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Cardiac ultrasound has become the procedure of

Theroleof radionuclide
ventriculography
intheinitialeval choice for the initial evaluation of valvular heart dis
uation, periodic assessment, and therapeutic follow-up of ease. Ultrasound permits direct visualization of the
patientswith valvulardisease,hypertensiveheartdisease, valve apparatus, measurement of myocardial thickness
lung disease, and cardiomyopathy is discussed.

and chamber dimensions, and estimation of the extent
of regurgitation (using Doppler techniques). Some
measurements, such as EF, end-systolic volume (ESV),
and serial assessment of the end-systolic pressure/vol
ume relationship (2-4) can be determined either by
n part I of this two-part review (1), the technical ultrasound or radionuclide studies. The end-systolic
aspects of data acquisition and the utility of cardiac pressure/volume relationship, though sensitive to left
blood-pool imaging in patients with coronary artery ventricular afterload (the overall resistance to ejection
disease (CAD) were summarized. In this section, we of blood), is a better indicator of the status of the
will discuss the applications of cardiac blood-pool im
ventricle than EF or ESV alone because it is not affected
aging in valvular heart disease, hypertension, cardio
by changes in pre-load (the amount of regurgitation
myopathy, and for the evaluation of right ventricular and venous return).
function, which are summarized in Tables 1 and 2.
The severity of valvular regurgitation can be esti
mated by measuring the relative stroke counts from the
VALVULARHEARTDISEASE
right and left ventricles (5) (using separate regions of
interest
for end-systole and end-diastole). While the
A major concern in the management ofpatients with
stroke
volumes
of the right and left ventricles are iden
valvular heart disease is monitoring the true status of
tical
in
normal
subjects, the left ventricular/right yen
myocardial contractility. In the case of a regurgitant
tricular
stroke
count
ratio measured in the LAO view
lesion, the myocardium is faced with a substantial
may
be
up
to
1.5/1,
due
to overlap of the right atrium
increase in diastolic volume, thereby increasing the
and
right
ventricle.
This
technical
problem with planar
length ofthe sarcomere. The sarcomere responds to this
blood-pool
imaging
limits
the
application of this
increasein lengthby increasingthe forceof contraction
method
for
detecting
and
precisely
characterizing re
(the Frank-Starling mechanism). In normal subjects,
gurgitant
lesions
(6)
to
a
semiquantitative
evaluation,
this mechanism is invoked during exercise to handle
similar
to
Doppler
echocardiography.
In
patients
with
the increased blood volume returning to the heart due
markedly
reduced
left
ventricular
ejection
fraction
to skeletal muscle venous pump activity, contributing
(LVEF) or simultaneous right and left regurgitant le
to an increase in ejection fraction (EF). In patients with
regurgitantlesions,this mechanismis invokedto main sions, the stroke volume index is not useful since both
tam cardiacfunction,evenat rest.Whilepatientswith false-positive and false-negative regurgitant indices have
mitral or aortic incompetence may maintain a normal been reported (7). The stroke volume index measured
on planar images is useful for the serial assessment of
EF at rest for many years, the ventricle can only com
patients with known regurgitant lesions and preserved
pensate for volume overloading to a certain point,
global left ventricular function. For consistency, these
beyond which irreversible damage occurs. For this rca
son, it is important to follow these patients with serial patients should be examined under similar loading con
ditions each time, preferably at rest. Gated SPECT
measurements ofleft ventricular function.
imaging, however, can overcome these limitations by
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of NuclearMedi precisely measuring the volumes of the right and left
ventricles (8).
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VolumeOverload
Left ventricular volume overload may be acute or
chronic. Acute volume overload occurs over an interval
of seconds to hours, usually following rupture of chor
the tendinae, or with perforation of a valve leaflet in
the course of acute bacterial endocarditis. While the
normal ventricle is sufficiently compliant to respond to
modest increases in end-diastolic volume (EDV) as may
occur with changes in diet, body position, or physical
activity, substantial increments in volume cannot be
readily accommodated. These acute changes lead to an

increase in systolic aortic pressure. The interplay

gressively by eccentric hypertrophy(10),

a. Left ventricular dilatation.
b. Increased stroke volume.

tion despite normal or supranormalleft ventricular

c. Eccentric hypertrophy.

use of the Frank-Starling

IApproaches

mechanism

along with some

TABLE

Scaninto Evaluation of the Gated Blood-Pool

DiseaseFIndingChamber
Patientswith NoncoronaryHeart
etiologiesLeft:Atilum
Size Contraction

Possible

Dilated Decreased Mitral
regurgitationMitral
stenosisConstrictive
perlcardftlsRestrictive
cardiomyopathyVentricle
Normal Increased

cardiomyopathySystemic
Hypertrophic

hypertensionAortlc
stenosisAnemiaRenal
failureDilated
Normal

Chronic
insufficiencyChronic
aortlc

regurgitationSystemic
mitral
hypertensionRenal
failureDilated
Decreased cardiomyopathyCoronary
Dilated

disease@ed
artery
@suthdencyProlonged
@suffidencyProlonged
mft@
stenosisProlonged
aortic
systemichyper

@

tensionRight:Attium

which together

with a slight increase in wall thickness and a change in
chamber dimension allows further increase ofthe stroke
volume while maintaining normal EF (11). As such,
chronic volume overload is manifest by the triad of:

elevation ofleft heart pressures and pulmonary conges
systolic performance. In patients with acute severe func
tional decompensation, blood-pool imaging plays a tim
ited role (e.g., quantifying global systolic function prior
to valve replacement surgery).
In chronic volume overload, as occurs in chronic
aortic or mitral regurgitation, the left ventricle has time
to dilate. During the early phase of severe volume
overloading, the preload increases with near maximum

be

tween preload and aortic pressure results in no substan
tial change in the LVEF (9). As the volume overload
persists for several weeks, the left ventricle dilates pro

Over the course of several years, volume overload may
cause left ventricular dysfunction. If the dysfunction is
a consequence oflimited preload reserve, valve replace
ment may improve left ventricular function (12â€”14).
However, ifthe dysfunction is secondary to myocardial
disease caused by prolonged volume overload, left yen

tricular dysfunction is more likely to be irreversible,
despite valve surgery. Although no specific cause of
irreversibility has been identified, the following factors
have been considered:
1. Duration of volume overload (11,15).

2. Alterations in ventricular shape (16).
3. Myofibrillarslippage(17,18).
4. Myocardialcellulardegenerationand/or fibrosis
(19).

AORTIC REGURGITATION
Patients with chronic aortic regurgitation often re
main asymptomatic for many years despite long-stand
ing left ventricular volume overload. When symptoms
develop, aortic valve replacement is indicated to im
prove functional status, preserve left ventricular func
tion, and enhance survival.
Left

Ventricular

Function

at Rest.

In symptomatic

patients, LVEF and ESV are important determinants
ofpostoperative survival (20-23). Forman and cowork
ers reported that long-term survival was 64% in patients
with reduced preoperative LVEF (<50%), which is sig
nificantly worse than the 93% survival for patients with
a normal ejection fraction (22). Similar results were
described by Greves and coworkers in severely symp

stenosisConstrictive

tomatic (NYHA class Ill-IY) chronic aortic regurgita
tion patients (23). Borow and associates reported that
left ventricular ESV by contrast angiography was the

pericarditisRestrictive

strongest predictor of death followingaortic valve re

cardiomyopathyAtrial

placement (24). Similarly, using radionuclide angio
graphic studies, left ventricular ESV was found to be
the strongest preoperative predictor of postoperative
EDV and left ventricular contractile function (25).

Dilated Decreased regurgitationTriCuSpid
TIIcUSpid

defectAtrial
septal
fibdllationVentricle
Dilated Normal
failureTricuspid
Left-sided
regurgitationDilated
Decreased Pulmonary
stenosisPulmonary
hypertensionDilated
cardlomyopathy
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Preoperative

left ventricular EDV was less predictive of

postoperative outcome (22-25). Other studies using
echocardiography

and/or radionucide

techniques

also
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have demonstrated that end-systolic dimension (alone
or in combination with EF), are helpful in predicting
survival and reversal of left ventricular dilatation (26â€”
Preop
28). As surgical techniques evolve and overall postop
erative survival results improve, preoperative measures
of left ventricular systolic function and volume will
allow the preoperative identification of high risk
subgroups (29).
In addition to LVEF and ESV, preoperative exercise
FoS*0p
capacity is an independent predictor of postoperative
survival in symptomatic

patients with aortic regurgita

tion. Among patients with equivalent degrees of left
ventricular dysfunction, long-term postoperative sur
vival is better in those with preserved exercise tolerance
(30,31).

Selecting the optimum time for valve replacement is
an important, but controversial subject. Protracted
medical therapy can result in ineversible loss of yen
tricular function, while intervening too soon in the
natural history of the disease places the patient at risk
ofcomplications from the prosthesis. Since end-systolic
dimension and ejection fraction were predictive of post
operative outcome in symptomatic patients, it seemed
reasonable that serial assessment ofleft ventricular sys
tolic function might be useful in predicting the appro

priate time for aortic valve replacement in asympto
matic or mildly symptomatic patients.
Serial radionuclide angiograms were performed on
92 asymptomatic

patients

with severe chronic aortic

regurgitation at the National Institutes of Health. At
the time of initial evaluation, nine patients had de
pressed left ventricular ejection fraction at rest. Six of
these nine patients developed symptoms requiring op
eration within 2â€”3yr, and a seventh patient died sud
denly at 2 yr (31). This study suggests that the interval
from left ventricular dysfunction to the onset of signif
icant symptoms

mode

is relatively

echocardiography

short. Studies with M

reported

similar

results

(32,33).

In contrast, in asymptomatic patients with chronic
aortic regurgitation and normal ventricular function,
90% remained asymptomatic and maintained normal

function at 3 yr, 81% at 5 yr, and 7 1% at 7 yr (34).
Over an interval of 49 mo, patients who were initially
asymptomatic with normal ventricular function had no
mortality. Thus, asymptomatic patients with normal
left ventricular function have an excellent prognosis
with conservative, nonoperative management. Patients
who exhibit impaired preoperative left ventricular func
tion of short duration (<1 yr), and preserved exercise
tolerance may improve and even normalize their yen
tricular function after surgery (29) (Fig. 1). However,
delaying surgery in an asymptomatic or mildly symp
tomatic patient with impaired left ventricular function
places the patient at high risk of death or irreversible
ventricular dysfunction (12,22,23,29,31,34,35).
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FIGURE 1
Chronicaorticregurgitation:
anexampleof leftventncular(LV)
volume overload. Top: preoperative (Preop) rest end-diastolic
(ED) and end-systolic (ES) cardiac blood-pool images show

severelydilatedLV with decreasedcontraction.Bottom: post
operative (Postop) rest ED and ES images show normal LV
cavity and contraction.

Left Ventricular Function During Exercise. Patients

with symptomatic aortic regurgitation and normal left
ventricular function at rest, may demonstrate a decrease
in EF during exercise (36). Aortic valve replacement in
such patients improves, but does not normalize, exer

cise-induced left ventricular dysfunction (37). In addi
tion, a good correlation between the decrease in EF
during exercise and increased left ventricular wall stress
(38â€”40) has been reported.

However,

the change in EF

during exercise does not add prognostic information
beyond that available from the resting variables alone
(29). Furthermore,

the exercise-induced

changes in EF

are complex, due to alterations in aortic regurgitant
volume and peripheral resistance and not solely to
contractile performance (41,42). For example, patients
with marked left ventricular dilatation are those most
sensitive to changes in loading and are those most likely
to demonstrate reduction in exercise EF (34,41). The
influence of loading on the exercise EF is further sup

ported by studies that report a higher prevalence of
abnormal EF using supine exercise (36,37,43) than
those employing upright exercise (44,45).
Mitral Regurgitation
In chronic mitral regurgitation, left ventricular dila
tation (with hypertrophy proportionate to the increase
in chamber dimension) is the typical response. The
stroke volume and end-diastolic volumes are increased
in direct proportion to the degree of regurgitation, and
the left atrium may show marked dilatation.

Patients

with compensated mitral regurgitation have a normal
or supranormal EF. During exercise, the EF may fall
due to changes in loading conditions and/or limitation
of contractile reserve, unrelated to coronary artery dis
ease. As the disease progresses, the EDV will continue
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PressureOverload

to increase and the ESV will remain constant until
decompensation ensues (46).
Estimating the true impairment of contractile per
formance in the minimally symptomatic or asympto
matic patient is complex due to the pathophysiology of

The characteristic response of the ventricle subjected
to a chronic pressure load without cavity dilatation is
to increase wall thickness to maintain normal wall stress

mitral regurgitation.

expressed in terms of the LaPlace relationship:

Since the left ventricular

stroke

volume is partially ejected into the high resistance aorta
and partially in the low resistance left atrium, the latter
actually represents an endogenous form of afterload
reduction. Thus, many patients with a normal EF may
have already developed myocardial dysfunction, which
is masked by the â€œunloadingâ€•
effect ofejection

into the

low pressure left atrium. When the regurgitant lesion is
corrected by valve replacement, this masked impair
ment of left ventricular function is now expressed, and
LVEF decreases after surgery (46,47). Despite these
limitations,

LVEF provides important

prognostic infor

mation in patients with mitral regurgitation. In mcdi
cally treated patients, those with low ejection fractions

have a greater risk of dying, than those with normal
ejection fractions (48). Moreover, as in patients with
aortic regurgitation, LVEF has been shown to be of
prognostic value in patients with mitral regurgitation
undergoing valve replacement; patients with subnormal
EF preoperatively are at greater risk of postoperative
death than those with normal ejection fractions (46).
Although LVEF declines initially after mitral valve
replacement in most patients (46,47), the prognostic
significance of this change is unclear. Preliminary data
indicate that EF increases in many patients during the
long-term postoperative course, compared to early post
operative values associated with excellent survival (47,

(57). The concept of systolic wall stress is frequently

Wall Stress
=

Intracavitary

x

Chamber

Radius

Thus appropriate wall thickening will maintain wall
stress at normal values in the setting of pressure over

load.
In patients with either aortic stenosis or systemic
hypertension (58), an inverse relationship between wall
stress and EF has been demonstrated. Since wall stress
is a major determinant

ofmyocardial

oxygen consump

tion, it follows that excessive wall stress (e.g., secondary
to inadequate hypertrophy) may result in a potential
mismatch

between oxygen demand

(required

to per

form the increased pressure work) and myocardial
blood flow (oxygen delivery). One also might predict
that patients with left ventricular hypertrophy (LVH)
would be at risk for the development ofischemia during
conditions which mandate increments in coronary flow
(e.g., exercise). This observationâ€”which underlies the
occurrence of ischemic symptoms in patients with hy
pertrophy (59), even in the absence of epicardial
CADâ€”may be linked to the development of left yen
tricular dysfunction late in the course of hypertrophic
heart disease.

49). In addition, the decline in EF early after operation

may in fact result from the valve replacement's disrup
tion ofthe anatomic continuity between papillary mus
des, chordae tendinae, and the mitral apparatus and
not merely from removing the unloading effect of the
regurgitant leak. Recent studies have shown that mini
mizing the alterations in left ventricular shape by per
forming mitral valve repair (rather than replacement)
may maintain left ventricular function after surgery

Pressure

Wall Thickness

ED

ES

ANT
-@

(50,52).

Operative results suggest that the duration of symp
toms before surgery influences postoperative survival
(53). Thus,

symptomatic

patients

LAO 45Â°

with â€œnormalâ€•
ejec

tion fractions should, in the absence of contraindica
tions, undergo surgical repair. In addition, it appears
reasonable to recommend surgery to those with a de
dining EF at rest during the course of serial studies,
even if symptoms are absent. Unlike aortic regurgita
tion, the general trend in the management of patients
with mitral regurgitation has been towards early sur
gery.
Other measurements that may be helpful in the as
sessment of patients with mitral regurgitation include
left ventricular wall stress (54â€”56)and right ventricular

ejection fraction (RVEF).
Cardiac Blood-Pool Imaging II â€¢
Dilsizian et al

LPO

FIGURE2
Chronicsystemichypertension:
an exampleof leftventricular
(LV) pressure overload. Rest end-diastolic (ED) and end
systolic (ES) cardiac blood-pool image demonstrate normal

LV cavitywithconcentrichypertrophy(photopeniczonesur

roundingtheLV)andsupranormal
contraction.
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Left ventricular

hypertrophy

should be suspected on

the blood-pool scan when the photopenic zone sur
rounding the left ventricle is >4 pixels thick (expressed
as a full width at half minimum when data are collected
in a 64 x 64 matrix using a 25-cm field of view camera

with parallel-hole collimator, unzoomed) and thickens
during systole. This is a specific, but not a very sensitive,
finding, as many patients with echocardiographic cvi
dence of LVH do not manifest this scintigraphic ab
normality. Left ventricular hypertrophy is characteristic
ofpatients with aortic stenosis; it also is seen in a subset
of patients with systemic hypertension, particularly
when severe and inadequately treated (Fig. 2).
Aortic Stenosis
While cardiac ultrasound is the noninvasive study of
choice for patients with suspected aortic valve stenosis,

the disease may be evaluated by blood-pool images. Of
note, aortic stenosis is occasionally first suspected dur
ing evaluation of patients presenting with heart failure
in whom the physical findings related to left ventricular

outflow obstruction have not been appreciated. Due to
an excessive hypertrophic response, a supranormal EF
is rarely seen, mimicking

the appearance

of hyper

trophic cardiomyopathy (60,61). Typically, the left yen
tricle is hypertrophied and the aortic root is widened
(post-stenotic dilatation). When left ventricular systolic
dysfunction supervenes, it is typically global: regional
left ventricular wall motion abnormalities
seen in the absence ofintercurrent CAD.

are rarely

Severe impairment of preoperative left ventricular
function (manifested by an increase in EDV and a
decrease of EF) is usually reversible and unlike volume
loading lesions does not significantly influence postop

TABLE 2
Characteristic Findings on Gated Blood-Pool Imaging in Patients with Noncoronary Heart Disease

Valvularlesion
Aortic regurgitation

Aorticstenosis

Findings
DIlated LV cavity with hypertrophy.
Normal or decreased LVEF.
Normal LV cavity and EF.

LVhypertrophy.
DilatedLA.
Mitralregurgitation
Mitralstenosis

Dilated LV cavity and normal or decreased LVEF.
Normal LV wall thickness.
Dilated LA.
Normal left and right cavity size and EF.

SeverelydilatedLA.
Tricuspidregurgitation

Dilated RV cavity and decreased RVEF.

Hypertensive

DilatedRA.
LVconcentric
hypertrophy.
Normal or supranormal LVEF.

Cardiomyopathy
Dilated(congestive)
lschemic

Dilatation of all four chambers.
DecreasedLVEF and RVEF.
DecreasedLV wall thickness.

Normalor dilatedLV cavityanddecreasedLVEF.
Decreased LV wall thickness.
Normal or dilated LA.

Hypertrophic

Normalor smallLV cavity.
Normal or supranormal LVEF.

SevereLV hypertrophy.
Normalor dilated LA.
Restrictive

Normal LV cavity and normal or decreased

LVEF.
Normal or increased RV cavity and normal or
decreased RVEF.

NormalorincreasedLV wallthickness.
DilatedLA.
Se@ detect
Atrial
Ventricular

Dilated RV cavity and decreased RVEF.

DilatedRAwithnormalordilatedLA.
Normalorincreased
LVcavityandnormalorin
creasedLVEF.
Dilated RV and normal or decreased RVEF.
Dilated LA.

LV = leftventricle;
RV = rightventricle;
LA= leftatrium;RA
=right
atrium;
EF
=ejection
fraction.
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erative survival (61,62). In addition,

recent reports of

aortic valve replacement for symptomatic patients have
demonstrated excellent postoperative results (63).
Asymptomatic patients have an excellent prognosis
with conservative nonoperative management (64).
These data taken together indicate that in most patients
surgery can be delayed until the onset of symptoms,
with little risk of death or irreversible left ventricular

failure. Thus, blood-pool imaging may provide incre
mental prognostic information in patients with aortic
stenosis.

1. An acute increase in afterload results in transient
impairment of systolic performance, which â€œnor
malizesâ€•concomitant with the development of
LVH.
2. Once established, LVH permits left ventricular
contractile performance to be maintained despite
the progressive rise in peripheral vascular resist

ance characteristic of hypertensive disease.
Of interest, Haliback-Norlander and colleagues (67)
have shown that established LVH also helps maintain
systolic performance in the face of an acute elevation
of afterload.
or radio

nucide angiography (68-73) demonstrated preserved
left ventricular systolic function in hypertensive subjects

at rest, although abnormal EF responses to exercise are
commonly observed ( 74,75). Because systolic function
at rest is preserved until late in the course of hyperten
sive heart disease, attention has turned to analysis of
diastole as a means of identifying the adverse impact of

chronic pressure loading upon the left ventricle.
M-mode echocardiographic studies (76), which de
scribed prolonged isovolumic relaxation (delayed mitral
valve opening) and reduced left ventricular compliance
(reduced mitral â€œEâ€”Fâ€•
slope and rate ofleft ventricular
dimension change during rapid filling) in subsets of
hypertensives, provided the initial impetus to study left
ventricular relaxation/filling abnormalities in patients
with systemic hypertension. Subsequently, Inouye and
colleagues (77) and Smith, Katz and co-workers (78)
reported reduced peak and average left ventricular fill
ing rates using gated blood-pool scans in hypertensive
subjects. Such filling abnormalities seem related to the
increment in left ventricular mass attendant to the
hypertrophic process (79). On the basis of these find
ings, some have argued that filling rate abnormalities

CardiacBlood-PoolImagingII â€¢
Dilsizianet al

rate data as a means ofchoosing

and/or evaluating anti

hypertensive therapy. Definitive data to suggest this
latter application
ing.

of radionuclide

angiography are lack

Changes in filling rates have not been observed by all
investigators
(80).

in asymptomatic

Although

hypertensive

these disparate

cardiac disease (particularly

The increase in peripheral vascular resistance asso
ciated with systemic hypertension frequently results in
LVH. As in aortic stenosis, the hypertrophied ventricle
can maintain normal systolic function until late in the
disease. Seminal investigations by Sasayama (65) and
Pfeffer and Pfeffer (66) demonstrated that:

studies using echocardiography

some investigators have advocated using peak filling

observations

subjects
have not

been reconciled, it is clear that exclusion of intercurrent

HYPERTENSION

Numerous

are important early indices (i.e., pre-dating clinically
detectable systolic dysfunction) of the hemodynamic
impact of left ventricular pressure loading. Further,

coronary

artery disease),

age matching, and strict attention to the details of data
acquisition

and analysis are essential prerequisites

to

the investigation of diastolic function by radionuclide
techniques.

During exercise, normal subjects and the majority of
hypertensives either increase or maintain left ventricu
lar EDV. However, a subset of hypertensives manifest
a fall in EDV with exercise which is associated with
subnormal

exercise capacity (81), possibly due to the

tachycardia induced by exercise. Support for this hy
pothesis came from restudying a subset ofthese patients
following beta-blockade: a â€œnormalâ€•
increment in EDV
was observed with exercise (82). These findings suggest
a potential for exercise radionuclide ventriculography
in hypertensive patients to identify subjects who may

benefit from therapy with beta-blockers. Recent work
by Cuocolo and colleagues (83) suggests that the ab

normal EDV response during exercise is related to the
magnitude

of LVH, and that LVH is the mechanism

responsible for abnormal EF response with exercise.
Thus, such patients provide evidence of a diastolic
mechanism

for systolic dysfunction

in the hypertro

phied left ventricle.
One area of clinical importance involves the general
theme of diastolic dysfunction congestive heart failure.
Several recent studies suggest that --40% of patients

with a diagnosis ofcongestive heart failure demonstrate
normal left ventricular systolic function but impaired
diastolic filling (84,85). Systemic hypertension was
identified to be the underlying etiology in over half of
these patients (84,85). Treatment with calcium channel
blockers may improve symptoms and exercise capacity,
as well as indices ofleft ventricular filling in hyperten
sive patients with LVH, who present with heart failure
and normal systolic function (86). Although definitive
treatment studies are lacking, distinguishing systolic
from diastolic dysfunction appears to be important, as
the management of symptoms arising from each may
be quite different (87).
CARDIOMYOPATHIES
Cardiomyopathies constitute a group of primary
myocardial diseases, often of unknown etiology. They
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are commonly classified based on their functional im
pairment as dilated (congestive), restrictive, or hyper
trophic. Cardiac blood-pool imaging is useful for de
tecting, characterizing the extent of systolic and dia
stolic dysfunction, and evaluating the response to
medical therapy in patient cardiomyopathies.
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Hypertrophic cardiomyopathy is defined as ventnc
ular hypertrophy without identifiable cause and is usu
ally associated with microscopic evidence of myocardial

fiber disarray. It is a heterogeneous disease with a
spectrum of abnormalities including: hyperdynamic
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graphic findings include normal or supranormal LVEF
(Fig. 3), a subset of hypertrophic cardiomyopathy pa
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tients progress from the typical appearance ofthe small
hyperdynamic ventricle to a dilated poorly contracting
heart associated with myocardial scarring, regional dys
function, and diminished EF (90). Such patients rarely

0
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have outflow tract gradients and are usually severely

FIGURE4

symptomatic on the basis of both systolic and diastolic
dysfunction. As therapy of these patients differs mark
edly from those with normal or supranormal EF, radio
nuclide angiography is clinically useful in determining

Leftventricular
(LV)time-activity
curvesfroma normalsubject
and a patient with hypertrophiccardiomyopathy(HCM). De
spite normalsystolicfunction,the patientwith HCM has
impairedLV diastolicfillingwith reducedpeak fillingrate,

management

prolongation of the time-to-peak filling rate, and increased
contribution of atnal systole-to-total left ventricular filling. EDV

options. Impaired left ventricular diastolic

function is apparent in over 80% of patients with hy
pertrophic cardiomyopathy (Fig. 4).
Abnormal diastolic filling parameters include: re
duced peak filling rate (89,91), increased contribution
of atrial systole-to-left ventricular stroke volume (92),

and a prolonged isovolumic relaxation period (93). This
latter abnormality results in an increase in time to peak
filling rate (91,93). These diastolic abnormalities may
be caused by the complex interaction ofreduced disten
sibility (or compliance)

related to the passive properties

=

end-diastolic

ES

=

end

systole,

F

=

end

of

rapid

of the hypertrophied ventricle or to impairment of
active ventricular relaxation (94). Unlike patients with

systemic hypertension and diastolic abnormalities, cor
relative hemodynamic data are available for patients
with hypertrophic cardiomyopathy.
An increased contribution of atrial systole has been
demonstrated

CD

volume,

filling,andA = onsetof atnalsystole.

in patients

with hypertrophic

cardiomy

opathy and in either normal or subnormal left ventric
ular peak filling rates. A similar observation has been
reported in patients with restrictive cardiomyopathy
secondary to amyloid infiltrationâ€”i.e., normal early
rapid filling rate, reduced extent of early filling, and
increased atrial contribution to EDVâ€”(thenoninvasive
correlate ofthe hemodynamic â€œsquare
root signâ€•)
(95).
Serial radionuclide studies have been utilized to docu
ment â€œnormalizationâ€•
ofdiastolic filling indices follow

Cs

ing treatment

with calcium channel antagonists

in pa

tients with hypertrophic cardiomyopathy. Although

FIGURE3

these improvements

Hypertrophic cardiomyopathy: an example of disproportionate

ment in symptoms (89), the complexity of filling rate

severehypertrophic
process.Restend-diastolic
(ED)andend
systolic (ES) cardiac blood-pool images (left panel) show small
left ventricular (LV) cavity, asymmetric septal hypertrophy,

andsupranormal
contraction.
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in filling correlate with improve

determinants and the multiplicity ofcalcium antagonist
effects preclude a straightforward mechanistic explana
tion for this benefit.
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Dilated cardiomyopathies are typically characterized
by prominent dilatation and hypokinesis of all four

Alexander and associates (100) demonstrated that a
progressive decrease in resting EF to values below nor
mal identifies patients at high risk ofcardiotoxicity and

cardiac chambers (Fig. 5). While wall motion may vary
from segment to segment, striking focal contraction

when the EF declines below normal, left ventricular

abnormalities are rare. Ejection fraction is reduced but
cardiac output is maintained by recruitment of pre-load

function typically stabilizes (100â€”102). Recently,
Schwartz and coworkers described a set of guidelines

reserve (Le., increased EDV and normal stroke volume).

involving radionuclide angiography, which provided a
prognostic algorithm for patient treatment (103). Their
contention was that the dose at which congestive heart
failure develops is highly variable among patients.
Therefore, an arbitrary restriction of cumulative doxo
rubicin dose to <500 mg/m2 may lead to premature
cessation of chemotherapy, and withholding doxorubi

Dilated Cardiomyopathy

Ultimately, the dilated, dysfunctional ventricle fails,
and forward cardiac output falls. Mural thrombi are
common but are difficult to visualize. Although it is
difficult to differentiate primary dilated cardiomyopa
thy from secondary causes (e.g., extensive coronary
artery disease), several features apparent on blood-pool
images may aid in this distinction. For example, is
chemic

myocardial

disease is more likely if focal dyski

nesis is observed and right ventricular

function is nor

mal(96).
Preliminary data from the VA Cooperative Study of
heart failure indicate that EF correlates with survival:

Severe depression ofleft ventricular systolic function is
associated with poor survival; an improvement

in EF

during medical therapy is associated with prolonged
survival (97).

DoxorubicinCardiotoxicity
The clinical value of doxorubicin chemotherapy is
limited by its dose-dependent myocardial toxicity. In a
series of 764 patients studied on doxorubicin, none of
the patients receiving a cumulatiye dose of <500 mg/

m2 showed degenerative cardiomyopathy, in contrast
to a progressive increase in the incidence of cardiomy
opathy in patients receiving doses >500 mg/m2 (98).
However, ifdoxorubicin is administered in conjunction
with other therapeutic

modalities such as radiation or

cyclophosphamide, cardiomyopathy may be seen at
lower doses (<450 mg/m2) due to synergistic cardi

congestive heart failure. If doxorubicin

is discontinued

cm in patients with pre-existing heart disease and left

ventricular dysfunction might prevent appropriate ther
apy in patients who might benefit from doxorubicin.

Following these guidelines, patients receiving doxorub
icin tolerated doses in excess of 500 mg/m2

without

the development of congestive heart failure, and pa
tients with pre-existing left ventricular dysfunction
could receive doxorubicin safely as long as their left
ventricular function was followed closely. These find
ings indicate an important

role of radionucide

angio

graphy in the serial evaluation and management of
patients receiving doxorubicin therapy.
RIGHT VENTRICULARFUNCTION
Quantitation of right ventricular function is compli
cated. The pyramidal shape ofthe right ventricle cannot
be easily simulated by simple geometric assumptions.

Count-based methods based on analysis of the LAO
view of the gated blood-pool scan cannot adequately
correct for the right atrial contribution to right ventric
ular activity. Hence, first-pass techniques in the right
anterior oblique projection, which spatially separate
right atrial and right ventricular activity and temporally

otoxicity (99). As a consequence, cardiac blood-pool
imaging has a potentially important role in predicting

separate right ventricular and left ventricular activity,
appear to be more ideally suited for the analysis of right

patient susceptibility to doxorubicin and facilitating
early detection of doxorubicin cardiotoxicity.

ventricular function. Nonetheless, several centers have
obtained excellent results using equilibrium cardiac
blood-pool scintigraphy to evaluate the right ventricle
(48,104).

.4:

Under normal circumstances, the pulmonary circu
lation is characterized by a low vascular resistance; in
extreme cases, virtually complete loss of right ventric
ular contractile function has been compatible with life.
However, in the face of elevated pulmonary vascular
resistance (whether primary or secondary to intrinsic
lung disease/left sided events), right ventricular func
tion is fundamental to the maintenance of transpul
monic flow.

ChronicObstructivePulmonaryDisease
Right ventricular systolic failure augurs a poor prog
Dilatedcardiomyopathy:
restend-diastolic
(ED)andend-sys
nosis
in patients with chronic obstructive pulmonary
tolic (ES)cardiacblood-poolimagesin this patientshow
prominentdilatationandhypokinesis
of allfourchambers.
disease. For example, pulmonary artery hypertension
FIGURE5
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and right ventricular failure are associated with a 4-yr
mortality of73% (105).
The right ventricle is sensitive to changes in after
load, and, hence, right ventricular systolic function is
often reduced when right ventricular afterload is in
creased. A correlate of this observation

in patients with

known chronic obstructive pulmonary disease is that a
resting RVEF below 40% is a reasonably sensitive pre
dictor of pulmonary artery hypertension (106,107). In
patients with chronic obstructive pulmonary disease,
failure to increase RVEF during exercise is associated
with significant increments in pulmonary vascular re
sistance. Thus, quantification of right ventricular sys
tolic performance at rest and during exercise may be
useful in treatment selection and evaluation of patients
with pulmonary vascular disease.
RightVentricularDysfunctionin Left Heart Failure
The occurrence of right ventricular systolic dysfunc
tion in patients with left heart failure can be useful both

diagnostically and prognostically. When left ventricular
dysfunction is identified in association with preserved
right ventricular function, the most common etiology
is CAD; impairment of both right and left ventricular
function is more suggestive of a cardiomyopathic etiol
ogy. In patients with clinical left heart failure but nor
mal left ventricular systolic function, the finding of
right ventricular

systolic dysfunction

suggests impair

ment of left ventricular relaxation/filling and implies
the existence ofpassive pulmonary artery hypertension.
From a prognostic/therapeutic standpoint, intact
right ventricular systolic function has been shown to be
a predictor ofpreserved exercise capacity in heart failure
patients. Alternatively, patients with left heart failure
and concomitant right ventricular dysfunction appear
to derive maximal benefit from afterload reduction
therapy (111â€”113).The serial evaluation of right yen
tricular function in such patients may be quite impor
tant given the common â€œresolutionâ€•
ofclinical findings
of left ventricular failure that may follow the onset of
right ventricular systolic dysfunction.
Atrial Septal Defect
Assessment of the right ventricle is also useful in
chronic right ventricular volume overload due to atrial
septal defect. As with left sided volume overload, these
lesions also cause chronic dilatation and hypokinesis of
the affected ventricle with time. When this occurs,
patients become more symptomatic and right ventric
ular dysfunction is less likely to normalize after correc
tion of the septal defect (114). Unlike aortic or mitral
regurgitation, one does not need to serially monitor
right ventricular function to optimize the time of repair.
However, the adequacy of right ventricular function
preoperatively will be a determinant of postoperative
clinical course.
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MitralStenosis
The left ventricle is not affected directly by mitral
stenosis. Left ventricular dysfunction can be a rare
consequence of rheumatic fever, presumably related to
myocarditis. Typically, the left ventricle is small, reflect
ing the inflow obstruction characteristic of valvular
stenosis. The burden of mitral stenosis often affects all
other cardiac chambers: characteristically there is left
atrial enlargement. When there is secondary pulmonary
hypertension, the right ventricle may become dilated
and hypokinetic due to chronic pressure overload of a
chamber that is not structurally designed to perform
high pressure work. Clinically successful percutaneous
mitral valvuloplasty, which reduced pulmonary artery
pressures (115), is associated with â€œnormalizationâ€•
of
the RVEF response to exercise (116). The status of the
right ventricle appears to be an important determinant
of prognosis in patients having surgical correction of
mitral stenosis, although definitive data in this regard

are lacking.
Tricuspid regurgitation also may be associated with
mitral stenosis. Although echocardiography may be
more useful in detection oftricuspid regurgitation, first
pass techniques are helpful in demonstrating whether
the tricuspid regurgitation is severe (11 7). Severe Ui
cuspid regurgitation in ungated first-pass studies is char
acterized by inability to deliver an intact bolus to the
left ventricle. In gated first-pass studies, one can see
reflux into the great veins entering the right atrium.
Mitral Regurgitation
Assessment of right ventricular function provides
significant prognostic information. The increased left
atrial volumes and pressures cause an increase in pul

monary vascular resistance, increasing afterload on the
right ventricle. Hochreiter and coworkers reported that
in unoperated patients with chronic severe mitral re
gurgitation, RVEF of @30%
was a highly specific pre
dictor of survival (48). Although resting LVEF did not
appear to improve on the prognostic information avail
able from the resting RVEF alone, the strength of the
association of survival with depression of ejection frac
tions ofthe right and left ventricles was not statistically
distinguishable. As such, given the small number of
patients and nonrandomized nature of the study, as
sessment

of both left and right ventricular

ejection

fractions should be used to follow and identify patients
at high risk for sudden death. As in chronic obstructive
pulmonary disease, RVEF in mitral regurgitation is
inversely related to the severity of elevated pulmonary
vascular pressures (48).
CONCLUSION
Radionuclide cardiac blood-pool imaging provides a
safe, widely accessible means ofnoninvasive evaluation
of ventricular function. Data acquisition and analysis
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are amenable to standardization, and are highly repro
ducible by experienced operators. Such data have been
demonstrated to provide important diagnostic, prog
nostic, and therapeutic information in patients with a
variety of noncoronary heart disease. In left-sided val
vular regurgitation, radionuclide cardiac function stud
ies have been helpful in choosing the optimum time for

valve replacement. Radionuclide analysis of left yen
tricular relaxation and filling phases has provided in
sight into the pathophysiology

of hypertrophic

disease.

In concert with applications previously outlined for
CAD patients, cardiac blood-pool imaging has secured
a clinically important and well-established role in the
evaluation and management of cardiac patients.
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