjection period,
$, = first heart sound, aortic com-
ponent of second heart sound, P, = pul-
menic component of second heart sound,

Q = Q wave of ECG.

the failing heart is decreased, LVET will not
se appropriately, resulting in further
prolongation of the PEP:LVET ratio. Since
these intervals are related to so many vari-
ables, they must be interpreted with caution.
Interpretation of these intervals may have
more meaning in the light of additional in-
formation supplied by other noninvasive tech-
niques such as echocardiography and radio-
nuelide scanning.

incres

APPLICATION TO AORTIC STENOSIS

Systolic time intervals are also used in
approximating the severity of aortic stenosis.
A decrease in PEP and an increase in LVET
or a substantial decrease in PEP:LVET ratio
are observed in significant aortic stenosis,
Other systolic time intervals are also useful
in assessing the severity of aortic stenosis.
These include: 1) the upstroke time (u time),
or the interval between the onset of carotid
pressure and peak pressure, and 2) the t time,
or the time required for the pulse to attain
half of its peak height. The rate of rise of the
carotid pulse can be derived by dividing
peripheral pulse pressure by the carotid up-
stroke time.

P1IONOCARDIOGRAPHY

The phonocardiogram is most useful in
analysis and timing of cardiac murmurs and
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sounds. For example, a fourth heart sound
plus first heart sound combination can be
distinguished from a first heart sound plus
carly systolic click. The peak of the dizmond-
shaped  systolic murmur of aortic stenosis
oceurs progressively later in systole with in-
creasing aortic valve gradient. Thus, the Q
wave-to-pesk murmur interval can aid in the
sssment of the severity of aortic stenosis
s moves

ass
The opening snap of mitml steno
progressively closerto the second sound as the
mitntl valve gradient increases. In pulmonic
stenosis, the length of the murmur prolongs
and the pulmonic ejection click oceurs closer
to the first heart sound with increasing
severity. These indices are especially useful
in following patients as their discase

progresses.

An important application of the phone-
cardiogram has been the evaluation of pros-
thetic valve dysfunction associated with
thrombosis or ball variance.™

Two additional techniques, apexcardiog-
raphy (ACG) and kinetocardiography (KCG)
are both based on the analysis of precordial
motion imparted by left ventricular contrac-
tion and relaxation. The apexcardiogram is
recorded by a pressure-sensitive transducer
attached to the chest wall at the point of
maximal impulse. while the kinetocardiogram
is a recording from a similar transducer
which is fixed to an external point.

Abnormalities of systolic and diastolic pre-
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cordin]l motion usually reflect changes in
preload and afterload. For example, both the
apescardiogram  and  the kinetocardiogram
may show a long left ventricular systolic bulge
or plateau in severe aortic stenosis and a
double-peaked systolic wave in IHSS.

To a great extent the ACG and KCG and
the phonocardiogram display visually what a
clinician can palpate and auscult. However,
timing of events in the cardiac cycle is more
precise with these techniques and provides an
objective monitoring of patients, especially
those with valvular heart disease and with left
ventricular dysfunction.

Radionuclide Imaging Techniques

Gamma radiation emitted from radioactive
elements (radionuclides) is useful in non-
invasive cardine imaging for diagnosis and
monitoring.®>* Radionuclide techniques in-
volve intravenously injecting a radioisotopic
tracer and producing a picture or image of its
distribution.

BasiC PRINCIPLES

ary for

Two buasic components are nece:
rdionuclide monitoring: the radiopharma-
ceutical and the imaging device. The radio-
pharmaceutical is the substance injected into
the patient. It contains the radionuclide, while
the imaging device allows conversion of the
invisible gamma rys emitted by the radio-

TabLe 3. Effects of Some Physiologic and Pharmacologic Interventions on Systolic Time Intervals

LVET PEP PEPILVET
I. Changes in afterload
A. Increase (svstemic hypertension, LV outflow obstruction),
nitrous oxide t 1 T
B. Decrease (amy] nitrite vasodilators) ! e [}
I1. Changes in preload
A. Inerease {(increased venous retum, aortic regurgitation or
mitral regurgitation) 1 1 1
B. Deerease (decreased venous retum, upright posture} I 1 —
111. Changes in contrctility
A. Congestive heart filure ! I —
B. Hyperthyroidism ! ! |
C. Beta-adrenergic block (propranolol) 1 T 1
D. Beta-adrenergic stinmlation (isoproterenol) ! ! !
E. Anesthetic drugs (halothane, enflurane) 1 1 1
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nuclide into visible images that localize
the radiopharmaceutical.

RADIOPHARMACEUTICALS

Four varieties of cardiac imaging are po-
tentially useful in monitoring: 1) flow imaging
and shunt detection, 2) cardiac blood pool
imaging, 3) myocardial musele imaging, and 4)
myocardial infaret imaging. Technetium-99m
is a madionuclide with gamma emissions
especially suitable for imaging. It is used in
many cardiac-imaging applications in various
forms: 1) as a salt, technetium pertechnetate
(TcO,) for How imaging: 2) electrolytically
bound to serum albumin for blood pool
studies: 3) bound to a phosphate or phos-
phonate complex that accumulates in myo-
ardial infarction. Radionuclides that con-
centrate in normal myocardium have been
used for myocardial (muscle) imaging. These
include the monovalent cations potassium-43
(K-), rubidium-81 ("Rb7) and cesium-129
(2Cs~). All of these agents are difficult to
image due to their very high energy emissions,
which are collected with low efficiency. Thal-
lium-201 (**T1*) has been recently intro-
duced as a myocardial imaging material, and
has lower energy emissions, which are more
suituble for gamma camera imaging. The
amount of radioactive nuclide is quantitated
in terms of its mdioactivity, which is ex-
pressed in curies, mullicuries, or microcuries.

TuE IMAGING DEVICE

Gamma-ray emissions from the distribution
of the “mdiopharmaceutical” are converted
intoimages by arectilinear scannerora gamma
ament. The imaging system consists of three
components: 1) the detector or camer, 2) the
collimator, and 3) the display system. For the
purpose of this review, the ganuna camery,
which is most frequently used for cardiac
studies, is the onlv imaging device de-
scribed. The second imaging device, the recti-
linear scanner, has few applications in
sardiac dingnosis or monitoring.

The gamma camera most commonly used is
the Anger type. The Anger camera consists
of a circular sodium iodide crystal (usually
half an inch thick and 11 inches in diameter),
a circular army of 19 or 37 photomultiplier
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tubes. and a lead housing. The sodium iodide
envstal converts gamma rays into seintillations
(or visible light). The nearest photomultiplier
tubes sense and amplifv the scintillation so
that it can be displayed in perspective on an
oscilloscope. The collimator is a circular sheet
of lead with multiple holes (parullel, converg-
ing or diverging with respect to the center of
the erystal), which fits over the seintillation
ervstal of the gamma camera. The collimator
reduces the amount of ttered radiation
that could degrade the final image. The dis-
play system usually consists of an oscilloscope
and a Polaroid or celluloid film cameri A
computer can be used to aid in image collec-
tion and to improve image contrast for easier
definition of cardiac borders.

FLOW IMAGING AND SHUNT DETECTION

A bolus of technetium-99m pertechnetate
injected intravenously into a peripheral vein
-an be imaged as it flows into the subclavian
and innominate veins, superior vemi cava,
right-sided cardiac chambers, pulmonary
arteries, Tungs, and left-sided cardiae cham-
bers (fig. 16). Polaroid or celluloid film images
are taken in rapid succession, or the flow
pattern is recorded on magnetic tape ora com-
puter memory. These flow images can be used
to identify chambers that may overlap in
blood pool studies or to identify and quanti-
tate intracardiae shunts,®**% For shunt de-
tection, the camert is generally positioned to
obtrin an anteroposterior or left anterior
oblique view to separate right- and left-
sided chambers. A computer is used to derive
time—activity curves that are proportional to
flow through the cardiae chambers. Thus,
when there is a right-to-left shunt, the curve

~will show carly appearance of tracer within
the left-sided chambers, whereas when there

is a left-to-right shunt, a second peak of ac-
tivity would be expected within the right
side of the heart. Methodology for approxi-
mating shunt size is available 5

There are several clinical applications for
this technique. Neonatal cyanosis may be due
to pulmonary disease or to cardine disease. A
flow study could rule out significant right-to-
left intmeardine shunting in the face of
cvanotic pulmonary dise; Thus, the neo-
nate with pulmonary cyvanosis would avoid a
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Fic. 16. Normal radionuelide flow study in the anteroposterior projection. A bolus of techuetinm-99m

is followed on the gunma camera display as it
va (SVC), right atrium and right ventricle (RV), pulmonary

superior vena

s from the right antecubital vein into the

P
artery (PA), lungs, left

atrium and left \ultndc (LV). A computer can be used to generate time-activity curves. The region

or chamber of interest
right-to-left shunt,
sliants a second peak of ¢

3 wrdous invasive angiographic
study. Similarly, adults with possible intr-
cardiace shuats can be studied to approximate
the severity of the shunt.
Time-activity curves during the p
rdionuclide through the left ventricle have
also been used to estimate jection fraction™
This approach utilizes the counts contained
in the peaks (end-diastole) and valleys {end-
tole) of the left ventricular portion of the
How study with subtraction of the counts out-
side of the left ventricle (background) to com-
pute ¢jection fraction. This techmique is based
upon the fact that there is little or no back-
eround activity in the blood on initial passage
of radionuclide. Thus. only one or two studies
are feasible before background activity pre-
cludes reliable determination of ejection frac-
tion. Since the half life of technetium-99m
serial studies can be repeated

is six hours,

encireled and activity within that region is plotted.
would appear prum.mm_l\ in the region of the LV, while in left-to-right
ivity would appear in the region of the pulmonary artery or lung.

age of

In the presence of a

only daily,
this technique in monitoring.,

GATED CaRDIAC BLOOD POOL STUDIES

After equilibration of an intravenous in-
jection of 15-20 millicuries of technetium-
99m bound to human serum albumin ("™ Te-
HSA), an image obtained over the precordium
demaonstrates the cardiae blood pool. With
appropriate positioning of the gamma camera,
the heart can be studied in multiple projec-
tions. Synchronization of count collection with
the electrocardiogrun allows images to be ob-
tained in end-systole (shortly after the peak
of the T wave) and end-diastole {(near the
peak of the QRS complex).™ Adequate images
are obtained after two hundred thousand
(200,000) counts or more have been col-
lected. Approximately 3 to 10 minutes are
required for cach image. Counts are usually

thus limiting the application of
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collected for approxinately an eighth of cach
cardize evele (between 500 and 100 msec)
stole and for end-diastole. A com-

for end-s
puter. magnetic tape recorder. or second
oscilloscope allows simultancous collection
tolic and diastolic images in 5-10 min-

er-

of s
utes. The resulting images represent an g
age of the end-systolic and end-diastolic
volumes over the 3-10-minute imaging in-

CAMERA

L. F. WEXLER AXD G. M. POHOST V5. No 2

terval. The method for obtaining gated blood
pool scan images is illustrated in figure 17. A
30 degree right anteriorand 40-30-degree left
anterior oblique view are routinely obtained,
illustrated in the normal study in figure 18,

The gated cardiae blood pool scan has been
useful in 1) evaluation of regional and global
left ventricular performance,®* evaluation of
right ventricular function,® 3) observation of

SYNCHRONIZER

F1G. 17. Components necessary for obtaining the
tagged human senm albumin (*=Te-HSA) is given intravenous
producing an image of the cardiae blood pool. The synchronize
gated by the electrocardiogrnn so that one image is collected during the QRS comple:
and a second image during the latter portion of the T-wave (end
is illustrution were obtained in the 50-degree Teft anterior oblique projection.

The left ventricle (rizht) and right ventricle and pulmonary outflow tract (left) are casily identified.
The interventricular septum is well defined, separating the two ventricles. Comparison of diastole

in this

Y

and systole reveals normal coneentric contruction of both ventricles.

HASTEN E

wated cardiae blood pool scan. Technetium-99m-
The gamma camera collects counts
r allows collection of counts to be
x {eng-digstole)
systole). The images displaved
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FIG. 18. Normal gated eardiae blood pool study in the 30-degree right anterior oblique (RAO),
anteroposterior (ANT), and 50-degree left anterior oblique (LAO) projections. End-diastolic images

are in the top row and end-
and inferior walls

‘stolic images in the bottom row. The left ventricular anterolateral, apical
e demonstrted in the RAO and ANT projections. The right ventricle (left) is

separited from the left ventricle (right) in the LAO projection. The pulimonary artery and aorta can be

seen crossing one another in these LAO images.

interventricular septal configuration,** and
4) diagnosis of left atrial myxontas, 47

Ecaluation of Regional and Global Left
Ventricular Function

Comparison of systolic and diastolic images
allows evaluation of left ventricular wall
motion. In the right anterior oblique pro-
jection, the anterolateral, apical and inferior
left ventricular walls can be assessed, while
in the left anterior oblique projection, the
septal, infero-apical and posterior walls are
observed. Figure 19 is an example of studies
demonstrating abnornial regional wall motion.
A left ventricular aneurysm is illustrated.

The end-diastolic volume of the left ven-
tricle can be estimated by measurement of

the major and minor dimensions (fig. 20).
Since the pamllel-hole collimator does not
magnify, its dizmeter can be used as a refer-
ence to determine the left ventricular di-
mensions. Left ventricular ejection  frac-
tion (left ventricular stroke volume/left ven-
tricular end-diastolic volume) can be deter-
mined using the modified method of Dodge®
from the right and leftanterior oblique image
The gated cardiae blood pool scan is poten-
tially useful: 1) in monitoring of left ventricu-
lar function over an interval of as long as
three hours after administration of techne-
tium-99m albumin a) during myocardial in-
farction or b) during the postoperative period
(n.b., slow separation of technetium-99m from
albumin grudually decreases the quality of the
blood pool image since technetium leaves the
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F1G. 19. Abnormal gatéd cardiac blood pool study
in the 30-degree right anterior ablique (RAO) and
50-degree left anterior oblique (LAO) projec-
tions in a patient with a left ventricular ancurysm.
Systolic images are in the top row and diastolic
images in the bottom row. The RAO demonstrates
a left ventricular aneurysm involving the antero-
Iatera]l and apical segments,

blood pool to enter the interstitial and inter-
cellular spaces. Since the physical half-life of
technetium-99m is six hours, an interval of 12
hours or more must elapse before another
dose of ®Te-albumin will produce useful
images. In the future other blood pool agents
may be more stable); 2) for serial evaluation
of left ventricular function in patients with
valvular heart disease once or twice a year to
help decide when surgery is indicated (e.g..
perhaps when cjection fraction begins to de-
teriorate) (figs. 21 and 22); 3) to assess
ventricular function before major surgery:
4) to differentiate between operable (dis
crete left ventricular ancurysm) and in-
operable (diffuse left ventricular dysfunc-
tion) causes of congestive heart failure that
develops after myocardial infarction.

Evaluation of Right Ventricular Function

In an appropriate left anterior oblique posi-
tion (30-60 degrees), the right ventricle (RV)
can be separated from the left ventricle (LV)

Amnthesiology
5. No 2, Awe 1976

20A (abore), 30-degree right anterior oblique
(RAO)and B (helow), 50-degree leftanterior obligue
(LAO) end diastolic images, demonstrating the
outline of the left ventricle and the axes used in
estimation of its volume by the Dadge technigue.
The long major axis (1), and two minor axes () in
the RAO and (b)) in LAO e used to compute
the volume:

L I “l% 1= LV volume

The ejection fraction is determined by computing
end-diastolic (ED) and end-systolic (ES) volumes
as follows:

_ED-ES

EF ED

zese//:dny wouy papeojumoq
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PRE-0P

FPOST-0F

Fic. 21. Pre- and postoperative gated cardiae blood pool seans on a patient with mixed aortic valve
di s (ic.. regurgitation and stenosis) and normal coronary arteries who undenvent aortic-valve
replacement. The right anterior oblique (RAO) and left anterior oblique (LAQ) images demonstrate
nor left ventricular PRE-OP ejection fraction and contraction pattern. The left ventricular end-
diastolic volume is increased (hest defined in the LAO projection). POST-OP, the end-diastolic
(ED) and end-systolic (ES) left ventricular volumes have decreased significantly. While the cjection
fraction continues to be within normal range, the interventricular septum as observed in the LAO
projection demonstrates reduced or absent excursion, a finding that appears to oceur frequently
after aorticevalve replicement.

RAD LAG

FIG. 22. Pre- and postoperative gated cardiae blood pool scms on a second patient with mixed
aortic valve disease and normal coronary arteries who undenwent aottic valve replicement. The
preoperative right anteror oblique (RAOQ) and left anterior oblique (LAQ) images demonstrte an
end-diastolic (ED) volume comparable to that of the patient in figure 21, The ejection fraction,
however, is renarkably diminished. POST-OP, the left ventricular ED volume as decreased some-
what; lowever, the cjection fraction has not improved. The decreased exeursion of the interven-
tricular septum is again evident in the postoperative LAO images (ES = end-systole).
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FiG. 23. End-diastolic gated cardiac blood pool images, demonstrating the configumtions of the

interventricular septum in a normal pe

won and in a patient with hypertrophic cardiomyopathy

(HCM) in a left anterior oblique projection. The normal septum is curvilinear with its concavity

facing the left ventricle (right). The septum in HCM
proportionate upper septal thickening. Other characteri
and a circular defect in the region of the left ventricu

s stmightened and frequently shows dis-
of HCM are systolic cavity obliteration
lar ontflow trct produced by the bulky

interventricular septum displacing blood pool activity. The latter are observed in the right anterior

oblique image.

(fig. 20B). The size of the right ventricle can
be estimated by measurement of its width
during end-diastole. The RV is normally
substantially narrower than the LV. Compitri-
son of systolic and diastolic images demon-

strates qualitatively the contractile ability of

the RV. Thus, RV function can be monitored
during a three-hour interval after a single dose
of *"Te-albumin or sequentially every 12
hours using repeated doses of **"Te-albumin.
Examination of the RV in patients with atrial
septal defect or other anomalies associated
with large left-to-right shunts demonstrates a
large end-diastolic volume with vigorous
emptying. In patients with RV infarction, the
chamber is enlarged, but has poor contractile
function.®® The complex geometry of the RV
does not allow a simple model to be used
to derive its volume or ¢jection fraction. The
gated scan, however, may allow us to measure
changes in function in a particular patient and
following a particular therapeutic modality.

Obsercation of Intraventricular
Septal Configuration

Since the left and right ventricles are seen
on gated blood pool images, appropriate posi-
tioning of the gamma camera allows maximal

separation of the two ventricles and observa-
tion of the interventricular septum. In order to
study the configuration of the interventricular
septum and the distribution of septal muscle,
one must attempt to obtain an image in which
the septum appears to be of uniform thick-
ness from top to bottom. A diagnosis of
hypertrophic cardiomyopathy  (“idiopathic
hypertrophic substortic steno {IHSS] when
there is obstruction of LV outflow) may be
suggested by an abnormal configuration of the
interventricular septum. Normally in diastole
the septum is concave towards the LV and is
uniform in thickness from top to bottom. In
hypertrophic  cardiomyopathy, the septum
usually appears thickened and flattened (i.e.,
with loss of normal LY concavity). Frequently,
in the diastolic image, the upper septum is
disproportionately thickened in a suitable
oblique view (fig. 23).%* Right ventricular
volume and pressure overload also tend to
straighten the interventricular septun. Asso-
ciated right ventricular enlargement can also
be identified on the gated diastolic image
and associated septal Hattening should not be
confused with that due to hyperstrophic cardio-
myopathy. Usually, the septum retains its nor-
mal configuration in hypertrophy secondary to
hypertension or valvular aortic stenesis and
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way appear nornal or thickened. Monitoring
configuration of the interventricular septun
may provide insight into acute changes in
right or left ventrienlar preload or adterload.
For example, if the right ventricular systolic
pressure inereases abruptly, the interventricn-
lar septum may lose its curvature and, Tike a
pressure transducer, reflect the difference in
pressitre between the two chambers.

Diagnosis of Atrial Myxoma

Onthe gated blood pool scan atriad myxotnas
n as filling defeets that occeupy
the left ventricle in diastole and the lelt
atrium in systole 7 Oceasionally. @ multi-
Tobulated myxonit remains unseen due to the
small size of the lTobules.

an he se

MYOCARDIAL IMAGING

fonic potassium and analogous  cationic
substances concentrate in myocardial cells
through active transport (via the sodium-—
potassium=ATPase system located in the cell
membrane). Intrivenous administration of cer-
tain radionuclides of these cations may be
employed in producing images of the myo-
ardinm using a gamma camert. Potassium-
43.* rubidium-81* cesium-1295 and (most
recently) thallinm-201 are the rdionuclides
most commouly used because the energy of
these is most suitable for imaging with the
wamnu conere. The gamma emissions of K,
SR, and **Cs are too high to produce ade-
quate images without a specialized collimator
to diminish scatterand improve image quality.
Thallitm-201 emissions are of lower energy
and  easily imaged with o gamma nent
equipped with a standard collimator.

Normal myocardial images show a rela-

]

Fig. 2. Normal myocardial images obtained
after intrvenous injection of thallium-201. Only
the left ventricle is observed. In the anteroposterior
{AP) projection, the left ventricle apex points down-
ward and to the right side of the picture. The
inflow treet of the left ventricle (mitmlvalve
region, left) does nul show activity and thus
gives the AP view iped configuration. The
remaining inages in the leftanterior oblique (LAO)
projection have a “doughnut™ appearance with the
septum on the Teft and posterior wall on the right
aspect of the image. Note that ac - is homo-
wencously distributed, The left ventricular blood
pool is located within the boundaries ol the
myocardial image and appears as a dark region
withont significant activity.,
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tively homogeneous distribution of these
radionuelides  thronghout the left ventricle
(fiz. 24). In the anteroposterior view, the api-
cal, inferior and Tateral walls of the left
ventricle can be examined. Multiple Teft
anterior oblique views provide images of the
septum, apical inferior and posterior left ven-
tricular walls. Thallium-201 is presently the
agent that produces the best images with a
standard gamma camera. Thus, the myocardial
images illustrated have been obtained em-
ploying this agent. Thallium is practically
completely extracted from the blood by the
myocardium as it passes through the coronary
circulation, which means that images ob-
tained early after intravenous administration
depict perfusion pattern. After an intravenous
dose of 2 T, background activity contained
within the blood pool remains significant for
10-30 minutes, after which time imaging
can commence. One to two millicuries of
thallium-201 are usually given. Hepatic up-
take is evident and is especially prominent in
the postabsorptive period. The inferior wall
may be obscured by hepatic activity, and thus
thallivm imaging is optimally accomplished
in the fusting patient.

Acute or old myocardial damage appears as
a region of diminished or absent activity
(fig. 25) or a “cold spot.” Cold regions or
defects not present at rest can be induced by
exercise. These defects appear to represent
reversible ischemia and may be helptul in
estimating the quantity of myoc rdium
jeopardized by coronary-artery occlusive dis-
ease. The mdionuclide stress test is reported to
improve the sensitivity of the exercise clee-
trocardiogram alone™ in identifving patients
with significant coronary-artery stenosis. A
study at rest is necessary todetermine whether
a given cold spot is scar or transient exercise-
induced ischemia. If delayed images are ob-
tained over a four-to-six-hour interval after a
defect has been observed on a post-exercise
image, defects due to ischemia disappear,
while defects due to scar persist. Serial
myocardial scanning afterasingle intravenous

F16. 25. Abnormal thallium-201 myocardial
images, demonstrating a region of decreased or
absent activity in the posterolateral wall consistent
with a previous posterior wall myocardial infare-
tion. The defect is best defined in the S0-degree
and 70-degree left anterior oblique (LAO) pro-
jections, and appears as a distuption in the normally
circeular distribution of activity.
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dose of thalliwm-201 may provide a means of
differentiating hetween  trmsient ischemia
and persistent damig

Serial imaging after a single dose of #* T]
may he useful in monitoring the critically ill
patient in and out of the operating room.
For example, the possibility of myocardial
damage may be questioned in the case of a
patient who has sustained a period of hypo-
tension. A myocardial image 30 minutes after
201 administration will delineate the perfu-
sion pattern. Regions of the heart receiving
adequate blood flow will take up activity
maximally, while arcas receiving inadequate
blood flow wil! show diminished activity.
The size of the region of diminished activity
will be related to the quantity of muscle
jeopardized or dumaged by the coronary-
artery  dise “Cold regions”™ on initial
thallium images that fill in during a series of
images have probably undergone a beneficiad
change in regional blood flow or in ability of
that region to extract thallium (e.g., due tore-
versal of ischemia), whereas “cold regions”
that persist probably represent myocardial in-

furction.

MYOCARDIAL INFARCTION IMAGING

Myocardial imaging allows delineation of
myocardial infarction by demonstrating
region of diminished or absent activity. How-
ever, it does not allow differentiation of re-
cent and old myocardial infarction. Other
techniques for evaluation of myocardial in-
farction such as clectrocardiography and
s provide only indirect

serum enzyme anal
information about its presence, location and

size

Radiophanmaceuticals that concentrate in
acutely infarcted myocardinm to produce a
“hot spot” image include * He-labeled
chlormerodrin. *mTe-labeled  tetraeycline,™
and o Telabeled pyrophosphate. The latter
and its analogs appear to be the most use-

Technetium-99m-labeled sodium pyrophos-
phate is usually employed in bone imaging.
During myocardial infarction, this phosphate
compound probably combines with mito-
chondrial calcium, since complexes of cal-
cium phosphate (hydrox wre known to
precipitate  during myocardial infarction.™
Forty-five minutes to an hour after adminis-
tration. Tem-pyrophosphate can be imaged
in recently infarcted myocardinm. Uptake

iuloy NONINVASIVE TECHUNIQUES
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of pyrophosphate does not appear to be ade-
quate for imaging until 12 hours or more after
the onset of infarction. If the infarct is trans-
musal, a localized region of pyrophosphate
uptike can usually be defined. A more dif-
fuse type of uptake is usually observed in sub-
endocardial infaretion. “Hot spots™ can be
obscured by osscous activity in the region
of the heart (ribs, stermum, vertebrie); how-
ever, multiple views and computer programs
to subtract rib activity have been employed
to improve infurct detection.

POTENTIAL APPLICATIONS OF RADIONUCLIDE
IMAGING OF THE HEART

The radionuclide techniques described
above, i.e., flow, gated blood pool, myocardial
and myocardial infarction imaging, are new-
comers to the field of noninvasive cardiology:
Aside from their potential as diagnostic tests
(see table 1), they may provide a means for
assessing the heart before and after cardiac
as well as noncardiae surgery. In the elderly
patient who is about to undergo major clec-
tive or semielective surgery {e.g., repair of an
abdominal aortic ancurysm), the gated blood
pool scan can be used to determine lett
ventricular ¢jection fraction, an important
indicator of left ventricular function. Intra-
operative myocardial infarction can be de-
tected by postoperative myocardial scanning
with thallium-201 (to demonstrate a “cold
spot”) and technetium-99m  pyrophosphate
(to demonstrate a “hot spot”) at a time when
serum enzymes are not a reliable indicator of
infarction. The efficacy of coronary-artery-by-
pass surgery might be a sed by pre- and
postoperative  myocardial after
exercise. Comparison of ejection fraction and
ventricular volumes before and after valve
replacement would allow us to study the
beneficial effects of the operttion and to
determine prognosis (figs. 21 and 22). “'Port-
able” gamma cameras that can be moved to
the patients’ bedsides are already in use in
coronary cre units for evaluating patients
admitted with ischemic cardiae symptoms.
In the future, these cameras may play a role
in the cardiac as ment of patients after
surgical procedures in surgical intensive care

scanning

units.

Many of the echocardiograms were generously
provided by Dr. Gordon S. Myers for the Non-
invasive Diagnostic Laboratory of the Mass chu-
setts General Hospital.
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