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Dynamic Cardiac Imaging
In this issue Holman and his colleagues
agent, hexakis(t-butylisonitrile)-technetium(I)

have described a new myocardial perfusion imaging
[Tc-99m TB!] (1 ). In order to view their results

in perspective,it isnecessary
to reviewthe fundamentalstepsof perfusionimagingandtheessen
tial criteria for a satisfactory
perfusion imaging agent. A basic assumption
underlying this discus
sion is that the goal of perfusion imaging is to maximize diagnostic sensitivity and specificity ap

plied to any population of subjects, whether as a screening test in asymptomatic
low prevalence of disease or for specific diagnosis in symptomatic patients.

populations

with

The most useful noninvasive test widely used to display abnormal myocardial perfusion due to
coronary artery disease (CAD) utilizes thallium-201 injected during treadmill exercise. Diagnos
tic sensitivity has ranged from 70% to 90%, and specificity from 86% to 100% (2â€”13).Thallium ex
ercise imaging
results. There

has been associated with 10% to 30% of false-negative
and up to 14% false-positive
is an inverse relation between sensitivity
and specificity.
Those publications
re

porting high sensitivity are associated

with a lower specificity,

and vice versa. These results are

typical of receiver operating curves for an imperfect test (14â€”22) in which an observer who overin
terprets borderline images as being positive will also thereby read as positive a number of studies

that are, in fact, negative, thereby obtaining a larger number of false positives, i.e., a lower speci
ficity. Conversely, conservative interpretation will increase the specificity but decrease the sensi
tivity. Quantitative kinetic analysis, as developed by Watson and colleagues, has provided much
needed objectivity to the utility of thallium (13), although not the radical improvement required.
Identification of specific coronary arteries affected (3,7,1 1) or of one-, two-, or three-vessel dis
ease (7) has also been unreliable

with thallium

imaging.

A sensitivity and specificity of approximately 85% might suggest that the test could be adequate
as a screening procedure for detecting CAD in asymptomatic
patients. This sensitivity and speci
ficity, however, do not account for the effect of disease prevalence on the diagnostic accuracy and
utility of thallium imaging when it is applied to asymptomatic
populations.
A number of papers

utilizing Bayesiananalysishaveindicatedthat the sensitivityand specificityof thallium stress
testing

is grossly

inadequate

for a screening

ranging from 5â€”10%of the population
asymptomatic

subject

in this population

test in populations

with a low prevalence

studied (14â€”20). An abnormal
is associated

of CAD

exercise thallium test in an

with only a 10â€”20% probability

of having

CAD (16â€”20).Thus, in order for a diagnostic test to be useful in an asymptomatic population, the
sensitivity and specificity
must be much higher than that obtainable
with current conventional
thallium imaging (17,20).
Early mild coronary atherosclerosis
appears to be reversible in man, to judge from both primate

experimentation and limited human studies. However, symptomatic CAD in humans is usually as
sociated with anatomically advanced coronary plaques, which are often calcified and have little
potential for reversal. Early diagnosis in asymptomatic
man 5 to 10 yr before clinical events or
symptoms therefore becomes an integral part of potential regression or arrest of progression.
Cur
rent noninvasive tests have not proven adequate to detect or quantify reliably even advanced clini

cal disease, much less early, mild, asymptomatic

disease.

The reader may appropriately ask whether such early diagnosis of mild disease is useful clinical
ly. There are two answers to this question. The first is that early diagnosis would have a profound
impact on cardiology
by changing our current therapy of antianginal
drugs, bypass surgery, and
angioplasty
to one of selective prevention of progression in specific asymptomatic
individuals.
The

second answer is that a diagnostic imaging test adequate to detect early mild disease with relative
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ly high certainty will be even more accurate for identifying and quantifying severity of more ad
vanced symptomatic

disease.

Experimentally, there must be perfusion ratios of 2â€”2.5or more between normal and diseased
regions before detection by Tl-20l imaging becomes practicable (21 )â€”adifference correspond
ing to a 70â€”80%diameter stenosis, which represents advanced clinical disease. The use of the
seven-pinhole collimator with thallium imaging has not improved this sensitivity (22â€”24).Single
photon emission tomography of thallium uptake has likewise not yet been shown to provide a solu
tion (25â€”27),although it offers some borderline improvement

(28,29). As applied to the detection

of CAD, the specificity of exercise gated blood-pool imaging and regional left-ventricular dysfunc
tion during exercise has been low enough so that its value as a screening test is not useful, due to

many false-positive tests (30,31).
The problem is further complicated by the lack of a â€œgold
standardâ€•or a reference for defining
severity of coronary artery stenosis. Coronary arteriography has several limitations. Interpretation
of coronary arteriograms is complicated by marked interobserver and intraobserver variability.

The universal use of relative percent diameter narrowing as a measure of severity ignores other
critical geometric characteristics of stenoses, such as length, absolute diameter, multiple lesions
in series, eccentric lesions that look worse in one view than in another, or dynamic lesions that vary

in severity due to coronary artery spasm (32â€”36).Thus, determination of percent stenosis alone
has limited theoretical and experimental validity for assessing the significance of a stenosis. For all

of these reasons, it is difficult, with visually interpreted coronary arteriography, to know whether
the imaging technique has failed to identify a stenosis or whether stenosis severity has been erro
neously determined

by the visual interpretation.

Quantitative

coronary arteriography

as described

by Brown et al. (32,33), now validated experimentally (34â€”36),provides the best â€œgold
standardâ€•
for determining stenosis severity in either animals or man. It is, therefore, the most accurate, oh
jective basis from which the adequacy of an imaging technique can be measured.
Within the context of these limitations, the sensitivity and specificity of a diagnostic imaging
technique depends upon three categorical parts of the method: The quality of the myocardial per
fusion imaging agent, the power of the imaging technique, and the adequacy of the stimulus for in
creasing myocardial perfusion (21 ,37â€”44).These factorsâ€”individually as well as in their interac

tionâ€”markedly influence sensitivity and specificity. For example, the degree of exercise stress,
namely the quality of the stimulus for increasing coronary flow, has been shown to be important,
with submaximal stress leading to diminished sensitivity and specificity (3). A stronger stimulus
for increasing coronary blood flow will increase myocardial uptake relative to background, there

by yielding improved images and diagnostic accuracy even with suboptimal tracers. On the other
hand, a highly extracted tracer, relative to a poorly extracted one, will produce good myocardial
to-background ratios and good images despite suboptimal stress. Even with radiotracers that are
rather poorly extracted by the myocardium (e.g., 20% to 50%), rapid data acquisition and appro
priate modeling allows determination

of extraction,

thereby providing quantitative

measures of

myocardial perfusion (45â€”47).Thus, appropriately designed, quantitative cameras, hardware,
and software can provide good images and measurements even with suboptimal tracers. In order
to obtain first-pass extraction, the camera must be â€œfast,â€•
i.e., sensitive enough so that statistically
reliable data can be obtained at 5-sec intervals, which is the necessary sampling rate for making

extraction or flow measurements with a monovalent cation (46). Thus, the â€œspeedâ€•
of the camera
becomes essential for quantitative metabolic or perfusion measurements, even for nonmoving tar
gets such as the brain, an approach we refer to as â€œdynamicimagingâ€• (48,49). By contrast, â€œstatic
imagingâ€• refers to imaging of the final deposition of radiotracer in an organ at more or less steady
state conditions relative to the data collection or sample times, and does not provide information
on the tracer kinetics leading to its final tissue concentration. Rapid-sequence dynamic imaging
is not intended

to freeze the motion of the heart, since that would require

much faster frame rates.

Heart motion is handled by EKG gating, even with rapid-sequence imaging. It is not widely recog
nized that the value of a fast camera resides primarily in its ability to measure first-pass
extraction as a basis for quantitative metabolic measurements. Thus it is apparent from this brief
discussion that the adequacy of a new imaging agent for myocardial perfusion depends not only
upon its own inherent characteristics but also upon the two other essential components of the diag
nostic method.
Given the above qualifications,
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it is now appropriate

to review those inherent characteristics

of
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an optimal imaging agent for myocardial perfusion, for comparison with the Tc-99m TB! de
scribed in the current issue. There are four fundamental

characteristics

of a perfusion tracer that

determine its usefulness for in vivo imaging:
1. Energy of the photon emission, which relates to the type of camera used, as noted above. The
relatively low-energy emission of thallium-201 is a disadvantage because of attenuation, which in
turn limits the adequacy of planar imaging or single photon tomography for reviewing the posteri
or myocardium. Technetium-99m TB! is better in this respect, particularly for single photon emis
sion tomography (SPECT), where the higher energy of Tc-99m in theory avoids some problems
of low-frequency noise seen with thallium-201.
2. The physical half-life of the tracer, which has a strong influence on its clinical application.

A short-lived tracer permits repeated sequential imaging, whereas the half-life of Tc-99m is suffi
ciently long that images before and after an intervention

cannot be obtained conveniently

with

Tc-99m TB!.
3. The myocardial extraction and retention of the tracer, both of which depend upon how it is
handled metabolically. Thallium-201 is approximately 80% to 90% extracted on first pass at rest
ing flow levels, whereas no extraction data on this new compound have been presented. Based upon

the fact that 5 to 10 mm are required for blood clearance, and on a rough visual estimate of the
curves in Fig. 2, it appears that extraction would be â€œ-â€˜60-70%.
Certainly the myocardium-to
background ratio ofonly 1.5 to 1 is less than that for thallium, which also suggests that myocardial

extraction is less than for thallium. In addition to this critical characteristic, the degree of reten
tion in myocardium is equally important, since, if the tracer leaves the cell after being extracted,
the net result is a poor myocardium-to-background ratio, depending upon the rate of redistribu
tion. In this regard, Tc-99m TB! appears to be trapped in the myocardium without redistribution
to or from heart muscle, but the data are not consistent on that point. There is also considerable re
distribution from the lung to the liver, thereby creating a complex multicompartmental exchange
in which the role of the myocardium

is unclear. Since there is no apparent redistribution

compara

ble with that of thallium-201, information equivalent to a resting-redistribution image would re
quire two injections of Tc-99m TB! separated

by at least five half-life periodsâ€”a distinct disad

vantage for this agent in clinical application.
4. Clinical safety, radiation

dosage, and chemical toxicity are all obviously important

for the

tracer, and appear to be acceptable for Tc-99m TB!.
Just as for the entire process of diagnostic imaging, there is an important interaction or trade
off between the specific characteristics of the myocardial perfusion agent. For example, if redistri
bution occurs within a 4-hr period, as with thallium-201, the equivalent of a resting and exercise
image may be obtained after a single injection, thereby nullifying the disadvantage of its longer
half-life. However, for a radiotracer in which appropriately useful redistribution does not occur,
the duration of the half-life becomes critical in determining its clinical usefulness for obtaining se
quential images before and after an intervention. Similarly, the advantage of a higher energy level
for image acquisition may not compensate for suboptimal extraction, with resulting relatively poor

myocardium-to-background
emission. Technetium-99m

ratios and relatively poor images despite an advantageous energy of
TB! has the advantage

of a more favorable emission energy relative

to thallium-201. In the absence of redistribution, however, its half-life is too long for convenient
sequential

imaging before and after exercise, a serious drawback

to widespread

clinical applica

tion. Finally, the production process is only 30% efficient, and at first glance does not appear to be
as convenient as that of thallium-20l

for large-scale use in a busy nuclear medicine laboratory.

Although the properties of Tc-99m TB! are suboptimal in some respects, the report by Holman
and colleagues serves to focus our attention on the important issue of developing new perfusion
imaging tracers and improving the overall process of diagnostic imaging. In order to develop this

point further, we would like to return to the three essential components of a method for myocardial
perfusion imaging, in order to analyze where the major improvements

are likely to occur. There

isan extensiveandimportantliteratureonmanymyocardialperfusionagentsspanningmorethan
20 yr of investigation. The best of these agents are characterized by an extraction of somewhere
between 60-90%, by fairly good retention within the myocardium,

slow redistribution

in compari

son with data-acquisition times, and, finally, reasonable imaging characteristics in comparison
with the greater limitations of image processing itself imposed by attenuation, background noise,
and limited resolution. Even with radiolabeled microspheresâ€”commonly referred to as the â€œgold
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standardâ€•of perfusion tracersâ€”planar images after atrial or left-ventricular injection show rela
tively poor myocardium-to-background

ratios at rest, thereby demonstrating

the limitation of the

imaging process per se for visualizing resting myocardial perfusion (20). Furthermore, the stress
of treadmill or bicycle exercise appears to te a relatively suboptimal

stimulus for increasing coro

nary flow, with pharmacologic coronary vasodilation being superior experimentally (20) and per
haps also in man (42), although the data on the latter are incomplete.
tive, intuitive guess that major qualitative improvements in diagnostic
will not result from â€œimprovedâ€•
characteristics of tracers for perfusion
agents will be judged on the basis of their ease in use, preparation, and

Therefore, it is our subjec
sensitivity and specificity
imaging. Certainly, newer
expense. We believe, how

ever, that the fundamental properties of perfusion agents are currently adequate, and that the lim
ited sensitivity and specificity seen clinically are due to limitations in the imaging process itself and
to an inadequate stimulus for increasing coronary flow.
The logic of this analysis has inexorably progressed from the characteristics of the perfusion
tracer to the imaging process itself, involving the choice of planar imaging, single photon emission
tomography (SPECT), or positron emission tomography. The development of SPECT was intend
ed to provide a relatively inexpensive, easier tomographic

technique for use with commonly avail

able radionuclides, thereby allowing affordable, simplified tomography. However, the expense of
SPECT systems has become significant, with borderline benefits on sensitivity and specificity. Ac
cordingly,

SPECT

has not seen widespread

use for cardiovascular

imaging.

Interestingly,

how

ever, there is a growing and important role for SPECT in the study of relatively slower tissue reac
tions that require longer half-lived radionuclides, such as the uptake of monoclonal antibodies, and
possibly in brain imaging (26). To us, cardiovascular imaging appears to be evolving toward quan
titative improvements in diagnostic sensitivity and specificity, not through upgrading of SPECT

systems but through development of affordable clinical positron cameras specifically designed for
dynamic cardiovascular imaging. Unlike the x-ray CT image, which evolved in the market place,
positron cameras have undergone a prolonged, extensive evolution through many generations

and

have progressed beyond instrumentation for instrumentation's sake to a period of â€œdown
designâ€•
for lower price and less complexity.

There are two essential capabilities of a positron camera necessary for widespread applications
and for quantitative improvements in diagnostic accuracy. While such cameras also require me
chanical simplicity, dedicated tested clinically oriented software, efficient inexpensive construc
tion, etc., there are two functional characteristics that are crucial for significant improvement in

diagnostic accuracy from our point of view. They are â€œspeedâ€•
or the capacity to provide rapid se
quential (5-sec) images and, at the same time, three-dimensional imaging. The rationale for â€œfastâ€•
positron cameras sufficiently sensitive to obtain 5-sec sequential images with adequate statistics
(true coincidence count-rate capability) has been outlined above. Rapid-sequence imaging pro
vides measurements of first-pass extraction and of the kinetics of radiotracers, which are the bases

for quantitative imaging. The second criterion, three-dimensional imaging, is not simply to pro
duce pretty pictures. Quantitative accuracy with even the best one-, two-, or even three-ring posi
tron camera is severely limited by partial-volume
in tomography

have discovered

that displacement

problems. In addition, virtually all investigators
of the imaging

plane by even one centimeter

in

sequential tomograms of an organ may produce a markedly different image, due to displacement
of the slice location on follow-up tomograms rather than to a change in regional metabolism or
perfusion. Furthermore, with myocardial ischemia or infarction, the dynamics of cardiac contrac
tion and heart motion change markedly, thereby altering cardiac translation and rotation such

that even if the body of the subject incurs no gross movement, the heart clearly changes its location
and pattern of contraction sufficiently to produce changes in tomographic images through dis
placement of the imaging plane alone. Three-dimensional imaging utilizing multiring positron
@

cameras with cubic resolution offers a solution to these problems. Thus it is our opinion that major

@

advances in the diagnostic sensitivity and specificity of functional cardiac imaging will occur only
with

fast multiring

positron

cameras

utilizing

three-dimensional

reconstruction

by affordable,

simplified, clinically oriented systems that can be run by a technician under supervision of an expe
rienced physician.

What about positron radionuclides? Can everyone afford a cyclotron? The theme ofthis editori
al has thus come full circle and returned to the development

of new perfusion tracers. Currently,

a number

cyclotron-positron

of major
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university

centers

are actively

developing

tomographic

sys
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tems for basic and clinical investigation. Because of their expense and technical complexity, it is
not likely that fully developed cyclotron-camera

systems will become widespread for routine dm1-

cal work. However, with the development of generator-produced positron emitters such as rubid
ium-82, a cyclotron is no longer necessary in order to accomplish much of the major cardiovascu
lar imaging required (44â€”46,49). For example, with a fast camera, first-pass gated blood-pool
function

can be obtained

by following

a bolus of intravenously

injected

rubidium

through

the car

diac chambers, through the period of myocardial perfusion (50), and through the subsequent time
of either washout from the myocardium or continuing uptake that provides an index of viability
(51 ). Thus,

with a single injection

of a short-lived

tracer,

cardiac

function,

myocardial

perfusion,

and viability can be evaluated. Because the half-life of rubidium-82 is short, repeated studies can
be done with acceptable

radiation

doses to the patient.

Although

the extraction

of rubidium

into

myocardium under resting conditions is only 60â€”70%,and falls to 20 or 30% at high coronary
flows, given an appropriate imaging process and modeling, all the required information can be ob
tamed quantitatively (44â€”46).

At this point a comparison of Rb-82 and Tc-99m TB! serves to emphasize the major issue being
made here. From available data, each tracer appearsâ€”at first glance at leastâ€”to have compara

ble extraction and retention by myocardium relative to physical half-life. However, their relative
acceptance
in application
will be determined
by the convenience,
power, and availability
of the
imaging systems with which they are used. Thus, the paper by Holman and his colleagues con

tinues their past tradition of solid investigation, by providing data on a new perfusion imaging
agent that adds significantly to our knowledge about the complex scientific web leading toward
improved cardiovascular imaging. It serves particularly to focus our attention again on the essen
tial elements

radiotracers

of the interdependent

imaging

processes,

beginning

with chemical

manipulations

of

and ending with a clinical or scientific conclusion in the mind of an observer, mediat

ed by an â€œimage
transducer,â€•the camera, which must be adequate to transduce a range of tracer
kinetics

quantitatively

in three dimensions.
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