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S RECENTLY AS a few years ago, many 
nuclear medicine physicians would have taken 

the position that Cardiovascular Nuclear Medicine 
is now a static field. Similar perhaps in many ways 
to bone imaging, they would have suggested that all 
that is left to do is to make some detailed refine- 
ments of the techniques, but the big discoveries had 
been made. This issue and the second part of this 
issue of Seminars in Nuclear Medicine will cer- 
tainly discredit that point of view. There are many, 
many new developments in this field. Many new 
technetium labeled agents for heart imaging are 
under investigation and these are reviewed in the 
article by Dr. Jain. Technetium-99m Sestamibi, 
which came to dominate the field of cardiac 
imaging much like thallium had earlier, now has a 
challenger in the form of technetium-99m tetrofos- 
min. Thallium also has retained a significant posi- 
tion in cardiac imaging. It remains to be seen 
whether the newer agents such as technetium- 
NOET also will achieve a significant clinical role. 

In addition to these compounds, radioiodinated 
free fatty acid tracers have been under intensive 
investigation and are reviewed in a clearly detailed 
article by Dr. Corbett. They have many attractive 
features and a great potential for clinical applica- 
tion. 

We have a beautifully detailed contribution from 
Drs. Gait, Cullom, and Garcia that discusses attenu- 
ation and scatter compensation in myocardial perfu- 
sion SPECT. This article nicely complements the 
review of nuclear cardiology in terms of quantita- 
tion of SPECT images as presented by Dr. Watson. 
Other important aspects of nuclear cardiology that 
are also included in the first part of this two-part 
Seminars in Nuclear Medicine are a review of 

gated SPECT, which provides additional functional 
information about routinely obtained perfusion 
images. We have included some material on myo- 
cardial infarct imaging and the continuing efforts to 
accurately detect patients with acute myocardial 
infarction. 

Overall, this issue covers some of the most 
important aspects of cardiovascular nuclear medi- 
cine with great detail and clarity. There can be no 
question that this field is alive and well, and is an 
important part of nuclear medicine. It has been 
estimated that the number of cardiovascular nuclear 
medicine procedures in the United States has 
doubled from 2.9 million procedures in 1990 to 5.8 
million procedures in 1997 (1997/1998 Nuclear 
Medicine Census Summary Report Analysis of 
Technology Marketing Group [DesPlains, IL]). 
Cardiovascular nuclear medicine studies account 
for a significant amount of all nuclear medicine 
imaging studies. The percentage of that contribu- 
tion varies depending on the facility, but in our 
facility, approximately one third of all procedures 
at our institution fall under the classification of 
cardiology. 

The editors would like to thank Drs. Travin and 
Wexler, who have kindly guest edited this issue and 
will guest edit the next issue as well. They have 
done an excellent job in bringing us up to date with 
the state of the field. Adding insult to injury, we 
have prevailed upon them to also contribute an 
article on pharmacologic stress testing in the next 
issue, which we look forward to along with the 
other contributions. 

Leonard M. Freeman, MD 
M. Donald Blaufox, MD, PhD 
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T HE FIRST CARDIOVASCULAR nuclear 
medicine procedures were performed 70 years 

ago when circulation times were calculated after 
the injection of radon gas into humans. Forty years 
ago probe-derived time-activity curves were used 
to approximate cardiac output, and the first math- 
ematical models of the transit of blood through the 
heart based on isotope time-activity curves were 
published. During the 1960s, multiprobe indicator 
dilution studies using time-activity curves in in- 
fants with complex congenital heart disease be- 
came a means of "visualizing" abnormal anatomy 
long before the availability of ultrasound. During 
the same time period, the Anger camera's develop- 
ment was used to capture images of a bolus of 
isotope as it traversed the heart. Count data from 
these images made it possible to calculate transit 
times, an approximation of flow per unit volume in 
the heart. 

During the early 1970s, several new develop- 
ments coapted to give birth to the field of cardiovas- 
cular nuclear medicine, including the availability of 
new radiopharmaceuticals for myocardial perfu- 
sion imaging, minicomputers dedicated to acquir- 
ing and processing nuclear medicine images, and 
techniques for labelling red blood cells with techne- 
tium. It was during this time that it was observed 
that a hydroxyapatite-like substance was deposited 
in the mitochondria of infarcted myocardial cells. 
This observation led to the use of Technetium-99m 
pyrophosphate to image acutely infarcted myocar- 
dium. Although this procedure subsequently fell 
out of favor, it remains an excellent example of 
hypothesis-driven research. 

Relative regional myocardial perfusion at rest 
and after exercise imaged using first potassium 43 
and then Thallium-201 permitted the noninvasive 
distinction between normal, ischemic, and what 
was then called infarcted myocardium. Computer 
controlled acquisition of rapid sequential images of 
bolus data, and then shortly thereafter methods of 
gating myocardial blood pool images yielded the 
determination of resting ejection fraction, and by 
1977, ejection fraction changes induced by either 
supine or upright bicycle exercise. It was during 
this period that cardiovascular nuclear medicine 
became not only a diagnostic tool but also a means 
for noninvasive study of the physiology of the 
heart. Because these procedures were noninvasive 
it was possible to perform temporally sequential 

studies before, during, and after interventional 
therapy. 

During the 1980s, several important advances 
took place including quantitation of perfusion imag- 
ing and the refinement of single photon emission 
computed tomography (SPECT) perfusion imag- 
ing. Pooling data from multiple centers using 
sophisticated alogorithms for quantitating planar 
perfusion images yielded normal data bases of 
regional myocardial perfusion in both men and 
women. These data provided the basis for objective 
evaluation of myocardial perfusion images. With 
reproducible SPECT imaging, it became possible 
to contrast enhanced perfusion images. Visual 
evaluation of SPECT images improved diagnostic 
accuracy compared to planar imaging and the 
initial quantitative algorithms for comparing SPECT 
images during rest and stress became widely avail- 
able. 

During the 1990s, an explosion of cardiovascular 
nuclear medicine achievement has occurred. New 
Technetium-99m labeled myocardial perfusion im- 
aging agents, particularly Technetium-99m MIBI, 
were FDA approved as was the use of cardioactive 
pharmaceuticals such as dipyridamole, adenosine, 
and dobutamine as alternatives to physical exer- 
cise. These pharmaceuticals have expanded the 
ability of cardiovascular nuclear medicine proce- 
dures to be used to define the presence or absence 
of ischemic heart disease and also, importantly, to 
determine the severity of disease. Recently, in- 
creased understanding of the behavior of perfusion 
imaging agents has greatly improved our under- 
standing of the concepts of hibernating and stunned 
myocardium at a cellular level. 

During the early 1980s, cardiovascular nuclear 
medicine physicians acquired a huge amount of 
data that allowed comparisons with other standard 
techniques. For example, resting myocardial perfu- 
sion imaging was compared favorably to resting 
coronary arteriography. Indeed, perfusion imaging 
was frequently used to explain anatomic imaging. 
By the mid 1980s, cardiovascular nuclear medicine 
studies were so well accepted that their results 
became primary endpoints of many clinical trials 
sponsored by the National Institute of Health. 

During the past decade, further developments 
and refinements of cardiovascular nuclear medicine 
procedures have taken place. Today, cardiovascular 
nuclear medicine procedures occupy a central deci- 
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sion-making role in the management of patients 
with heart disease. Our understanding of the exist- 
ing perfusion pharmaceuticals and the availability 
of new perfusion imaging agents are providing 
increased insight into the physiology of myocardial 
perfusion. Even infarct-avid imaging is being stud- 
ied again. 

New computer techniques using neural networks 
and artificial intelligence have improved our ability 
to quantitate myocardial perfusion and to under- 
stand the limitations of existing technology. Sophis- 
ticated analysis of SPECT image data and new 
camera developments are permitting image process- 
ing techniques including correction for attenuation 

that could only be dreamed of just a few years ago. 
Nonnuclear imaging modalities, particularly those 
based on a two dimensional echocardiogram, are 
providing information about myocardial function 
that correlates with nuclear imaging. 

In this and the next issue of Seminars in Nuclear 
Medicine we have attempted to describe the current 
status of the ever-advancing field of cardiovascular 
nuclear medicine and perhaps provide just a small 
peek into the future. 

Mark Travin, MD 
John P. Wexler, MD, PhD 

Guest Editors 



Quantitative SPECT Techniques 
Denny D. Watson 

Quantitative imaging involves first, a set of measure- 
ments that characterize an image. There are several 
variations of technique, but the basic measurements 
that are used for single photon emission computed 
tomography (SPECT) perfusion images are reasonably 
standardized. Quantification currently provides only 
relative tracer activity wi th in the myocardial regions 
defined by an individual SPECT acquisition. Absolute 
quantif ication is stil l a work  in progress. Quantitative 
comparison of absolute changes in tracer uptake 
comparing a stress and rest study or preintervention 
and postintervention study would be useful and could 
he done, but most commercial systems do not main- 
tain the data normalization that  is necessary for this. 
Measurements of regional and global function are 
now possible w i th  electrocardiography (ECG) gating, 
and this provides clinically useful adjunctive data. 
Techniques for measuring ventricular function are 
evolving and promise to provide clinically useful accu- 

racy. The computer can classify images as normal or 
abnormal by comparison wi th  a normal database. The 
criteria for this classification involve more than just 
checking the normal limits. The images should be 
analyzed to measure how far they deviate from nor- 
real, and this information can be used in conjunction 
wi th  pretest l ikelihood to indicate the level of statisti- 
cal certainty that  an individual patient has a true 
positive or true negative test. The interface between 
the computer and the clinician interpreter is an impor- 
tant part of the process. Especially when both perfu- 
sion and function are being determined, the abil i ty of 
the interpreter to correctly assimilate the data is 
essential to the use of the quantitative process. As we 
become more facile wi th  performing and recording 
objective measurements, the significance of the mea- 
surements in terms of risk evaluation, viabil i ty assess- 
ment, and outcome should be continually enhanced. 
Copyright�9 1999by W.B. Saunders Company 

T HE CLINICAL UTILITY of adding quantifica- 
tion to single photon emission computed 

tomography (SPECT) imaging is easily debated but 
more difficult to evaluate. Quantification of images 
involves three different processes with different 
goals that need to be examined individually. The 
first goal is to define image characteristics that can 
be measured and to devise methods of measure- 
ment.  The goal is to provide an objective measure- 
ment as contrasted with a subjective judgement of 
the images. Measurements made from images of a 
patient can next be compared with measurements 
made from a population that is known to be normal. 
The measurements then can be used to provide a 
classification of the images as normal or abnormal. 
The final goal is for interpretation of the study as 
indicating the presence or absence of significant 
disease. It is helpful to distinguish these goals and 
discuss them separately. 

The quantification of an image is no different 
than measuring any other indicator of physiology, 
such as body temperature. An experienced clinician 
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can subjectively determine whether a patient has a 
fever without a thermometer, but it is still useful to 
measure the patient's temperature. There are simi- 
lar reasons for measuring the tracer uptake from a 
perfusion scan. 1 The measurements provide objec- 
tive values that can be recorded, reproduced, ob- 
jectively communicated, compared with normal 
standards, or compared with a patient's previous 
baseline. 

The measurement, however, does not by itself 
provide a classification or an interpretation. To 
clarify this issue, consider a SPECT image with an 
inferior segment that measures 48% of the maxi- 
mum myocardial tracer uptake. This image can be 
classified by comparing the measurements to a 
normal database. If  48% is outside the limits of 
normal, the image is classified as abnormal. The 
abnormal classification may or may not support an 
interpretation of coronary artery disease. The de- 
fect could indicate a myocardial perfusion defect, 
but it could also be motion artifact, subdiaphrag- 
matic attenuation, interference from a high large 
bowel loop, the result of a misplaced left arm, a 
defective photomultiplier tube, bad correction tables, 
tumor invading the myocardium, attenuation from 
an extracardiac mass, faulty center of rotation 
correction, and so forth. 

The example is meant to show that a computer 
can measure the relative tracer uptake using only 
the data contained within the image. To classify the 
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image measurements as normal or abnormal, addi- 
tional data providing a normal database and normal 
limits must be added to the data set. Finally, an 
interpretation requires additional knowledge not 
contained in either the images or the normal 
database. The additional information must be fac- 
tored in using a logic more complex than the simple 
arithmetic of comparison with a normal standard. 2 
The additional knowledge can be introduced by 
"expert systems." These are rule-based systems 
that attempt to have the computer reach the same 
conclusion as the "expert," whose knowledge was 
used to generate the rules. 3,4 Other strategies have 
been investigated, for example, the use of artificial 
intelligence. 5,6 This allows a computer to learn 
from measuring many studies and from using 
feedback regarding which studies were normal, 
which were abnormal, and which patients had 
coronary artery disease. Expert systems and artifi- 
cial intelligence are being developed but are not 
mature or widely available at this time. Conse- 
quently, most of the knowledge required for inter- 
pretation must still come from an expert interpreter 
who uses the computer as an aid rather than as an 
expert. This does not reduce the value or the need 
for quantification. 

The measurement is the foundation of quantita- 
tive imaging. If the measurements are not accurate 
and reproducible, then classification and interpreta- 
tion cannot be reliably based on the measurements. 
If the measurements are reliable and reproducible, 
then it will be a relatively simple matter to deter- 
mine normal values and associate abnormal values 
with the presence and severity of disease and with 
outcome. As this knowledge accumulates, the mea- 
surements become increasingly valuable to clinical 
imaging. 

The remainder of this article will deal with the 
processes by which the goals of quantification, 
classification, and interpretation are approached. 
The following section will be an overview of 
common quantitative methods and some of the 
factors that affect measurement accuracy. In the 
next section on classification, I will examine some 
approaches and some statistical issues associated 
with classification by comparison with normal 
databases. In the final section on interpretation, I 
will examine some factors involved in translating 
the quantitative analysis into a clinical interpreta- 
tion. 

QUANTITATIVE METHODS 

Quantification of P erfusion Images 

Measurements of SPECT images conventionally 
start in the left ventricular cavity and search 
outward. The search pattern varies. Early versions 
used a cylindrical search pattern. This works well 
in the body of the ventricle but has problems near 
the apex. A spherical pattern also has been used, but 
this gives rays that traverse parts of the myocar- 
dium at oblique angles. Garcia et al2.7 developed a 
hybrid search that is cylindrical in the body of the 
ventricle and switches to a spherical pattern to form 
a cap over the apex of the left ventricle. This is now 
a standard method. 

The goal is to measure tracer activity in a 
specified region of the left ventricular myocardium, 
and the search pattern gives a set of rays extending 
outward across the myocardium. There are choices 
regarding what to measure. Intuitively, we might 
choose to integrate the myocardial activity in each 
voxel penetrated by each ray that passes through 
the myocardium from epicardial to endocardial 
borders. This approach has been developed and 
used with good results. 8,9 The problem with this 
approach is that the endocardial and epicardial 
borders must be known to define the integration 
limits. The accuracy of transmural integration of 
counts is limited by being dependent on the myocar- 
dial borders, which are poorly defined in the 
SPECT image. The alternative method is to simply 
find the maximum voxel count as the ray traverses 
the myocardium. 

From the early days of quantitative planar imag- 
ing, experience taught investigators that recording 
the maximum count along a ray that traverses the 
myocardium was reproducible and robust in indicat- 
ing myocardial perfusion defects. The apparent 
disadvantage of this method is that it would appear 
to miss subendocardial perfusion defects that have 
a well-perfused epicardial rim. This method worked 
well in practice, and we now understand that it 
works because of partial volume averaging. 

Partial volume averaging has been described 1~ 
and is shown in Figure 1. This shows a short-axis 
slice from a cardiac phantom of uniform tracer 
activity but varying wall thickness. The curve plot 
is of the peak activity obtained from a radial search 
across the myocardium plotted as a function of the 
myocardial wall thickness. The peak activity re- 
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end-diastolic images are substituted for stress and 
rest images. 

P h a n t o m  SPECT Image  

8.0o o.2o o.,o o,o'o,o 1.oo X.~o 1,o 1.,o 1.8o 

W a l l  Th ickness (era) 

Fig 1. Phantom consisting of two nonconcentric cylinders 
with the void between filled with Technetium-99m. The thick- 
ness of the filled space between the cylinders ranges from 2 to 
18 ram. The phantom was imaged, reconstructed, and reori- 
ented. The SPECT short-axis image is shown to the right of a 
scale diagram of the source. The graph below shows the 
counts from a radial maximum-count search as used in 
quantitative SPECT. The maximum counts reflect the"myocar- 
dial" wall thickness. This is the result of the partial volume 
effect, which converts wall thickness into peak counts. 

flects the wall thickness. This happens because the 
resolution of SPECT is less than the myocardial 
wall thickness for normal myocardium. Conse- 
quently, the peak activity of the voxels actually 
represents a transmurai average rather than the 
actual activity at the point of the sample. If there 
were a scar or perfusion defect involving the 
endocardium and normal epicardial flow, the peak 
pixel counts will be reduced; reflecting a transmu- 
ral average of tracer activity. Thus, the peak count 
method is actually a way of determining the 
transmural average of tracer activity without hav- 
ing to find the epicardial and endocardial edges. 

The same partial volume effect can be used also 
to convert changes in wall thickness into changes in 
maximum pixel counts. In gated images, the partial 
volume effect can be used to determine regional 
wall thickening by comparing the transmural peak 
values determined from end-systolic and end- 
diastolic images. This method of quantification is 
identical for both perfusion and wall thickening. 
The only difference is that the end-systolic and 

Absolute Versus Relative Quantification 

Myocardial activity is conventionally measured 
relative to the region of most intense uptake. This 
imposes some limitations. We cannot always be 
sure that there will be a normally perfused myocar- 
dial segment for a reference region. We cannot 
compare the amount of tracer uptake at rest with the 
amount of tracer uptake after stress, which would 
provide an estimate of coronary artery flow reserve 
capacity. We cannot perform quantitative longitudi- 
nal measurements that would show absolute changes 
in coronary reserve capacity resulting from thera- 
peutic interventions. Clearly, absolute quantifica- 
tion would be a significant advance. 

The absolute measurement of millicuries of 
tracer per gram of tissue has been an elusive goal. It 
is clear that attenuation correction is a prerequisite 
for this type of quantification. Much work has been 
done on attenuation correction, and much progress 
has been made32-17 However, it is not yet devel- 
oped to the point that would be necessary to 
support absolute quantification. One issue seems to 
involve the role of scatter. Scatter correction is 
difficult, and may be necessary before accurate 
corrections for attenuation can be made. 

Short of measuring millicuries per gram of 
tissue, for most clinical needs it would be useful to 
be able to use a patient as his own control and 
measure relative tracer activity under two different 
conditions (eg, stress and rest) or at different times 
(response to therapy). This could probably be done 
with acceptable accuracy if the reconstruction 
algorithms would maintain the count normalization 
during SPECT data processing. Unfortunately, most 
commercial systems at present do not. The recon- 
struction and filtering process usually results in all 
the data from the SPECT reconstruction being 
renormalized to an arbitrary value (for example, the 
peak myocardial activity is set to the value 256, 
regardless of the original raw projected image 
counts). This is expedient but eliminates a poten- 
tially powerful tool of SPECT imaging--the ability 
to compare two SPECT scans and quantitatively 
determine the fractional change in tracer uptake. 
Because this is a much easier problem to solve than 
that of measuring absolute millicuries per gram, we 
can hope that future modifications of SPECT 
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software will contain the ability to make these 
comparisons quantitatively. 

Segmental Wall Motion 

Gated SPECT can provide myocardial images at 
typically 8 or 16 samples through the cardiac cycle, 
and this can be used to determine regional and 
global left ventricular function) s The total counts 
of each frame, however, are limited to one eighth or 
one sixteenth of the counts of the ungated images. 
The statistical noise in these images is therefore 
very high, and only gross wall motion abnormali- 
ties will be consistently visualized. However, the 
gated images should be well suited for quantitative 
measurement of regional thickening fractions. The 
most straightforward approach would be to mea- 
sure the epicardial and endocardial edges at end- 
systole and at end-diastole. This method has the 
disadvantage of depending on edge detection. The 
noise in gated images can make edge detection 
inaccurate. Moreover, in regions of severe perfu- 
sion defects, the myocardial edges may be undetect- 
able. A second approach is to use the partial volume 
effect, which causes changes in wall thickness to 
appear as changes in peak myocardial counts. This 
approach has been investigated. 19-22 It has the 
advantage of requiring no edge detection. Smith et 
a123 and Calnon et al24 have used the partial volume 
effect to perform relative quantification of regional 
thickening fractions. The counts-based method de- 
pends only on relative changes between systole and 
diastole, and is therefore not affected by moderate 
perfusion defects. The thickening fraction cannot 
be measured in a myocardial segment that has no 
tracer uptake. In this case, the thickening fraction is 
arbitrarily set to zero, as a reasonable approxima- 
tion. The counts-based method depends on the 
partial volume effect and will consequently fall if 
the myocardial wall thickness becomes thick enough 
to be comparable with the image resolution. This 
can happen in severe cases of left ventricular 
hypertrophy, causing underestimation of thicken- 
ing fractions. 

Measurement of Global Left Ventricular Function 

The measurement of global left ventricular ejec- 
tion fraction (LVEF) adds another dimension to 
quantitative SPECT. Again, there are several pos- 
sible methods of measuring LVEE The most 
straightforward approach is to find the endocardial 
edges at end-systole and at end-diastole and esti- 

mate the end-systolic and end-diastolic volumes. 
Several variations have been described. 25"27 The 
need for edge detection is a limitation. Everaert et 
al 2s described a statistical method based on the 
radial distribution of count densities to define 
myocardial borders. The method of Germano et al29 
estimates edges by fitting geometric shapes, and 
this alleviates many problems associated with less 
sophisticated edge detection methods. This method 
also facilitates automatic reorientation. 3~ Smith et 
al2a and Calnon et al24 describe a purely counts- 
based approximation for estimation of global LVEE 
LVEF is estimated from the regional thickening 
fractions, which are determined without need for 
any edge delineation. This requires some approxi- 
mation, but appears to offer adequate accuracy and 
excellent reliability. 

Representation of Quantitative Results 

The visual representation of quantitative values 
obtained from SPECT images is an important part 
of the process. This is the user interface. The 
quantitative process generates several hundred nu- 
merical values, and there are typically several 
dozen image slices to examine. Garcia developed 
the idea of polar ("bull's eye") maps. These can 
represent all the data from the radial search pattern 
in a single two-dimensional image. The polar plots 
can also flag regions that differ significantly from a 
normal database and regions that have reversible 
defects. Figure 2 is an example from the Emory 
Cardiac Toolbox. The top row shows standard 
stress, rest, and reversibility polar plots. The middle 
row is plotted using a mapping that better repre- 
sents the true extent of the defect. The lower row is 
a plot formed to highlight defect severity. Programs 
using the polar maps are commercially available 
and widely used. The polar map shown as well as 
Figures 3 and 4 are black-and-white reproductions 
from color computer monitor displays. They need 
to be viewed on a good color monitor to be fully 
appreciated. 

Smith et a123 and Calnon et a124 use the same 
quantification methodology as developed by Gar- 
cia. However, the display of results was designed to 
achieve a direct visualization of the quantitative 
measurements for each myocardial segment. The 
segments are marked on myocardial images, and 
the values shown in a graphic just below the 
images. Figure 3A shows stress/rest perfusion data 
on a patient before coronary revascularization. For 
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displaying quantitative values for perfusion and 
function, which can be easily appreciated, re- 
corded, and compared. 

SPECT is intrinsically a three-dimensional mo- 
dality, and there have been a number of efforts to 
construct visualization and quantification schemes 
in a three-dimensional mode as compared with 
conventional representations of multiple two- 
dimensional slices. 31,32 This can be done using 
modern computer displays. It certainly adds to the 
visual aesthetics, but has not yet reached the point 
of adding significantly to the clinical use of SPECT 
studies. It is also possible to achieve the fusion of 
multimodality imaging. For example, the cine- 
angiographic images of the coronary artery tree can 

A 

Fig 2. Polar map representations of SPECT images. The 
maps show stress and rest perfusion and reversibility, in a 
normal representation (A) and in representations that are 
designed to represent defect extent (B) and severity (C). 

each segment, the stress and rest percentages are 
shown in the graphic above. If a segment is outside 
normal limits, the difference between stress and 
rest is entered in the lower graphic, and an asterisk 
shows if the difference constitutes statistically 
significant reversibility. The same segments are 
used to find thickening fractions from gated im- 
ages. They are shown in Figure 3B. 

Figure 4 shows the same patient after coronary 
revascularization. This study is within normal lim- 
its. For comparison, consider the midanterior seg- 
ment. Preoperatively, at stress, there was only 55% 
of normal uptake, and the rest injection indicated 
partial but significant reversibility to a value of 
61%. This segment was hypokinetic (as indicated 
by the asterisk in Fig 3B) with a thickening fraction 
of 23%. After revascularization, the same anterior 
segment had normal (and statistically equal) stress/ 
rest uptake of 86% and 88% respectively, and a 
normal thickening fraction of 42%. There were 
similar changes shown in five other segments. The 
global LVEF increased from 48% to 59%. 

This study shows regions of severe defect, 
partial reversibility, and hypokinesis preoperatively 
that normalized after revascularization, giving a 
quantitative record of preoperative hibernation 
and/or stunning. The sequence shows the value of 

s~./ " 
( ) NO Defect 
( . )  f ixed 
(n ' )  Reversible 
(n o) Reverstble 

w/o oefect 

B 

Thickening 

Fig 3. (A) Simplified visual presentation showing myocar- 
dial segments and the relative activity in each segment. In the 
segment graphic below, segments that are within normal 
limits are left blank. Numbered segments are those that have 
stress perfusion defects by comparison with the normal 
database. The numbers are the difference between stress and 
rest, and they are marked by an asterisk if the difference is 
statistically different, denoting reversibility. (B) Thickening 
fractions are shown for the same segments. An asterisk 
indicates the segment is hypokinetic by comparison with the 
normal database. Global LVEF is estimated from the thicken- 
ing fractions. The measurements are all counts-based and do 
not require detection of the myocardial borders. 
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Rg 4. Study of the same patient as shown In Rg 3 after 
coronary artery revascularlzatlon. All segments are now within 
normal limits. Note that several segments In the postrevasco- 
lerlzstlon study show greater uptake and better wall motion 
than the corresponding segments In the resting state In the 
prerevasculerlzatlon study. The documentation of resting 
hypoperfuslon and hypoklnesis relative to the postrevesculer- 
Izatlon study would be consistent with myocardial hiberna- 
tion. The display facllRotss quantitative segmental compari- 
sons. 

be brought into registration with perfusion images 
to aid in the correlation of coronary anatomy and 
myocardial perfusion. These efforts could portend 
the future of imaging, but will not be included 
within the scope of this article. 

CLASSIFICATION OF PERFUSION IMAGES 

Detection of Perfusion Defects 

A critical step in the quantitative process is to 
classify the image as normal or abnormal. This is 
done by comparing each segment with the normal 
limits. The normal limits are usually adjusted to lie 
about two standard deviations away from the 
normal average. This would imply false positive 
probability of 0.023 for each segment (this is the 
one-sided P value for a 2(r deviation). Because 
there are many segments, the overall false positive 

rate (that is, the probability that one or more 
segments will be positive) will be higher than the 
individual segment false positive rate. For an 
n-segment model, with each segment adjusted to 
have the same probability, P( f+)  of being a false 
positive, the expected specificity (probability of 
finding no abnormal segments in a normal image) 
would be (1-P[f+]). n Thus for a 14-segment model 
with each segment threshold set at two standard 
deviations from the normal average, the statisti- 
cally expected specificity would be 0.72. In a 
20-segment model, the expected specificity would 
be 0.63. The specificity becomes lower with more 
segments because the statistical chance of finding 
at least one segment outside normal limits attribut- 
able only to statistical sampling error increases 
with the number of sampled segments. A large 
number of samples can be used with the additional 
requirement that two or more contiguous samples 
must be outside limits for the image to be classified 
as abnormal. This is essentially the same as using 
coarser sampling. 

Another complication with the normal database 
comparison of images is that some segments char- 
acteristically are the regions of highest tracer 
activity and are normalized to exactly 100%. 
Standard deviations of these regions will be under- 
estimated because of the inclusion of values arbi- 
trarily set to exactly unity. Smith et al23 and Calnon 
et al~ use a hybrid scheme with limits for each 
segment set as the average minus two standard 
deviations or a constant, whichever is greater. This 
reduces false positive classifications from segments 
with underestimated standard deviations. 

In the final analysis, the false positive and true 
positive rate of the quantitative scheme needs to be 
tested on a set of normal patients and a set of 
abnormal patients. The threshold for discriminating 
should be varied to produce a receiver operating 
curve (ROC) as shown in Figure 5. Ideally, the 
threshold should be adjustable so that the inter- 
preter can adjust the computer to a known position 
on the ROC curve. 

Detection of Reversibility 

The likelihood of reversibility can be determined 
from the same normal database used above. In this 
case, however, we are testing for a significant 
difference between two measurements, and the 
statistical test must be appropriate. For a given 
abnormal segment measured at stress and during 
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Fig 5. The ROC curve produced by a quantitative program. 

The set point adopted by this particular program is shown by 
the a r r o w .  The computer threshold can be varied anywhere 
along the curve. For example, the computer threshold could 
be moved to obtain a 90% sensitivity, with a corresponding 
false positive rate of 30%. The set point chosen for this 
program provides approximately equal false-positive and 
false-negative rates. 

rest, the question of reversibility is posed by testing 
the null hypothesis that "there is no difference 
between the two measurements." Reversibility is 
indicated if the null hypothesis is rejected at some 
predetermined level of confidence. The null hypoth- 
eses should not, however, be rejected at the usual 
P = .05 level. Using the P = .05 criteria would 
result in the identification of reversibility only if it 
were established with 95% likelihood. In practice, 
we interpret reversibility of a segment with reduced 
perfusion if it appears more likely to be reversible 
than to be fixed. Requiring a degree of certainty of 
95% would mean that many reversible segments 
would be called fixed by the computer only because 
the statistical weight of evidence had not yet risen 
to the 95% level of certainty. To make the computer 
read more like an expert, we have it flag reversibil- 
ity if the two measurements differ by more than one 
standard deviation. This amounts to using a confi- 
dence level to P = .16. In reality, the statistical 
certainty of an indicated reversible segment could 
be lower than the predicted Value of .84. If there 
were two contingent abnormal segments, for ex- 
ample, the probability of one or the other being 
false positive for reversibility would be (1-.842) = 
.29. In this case, we would be right about 70% of 

the time if we indicated the segments to be 
reversible (or partly reversible), and most interpret- 
ers would read reversibility (or partial reversibility) 
at that level of certainty. 

Reversibility, as defined above, should not be 
used to screen for an abnormal image. If  14 
segments were scanned for reversibility using a 
one-sigma criteria, the false positive rate would be 
(1-.8414), which is 91%. A 20-segment model 
would have a probability of 97% of having at least 
one segment more than one standard deviation 
greater on the rest images than on the stress images, 
purely as a result of sampling error. 

The statistical gamesmanship may be described 
as follows: each myocardial segment from the 
stress image is examined and declared abnormal 
only if it is abnormal beyond a reasonable doubt 
(being at least 95% certain). Then the same seg- 
ment is examined at rest and declared to be 
reversible by the preponderance of evidence. We 
must use the high threshold for finding an indi- 
vidual segment abnormal, for otherwise there would 
be an excessive probability of having at least one of 
the many sampled segments found falsely abnor- 
mal because of statistical sampling error. Once the 
segment is declared abnormal, we must drop to a 
lower standard of certainty, for otherwise there 
would be too many false negatives in the determina- 
tion of reversibility. 

The discussion above may reveal that comparing 
an image with a normal database is not as simple as 
comparing a single value with a normal limit. The 
complexity evolves first because there are many 
samples within a single image and the statistical 
complications of multiple samples must be ac- 
counted for. The second complication is that of 
testing for changes between two data sets represent- 
ing a stress and rest image. There are many samples 
to be compared, and the two samples will not be 
identical because of statistical sampling error. The 
task is to determine if the change is caused by 
statistical variance or if it is caused by a true 
difference in myocardial perfusion. We cannot 
simply look for a difference in the values represent- 
ing rest and stress uptake. We must perform a 
statistical test that shows if the difference is too 
great to be accounted for by chance. The mathemati- 
cal operation is (or should be) the same as testing 
the null hypothesis that the two samples are drawn 
from identical perfusion images. 
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Detection of Regional Wall Motion Abnormalities 

If the quantitative scheme being used provides 
some measure of regional wall thickening, then it is 
possible to obtain a normal database and identify 
segments with thickening fractions outside of nor- 
mal limits. There is likely to be a large standard 
deviation for these measurements and, again, we 
must decide on the level of certainty before setting 
a threshold to flag segments as abnormal. We use 
the average minus two standard deviations for the 
limits of normal thickening. The probability of a 
sample being randomly below this value is .023. 
With a 14-segment model, this implies that 28% of 
normal subjects will have at least one false positive 
hypokinetic segment. With a 20-segment model, 
37% of normal subjects will have a false positive 
hypokinetic segment when using 20" limits. The 
sampling statistics must be kept in mind when 
interpreting segmental wall motion abnormalities 
and in the identification of poststress myocardial 
stunning. 

INTERPRETATION OF QUANTITATIVE SPECT 

Presence of a Significant Perfusion Defect 

The most difficult step in image interpretation is 
to determine if the study indicates significant 
pathology and should be classified as clinically 
abnormal. The quantitative process will classify the 
study as technically normal or abnormal. Thus, the 
first job of the interpreter is to decide if the 
computer classification was clinically correct. A 
good computer program will correctly identify if 
the current study is outside the limits of normal 
variation. If so, the interpreter must decide if that is 
because of pathology or an unanticipated artifact. 
One of the most powerful tools for identifying 
artifacts is the raw projection images. The readabil- 
ity of raw images can be immensely improved by 
using temporal filtering of adjacent projections and 
also by careful masking so that the region of 
highest myocardial uptake sets the image color or 
gray scale. This must be done to avoid having the 
images scaled to a hot extracardiac organ such as 
the gall bladder or intestine. Projection images in 
the cine mode should be routinely reviewed to 
check for patient motion during acquisition. These 
features should be considered an indispensable part 
of the quantitative analysis. Projection images 
show more than just artifacts. Projection images 
show lung uptake, chamber sizes including atrial 

and fight ventricular enlargement, extracardiac 
masses, pericardial fluid, and other clues that can 
make or lead to a clinical diagnosis. Careful 
attention to the quality of projection images and 
careful inspection can add greatly to clinical inter- 
pretation. 

The computer may also falsely classify a study 
as normal. The most common reason for this is the 
presence of a small focal perfusion defect that is 
being averaged with surrounding normally per- 
fused tissue. The computer necessarily uses fairly 
large samples, and small perfusion defects can be 
positioned so that the defect will be obvious to the 
eye but not flagged as quantitatively significant. 
There are occasional manifestations of diffuse 
multivessel disease that render the heart so uni- 
formly hypoperfused that uptake will be quantita- 
tively within normal limits. The quantitative mea- 
surements we use now are only relative and cannot 
indicate if the entire heart is hypoperfused. 

Finally, the clinical interpretation of an ill- 
defined defect or one of only borderline statistical 
significance is best considered in the light of pretest 
probability of coronary artery disease. This brings 
us to venture quantitatively into the question of 
how pretest probability determines the predictive 
accuracy of a test interpretation. Every test inter- 
preter learns at least intuitively the impact of 
Baye's theorem, which relates posttest likelihood 
of disease to pretest likelihood combined with test 
results. As an example, we have taken the ROC 
curve shown in Figure 5 and used Baye's analysis 
to calculate the predictive accuracy of a positive 
test result and the predictive accuracy of a negative 
test result as a function of where the computer (or 
interpreter) is positioned on the ROC curve. The 
analysis for a patient with low (10%) pretest 
likelihood is shown in Figure 6. This shows that if 
we keep the computer set to produce a 90% 
sensitivity, the predictive accuracy for a positive 
test result from this patient will be only about 30%. 
In other words, 70% of the positive test results for 
this population would be false positives. Examina- 
tion of the curves of Figure 6 will show that by 
moving down on the ROC curve to a lower 
sensitivity threshold, the predictive accuracy of a 
positive test result could be improved to greater 
than 95%. Using the same altered threshold, the 
predictive accuracy of a negative test result could 
still be maintained at greater than 95%. 

The example above shows the potential impor- 
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Fig 6. The result of a Bayes analysis showing predictive 
accuracy of a positive and negative test result for a population 
with pretest probability of 10%. The ROC curve of Fig 5 is used 
in the calculation. The predictive accuracy of a positive test 
result for this population is poor, but it can be dramatically 
improved by shifting the set point on the ROC curve. 

tance of clinical pretest variableS to the final test 
interpretation. These can be factored in quantita- 
tively as shown above. Doing so could add an 
important element to quantitative analysis. The 
analysis above shows that the predictive accuracy 
of the test can still be very high even on patients 
with a low pretest probability. Simply stated, the 
analysis showed that for this population, a test 
result that is positive but only of borderline statisti- 
cal significance does not indicate coronary artery 
disease (CAD); but if the test results were positive 
at a higher level of statistical certainty, then they 
would indicate CAD. The optimal interpretation 
needs to depend on how positive the test result is; 
that is by how far statistically outside normal limits 
the test result was. This important information is 
lost when the test results are bifurcated into normal 
and abnormal according to a fixed preset criteria. 
This potential of quantitative analysis seems to be 
largely unrecognized and is not presently being 
used. 

Reversibility and Viability 

Reversibility indicates myocardial ischemia. Isch- 
emia implies viability. Myocardium may, however, 
be viable without being ischemic. Significant re- 
sidual tracer uptake in a myocardial segment indi- 
cates significant residual viability, but not necessar- 
ily ischemia. 

Clinically, the question of ischemia is important 
because ischemia can be efficaciously treated. The 
question of viability is also important, but the 

question is more complicated--the more clinically 
relevant question is whether myocardial function 
will be improved after revascularization. Signifi- 
cant residual viability, as indicated by significant 
tracer uptake in a myocardial region that has been 
severely ischemic, can indicate stunned or hiber- 
nated myocardium. It can also indicate a subendo- 
cardial scar. The distinction is important because if 
the segment is stunned or hibernating, reperfusion 
is more likely to result in recovery of myocardial 
contractile function. 

There are two ways to show hibernating myocar- 
dium with perfusion tracers. One is to show resting 
redistribution of thallium-201, which indicates 
chronic resting hypoperfusion. The other is to show 
discordantly high (>50%) tracer uptake in a seg- 
ment that is akinetic. Stunned myocardium also is 
expected to have discordantly high tracer uptake in 
the akinetic (stunned) segment. In either case, the 
mere observation of uptake is not adequate. The 
(quantitative) amount of tracer uptake in the seg- 
ment is important. A segment with 20% uptake is 
not likely to show functional recovery. A segment 
with 60% uptake that is akinetic is likely to show 
improved contraction after reperfusion. A segment 
that is only mildly hypokinetic and with 60% 
uptake could be a subendocardial scar. An addi- 
tional question here might be whether there is a 
high-grade residual stenosis; a stress test (to pro- 
vide a stress/rest comparison) would be necessary 
to show that. 

It seems clear that quantitative indicators of 
tracer uptake, reversibility, and regional function 
will be necessary to deal effectively with the 
questions of myocardial viability and especially 
when we are considering the more specific question 
of the likelihood of recovery of myocardial func- 
tion after reperfusion. 

Regional and Global Function 

There are now some methods that appear to give 
clinically adequate estimation of global LVEF from 
gated SPECT. These methods need further valida- 
tion and comparison before they can be recom- 
mended as an accurate substitute for established 
clinical measurements of LVEE However, they 
have become a useful adjunctive measurement 33-35 
as a routine part of SPECT perfusion imaging. In 
our hands, the SPECT measurements of LVEF have 
been more robust than radionuclide ventriculogra- 
phy. 
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A significant problem that remains at present is 
that the computer programs developed to date do 
not provide credible quality control features. Errors 
related to arrhythmia, improper electrocardiograph 
(ECG) gate signals, and improper selection of 
end-diastolic and end-systolic frames, for example, 
cannot be discovered after the SPECT images are 
processed and sent to the reading room. There are 
no quality control indicators such as R-R histo- 
gram, indications of beats or total counts recorded, 
or cross-checks on the ECG trigger point or the 
selection of end-systolic frame. Until such devices 
can be developed and added to the program, the 
interpreters must be wary and have good communi- 
cation with and great confidence in the technologist 
performing the study. 

Determination of regional function using gated 
SPECT is possible but less well established. The 
counts-based method, described earlier, has pro- 
vided reliable relative measurements in our hands 
but has not been widely tested. Methods that rely 
on detection of endocardial edges can be difficult 
because of the poor resolution and high image 
noise in gated SPECT images that have only one 
eighth or one sixteenth of the counts of nongated 
images. 

Another problem inherent to the use of SPECT 
perfusion images for determining segmental wall 
thickening is the presence of segmental perfusion 
defects. On same-day study protocols, the high 
dose is usually used for the stress study. This 
provides the best definition of stress-induced perfu- 
sion defects, but with the Technetium-99m agents 
that do not redistribute, the stress-induced defect 
will remain in the poststress resting study even 
though stress-induced ischemia has resolved and 
wall motion has returned to normal. By visual 
interpretation, such a segment is likely to be graded 
as having abnormal contraction simply because it is 
poorly visualized and the lack of tracer activity in 
the region provides a strong interpreter bias to read 
the segment as abnormal. In this situation, quantifi- 
cation should provide the more reliable estimate of 
wall motion, but methods that depend on threshold- 
ing to detect edges may be in error because the 
perfusion defect will distort the edge isocount 
contours. 

There are a number of challenging problems 
associated with the measurement of SPECT im- 
ages. Methods are now in place that deal effectively 
with most of these problems. Reliable measure- 

ments can be made. One could argue that some 
engineering is still needed to bring these measure- 
ments into a more simple and usable format for 
clinicians who interpret SPECT studies. Some 
additional standardization is needed to facilitate the 
storage of meaningful quantitative results in large 
databases that can be used to produce more mean- 
ingful normal standards and for data mining opera- 
tions, such as for longitudinal outcomes studies. 

Classification of studies as normal or abnormal 
can be done effectively by computer programs 
using existing normal database comparisons. How- 
ever, the statistical methods of defining when a 
study is abnormal by comparison with a normal 
database are complex and may be poorly under- 
stood by users. At the least, the user should be 
aware of the ROC curve his or her computer 
program is operating on and be able to understand 
where the computer is set to operate on that ROC 
curve. Most existing programs do not address this 
issue, and the clinician must learn this by experi- 
ence in the sense of "getting a feel" for the false 
positive and false negative propensity of the com- 
puter program. This reduces the value of quantifica- 
tion because the clinician is forced to develop the 
skill and artistry of interpretation in spite of having 
measurements at hand. Most computer programs 
do use some level of expert logic, but it may be 
obscure to the interpreter. A clear definition of the 
logic used in the classification scheme would be 
helpful. Systems that impose expert rules or some 
form of artificial intelligence that is obscure to the 
interpreter should be approached with caution. 
Integration of pretest clinical variables with the 
specific perfusion test analysis could be performed 
to yield higher predictive accuracy for the quantita- 
tive classification. 

Interpretation of SPECT studies is aided both by 
quantification of the perfusion portion and by 
having functional information such as regional wall 
motion and global left ventricular function. Progno- 
sis and viability assessment are both related to the 
extent and severity of perfusion defect and also the 
extent and severity of abnormal ventricular func- 
tion. Having these parameters available from the 
SPECT study on a continuous scale rather than a 
categorical (normal/abnormal) scale is essential for 
the evaluation of risk and viability. The measured 
values are equally essential in follow-up studies to 
evaluate response to therapy. The goal of having 
the computer render a complete analysis and inter- 
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pre t a t ion  o f  the  s tudy  has  no t  ye t  b e e n  a c h i e v e d  in  

rou t ine  c l in ica l  prac t ice .  It  is no t  ou t  o f  the  ques t ion  

to do  this,  bu t  i t  is no t  ye t  in  the  r e a l m  of  rea l i s t ic  

expec ta t ions .  T h e r e  are m a n y  d e v e l o p i n g  tools  tha t  

cou ld  h a v e  a m a j o r  i m p a c t  o n  quan t i t a t ive  S P E C T  

imag ing .  
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Attenuation and Scatter Compensation in Myocardial 
Perfusion SPECT 

James R. Gait, S. James Cullom, and Ernest V. Garcia 

Nonuniform attenuation, Compton scatter, and l im- 
ited, spatially varying resolution degrade both the 
qualitative and quantitative nature of myocardial per- 
fusion SPECT. Physicians must recognize and under- 
stand the effects of these factors on myocardial perfu- 
sion SPECT for optimal interpretation and use of this 
important imaging technique. Recent developments 
in the design and implementation of compensation 

algorithms and transmission-based imaging promise 
to provide clinically realistic solutions to these effects 
and provide the framework for truly quantitative imag- 
ing. This achievement should improve the diagnostic 
accuracy and cost-effectiveness of myocardial perfu- 
sion SPECT. 
Copyright �9 1999 by W.B. Saunders Company 

S INGLE PHOTON EMISSION computed to- 
mography (SPECT) is widely established as a 

noninvasive method for the diagnosis and manage- 
ment of patients with coronary disease. 1 More 
recently, it has emerged as an effective tool to 
assess left ventricular myocardial function and 
prognostication. 2,3 These attributes exist despite the 
limited ability to obtain images that reliably repre- 
sent the true tracer distribution as a result of image 
noise, limited spatial resolution that varies within 
the image, Compton scatter, and photon attenuation. 
These combined factors preclude a linear relationship 
between the counts (intensity) in the image and the 
true tracer distribution. Of these, artifacts resulting 
from photon attenuation in the variable media of 
the thorax are the most significant factors limiting 
interpretative accuracy in myocardial SPECT. 2,4,5 

Attenuation reduces the specificity of cardiac 
SPECT by causing variations in normal tracer 
pattems that may resemble patterns in the presence 
of disease. Quantification of the tracer distribution 
in studies affected by attenuation has been limited 
because conventional reconstruction algorithms do 
not provide the mathematical framework to correct 
for attenuation, Compton scatter, and spatially 
varying resolution. New hardware and reconstruc- 
tion techniques directed toward solving these prob- 
lems have become available commercially and are 
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being introduced clinically. Although initial clini- 
cal reports are promising, much work remains 
before we fully understand the benefits and limita- 
tions of these new technologies and techniques. 

CLINICAL IMPLICATIONS OF ATTENUATION 
AND SCATTER 

Attenuation affects cardiac SPECT images in 
both easily identifiable and subtle ways. The most 
commonly cited effects are artifacts associated with 
breast attenuation in women and diaphragmatic 
attenuation in men. 2,5 However, the association 
with gender is not exclusive and the position and 
extent may vary greatly. Exaggerated diaphrag- 
matic attenuation can occur in women and signifi- 
cant pectoral musculature or gynecomastia in men 
can yield artifacts similar to breast attenuation 
expected more in women. 

Breast attenuation artifacts are commonly identi- 
fied as a region of decreased count density over the 
anterior myocardial wall resembling hypoperfu- 
sion. Significant amounts of breast tissue overlying 
the heart for an extended number of views in the 
acquisition can preclude clearly identifiable arti- 
facts associated with more dense and localized 
breast tissue. For these patients, global count 
density may be significantly reduced, leading to 
increased image noise and reduced image quality, 
particularly for the low-count perfusion studies. 
The severity and extent of the attenuation pattern 
depend on the thickness, density, shape, and posi- 
tion of the breast relative to the myocardium. 2,6,7 
Changes in breast position during rest and stress 
imaging may also change the attenuation pattern, 
thereby resembling changes in perfusion. If the 
breast position is the same between scans, the 
appearance of a fixed perfusion defect may result 
and may be interpreted as partial reversibility 
(ischemia) or scar, depending on how fixed the 
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defect appears. Similar changes in apparent perfu- 
sion patterns can result from diaphragmatic attenu- 
ation in the inferior wall (Fig 1). Both situations are 
problematic for mild or moderate fixed defects, 
which often cannot be sufficiently discriminated 
from soft-tissue attenuation patterns. 

Quantification by normal data base analysis can 
lead to false-positive interpretation when exagger- 
ated attenuation (unrecognized by the clinician) 
reduces the normalized counts beyond the thresh- 
old criteria for abnormality. 8 Without proper attenu- 
ation compensation, the normal files reflect exter- 
nal factors, including anatomical variation in the 
normal population, gender differences, and imag- 
ing system resolution limitations. 8,9 People of both 
sexes vary greatly in shape and size (Fig 2). 
Consequently, abnormality criteria are required to 
be broad, leading to increased uncertainty in the 
quantitative identification of perfusion patterns. 

MINIMIZING THE CLINICAL IMPACT OF 
ATTENATION AND SCATTER 

Reviewing the projection images in a cine format 
before the interpretation of the tomograms is an 
effective tool in the identification of attenuation 
artifacts. 2,4,5 When viewed in this manner, attenua- 
tion that may cause artifacts will appear as a 
decrease in relative count density and resemble a 
shadow moving across the myocardium and sur- 
rounding regions. This finding should correlate 
with the known location of anatomical structures 

such as the breast and should help to differentiate 
true hypoperfusion from artifact. Unfortunately, the 
combined effects of hypoperfusion and attenuation 
are often difficult to differentiate objectively, lead- 
ing to reduced test sensitivity. 

With Technetium-99m sestamibi, sufficient counts 
exist to temporally gate the SPECT acquisitions 
with the electrocardiogram (ECG) yielding dy- 
namic tomographic images of the myocardium for 
functional assessment. 3 This technique provides an 
effective way to characterize fixed defects as scar 
or attenuation artifact through assessment of thick- 
ening and regional wall motion. ~~ Myocardial re- 
gions with positive thickening and normal wall 
motion are an indicator of viability. 3 Therefore, a 
single gated-SPECT acquisition performed at stress 
may provide the same diagnostic information as 
conventional separate injection rest/stress proto- 
cols in patients without prior myocardial infarc- 
tion. 3 This is because the stress perfusion study is 
acquired with the patient at rest, thus simulta- 
neously providing stress perfusion but resting func- 
tional information. One complication is that if a 
patient shows reduced counts in the stress perfusion 
study because of attenuation, it could appear to 
normally thicken and thus be interpreted as an 
ischemic wall. This situation would require a 
separate resting perfusion study to confirm a fixed 
defect due to attenuation. Thus, accurate attenua- 
tion correction of a stress study would have elimi- 
nated the need for the resting study. This approach 

Fig I. Example of diaphrag- 
matic attenuation arUfast in a 
Tc-gOm sestamibi study of a male 
patient wi th low likelihood for 
coronary artery disease showing 
suppressed count density in the 
infedor and septai walls. Base 
(upper left) to  apex (lower right). 

! 
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Male 

Female 

Fig 2. Transmission tomograms of eight patients (six men 
and two women) at the level of the heart. There is a great deal 
of diversity in the size and shape of patients" chests. 

would provide significant cost-effectiveness in diag- 
nosing coronary disease. 

SPECT imaging in the prone position has also 
been reported as a method of minimizing attenua- 
tion artifacts, n When positioned this way, the heart 
and diaphragm as well as subphrenic structures 
shift to reduce inferior wall attenuation while 
potentially increasing anterior wall attenuation. For 
assessing suspected inferior wall attenuation, a 
planar static left lateral decubitus view can be 
acquired with the patient on his/her right side and 
used for comparison with the corresponding lateral 
projection of the SPECT acquisition. The shifting 
position of the organs relative to the myocardium in 
this view often reveals an increase in inferior wall 

counts  relative to the anterior regions correlating 
with diaphragmatic attenuation artifacts in the 
SPECT supine study. 

A method that minimizes the effects of attenua- 
tion artifacts by using a select range of projection 
angles determined to be minimally affected by 
attenuation has been described. 12 In this approach, 
a sinogram representation of the projection data is 

examined to identify the angular views that are 
most affected by attenuation. A 180 ~ angular range 
is defined that excludes these projections as much 
as possible. Although this technique lessens the 
effects of attenuation, it cannot provide complete 
compensation. 

Although clinicians may become very adept at 
recognizing breast and diaphragmatic attenuation, 
in general attenuation artifacts may be subtle. They 
may contribute to erroneous count ratios between 
the left ventricular walls ~3 that may mask the 
severity of perfusion defects. 6,7 Patients with unique 
anatomy such as vertically or horizontally posi- 
tioned hearts may present unique attenuation pat- 
terns that are not easily identified. As a result of 
these variations, the specificity of SPECT is lim- 
ited, and additionally the frequency of false- 
negative interpretations can be increased when 
physicians attempt to read around artifacts and 
incorrectly attribute a decrease in counts to attenua- 
tion instead of hypoperfusion. 

The need for reliable and efficient attenuation 
compensation methods for cardiac perfusion SPECT 
with thallium-201 and Tc-99m labeled imaging 
agents has long been recognized. 2,4,s Cardiac posi- 
tron emission tomography (PET) has clinically 
efficient attenuation compensation, which contrib- 
utes to its quantitative superiority over SPECT. 14,a5 
Although the attenuation compensation techniques 
emerging for SPECT were inspired by methods 
used in PET, 16,17 the problem of attenuation compen- 
sation for SPECT is significantly more complex 
because of differences in the emission process and 
associated measured quantities. 

PHYSICAL FACTORS THAT COMPROMISE 
MYOCARDIAL PERFUSION SPECT 

Artifacts in SPECT images arise from the com- 
bined effects of photon absorption, Compton scat- 
ter, and the degradation in resolution with distance 
from the collimator. Each of these interrelated 
factors produces inconsistent information in the 
planar projections in violation of the assumptions 
behind filtered back-projection (FBP), the most 
widely used tomographic reconstruction algorithm. 
The effect of these factors on myocardial SPECT is 
quite complex, as illustrated in Figure 3. Photons 
emitted from the heart and picked up by the 
detector in an anterior view have traversed a 
relatively small amount of tissue (soft tissue and 
bone). In a lateral view, photons must traverse a 
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Fig 3. Physical factors that compromise myocardial perfu- 
sion SPECT include (A) Nonuniform attenuation (photons 
emitted from �9 single point in the heart pass through different 
materials in different planar projections); (B) Compton scatter 
(photons emitted from that point no longer appear to origi- 
nate there); and (C) Nonststionary resolution (the further the 
distance from the point to the camera in each projection, the 
poorer the resolution). 

greater distance but through different materials 
(including lung) to reach the detector. As the 
detector moves about the patient, the projection 
profile varies with the attenuation along the projec- 
tion ray and the distance to the collimator. 

Attenuation is described quantitatively by the 
linear attenuation coefficient (commonly depicted 
by the Greek letter mu[la]). 18 The process of 
attenuation is described by Equation 1, where Ax is 
the activity measured after attenuation through a 
thickness of tissue x and A0 is the true activity at a 
point in the body. 

Ax = A0e -"x (1) 

The term e-OX represents the fraction of photons 
that are attenuated over a distance x and includes 
the effects of photons lost to Compton scatter and 
absorption. For the ideal case when no scatter is 

detected in the photopeak energy window, the ta 
value for a given energy is referred to as narrow 
beam and is unique depending on the composition 
of tissue. When scattered photons are detected in 
the photopeak energy window, the la values are 
referred to as broad beam or effective and are no 
longer unique. The narrow and broad beam values 
of la for Tc-99m in soft tissue are approximately 
equal to those of water and are 0.154 cm- 1 and 0.12 
cm -l,  respectively. 19 The probability of absorption 
decreases as photon energy increases, and this is 
the reason why attenuation artifacts are reported to 
be less severe (but still significant) with Tc-99m 
agents than with T1-201. 4,5 Narrow beam attenua- 
tion coefficients 2~ and corresponding half-value 
layers for selected materials in the body are given 
in Table 1. The half-value layer is defined as the 
distance needed for attenuation to remove half of 
the photons. 

When a photon undergoes Compton scattering 
though interactions with an electron, it changes 
direction and loses energy. If detected in the 
photopeak energy window, Compton-scattered pho- 
tons are likely to be mispositioned in the transverse 
image, leading to reduced image contrast and 
reduced lesion detection. A Tc-99m photon at 140 
keV scattering through 45 ~ will lose 7.4% of its 
energy (about 10 keV), which is well within the 
20% (___ 10%) energy window commonly used for 
SPECT acquisitions. T1-201 photons originate as 
characteristic x-rays spanning a range from 69 to 
83 keV. A 73-keV photon from T1-201 that scatters 
through 45 ~ only loses 4% (about 3 keV) of its 
energy. Just as with attenuation, scatter can be a 
more severe problem with T1-201 than Tc-99m. 
When the hypoperfused regions are detected with 
T1-201 or Tc-99m tracers, scatter affects the appar- 
ent extent and severity of the abnormality. In some 
patients the scatter from high concentrations of 
activity in abdominal organs (primarily liver and 
bowel) may artifactually increase the counts in the 
inferior wall of the myocardium. 2~-23 

Table 1. Narrow-Bssm Attenuation Coefficients (IX) and 
Hell-Value Layers (HVL) for Selected Materials 

TI-201 (73 keV) Tc-99m (140 keV) 

Material p (l/cm) HVL (cm) p (l/cm) HVL (cm) 

Bone 0.429 1.62 0.286 2.42 
Muscle 0.191 3.63 0.153 4.53 
Lung 0.063 11.00 0.051 13.59 
Air 0.0002 3465 0.0002 3465 
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The most important factors in the spatial resolu- 
tion of images made with a conventional scintilla- 
tion camera are the geometry of the collimator and 
the distance from the camera face. The resolution 
of both fan beam and parallel hole collimators 
degrades with distance. As the camera orbits the 
patient for a circular acquisition, the only point in 
the patient that maintains the same distance from 
the collimator in all the views is the center of 
rotation. The spatial resolution at any given point in 
a SPECT image is a result of the resolution in each 
of the planar projections. Thus, the center of 
rotation is the only point in the image with symmet- 
ric resolution. This spatially varying resolution can 
lead to significant distortion in the reconstructed 
images, particularly for 180 ~ acquisitions, z4,25 Al- 
though combining the two opposing views of a 
360 ~ acquisition degrades spatial resolution, it also 
minimizes its variation across the transverse plane. 26 
If  body contour or elliptical orbits are used, the 
variations in resolution may result in even more 
severe artifacts. 27 

ATTENUATION COMPENSATION 

Conventional Methods 

Although many methods have been proposed for 
attenuation compensation in cardiac SPECT, the 
most common methods used in commercial sys- 
tems until recently have been a prereconstruction 
method based on work by Sorenson 28 and a 
postreconstruction method developed by Chang. 29 
Both of these methods assume that the attenuation 
within the body is homogeneous and have been 
used effectively for SPECT applications where the 
attenuation is approximately homogeneous, such as 
liver imaging. 

For the Sorenson and Chang methods, it is 
required that the outside body contour be defined. 
In practice, commercial methods often fit the body 
with an ellipse, defined either by the operator or a 
count threshold of the emission data. Some manu- 
facturers allow each transverse image to be fitted 
by a separate ellipse, but some assume that a single 
ellipse will adequately fit the body for all transverse 
images. With these methods, empirically derived or 
effective attenuation coefficients have been mea- 
sured under different anatomical conditions to 
compensate for variations in tissue density as well 
as the effects of Compton scatter. By using a 
broad-beam value for la (lower than the narrow- 
beam value), the effective attenuation coefficients 

allow scattered photons to be included in the 
reconstructed image. 28,z9 The attenuating material 
in a patient's thorax is too varied for a constant 
attenuation coefficient approximation to be used to 
any great advantage. 3~ 

Transmission-Based Methods 

Accurate attenuation correction in areas of non- 
homogenous attenuation requires that an accurate 
estimate of the patient-specific attenuation distribu- 
tion be known. Methods that use transmission 
imaging to achieve this for SPECT were first 
investigated in the 1980s and proposed much 
earlier. 26 In 1986, an external flood source was used 
for attenuation compensation in liver SPECT. 31 A 
transmission scan produced a tomographic image 
similar to that of a CT scan but with reduced, 
poorer resolution and increased image noise. A 
similar approach was used for attenuation compen- 
sation of cardiac images by Bailey et al.32 This 
method also used a flood source mounted on the 
scintillation camera gantry opposite the camera and 
parallel hole collimation. The compensation algo- 
rithm was based on Chang's method but with the 
use of the measured attenuation map instead of a 
homogeneous one. Other researchers investigated 
the use of point sources of radioactivity and 
converging collimation for improved imaging sen- 
sitivity.33, 34 

In the past few years a wide range of equipment 
has been designed for transmission imaging with 
SPECT scanners (Fig 4). The first system to be 
commercialized was based on the work of Tung et 
al34 using a triple-detector SPECT. 35 This approach 
uses a line source coupled with a long-focal-length 
(60-cm) fan beam collimator to acquire a transmis- 
sion scan separately or simultaneously with the 
standard emission scan (Fig 4A). Fan beam colli- 
mated detectors also collect the emission projec- 
tion. Similar approaches using triple-detector sys- 
tems have been proposed by others combining 
parallel hole collimation to collect the emission 
projections and fan beam geometry to collect the 
t ransmiss ion data. 36 These systems yield simulta- 
neous or sequential emission-transmission images 
with high counting efficiency. One criticism of this 
configuration is that portions of the body may be 
truncated in the transmission projections by the fan 
beam collimation. Image artifacts can result from 
severely truncated transmission images without 
proper compensation. 37 Suboptimal images and 
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Fig 4. Selected SPECT-based 
transmission imaging configura- 
tions: (A) line-source and fan- 
beam collimation for triple-detec- 
tor systems, (B) scanning 
collimated line sources for dual 
90" detector systems, (C) asym- 
metric fan-beam geometry for 
dual 180" opposed systems that 
can also be implemented on 
triple-detector systems, and (D) 
arrays of line sources mounted 
opposite both cameras of s dual 
90 ~ detector system. 
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artifacts can result from severely truncated images 
without proper compensation. The use of new 
reconstruction techniques that use information about 
the patient contour and complex detector orbits can 
minimize the effect of truncation in the recon- 
structed image. 

Most manufacturers of dual 90 ~ detector SPECT 
systems have developed attenuation compensation 
hardware based on a scanning line source approach 
first described by Tan et al. 38 This method uses 
conventional parallel hole collimators and colli- 
mated line sources that scan across the field of view 
of the camera simultaneously with the emission 
acquisition or in a separate acquisition (Fig 4B). 
Only the portion of the detector directly across 
from the line source receives photons from the 
transmission source. This is accomplished through 
the use of an electronic window or masking that 
moves in unison across from each of the line 
sources. The remainder of the detector surface 
acquires the emission scan in the usual manner. The 
scanning electronic mask coupled with energy 
discrimination circuitry minimizes energy cross- 
over between the transmission and emission pho- 
tons, and the geometry provides good approxima- 
tion to the narrow beam values. 38 A limitation is the 
complexity of moving parts and the start-up and 
maintenance costs of the line sources. 

A third method for obtaining transmission im- 
ages has been shown for dual 180 ~ opposed or 
triple-detector systems 39,4~ (Fig 4C). A line source 

is placed next to one of the detectors opposite an 
asymmetric fan-beam collimator on the transmis- 
sion detector that is focused on the line source. The 
line source is out of the field of view of the other 
detector(s) that are used for emission imaging. 
With this approach, only half of the emission field 
of view is sampled by the transmission scan at any 
given planar projection, and a 360 ~ camera orbit is 
required to complete the scan. 

A fourth approach uses an array of line sources 
positioned close enough together that they appear 
as a continuous distribution to the scintillation 
cameras acquiring the transmission scan (Fig 4D). 
The sources can be configured with different 
strengths such that the flux is greater in the center 
of detector (shown in the figure as rays of differing 
widths). 4! This approach maximizes the counts 
received through the more attenuating central re- 
gions of the patient and minimizes the flux at the 
directly exposed regions of the detector. The latter 
can contribute to high count rates that can impair 
detector performance causing dead-time errors and 
errors in the accuracy of the attenuation coefficient 
values. 

A fifth approach uses a "sheet line source" 
constructed from a narrow long fluoroplastic tube 
embedding in a rectangular acrylic board mounted 
in front of one detector on a dual 180 ~ detector 
system. 42 The opposite detector acquires the trans- 
mission scan. This design allows the use of a 
tillable transmission source that covers the full face 



210 GALT, CULLOM, AND GARCIA 

of the camera (to avoid truncation) but without the 
problems that occur when standard sheet sources 
are rotated on a SPECT camera gantry (such a 
bubbles at the top and bulging at the bottom). 

Experimental systems have been proposed that 
obtain transmission images using conventional x- 
ray imaging. These systems may minimize the 
problems of patient imaging time, image noise, and 
spectral crossover by using an x-ray tube to pro- 
duce much higher photon flux than does a radionu- 
clide source. When implemented, these systems 
may be able to produce very high quality transmis- 
sion tomograms. 43,44 

An important consideration in the design of these 
systems is the absorbed dose to the patient from the 
external radionuclide source. Absorbed dose de- 
pends on the photon flux of the transmission source 
and time of exposure. Absorbed dose values ob- 
tained with the current systems do not appear to be 
a limitation to the transmission-based attenuation 
compensation. 38 

Radionuclide Sources for Transmission Scanning 

Most early studies of attenuation correction used 
sources filled with Tc-99m for the transmission 
scan because of Tc-99m's cost and availability. 45 
Although Tc-99m may still be considered for some 
systems, its use is limited to T1-20142,46 or sequen- 
tial scanning with Tc-99m agents. Tc-99m's 6-hour 
half-life would also require that the source be filled 
on daily basis (if not more frequently). 

An ideal transmission source for cardiac perfu- 
sion SPECT requires that the source (1) is rela- 
tively inexpensive and commercially available, (2) 
has a long half-life for practical clinical use, and (3) 
has favorable spectral properties for gamma cam- 
era imaging and sufficient separation from the 
T1-201 and Tc-99m photo peaks. Proposed sources 
for transmission imaging and their physical proper- 
ties are listed in Table 2. 

Gadolinium-153 (Gd-153) has emerged as a 
popular choice for transmission imaging largely 

Table 2. Radionuclides Proposed 

because of its relatively long half-life (242 days) 
and approximately 100 keV (actually two peaks at 
97 and 103 keV) photon emissions, which lie 
between the T1-201 and Tc-99m photo peaks. 
Additional k-shell x-rays at 40 to 50 keV may 
contribute an additional dose to the patient and 
increase detector count rate without contributing to 
transmission image formation. Therefore, filtering 
with copper or other materials may be used to 
remove this lower-energy component. 36 

Americium-241 (Am-241) with its 59-keV emis- 
sions has also been used successfully for SPECT- 
based transmission scanning and attenuation com- 
pensation. 47 It has the advantage of a very long 
half-life (432 years) and falls below the photo peak 
energies of Tc-99m and T1-201. The photo peak of 
Am-241 is adjacent to the T1-201 energy window, 
which may present challenges for scatter compensa- 
tion techniques based on measured scatter models 
and T1-201 imaging. 

The dual nature of emission-transmission imag- 
ing requires that crossover of photons from one 
radionuclide into the energy window of the other be 
minimized by the imaging hardware and protocol 
or by applying compensation algorithms. 47,49 Rapid 
sequential imaging protocols (emission study fol- 
lowed by transmission study) and interlaced proto- 
cols (emission and transmission images acquired 
sequentially at each projection) have been pro- 
posed to minimize the crossover of the emission 
and transmission images. 5~ 

The spectral crossover characteristics depend on 
the particular combination of transmission and 
emission sources. For example, emission photons 
from Tc-99m (140 keV) can scatter and be detected 
in the Gd-153 energy window at 100 keV (Fig 5). 
Without compensation, the measured attenuation 
values can be underestimated because scattered 
photons artificially increase the measured transmis- 
sion count density, corresponding to less attenua- 
tion along the measured ray and yielding reduced 
attenuation coefficient values. 47,48 Similarly, with 

for SPECT-Based Transmission Imaging 

Photon Emissions 
Nuclide Decay Mode (keY and yield [%]) 

K-Shell X-Ray Emissions 
(keV and yield [%]) Half-Life 

Technetium-99m IT 140 (89) 
Thallium-201 EC 135 (3), 167 (10) 
Gadolinium-153 EC 97 (28), 103 (20) 
Cobalt-57 EC 122 (86), 137 (10) 
Americium-241 Alpha 59 (36) 

18-21 (6) 6 h 
69-82 (94) 73 h 
41-48(119) 242 d 

N/A 271 d 
N/A 432 y 

Abbreviations: EC, electron capture; I% isomeric transition; alpha,alpha decay. 
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Fig 5. iterative reconstruction of a Tc-99m sestamlbl pa- 
tient study (transsxial slices). The quality of images recon- 
ctructcd with the maximum likelihood algorithm (beginning 
with a uniform image) and attenuation correction improves 
with successive iterations. After a point, however, image 
noise begins to degrade the image, as can be seen in an image 
produced by 100 iterations. Starting the process with an 
image reconstructed by filtered back-projection may reduce 
the number of iterations. 

Gd-153 as the transmission source, photons can 
down-scatter and be detected in the 69- to 80-keV 
energy window of T1-201. As a result, count 
distributions may be artificially (and nonuniformly) 
increased in the T1-201 image, leading to reduced 
image quality. Similar situations may exist for 
other source combinations. 

Because the transmission image is usually ob- 
tained using different photon energy compared 
with the emission image in simultaneous acquisi- 
tion, the attenuation map must correspond to the 
photo peak emission energy: 2 A linear scaling has 
been implemented but may not be sufficient for 
bone, particularly for the lower-emission energy of 
T1-201. 48 This step requires an assumption about 
the photo peak scatter components of the emission 
and transmission images because attenuation coef- 
ficient values depend on the proportion of scatter in 
these images, as described earlier. Further improve- 

ments in attenuation compensation methods will 
likely result from the use of Compton scatter 
correction techniques. 

Acquisition of Transmission Scans 

The transmission-based approach to attenuation 
compensation requires that the emission and trans- 
mission images be spatially aligned (registered) in 
three dimensions. Alignment errors caused by 
shifting of the patient between transmission and 
emission scans of a sequential acquisition protocol, 
for example, can cause significant errors in the 
corrected images. The importance of this require- 
ment has been recognized for PET 53 and applies 
equally to S P E C T .  54-56 Alignment is especially 
important for the lateral wall of the left ventricle 
where myocardium and lung abut .  13 A misalign- 
ment between the attenuation map and emission 
image in this region would cause improper attenua- 
tion compensation of the heart's lateral wall, depend- 
ing on the nature of the misalignment. 

Most commercial systems are being developed 
for simultaneous acquisition. However, sequential 
scanning protocols can minimize the effect of 
spectral crossover between the emission and trans- 
mission sources but limit the timing of injection 
and imaging options. They also require the patient 
to remain motionless between the emission and 
transmission scans to preserve registration of the 
emission and transmission data. 

Image noise is present in both the emission and 
transmission projections. Noise in the transmission 
scan is driven by the lowest-count projections in 
the acquisitions. As the transmission sources decay 
and are used with heavier patients, the noise will 
increase because fewer photons will pass through 
the patient. The transmission scan must, however, 
be of sufficient statistical certainty that errors 
introduced into the attenuation map do not signifi- 
cantly affect the attenuation compensated emission 
image. These errors can be propagated from the 
attenuation map into the emission images by the 
attenuation compensation algorithm. It has been 
shown in simulation with a converging geometry 
approach to transmission imaging that with trans- 
mission imaging methods for SPECT, noise in the 
emission images is the limiting factor when com- 
pared with noise in the transmission images. 57 In 
PET, the problem is somewhat reversed in that the 
transmission statistics are the limiting factor. 58 

One solution to the problem of noise in the 
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transmission scan with PET has been to segment an 
attenuation map into regions of similar tissue 
composition to which previously determined attenu- 
ation coefficients are assigned, generating a "noise- 
free" estimate of the attenuation map. 58 A compen- 
sation for attenuation is calculated from these data 
and applied to the emission data. Similar methods 
have been shown for cardiac SPECT. 59,6~ This 
approach requires further investigation for SPECT, 
where it may also offer a solution to the problem of 
down-scatter into the transmission image by assign- 
ing known coefficients to affected regions. A rapid- 
acquisition transmission image with lower counts 
could then potentially be used for attenuation 
compensation. A potential limitation to the seg- 
mented approach is that the "perfect" resolution 
images that result may lead to a resolution mis- 
match between the emission and transmission im- 
ages. This effect is most critical at borders between 
significantly different attenuating tissues such as 
the lateral wall-right lung interface, where artifacts 
may result from misregistration. 53,54 Therefore, the 
spatial resolution of the two images must be similar 
and objective methods for determining the seg- 
mented boundaries must be established to make 
this approach optimal for clinical SPECT. 

Attenuation Maps Without Transmission Imaging 

Techniques for obtaining patient-specific attenu- 
ation maps without transmission imaging have also 
been reported. 61-63 These techniques seek to seg- 
ment the body by defining the boundaries of the 
lungs and the body surface. Tc-99m macroaggre- 
gated albumin (MAA) is used to define the lung 
boundaries. The body surface is determined either 
by use of a scatter window 62 or use of a flexible 
body wrap containing Tc-99m. 63 Once attenuation 
coefficients are assigned to the segmented map, it is 
used in the same manner as transmission-based 
attenuation maps. These methods have shown suc- 
cessful attenuation compensation in experimental 
studies and a small number of patients, but remain 
to be demonstrated as a clinically practical ap- 
proach. 

Iterative Reconstruction 

To date, no analytical solution exists for the 
reconstruction of the tracer distribution with attenu- 
ation compensation in a nonhomogeneous medium. 
A mathematical approach to solving thi s problem is 
the use of iterative reconstruction algorithms. Itera- 

tive algorithms were first proposed for image 
reconstruction as algebraic solutions to large sys- 
tems of discrete equations describing the process of 
SPECT. 26 It was recognized that the physical 
factors affecting the formation of projection images 
could be included in the terms of the equations. 
More recently, two broad classes of iterative recon- 
struction algorithms have emerged for application 
to attenuation correction in cardiac SPECT: itera- 
tive filtered back-projection algorithms 64-66 and 
statistical reconstruction algorithms. 3~ Iterative 
algorithms model the SPECT acquisition using a 
mathematical representation of the projection im- 
age formation process (reprojector), a back- 
projector algorithm, an initial estimate of the 
transverse tracer distribution, and the attenuation 
coefficient map. These algorithms differ from the 
analytic filtered back-projection algorithm in that 
they attempt to improve the accuracy of the tracer 
distribution through successive image approxima- 
tion that includes the physics of the imaging 
process. 

Iterative Filtered Back-projection 

The Chang method described earlier forms a 
basis for the class of reconstruction algorithms 
referred to as iterative filtered back-projection 
(IFBP) algorithms. These algorithms use the FBP 
algorithm as the back-projector component. With 
these algorithms, an initial uncorrected FBP recon- 
struction is typically used as the initial tracer 
estimate. Several hybrid approaches that combine 
preprocessing techniques with IFBP for attenuation 
correction have also been described. 65-69 An impor- 
tant characteristic of the IFBP and hybrid algo- 
rithms is that they very rapidly approach an image 
beyond which no significant change in the image 
data occurs with successive iteration. The rapid 
convergence can be accounted for largely by the 
facts that these algorithms use (1) a difference 
calculation between the measured and reprojected 
data, (2) the ramp filter of the FBP algorithm as the 
basis for back-projection, and (3) a multiplicative 
operation with the attenuation compensation matrix 
where values can be significantly greater than 1.0. 
However, the combined effects of these properties 
leads to an increase in image noise and artifacts for 
higher iteration numbers that can degrade image 
quality and quantitative accuracy. 3~ Noise filtering 
or other mathematical techniques must be used to 
constraint the pixel values to resemble their neigh- 
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bors and prevent image artifacts. 64,65,7~ When the 
reprojected estimates approximate the measured 
images with a predetermined accuracy, the process 
is said to have converged. In the strict sense, 
convergence of any iterative algorithm represents 
an ideal result that can only be achieved with some 
bias. 70 

The point to which IFBP algorithms converge 
and their mathematical properties are not as well 
defined mathematically as other proposed algo- 
rithms. 71 They can be modified to incorporate 
Compton scatter and spatial resolution information 
in addition to the attenuation map in the reprojec- 
tion steps of the algorithm. 64 However, even with- 
out the strong theoretical basis of other iterative 
algorithms, IFBP algorithms have shown signifi- 
cant potential to improve the diagnostic accuracy of 
cardiac SPECT with attenuation correction. 71 

Statistical Reconstruction Algorithms 

Statistical reconstruction algorithms are based 
on the probability of photon interaction and detec- 
tion given attenuation and other physical factors 
affecting photon transport. They attempt to recon- 
struct the images based on the quantitative criteria 
they are optimizing. 3~ These algorithms also 
require an imaging model for reprojection that can 
incorporate physical factors affecting the accuracy 
of the projections such as attenuation, Compton 
scattering, the statistics of radioactive decay, and 
variable spatial resolution. 72"74 

One of the important developments was the 
demonstration that the maximum-likelihood crite- 
ria commonly used in statistical analysis could be 
used to accurately reconstruct nuclear medicine 
images. 75 The maximum-likelihood expectation 
maximization (MLEM) implementation of this al- 
gorithm was later investigated for attenuation com- 
pensation in cardiac SPECT. 3~ The MLEM algo- 
rithm attempts to determine the tracer distribution 
that would most likely yield the measured projec- 
tions given the imaging model and attenuation 
map. The MLEM algorithm converges slowly, 
requiring many more iterations than the IFBP 
algorithms. The slowly converging characteristics 
of this algorithm yield greater control over image 
noise. 3~ An example of the reconstruction of the 
myocardium with the MLEM algorithm is shown in 
Figure 6. The point of convergence of this algo- 
rithm and related number of iterations for clinical 
use is a source of debate. 7~ To date, there is no 
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Fig 6. Down-scatter from the emission radiopharmeceuti- 
cal can degrade the quality of n transmission scan, This figure 
shows transmission transaxials from a Tc-ggm sectamibi scan 
made with Gd-153 scanning line sources. The density of the 
body in the area of the heart (shown by the arrows) is 
underestimated because of down-scatter of Tc-99m photons 
(140 keV) into the Gd window (centered on 140 keV). 

common rule for stopping the algorithms after an 
optimal number of iterations on clinical data, and 
protocols describing the optimal number of itera- 
tions will largely be empirically based. 

Recently, the MLEM algorithm has been imple- 
mented for iterative reconstruction of images by the 
Ordered-Subsets Expectation Maximization 
(OSEM) approach. 77 This approach performs an 
ordering of the projection data into subsets. The 
subsets are used in the iterative steps of the 
reconstruction to greatly speed up the reconstruc- 
tion. The advantage of the OSEM is that an order of 
magnitude increase in computational speed can be 
obtained. 

Statistical-based reconstruction algorithms can 
also be used to reconstruct the attenuation maps 
from transmission scanning. 48 These algorithms 
have shown advantages over the FBP algorithm 
approach for estimating attenuation maps in the 
presence of transmission projection truncation that 
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can occur with converging imaging geometry. 37 
However, in the absence of truncation, both meth- 
ods yield accurate attenuation coefficient values 
and accurate attenuation compensation, providing 
that adequate statistics are available. 

SCATTER COMPENSATION 

Scatter compensation methods for SPECT re- 
quire estimation of the number of scattered photons 
in each pixel of the image. This is a complex matter 
because the scatter component of the image de- 
pends on the energy of the photon, the energy 
window used, and the composition and location of 
the source and the scattering medium. 78,79 These 
methods can be divided into three broad categories: 
energy-window-based methods, deconvolution 
methods, and reconstruction-based methods. 

One of the earliest and most widely used energy- 
window-based methods is the dual-window scatter 
subtraction method suggested by Jaszczak et al for 
Tc-99m. 8~ This method requires a second energy 
window at a lower energy (127 to 153 keV) than 
the photo peak window (127 to 153 keV). A 
fraction of this window is subtracted from the 
photo peak window. The dual-window technique 
makes the assumption that the scattered photons in 
the scatter window are linearly proportional to the 
scattered photons in the photo peak window. The 
triple-energy-window technique (TEW) uses scat- 
ter windows on either side of the photo peak 
window. The contribution of scattered photons to 
the photo peak window is estimated as the average 
counts in the two scatter windows normalized to 
the photo peak windows. 81 Scatter compensation 
techniques using many energy windows have also 
been suggested. 82,83 At best, energy-window-based 
methods can provide only approximate scatter 
compensation and may result in an increase in 
image noise. 84 

Deconvolution techniques for scatter compensa- 
tion assume that the scattered photons within the 
image can be modeled by a function independent of 
the scattering medium distribution. Scatter is re- 
moved or deconvolved from the image by restor- 
ative filtering methods. 85,86 Although these methods 
only require that a single energy window be 
acquired, they can also only provide approximate 
scatter compensation. 

Reconstruction-based methods incorporate com- 
pensation for Compton scatter directly into the 
iterative reconstruction. 87-89 The physics of photon 

interactions provides a relationship between image 
scatter and the attenuation distribution in patients, 
suggesting that a measured attenuation map (from a 
transmission scan) can be used in conjunction with 
the source distribution provided by the emission 
scan to provide a study-specific correction. 9~ Recon- 
struction-based techniques using this information 
incorporate a physical model of the scattering 
process in the iterative reconstruction algorithm 
information. 91-94 Preliminary results suggest that 
these methods, although complex, hold a great deal 
of promise. 

RESOLUTION RECOVERY 

Several approaches have been proposed to com- 
pensate for the loss of resolution with distance from 
the collimator and the resulting distortions pro- 
duced in the SPECT images. Analytical approaches 
to the problem of distance varying the resolution 
model the shape of the collimator response to 
remove the effects from the image. 95,96 Another 
approach is to use the Frequency Distance prin- 
ciple, 97'98 which states that points at a specific 
source-to-detector distance correspond to specific 
regions in frequency space of the sinograms Fou- 
rier transform. Applying a spatially variant inverse 
filter to the sinograms performs the resolution 
recovery. This inverse filtering is relatively fast, but 
care must be taken not to amplify noise in the 
image. 

Resolution recovery can also be included in 
iterative reconstruction methods. It is possible to 
include resolution recovery in both iterative filtered 
back-projection 64,99 and maximum likelihood recon- 
struction techniques. 72,73 These methods take con- 
siderably more computations to implement than the 
FDP but have potential to more accurately compen- 
sate for the resolution response. 74 

COMBINING ATFENUATION COMPENSATION, 
SCATTER COMPENSATION, AND 

RESOLUTION RECOVERY 

Preliminary results with attenuation compensa- 
tion suggest that both 180 ~ and 360 ~ scans can be 
significantly improved. 1~176176 It has been shown that 
when there is significant hepatic or abdominal 
tracer uptake lying adjacent to the inferior wall of 
the heart, photons can scatter into this region, 
affecting interpretation of perfusion. 21-23 The region 
of the abdomen just inferior to the heart normally 
consists of homogeneous soft tissue. Attenuation in 
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this homogeneous region can be several times 
greater than for the nonhomogeneous thorax. After 
attenuation compensation, the brightness of abdomi- 
nal activity normally suppressed by the homoge- 
neous attenuation below the heart may be signifi- 
cantly increased relative to the myocardial walls l~ 
(Fig 7). It has also been shown that attenuation 
compensation without scatter compensation can 
result in an artificial increase in inferior wall 
counts. 23,56 Other reports show that photo peak 
scatter compensation further improves image accu- 
racy when combined with attenuation compensa- 
tion. It has become evident in recent reports that 
photo peak scatter compensation is essential for 
accurate attenuation compensation. 59,~~ 

As described in the literature, optimal accuracy 
of SPECT image reconstruction will require com- 
pensation for Compton scatter, the distance- 
dependent spatial resolution of collimated SPECT 
systems, and image noise together with the attenua- 
tion compensation. 68,74,1~176 Iterative reconstruc- 
tion algorithms provide the opportunity to investi- 
gate complete compensation of cardiac SPECT 
images for the effects of the patient's anatomy as 
described by the attenuation map and the limited, 
spatially varying resolution of SPECT. It is antici- 
pated that further improvements in the accuracy of 
cardiac SPECT reconstruction and diagnostic accu- 
racy will result as these methods evolve. 

When quantification is used, compensated nor- 
mal files have been shown to provide statistically 

significant reductions in variability with some 
methods improving the certainty of interpreta- 
tion. 7,1~176 The wide variety of techniques being 
implemented will require that normal files be 
specific for a given compensation technique, or it 
must be shown that the abnormality criteria are 
independent of the method. Ideally, proper compen- 
sation would yield images with counts related 
linearly to the true tracer concentration and there- 
fore independent of technique. 

ATTENUATION COMPENSATION AND DUAL 

ISOTOPE PROTOCOLS 

The difference in the emission energy of T1-201 
and Tc-99m yield different attenuation patterns and 
must be interpreted appropriately? ,4 Generally, at- 
tenuation effects are greater in magnitude with 
T1-201 compared with the lower emission energy. 
For the sequential resting T1-201/stress Tc-99m 
sestamibi SPECT protocols, ~~ the differences in 
attenuation can be a source of diagnostic error, 
particularly for the nonexpert. Increased attenua- 
tion of T1-201 from breast tissue can yield the 
appearance of a "reverse redistribution" because 
the same pattern may appear less severe in the 
stress sestamibi image and may be attributed to 
artifact) ~ T1-201 images also have reduced con- 
trast relative to Tc-99m agents because of the 
increased proportion of photo peak scatter. This 
tends to make the left ventricular chamber appear 
smaller in the resting T1-201 image compared with 

Fig 7. Attenuation correction 
will alter the appearance of extra- 
cardiac activity as well as the 
appearance of the myocardium. 
The short-axis slices in this Tc- 
99m sestamibi stress study with 
mild to moderate diaphragmatic 
attenuation (apex to base shown 
left to right) show that activity 
below the septal wall of the heart 
can become much more pro- 
nounced when attenuation cor- 
rection is applied (even with the 
use of window-based scatter cor- 
rection). In some cases this may 
complicate diagnoses. 

Anterior Projection 

A t t e n ~ u a t i o n ~ C o t ~ l o ~ ~  

Short Axis Slices 
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the stress Tc-99m image. In fixed defects resulting 
from scar, the contrast difference for the two 
energies may yield the appearance of partial redis- 
tribution suggestive of ischemia, requiring different 
thresholds for abnormality when interpreting. Proper 
attenuation compensation (with scatter compensa- 
tion) should minimize these differences, yielding 
images of similar accuracy. 

Proposed simultaneous T1-201/Tc-99m ses- 
tamibi SPECT protocols would require compensa- 
tion for down-scatter of Tc-99m photons into the 
T1-201 energy window to become clinically fea- 
sible. 1~176 These scans could benefit from attenua- 
tion correction, but the scenario becomes more 
complicated because three different energies must 
be imaged and separated (two emission and one 
transmission). Other dual-isotope applications, such 
as sequential or simultaneous Tc-99m sestamibi 
and FlSDG SPECT for perfusion and viability, 
should also benefit from proper attenuation compen- 
sation. 109,110 

CONCLUSIONS 

Myocardial perfusion imaging with SPECT con- 
tinues to be an important diagnostic tool, but as 
other technologies advance, SPECT techniques 
must also advance to remain viable. Compensation 
for attenuation, Compton scatter, and spatially 
varying resolution are integral parts of this contin- 
ued development (Fig 8). Interest in the emerging 
compensation algorithms and instrumentation has 
prompted several recent review ar t ic les .  17,20,45,103,111 

Fig 8. Iterstive reconstruc- 
tion including attenuation, 
Compton scatter, and nonsts- 
tionary resolution compensation 
performed on the same Tc-99m 
sestamibi study of a male pa- 
tient with low likelihood for coro- 
nary artery disease shown in Fig 
2. The corrections improve the 
appearance of the uniform tracer 
distribution associated with nor- 
mal perfusion. Additional im- 
provement in image contrast is 
provided by scatter and resolu- 
tion compensation. Base (upper 
left) to apex (lower right). 

Transmission-based attenuation compensation tech- 
niques for myocardial perfusion SPECT are now a 
commercial reality, and are entering a phase of 
clinical evolution to define their benefits and lim- 
its. 7'42'56'69'100'112"117 Initial clinical results are very 
promising, however, data from ongoing prospective 
evaluation of these methods using angiographic corre- 
lation or PET imaging as a gold standard is just 
beginning to emerge. 118 These results are essential 
to define objectively the methods as accurate and 
cost-effective techniques. Standardization through 
quantification and further investigation to define 
the characteristics of the different methods will be 
important for their optimal use. Effective compensa- 
tion methods will represent a significant advance 
toward truly quantitative SPECT. Most importantly, 
the management of cardiac patients should improve 
as a result of more accurate diagnosis and expanded 
use of myocardial perfusion SPECT. 
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Technetium-99m Labeled Myocardial Perfusion 
Imaging Agents 

Diwakar Jain 

9gmTc labeled myocardial perfusion tracers have signifi- 
cantly advanced the field of noninvasive diagnostic 
evaluation and risk stratification of patients wi th  
known or suspected coronary artery disease by provid- 
ing comprehensive information about myocardial per- 
fusion and function from a single study. Of various 
currently available invasive and noninvasive test  me- 
dalities, myocardial perfusion imaging provides the 
most  powerful  prognostic information that is incre- 

mental to the information obtained from invasive 
evaluation, Future research should focus on the devel- 
opment  of perfusion tracers that linearly track myocar- 
dial blood flow over a wide range and have minimal 
splanchnic uptake. AvailabiliW of an effective attenua- 
t ion and scatter correction program would further 
eliminate some of the current limitations of th is tech- 
nique. 
Copyright �9 1999 by W.B. Saunders Company 

M YOCARDIAL PERFUSION imaging with 
radionuclides is an integral component of 

the clinical evaluation of patients with known or 
suspected coronary artery disease in current clini- 
cal practice. ] Initial attempts at myocardial perfu- 
sion imaging with potassium-43 (43K) in the early 
1970s were met with a number of technical limita- 
tions, but nevertheless provided a conceptual frame- 
work for future developments in this field. 2,3 The 
introduction of thallium-201 (2mTl) in the mid 
1970s was a turning point in the widespread 
clinical use of myocardial perfusion imaging. 4,5 
Myocardial perfusion imaging with 2~ had a 
profound impact on the diagnostic evaluation, risk 
stratification, and therapeutic decision making in 
patients with coronary artery disease over the next 
2 decades. However, 2mTl has several important 
limitations, and the search for better myocardial 
perfusion imaging agents started soon after its 
clinical introduction. 6,7 The vulnerability of 2roT1 to 
attenuation artifacts caused by the relatively lower 
energy of emitted photons and lower count rates 
caused by the dose constraints may result in poor or 
suboptimal images in a significant proportion of 
studies. Because of the dynamic nature of its 
kinetics, ie, redistribution, image acquisition should 
start soon after injection of 2inTl. Therefore, 2mTl is 
not suitable for situations in which immediate 
imaging may not be possible, such as in patients 
with acute myocardial infarction or in the setting of 
chest pain centers. Compared with 2~ technetium- 
99m (99mWC) yields relatively higher energy photons 
and can be used in much higher doses. 99roTe Can be 
incorporated into a wide range of organic as well as 
inorganic molecules, which can be used to study 
various anatomic, physiological, and biochemical 
phenomena in the body. Therefore, 99mTc was the 
radioisotope of choice for the development of the 

next generation of myocardial perfusion imaging 
agents. Another major advantage of 99mTc labeled 
agents over 2~ is that simultaneous assessment of 
myocardial perfusion and function can be obtained 
from a single study, s 99mTC sestamibi has been in 
clinical use for over 8 years and 99roTe tetrofosmin 
for nearly 3 years in the United States. A number of 
newer 99roTe labeled agents that are under develop- 
ment may be available clinically in the future. 

HISTORICAL DEVELOPMENT OF 99roTe 
PERFUSlON TRACERS 

The observation of Deutsch et al 6,7,9-11 of cardiac 
uptake of lipophilic 99mTc cations (99mTc[III] com- 
pounds with § 1 charge) stimulated interest in the 
development of 99mTc myocardial perfusion imag- 
ing agents. As a class, these agents can be schemati- 
cally represented as (99mTc[ligand]2 X 2) +. (99mTc 
[DMPE]2C12) § (DMPE = 1,2 bis-dimethyl phosphi- 
noethane) was used initially in human studies. ]~ 
Although these early agents yielded images of 
acceptable quality in animal models, the image 
quality was very poor in humans because of 
excessive liver and lung uptake and poor myocar- 
dial uptake. Furthermore, there was rapid washout 
of the myocardial activity. It was subsequently 
realized that significant differences exist among 
99mTc cationic agents depending on their lipophilic- 
ity, vulnerability to in vivo reduction to neutral 
compounds, and affinity for binding to various 
circulating proteins. ]] These factors are responsible 
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for marked qualitative differences among different 
99mTc cationic perfusion agents. Furthermore, there 
can be significant interspecies differences in the in 
vivo binding of various agents to plasma proteins. 
It is now known that poor quality of (99mTC 
[DMPE]2CI2) + for myocardial perfusion imaging 
in human studies is attributable to the fact that this 
is not a stable in vivo cationic compound. In 
humans, this is rapidly reduced to a neutral Tc(II) 
compound ([99mTc (DMPE)2C12] + + e - =  [99mTC 
(DMPE)2C12] 0).11 This neutral species washes out 
of the myocardium and accumulates in the liver and 
several other organs. A wide range of 99mTc core 
agents, isonitriles, bis-arenes, and hexakis-phos- 
phites, were tested for their potential for myocar- 
dial perfusion imaging. Although many of these 
agents showed good myocardial uptake in animal 
models, they failed to achieve adequate clearance 
from nontarget tissues, particularly blood and liver 
and sometimes lungs, resulting in poor image 
quality in humans. Among the initial compounds 
tested, only hexakis-isonitrile compounds showed 
promise for use in myocardial perfusion imaging in 
humans, t2,13 99mTc sestamibi belongs to this group 
of agents and is currently in extensive clinical u se.8,14-]7 

Research on diphosphine ligands yielded com- 
pounds with heteroatomic function instead of simple 
alkyl or aryl groups. This overcame some of the 
problems encountered with earlier diphosphine 
ligands. Several new 99mTc diphosphine com- 
pounds were developed with characteristics suit- 
able for myocardial perfusion imaging in hu- 
mans. 18"24 Among these agents, tetrofosmin was 
found to be the most suitable. Another series of 
mixed ligands called Q complexes was developed. 
Q3 and Q12 have characteristics suitable for myo- 
cardial perfusion imaging but are not approved for 
clinical use. 25-31 

Apart from the cationic agents mentioned earlier 
some neutral agents also have been found to have 
potential for myocardial perfusion imaging. 32-38 
99mTc labeled myocardial perfusion imaging agents 
can be divided into two broad categories: lipophilic 
cationic agents, consisting of (1) isonitriles (ses- 
tamibi), (2) diphosphines (tetrofosmin), and (3) Q 
complexes; and lipophilic neutral agents, consist- 
ing of (1) teboroxime and (2) N-NOET. 

SESTAMIBI 

The isonitrile complexes have a general formula 
of (Tc[CNR6]) § Of the various isonitrile deriva- 

fives tested, methoxyisobutyl isonitrile (sestamibi, 
Du Pont Pharmaceuticals, North BiUerica, MA) has 
the most favorable characteristics for myocardial 
perfusion imaging. 12-14 After intravenous injection, 
99mTc sestamibi rapidly clears from the blood 
pool. 14 The peak activity is seen at 1 minute after 
injection, and <5% activity is seen 5 minutes 
postinjection. Myocardial uptake is 1% of the 
injected dose after rest injection and 1.4% after 
exercise injection at 1 hour postinjection. 14 Ses- 
tamibi is formulated in a kit preparation, and 
radiolabeling is performed by boiling with 99rnTc 
pertechnetate. 99mTc sestamibi is mainly excreted 
by the hepatobiliary system, with a small renal 
excretion. 14 The upper large intestine, small intes- 
tine, and gall bladder get the highest radiation dose. 
With a 30-mCi injection, upper large intestines 
receive 4.6 and 4.7 fads respectively with exercise 
and rest injection. With a dose of 30 mCi, the 
whole-body radiation dose is 0.49 rads in exercise 
studies and 0.46 rad for rest studies. 14 

TETROFOSMIN 

Tetrofosmin (1,2-bis[bis(2-ethoxyethyl)phosphi- 
no]ethane), (Nycomed Amersham, Princeton, NJ) 
is formulated in a freeze-dried kit that can be 
labeled with 99mTc at room temperature to give a 
lipophilic dioxomonocation complex ([99mTc(tetro- 
fosmin)202]+). 2~ The labeled preparation is stable 
for more than 8 hours. 2~ 99roTe tetrofosmin has rapid 
blood clearance with less than 5% blood pool 
activity at 10 minutes postinjection. Figure 1 shows 
blood clearance curves of 99mTc tetrofosmin after 
injection at rest and during exercise. The heart is 
well visualized in 5-minute images with good 
retention. Clearance from the liver is rapid. Approxi- 
mately 1.2% of the administered dose is taken up 
by the myocardium in resting as well as in exercise 
studies. The liver uptake decreases rapidly from 
7.5% +_ 1.7% at 5 minutes to 2.1% __. 1.0% at 1 
hour after rest injection. Gall bladder activity 
increases rapidly in the first 2 hours, indicating 
rapid hepatic clearance. 99mTc tetrofosmin has a 
relatively low hepatic, gastrointestinal, splenic, and 
lung uptake after stress and rest injections. More- 
over, the clearance from these organs is rapid. 23 
This allows images to be acquired soon after 
radiotracer injection. Stress images can be acquired 
5 to 10 minutes after the tracer injection, whereas 
rest images can be obtained 30 minutes after 
injection. A convenient 1-day stress-rest 99roTe 
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Fig 1. Clearance of semTc tetrofosmin from blood at rest 
( • 2 1 5  and exercise (+ ..... +) in 12 heal thy subjects 
(mean • SD). Data presented as percent injected activity In 
estimated total blood volume. Blood activity at 5 and 10 
minutes postinjection was lower in the exercise study. (P < .01) 
(Reprinted with permission, zl) 

tetrofosmin imaging protocol similar or even shorter 
in duration compared with conventional 2~ imag- 
ing is feasible. 

99~c tetrofosmin shows approximate equal clear- 
ance by both renal and fecal routes. 21 After rest 
injection, 72% +- 6% of the administered activity is 
excreted from the body by 48 hours, and after 
exercise injection, 67% -+ 6% of administered 
activity is excreted by 48 hours. Excretory organs 
(gall bladder, small and large intestines, urinary 
bladder, and kidneys) receive the highest radiation 
dose. 21 The estimated whole-body dose after 30- 
mCi 99mTc tetrofosmin administration (with bladder 
voiding at 3.5 hours) is 1.0 fads in the rest studies 
and 0.8 rads after exercise. The gall bladder 
receives the highest individual organ dose (3.7 to 
5.4 rads). 

O COMPOUNDS 

Q complexes are a series of mixed cationic 
ligands. 25"31 These complexes contain monophos- 
phine ligands complexed to a distinct Schiff base 
ligand. Two of these agents, Q3 and Q 12 (Mallinck- 
rodt Medical, St Louis, MO), have undergone 
clinical evaluation for myocardial perfusion imag- 
ing. 25,28-31 The monophosphine ligands of Q3 and 
Q12 are similar (tris[3-methoxy-l-propyl]phos- 
phine), but the Schiff base ligands are different: 
N,N'-ethylenebis(acetylacetoneimine) for Q3 and 1,2- 
bis(dihydro-2,2,5,5-tetramethyl-3 [2H]furanoato-4- 
methyleneimino)ethane for Q12. 29 Q12 has been 

formulated into a kit formulation, but no kit 
formulation has been developed for Q3. Each Q12 
vial contains an admixture of the Schiff-based and 
the monophosphine ligands. Radiolabeling requires 
boiling in a water bath for 15 minutes with sodium 
pertechnetate. Q12 is more suitable for myocardial 
perfusion imaging because of lower liver activity 
and faster liver clearance and has been used for 
further clinical evaluation. Recently, some newer Q 
compounds (Q63 and Q64) have been developed 
that have more suitable characteristics for myocar- 
dial perfusion imaging (personal communication, 
Myron C. Gerson, MD, November, 1998). How- 
ever, this new generation of Q compounds is still in 
an early stage of development. Q 12 has rapid blood 
clearance with an initial half life of 1.8 _ 0.1 
minutes. 26 Less than 5% activity is present in blood 
20 minutes after its injection at rest. Q12 is cleared 
from the body by renal as weU as hepatobiliary 
routes. After initial uptake, myocardial activity of 
Q12 remains stable with no evidence of redistribu- 
tion over a period of the next 4 to 5 hours. The 
maximum first-pass extraction (Em~x) of Q12 is 
0.29 _ 0.01. 26 

Exercise-rest 99mTc Q12 imaging compares favor- 
ably with exercise-redistribution 201Tl imaging with 
high concordance for the presence or absence of 
abnormalities and for the diagnostic categories of 
normal, ischemia, scar, or scar and ischemia. 3~ The 
FDA has asked for additional clinical data before 
99mZc Q12 can be granted approval for clinical use. 
At this point it is not clear whether the manufac- 
turer of 99mTc Q12 is planning to submit these 
required data. 

aamTc-TEBOROXIME 

99mTC teboroxime is a neutral lipophilic agent. 32-36 
The exact mechanism of its myocardial uptake is 
not known. This may be because of nonspecific 
loose binding to the cell membrane caused by its 
lipophilicity. This agent has the highest first-pass 
myocardial extraction of all myocardial perfusion 
tracers and has a linear relationship between myo- 
cardial uptake and myocardial blood flow over a 
very wide range (0 to 4.5 mL/min/g). 36 Despite this, 
the overall clinical experience has been rather 
disappointing because of its very short myocardial 
residence time. Two thirds of myocardial activity 
washes out within 3.6 +_ 0.6 min. 36 Myocardial 
imaging should be finished within 5 to 6 minutes of 
its injection, which is difficult in most clinical 
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studies. This agent shows differential washout from 
the normal and ischemic myocardium. 33 Rapid 
dynamic imaging has been proposed to differenti- 
ate normal from ischemic myocardium from a 
single stress study. 33 Teboroxime also binds to red 
blood cells, which may partly account for rapid 
washout from the myocardium. 34 This agent is 
currently not in clinical use. 

99mTc-N-NOET 

99mTc N-Noet (CISBio International, France) is a 
member of a class of neutral myocardial perfusion 
imaging agents, 99mTc nitrido dithiocarbamates, 
which are characterized by the presence of the 
99mTc N triple-bond group (Tc N)2+.37 Chemically, 
this agent is called bis(N-ethoxy, N-ethyl dithiocar- 
bamato) nitrido 99mTc(V). This lipophilic com- 
pound is prepared through a two-step reaction; the 
first step involves boiling 99mTC pertechnetate with 
an acidic solution containing an admixture 
of trisodium tri(m-sulfophenyl) phosphine and 
S-methyl N-methyl dithiocarbazoate for 20 min- 
utes. 38 This intermediate compound bearing the 
( T c -  N) 2§ core is then mixed with dithiocarba- 
mate ligand to obtain neutral 99mTc N-Noet. The 
radiochemical purity is checked by thin-layer chro- 
matography. After the initial injection of 99mTc 
N-Noet, its clearance from the blood pool is 
significantly slower compared with the cationic 
agents (Fig 2). At 30 minutes after injection, blood 
activity decreased to 20% of the peak activity at 2 
minutes, but thereafter it decreased very slowly 
with 19% activity at 90% and 14% at 240 min- 
utes. 38 These levels are much higher that those 
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observed with 2roT1 and cationic 99mTc labeled myo- 
cardial perfusion imaging agents. 99mTc N-Noet 
also showed a rapid washout. Relative to the 
myocardial uptake at 5 minutes postinjection, car- 
diac uptake decreased by 44% after 60 minutes in 
myocardial segments with normal perfusion. 38 In 
segments with decreased myocardial perfusion and 
decreased uptake initially, there is an increase in 
activity over time. However, in the presence of 
continued low flow, this process is much slower, 
whereas if flow is normalized after the initial 
uptake, redistribution is almost complete within 90 
minutes.38, 39 

Despite very interesting data from the animal 
studies, only limited human studies have evaluated 
the role of 99roTe N-Noet imaging for the detection 
of coronary artery disease. 4~ This agent is not yet 
approved for routine clinical use. Clearly, there is a 
need for more human studies. 

Table 1 summarizes the important characteristics 
of the major myocardial imaging agents. However, 
none of these radiotracers meet the requirements of 
an ideal perfusion tracer. An ideal perfusion tracer 
should have a high first-pass extraction with stable 
myocardial retention, which linearly tracks myocar- 
dial blood flow over a wide range. Hepatic and 
gastrointestinal uptake should be minimal with 
exercise as well as with pharmacological stress and 
rest studies. Tracers that redistribute, but in a 
predictable and reliable manner, and allow a clini- 
cally viable imaging protocol also potentially are 
useful. Future research should focus on the develop- 
ment of perfusion tracers to meet these require- 
ments. 

2 4 8 15  3 0  6 0  9 0  
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120 180 240 
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Fig 2, Blood activity of 99mTc 
N-Noet and S"mTc sestamibi from 
blood expressed as percent 
(mean • SD) of the activity at 2 
minutes postinjection in an ex- 
perimental canine preparation. 
(Reprinted with permission, ss) 
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Table 1. Properties of Different •mTc Labeled Myocardial Perfuslon Imaging Agents 
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Sestamibi Tetrofosrnin Q12 Teboroxime N-Noet 

Chemical structure Cationic Cationic Cationic Neutral Neutral 
Kit formulation Available Available Available Available Two-step kit 
Labeling Boiling Room temperature Boiling Boiling Boiling 
Redistribution Minimal None None Significant Significant 
FP extraction (%) 0.39 -+ 0.09 0.24 0.26 -+ 0.01 0.88 0.76 -+ 0.04 
Myocardial uptake with injection at rest (%) 1.0 1.2 1.2-2.2 3-4* 4 
Excretion Mainly Renal and Hepatobiliary Hepatobiliary Hepatobiliary 

hepatobiliary hepatobiliary and renal 
Liver uptake + + + + + + + + + + + Unknown 
Heart-to-liver ratios 15 to 20 min postinjec- 0.65 1.2 -+ 0.3 0.95 -+ 0.15 Negligible Unknown 

tion (exercise studies) 
Heart-to-liver ratios 15 to 20 min postinjec- 0.5 -+ 0.1 0.78 -+ 0.14 0.75 Negligible Unknown 

tion (rest studies) 

Abbreviation: FP, first pass. 
*Soon after the tracer injection, washes out within minutes. 

MECHANISM OF MYOCARDIAL UPTAKE OF 
99rnmc PERFUSION IMAGING AGENTS 

Myocardial 2~ uptake occurs through ATPase 
dependent Na+/K + channels. The myocardial up- 
take mechanism of 99mTc labeled agents is quite 
different and differs for cationic and neutral agents. 
The cellular uptake of all cationic 99mTc perfusion 
agents is similar and is independent of Na+/K + 
channels. This is mediated by a nonspecific charge- 
dependent transfer of lipophilic cations across the 
sarcolemma. Unlike 2~ cellular uptake of these 
cationic agents is not affected by cation channel 
inhibitors such as ouabain, amiloride, bumetanide, 
nifedipine, or by acidosis. 41-45 However, the uptake 
of these agents is inhibited by the metabolic 
inhibitors, iodoacetic acid and 2,4-dinitrophenol, 
which interfere with potential across the sarco- 
lemma? TM The uptake of cationic agents is depen- 
dent on their lipophilicity. However, the require- 
ment of cellular metabolic activity rules out 
lipophilicity alone as the mechanism for cellular 
uptake of these tracers. 

In isolated adult rat ventricular myocyte prepara- 
tions, uptake of 99mTc cationic agents is found to be 
a metabolism-dependent process that does not 
involve cation channel transport and is caused by 
electrochemical potential-driven diffusion of the 
lipophilic cations across the sarcolemmal and mito- 
chondrial membranes. 42,43,45 Thus, cationic techne- 
tium agents differ from 2~ in that they do not act 
as potassium analogs, but do require metabolic 
integrity for uptake by the myocytes. 

Inside the myocytes, the mitochondria are the 
predominant site of localization of these cationic 
agents, although there is a small difference in the 

mitochondria-associated fraction of various 99mTc 
cationic perfusion tracers. 42,43,46 Studies using iso- 
lated mitochondrial preparations show rapid mito- 
chondrial uptake of 99roTe cationic agents in the 
presence of oxidative substrate. 44 Addition of the 
mitochondrial uncoupler 2,4-dinitrophenol causes 
release of most of the activity. Figure 3 shows the 
kinetic effects of oxidative mitochondrial coupling 
(by addition of succinate) and oxidative uncoupling 
(by addition of 2,4 dinitrophenol) on 99rnTc tetrofos- 
min uptake by the isolated mitochondria. Mitochon- 
drial localization of 99mTc cationic agents appears 
to be related to a high negative charge ( -1 6 5  mV) 
across the mitochondrial membrane compared with 
other intracellular organelles. Mitochondrial up- 
take of 99mTc cationic agents requires integrity of 
their oxidative metabolism. These data support a 
theoretical role for 99roTe cationic agents as a means 
of assessing myocardial viability, as described in a 
later section of this article. 

Washout of activity from myocytes loaded with 
99mTc cationic agents has been studied by transfer- 
ring these cells to a 99mTc free medium. Washout is 
found to be much slower than uptake and is 
biexponential with two compartments (approxi- 
mately 20% and 80%). The half lives of these 
compartments are 8.5 and 246 minutes for 99roTe 
tetrofosmin and 6 and 90 minutes for 99roTe ses- 
tamibi. 41,43 This explains the apparent lack of or 
minimal redistribution with 99rnTc cationic agents in 
human studies. 

99mTc labeled cationic perfusion tracers are also 
taken up by various tumors in in-vivo or in in-vitro 
cell cultures. 47"49 The mechanism and kinetics of 
myocellular uptake and tumor cell uptake are quite 
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Fig 3. Kinetics of "mTc tetro- 
fosmin uptake by isolated mito- 
chondria from rat heart sus- 
pended in a medium containing 
"mTC tetrofosmin. Mitochondrial 
binding of 99mTc tetrofosmin was 
assessed from aliquots of mito- 
chondrial suspension, drawn at 
various time points. The addi- 
tion of succinate, an energy 
source for the mitochondria, re- 
sulted in immediate uptake of 
99mTc tetrofosmin by the mito- 
chondria, and the addition of 
dinitrophenol, an uncoupler of 
mitochondrial oxidative phos- 
phorylation, resulted in immedi- 
ate release of SSmTc tetrofosmin 
from the mitochondria. (Re- 
printed with permission. 4a) 

similar, and this fact has been used for studying the 
myocardial uptake mechanism using tumor cell 
culture preparations. 4749 These tracers are also 
finding application for tumor imaging, and have 
been successfully used for breast tumor imaging: ~ 

The myocardial uptake of neutral compounds is 
attributable to their lipophilicity, and the myocyte 
membrane is the predominant site of their localiza- 
tion with no specific localization in the cytosolic 
and mitochondrial components. 51,52 

RELATIONSHIP BETWEEN MYOCARDIAL 
BLOOD FLOW AND RADIOTRACER UPTAKE 

The first-pass myocardial extraction fraction and 
the myocardial blood flow-tracer extraction relation- 
ship over a wide range of myocardial perfusion are 
the two important characteristics of myocardial 
perfusion tracers. An ideal tracer should have a 
high (close to 1.0) first-pass extraction with a linear 
relationship between myocardial tracer accumula- 
tion and myocardial perfusion over the physiologi- 
cal range of myocardial blood flows. First-pass 
extraction is studied in experimental animal models 
by simultaneous injection of known activities of the 
myocardial perfusion tracer and a nonextractable 
radiotracer, such as 131I or 111In labeled albumin, in 
the left atrium with continuous coronary sinus 
blood sampling. The ratio of the two agents in 
coronary sinus blood provides an index of first-pass 
extraction. None of the perfusion tracers has a 

first-pass extraction fraction of 1.0. 2~ has a 
first-pass extraction of 0.73, whereas all 99mTc 

cationic agents have significantly lower first-pass 
extraction fraction (0.24 to 0.39) (Table 1). In 
contrast, the lipophilic neutral 99mTc labeled agents 
have significantly higher first-pass extraction (0.76 
for 99mTc N-Noet). 

The relationship between myocardial flow and 
radiotracer accumulation has been studied in a 
canine model of coronary artery occlusion and 
pharmacological hyperemia and by simultaneous 
left atrial injection of the radiotracer and radiola- 
beled microspheres, which are completely trapped 
in the capillaries. 46,53"55 With all cationic 99mTc 
labeled agents and 2~ a linear correlation be- 
tween microsphere-determined regional blood flow 
and radiotracer uptake is seen only over a relatively 
narrow blood flow range. Overestimation of the 
myocardial blood flow occurs in segments with 
very low flows, whereas underestimation of the 
flow occurs in segments with very high flow rates 
(roll-off). The threshold at which roll-off occurs 
varies among different tracers. 99mTc labeled neu- 
tral agents show a linear relationship over a rela- 
tively wide range. 2~ shows a linear relation over 
a range of 0.3 to 2.5 mL/min/g. As a class, 99mTc 
cationic agents have the narrowest range over 
which this liner relationship is observed (0.3 to 2.0 
mL/min/g). Among different cationic agents, there 
are only minor differences for threshold at which 
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roll off occurs. 53,54 Preliminary studies indicate that 
the second generation of Q compounds (Q63, Q64) 
may have a linear relationship between flow and 
tracer uptake over a wider range (personal commu- 
nication, Myron Gerson, MD, November, 1998). 

Unlike the cationic agents, 99mTc N-Noet and 
99mTc teboroxime do not show a roll-off even at 
high flow rates (>3.0 mL/min/g). 33,38 This is a 
potentially attractive feature of 99mTc Noet. How- 
ever, in studies involving a segmental comparison 
between the activities of the perfusion tracer and 
simultaneously injected microspheres, differential 
washout in the interval between the radiotracer 
injection and the time when animals are killed may 
result in an apparent but small underestimation of 
myocardial flow in segments with high flow rates. 38 

Early roll-off in hyperemic segments can poten- 
tially result in a significant underestimation of 
myocardial perfusion abnormalities with lower 
grade of coronary obstruction, particularly in con- 
junction with the use of pharmacological stress 
imaging. Figure 4 gives a schematic representation 
of the relationship between myocardial flow and 
uptake of various perfusion tracers and the mecha- 
nism of potential underestimation of flow heteroge- 
neity at high flow rates because of early roll-off. 
Comparing the intensity and extent of perfusion 
abnormalities with simultaneously administered 
2~ and 99mWc tetrofosmin or 99mTc sestamibi, with 
the microsphere-determined myocardial blood flow 
in a canine model of varying degrees of coronary 

artery occlusion and adenosine induced hyperemia, 
both 2~ and 99mTc agents underestimated the flow 
heterogeneity compared with the microspheres. 46,5s 
However, the extent of underestimation was signifi- 
cantly more with 99mTc agents compared with 2~ 
This difference was seen with critical as well as 
mild stenosis. On ex vivo imaging of the heart 
slices, 99mTc defects were significantly smaller 
compared with 2~ defects. When single photon 
emission computed tomography (SPECT) images 
with 2~ and 99mTc tetrofosmin during pharmaco- 
logical stress in patients with coronary artery 
disease were compared, the differences between the 
extent and intensity of reversible perfusion abnor- 
malities were less impressive. 56 It is likely, that the 
contribution of attenuation and scatter observed in 
clinical studies decreases the potential differences 
because of the different first-pass extraction charac- 
teristics of 2~ and 99roTe cationic agents. 

REDISTRIBUTION OF 99mTc-LABELED AGENTS 

The mechanisms of redistribution or differential 
washout of 2~ and 99roTe labeled cationic agents 
and 99mTc neutral agents are quite different because 
of the different sites of intracellular localization and 
mechanism of release and uptake from the myo- 
cytes. 99mTc sestamibi shows some redistribution in 
animal studies, which at best is minimal and 
clinically unimportant in human studies. 57,58 No 
redistribution has been observed with 99mTc tetrofos- 
min and 99rnTc Q12. 59 Myocardial washout with 

Fig 4. A diagrammatic representation of 
relationship between myocardial blood f low 
and uptake of various perfusion tracers. 
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earlier 99mTc cationic agents (DMPE) agents re- 
sulted from a loss of their § 1 charge because of in 
vivo reduction, resulting in generation of neutral 
compounds that wash out of the myocardium.10 The 
currently used 99mTc cationic agents are nonreduc- 
ible in vivo, which explains their stable intracellu- 
lar retention and a lack of redistribution. 

In contrast, the neutral lipophilic agents show 
considerable redistribution and differential wash- 
out. This is partly caused by their relatively loose 
binding to the cell membrane and partly by their 
interaction with the blood components. 99mTc 
N-Noet also binds to red blood cells and albumin. 6~ 
In an experimental rat heart preparation, after a 
bolus injection of 99mTc N-Noet, a significant 
cardiac radiotracer washout was observed when 
perfused with red blood cells, but practically no 
washout was observed when perfused with red cell 
free buffer solution. The addition of albumin to 
perfusate containing red cells further enhanced the 
clearance of 99mTc N-Noet. Red blood cells incu- 
bated with a solution containing 99mTc N-Noet 
extracted significant amounts of the radiotracer. 
Addition of these red blood cells to the perfusate 
resulted in the extraction of the radiotracer from the 
red blood cells to the myocardium. Thus, 99mTc 
N-Noet has high binding affinity to blood elements 
and there is a bidirectional transfer between myocar- 
dium and blood components. This interaction be- 
tween 99roTe N-Noet and blood components may 
represent a potential mechanism of 99mTc N-Noet 
redistribution. 6~ 99mTc teboroxime also shows sig- 
nificant binding to red blood cells, but it appears 
there is no bidirectionality between the myocar- 
dium and red blood cells, 34 which may at least 
partly explain a much slower washout of the 99mTc 
N-Noet compared with 99rnWc teboroxime from the 
myocardium. 

COMPARISON BETWEEN sgmTc-LABELED 
PERFUSlON TRACERS AND 2~ 

99mTc sestamibi and 99mTc tetrofosmin have been 
compared with standard 2~ imaging in separate 
studies. Both 99mTc tracers have similar sensitivity, 
specifcity, and overall diagnostic accuracy for the 
detection of perfusion abnormalities compared with 
2~ However, these studies were not de- 
signed to evaluate the superiority of these 99mTc 
agents over 2~ Only patients with interpretable 
studies with both agents were included in the 
analysis. Despite similar overall sensitivity, speci- 

ficity, and overall diagnostic accuracy observed in 
these studies, 99mTc sestamibi and 99mTc tetrofosmin 
provide superior-quality images with higher counts. 
This difference is particularly important for SPECT 
imaging. Higher count density also allows gated 
SPECT imaging with 99mTc labeled agents. Re- 
gional myocardial wall motion and thickening and 
left ventricular ejection fraction can be derived 
from gated SPECT images. 8,66 Therefore, left ven- 
tricular perfusion and function can be evaluated 
from a single study. Gated SPECT is also helpful in 
differentiating true defects from attenuation arti- 
facts, which is particularly useful in women. 

In a study comparing interobserver agreement 
and variability in the interpretation of 99mTc tetrofos- 
min and 2~ images from a multicenter phase III 
study, where 2~ and 99raTc tetrofosmin images 
were read independently by multiple readers, a 
higher degree of interobserver agreement was ob- 
served for 99mTc tetrofosmin images compared with 
2~ images. This was attributed to the better 
image quality with 99mTc perfusion tracers. 67 

EXTRACARDIAC ACTIVITY WITH 99mTc 
PERFUSION TRACERS 

A significant difference between 2~ and 99mTC 
labeled agents is the difference in the pattern of 
extracardiac activity. Both 99mTc tetrofosmin and 
99mTc sestamibi have higher hepatic, gall bladder, 
and gut activity compared with :~ which can 
cause artifacts and difficulties in image interpreta- 
tion. Subdiaphragmatic activity is particularly 
prominent in rest and pharmacological stress stud- 
ies. Intense hepatic activity can interfere with the 
image interpretation in several ways: (1) underesti- 
mation of inferior wall perfusion abnormalities 
because of scattered counts from the liver, (2) false 
anterior perfusion abnormality caused by artifactu- 
ally higher counts in the inferior wall, (3) false 
defects in the inferior wall caused by oversubtrac- 
tion of counts from the inferior wall adjacent to hot 
liver during image processing. Figure 5 is an 
example of a pharmacological stress study in which 
intense hepatic tracer uptake interferes with image 
interpretation. Sometimes bowel loops with tracer 
activity may be close to or even overlapping the 
heart. This can substantially degrade the image 
quality and can render the images uninterpretable. 
Great caution is required in interpreting images in 
the presence of marked subdiaphragmatic activity. 
Attempts should be made to reduce the extracardiac 
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Fig 5. Adenosine stress and rest 99mTc sestamibi SPECT images of a 38-year-old obese woman with Cushing's disease, 
hypertension, and chest pain, The patient was unable to perform even low-level exercise. Note marked hepatic tracer uptake with 
artifactually high counts in the inferior wall, making it difficult to interpret the images. In addition there is some breast attenuation 
of the anterior wall. There is relatively less uptake in the anterior wall, which may be an artifact caused by high liver activity and 
breast attenuation. Gated SPECT imaging showed normal wall motion and thickening and normal left ventricular ejection fraction. 

activity by increasing the interval between the 
tracer injection and imaging and by keeping the 
patient fasting before tracer injection. Combining 
low-level exercise with dipyridamole or adenosine 
also reduces hepatic activity with resultant improve- 
ment in image quality and reduction in artifacts 
caused by hepatic activity. 68,69 If intense bowel 
activity overlapping the heart is observed during 
the image acquisition, the image acquisition should 
be discontinued and should be repeated a few 
minutes after repositioning the patient. 99mTc tetro- 
fosmin has lower subdiaphragmatic activity with 
faster clearance compared with 99roTe sestamibi. In 
a recent study, 99mTc tetrofosmin was found to have 
a higher sensitivity compared with 99mTc sestamibi 
for the detection of right coronary artery and left 
circumflex coronary artery lesions in patients with 
multivessel coronary artery disease, whereas there 
was no difference in sensitivity for detecting le- 
sions of left anterior descending coronary artery. 

This difference was attributed to the lower hepatic 
uptake observed with <~'~"Tc tetrofosmin compared 
with 99mTc sestamibi. 7~ Ingestion of milk or fatty 
food after the injection of radiotracer does not 
enhance hepatic clearance. In fact, this may result 
in more artifacts because of gall bladder activity in 
the gut. 

CLINICAL IMAGING PROTOCOLS WITH 99mmc 
PERFUSlON TRACERS 

Because 99mTc sestamibi and 99mTc tetrofosmin 
require two separate injections for stress and rest 
imaging, there is no single standard protocol for the 
performance of these studies. Ideally, the two 
studies should be performed on 2 separate days to 
allow for the decay and clearance of activity from 
the first injection. However, this is inconvenient 
and impractical in most clinical instances, particu- 
larly in outpatient settings. To accommodate stress 
and rest imaging in 1 day, a number of issues must 
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be addressed: order of the two studies (stress 
imaging first versus rest imaging first); minimum 
delay between the two injections; and optimal dose 
ratio between the first and second injections (lower 
dose for the first injection and higher dose for the 
second injection). Stress-rest sequence is prefer- 
able because with a normal stress study, rest 
imaging is not required. However, with the use of 
99mTc sestamibi, the stress-rest imaging sequence 
was observed to slightly underestimate the defect 
reversibility compared with the rest-stress se- 
quence.15 Therefore rest-stress imaging sequence is 
preferred over the stress-rest imaging sequence 
with 99mTc sestamibi. A dose of 10 to 12 mCi of 
99mWC sestamibi for rest injection and 20 to 25 mCi 
for the stress injection 2 to 3 hours later seems to be 
adequate for most patients. A 99mTc tetrofosmin 
stress-rest imaging sequence at an interval of 4 
hours has been observed to provide information 
similar to 2-day imaging, and this protocol was 
used for a phase III clinical study. 62 A dose of 10 to 
12 mCi of 99mWc tetrofosmin for stress injection and 
20 to 25 mCi for rest injection is adequate for most 
patients. 

To reduce the time required for completing the 
entire rest-stress imaging and to eliminate the effect 
of residual activity from the first injection, the 
combined use of 2~ (for rest imaging) and 99mTc 
sestamibi or 99mTc tetrofosmin (for stress imaging) 
has been advocated. 71,72 In a recent study, a short 
same-day stress-rest 99mTc tetrofosmin imaging 
protocol within 2 hours was observed to provide 
information concordant with that obtained with a 
standard 2-day imaging protocol. 73 Relatively less 
splanchnic uptake seen with 99mTc tetrofosmin 
allows a short stress-rest imaging protocol. This 
approach has distinct advantages over the conven- 
tional short imaging protocols using rest-stress 
imaging with dual isotopes or with the same 99roTe 
labeled radiotracers by providing an option of 
omitting rest imaging if stress images are normal. 
This has a potential for cost savings and improving 
the patient throughput, as well as reducing the 
radiation exposure to patients. Furthermore, any 
confounding effects of comparing stress and rest 
images acquired with isotopes with different attenu- 
ation and scatter characteristics also is eliminated. 74 
However, this short stress-rest imaging sequence 
may not be optimal with pharmacological stress 
imaging because of the greater subdiaphragmatic 

uptake seen with pharmacological stress imaging. 
For pharmacological stress imaging, one should 
continue to use rest-stress sequence with both 99mTc 
sestamibi and 99mTc tetrofosmin for same-day imag- 
ing. In very obese patients, 1-day stress-rest imag- 
ing may result in suboptimal images because of low 
counts. In such patients stress and rest imaging 
should be performed on 2 separate days so that a 
full radiotracer dose can be given on each occasion. 

INCREASED LUNG TRACER UPTAKE AND 
99mTc-LABELED PERFUSlON AGENTS 

An abnormally increased lung 2~ uptake on 
stress images provides additional diagnostic and 
prognostic information with 2~ imaging. 75-77 Ab- 
normal lung 2~ uptake is associated with greater 
segmental myocardial perfusion abnormality, in- 
creased severity and extent of coronary artery 
disease, impaired left ventricular function, and 
worse prognosis. There has been a concern about 
the potential loss of this important information with 
the use of 99mTc labeled perfusion agents. 78,79 
Comparison of lung with heart ratios on exercise 
2~ and exercise 99mTc tetrofosmin images from 
the phase III multicenter study showed a fair 
correlation between the two imaging agents. 8~ 
Patients with abnormal lung-to-heart ratio on 2~ 
images had significantly higher lung-to-heart ratio 
on 99mTc tetrofosmin imaging. A lung-to-heart ratio 
of 0.44 on 99mTc tetrofosmin imaging was predic- 
tive of abnormal lung-to-heart ratio (0.50) with 
2~ Lung-to-heart ratio with 99mTc tetrofosmin 
may continue to provide diagnostic and prognostic 
information similar to that with 2~ This may be 
related to the fact that 99mTc tetrofosmin imaging 
was performed relatively early after completion of 
the exercise. 

COMPARATIVE STUDIES BETWEEN 
DIFFERENT sSmTc LABELED AGENTS 

Although, the currently available 99mTc labeled 
agents (sestamibi and tetrofosmin) have been com- 
pared with 2~ and coronary angiography in 
separate studies, the direct comparative studies are 
relatively few and small. 81,s2 Potential differences 
for the detection of myocardial ischemia and over- 
all diagnostic accuracy may exist based on the 
differences in their first-pass extraction and con- 
founding effect of extracardiac activity, particularly 
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while used in conjunction with pharmacological 
stress. Limited studies carded out so far have not 
shown significant and clinically relevant differ- 
ences. In a recent study, where the diagnostic 
accuracy of 99mTc sestamibi and 99mTc tetrofosmin 
were compared with coronary angiography in sepa- 
rate patients, the overall sensitivity, specificity, and 
diagnostic accuracy were similar; however, 99mTc 
tetrofosmin had higher sensitivity for the detection 
of fight coronary artery and left circumflex coro- 
nary artery disease in patients with multivessel 
coronary artery disease, which was attributed to 
lower hepatic uptake with 99mTc tetrofosmin. 7~ 
Clearly, a larger prospective study is required to 
delineate any potential differences between these 
two tracers. 

QUALITATIVE AND QUANTITATIVE 
INTERPRETATION OF PERFUSlON IMAGES 

The use of computer-based quantitative analysis 
programs that compare the myocardial radiotracer 
distribution with that of a normal reference file 
obtained from a group of normal individuals has 
been shown to significantly enhance the image 
interpretation and reduce the interobserver as well 
as intraobserver variability, s3 This technique also 
allows a quantitative estimation of the size and 
intensity of scar and ischemia and any change in 
them on follow-up studies. The normal reference 
files differ with the use of different tracers, and thus 
separate tracer-specific reference files are re- 
quired, s4 With the likely availability of more 99mTc 
labeled radiotracers in future, the issue of a separate 
reference file for each tracer may come up. How- 
ever, it appears that although there is a significant 
difference in the normal reference files between 
2~ and 99mTc labeled agents, the differences 
between 99roTe sestamibi and 99mTc tetrofosmin are 
relatively small and practically inconsequential. 
Furthermore, the difference is more obvious in 
reference files for planar images and relatively less 
marked for SPECT images, s4 This may primarily 
result from significant differences in the back- 
ground patterns between 2~ and 99mTc labeled 
perfusion imaging agents and the use of back- 
ground subtraction algorithms used for quantitative 
analysis. Therefore, it is conceivable that a single 
reference file may be adequate for use with cur- 
rently available 99roTe labeled perfusion tracers, s5 

RISK STRATIFICATION IN PATIENTS WITH 
CORONARY ARTERY DISEASE 

A larger number of studies have shown the 
prognostic value of stress 2~ imaging in all 
groups of patients with coronary artery disease 
including chronic stable coronary artery disease, 
post-myocardial infarction, patients with unstable 
angina, and patients with suspected coronary artery 
disease. Patients with normal myocardial perfusion 
have an excellent prognosis, even in the presence of 
angiographic coronary artery disease, with <1% 
annual event rate for myocardial infarction and 
death. In patients with abnormal study results, the 
size and extent of perfusion abnormalities correlate 
with the risk of infarction and death. Patients with 
multiple reversible defects, a single large defect, or 
a reversible defect with increased lung 2~ uptake 
and/or transient left ventficular dilatation are at 
highest risk for adverse cardiac events. Similar 
prognostic data have been acquired with 99mTc 
sestamibi SPECT imaging, s6-s9 Patients with nor- 
mal 99mTc sestamibi study results had an annual 
adverse cardiac event rate of 0.6%, whereas those 
with abnormal study results had a nearly 12 times 
higher cardiac event rate in a pooled analysis of 
several studies, s9 There was a high correlation 
between the size of the reversible defects and the 
incidence of cardiac events, with threefold to 
fourfold higher cardiac events in those with quanti- 
tatively large defects compared with those with 
small defects. The results of myocardial perfusion 
imaging also had a direct influence on the decision 
to perform coronary angiography. Only 3% of the 
patients with normal results, 17% with mild abnor- 
malities, and 27% to 42% with severe perfusion 
abnormalities underwent coronary angiography. Be- 
cause 99mTc tetrofosmin has been in clinical use for 
only 3 years, no long-term prognostic data are yet 
available for this tracer. 

PREOPERATIVE RISK STRATIFICATION 
BEFORE NONCARDIAC SURGERY 

2~ stress perfusion imaging with pharmacologi- 
cal stress is very effective in predicting the risk of 
perioperative cardiac events in patients undergoing 
vascular surgery. Recent studies have shown a 
similar predictive value with the use of 99mTc 
sestamibi imaging, s9 Apart from predicting the 
perioperative risk of cardiac events, 99mTc ses- 
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tamibi imaging is also predictive of risk of adverse 
cardiac events in the postoperative period. 

MYOCARDIAL VIABILITY AND 99mmc 

PERFUSlON TRACERS 

2~ rest-redistribution imaging is an important 
imaging modality for the detection of viable myo- 
cardium and for selecting appropriate patients for 
revascularization. Presence of rest-redistribution 
and/or 50% uptake in abnormal myocardial seg- 
ments on quantitative analysis are indicators of 
viable myocardium. Because of a lack of redistribu- 
tion, 99mTc sestamibi and 99mTc tetrofosmin were 
initially questioned for their ability to detect myo- 
cardial viability. However, myocellular uptake and 
retention of these tracers is dependent on the 
integrity of cellular metabolism. Subsequent stud- 
ies have shown that similar to 2~ 50% 99mTc 
sestamibi uptake in abnormal myocardial segments 
is associated with improvement in regional func- 
tion after revascularization. 9~ Another interesting 
approach is the use of nitrate-augmented 99mTc 
sestamibi imaging for the detection of myocardial 
viability. The administration of intravenous, oral, 
or sublingual nitrates before the injection of 99mTc 
sestamibi results in augmented tracer uptake in 
viable myocardial segments supplied by critically 
narrowed coronary arteries. This is a promising 
technique for the detection of myocardial viabil- 

ity. 90'91 Administration of trimetazidine, an agent 
that improves mitochondrial metabolism, before 
injecting 99mTc sestamibi also has been shown to 
enhance radiotracer uptake in the dysfunctional but 
viable myocardium. 93 Imaging with 99mTc perfu- 
sion tracers also can be used for ruling out coronary 
artery disease in patients who present with conges- 
tive heart failure of uncertain etiology and with no 
other evidence of coronary artery disease. 

GENDER RELATED ISSUES IN MYOCARDIAL 
PERFUSlON IMAGING 

Breast attenuation artifacts lower the sensitivity 
as well as specificity of myocardial perfusion 
imaging in women. Because of the lower energy of 
photons, this is a major problem with 2~ in 
women. 99mTc has relatively less attenuation com- 
pared with 2~ Figure 6 shows an example in 
which marked breast attenuation seen on 2~ 

imaging was not present on imaging with a 99mTc 
perfusion tracer. SPECT imaging allows a better 
appreciation of attenuation artifacts compared with 
planar imaging. Simultaneous assessment of wall 
motion and thickening with gated SPECT or with 
dynamic first-pass imaging further helps in the 
differentiation of attenuation artifacts from the true 
perfusion abnormalities. 94-98 Although these new 
developments have been quite helpful, breast attenu- 
ation continues to be a significant problem in 

Thallium 
Stress Redlst. 

Tc-99m-tetrofosmin 
Stress (8.5mCI) Rest (23mCl) 

MYT #13 

Fig 6. Standard three-view 
planar stress and redistribution 
Z~ images and stress and rest 
SSmTc tstrofosmin images of a 
female patient with Iongstand- 
ing hypertension and atypical 
chest pain. Note significant 
breast attenuation of stress 2~ 
images. However, amTc tetrofos- 
rain images show unequivocally 
normal perfusion. 
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women. This can be reliably eliminated only with 
the use of an effective attenuation and scatter 
correction program. This is discussed in more detail 
in a separate article by Dr. Watson in this issue. 
Despite several important technical advances in the 
field of attenuation correction, this technique is not 
yet ready for routine clinical use. 

MYOCARDIAL PERFUSlON IMAGING IN 
ACUTE CORONARY PATIENTS 

Because 99mTc sestamibi and 99mTc tetrofosmin 

do not redistribute, these agents can capture the 
status of myocardial perfusion at the time of 
injection, which can be imaged even several hours 
later irrespective of the cardiac interventions per- 
formed in the interim. 99mTc sestamibi imaging has 

been successfully used for developing the concept 
of risk area in patients with acute myocardial 
infarction and its salvage with the use of thromboly- 
sis or angioplasty. 99,~~176 The same concept has been 

used for imaging the myocardium at risk during 
transient coronary obstruction by balloon inflation 
in patients undergoing elective coronary angio- 
plasty. 1~ More recently, 99mTc sestamibi and 99roTe 

tetrofosmin have been used for early triage of 

patients with chest pain suspected to be of cardiac 

origin. This technique has evolved with the evolu- 

tion of the concept of chest pain centers. 1~176 The 

presence of resting perfusion abnormalities in pa- 

tients without prior myocardial infarction is diagnos- 

tic of unstable coronary syndrome and is highly 

predictive of impending cardiac events even in the 

absence of any electrocardiographic changes or 

cardiac enzyme increase. Such patients warrant 

admission to a coronary care unit with the institu- 

tion of aggressive therapy. On the other hand, the 

absence of resting perfusion abnormality rapidly 

excludes the possibility of an unstable coronary 

syndrome, and further evaluation can be performed 

with a stress test. 99mTC labeled perfusion tracers are 

particularly suited for this use because the patients 

can be injected as soon as possible after presenta- 

tion to the emergency department even if a delay of 

several hours is anticipated between the tracer 

injection and imaging. 99mTc perfusion imaging 

may be a cost-effective and highly efficient tool for 

early triage of patients in chest pain centers. 
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Fatty Acids for Myocardial Imaging 
James R. Corbett 

Radioiodineted free fatty acids are tracers that can be 
used to assess both myocardial perfusion and metabo- 
lism. There have been several fatty acids and structur- 
ally modified fatty acids studied since Evans" initial 
report of radiolabeled 1-123 oleic acid in 1965. The 
radiolabeling of a phenyl group added to the long 
chain fatty acids in the (~-terminal position opposite 
the carboxyl terminal group prevents nonspecific deio- 
dination and the rapid release of free Iodine as the 
tracer undergoes I~-oxidation. The additional inclusion 
of a methyl or dimethyl group to the chain slows 
oxidation resulting in prolonged myocardial retention. 
The longer retention of the radiolabel permits longer 
image acquisitions more compatible with single pho- 
ton emission computed tomography (SPECT) imag- 
ing, especially with single-detector imaging systems. 
Several protocols have been implemented using these 
compounds, particularly 15-(para-iodophenyl)-3-R,S- 
methyl pentadecanoic BMIPP, to detect abnormal fatty 
acid metabolism in ischemic heart disease as well as 

in nonischemic and hypertrophic cardiomyopethies. 
Successful management of patients with ischemic 
cardiomyopethles depends on the accurate identifica- 
tion of hibernating myocardium. The studies covered 
in this review suggest that both IPPA and BMIPP, 
especially when combined with markers of myocar- 
dial perfusion, may be excellent tracers of viable and 
potentially functional myocardium. Future studies with 
larger numbers of patients are needed to confirm the 
results of these studies and to compare their efficacy 
with that of other available imaging modalities. Cost 
and distribution issues will have to be resolved for 
these metabolic tracers to compete in the commercial 
marketplace. Otherwise they will likely be available 
only on a limited basis for research use. As progress is 
made with these issues and with the development of 
newer imaging systems, the use of radioiodineted and 
fluorinated fatty acids is likely to be increasingly 
attractive. 
Copyright �9 1999 by W.B. Saunders Company 

M ANY IMAGING MODALITIES have been 
developed to evaluate heart disease nonin- 

vasively. Radiotracers that can assess myocardial 
perfusion during exercise or pharmacological stress 
are the most widely used agents in nuclear cardiol- 
ogy. The study of myocardial metabolism with 
radiolabeled fatty acids has been pursued for more 
than 30 years. Evans et al I in 1965 first reported the 
feasibility of photoscanning the heart with radiola- 
beled fatty acids using iodine-131 oleic acid. Fatty 
acids are the principle substrate for the production 
of ATP in the myocardium under aerobic condi- 
tions. Carbon-11 palmitate was extensively studied 
in the early 1980s using PET imaging. 2 Radioiodin- 
ated fatty acids have been the most widely studied 
single photon tracers of myocardial metabolism. 

This review concentrates on those radiolabeled 
fatty acids that have been studied clinically, espe- 
cially single photon labeled fatty acids (Table 1). 
Iodine-123 labeled fatty acids including the alkyl 
fatty acids (16-I-hexadecanoic acid [IHXA], 17-1- 
heptadecanoic acid [IHDA]), the unbranched omega 
terminal iodophenyl fatty acids (15-(para-iodophe- 
nyl)-pentadecanoic acid [p-IPPA]), and the methyl 
branched para-iodophenyl fatty acids (15-(para- 
iodophenyl)-3-R,S-methyl pentadecanoic [BMIPP] 
and 15-(para-iodophenyl)-3,3-dimethyl pentadeca- 
noic [DMIPP]) are covered) -8 The increased avail- 
ability of positron emission tomography (PET) 
imaging with either dedicated or hybrid systems 

increases the relevance of these tracers, especially 
those with relatively stable myocardial distribu- 
tions such as 18-F-thia-heptadecanoic acid (FTHA). 
Because BMIPP is the only radiolabeled fatty acid 
currently available for clinical use in some parts of 
the world, it is currently the most widely studied of 
these tracers and will be reviewed in the greatest 
detail. 

MYOCARDIAL FATTY ACID METABOLISM 

Uptake of radiolabeled fatty acids by the myocar- 
dium is generally avid, first-pass extraction of 40% 
to 60% of the blood content, and proportional to 
perfusion so that diagnostic quality images may be 
acquired beginning within 3 to 5 minutes after 
injection. 9,1~ Transported to the heart as nonesteri- 
fled fatty acids (NEFA), triglycerides or in chylomi- 
crons, within the heart they pass along concentra- 
tion gradients to the interstitium. 9 In well- 
oxygenated hearts at rest or under low to 
intermediate work loads, oxidation of fatty acids is 
quantitatively the most important source of energy 

From the Department of Cardiovascular Nuclear Medicine, 
University of Michigan Medical Center, Ann Arbor, MI. 

Address reprint requests to James R. Corbett, MD, Director, 
Cardiovascular Nuclear Medicine, University of Michigan 
Medical Center, B1 G412 UH, Box 0028, 1500 E. Medical 
Center Drive, Ann Arbor, M148109-0028. 

Copyright �9 1999 by W.B. Saunders Company 
0001-2998/99/2903-0004510.00/0 

Seminars in Nuclear Medicine, Vol XXIX, No 3 (July), 1999: pp 237-258 237 



238 

Table 1. Radiolabeled Fatty Acid Analogs for Evaluation of 
Myocardial Fatty Acid Metabolism 

Iodine-for-methyl group analogs 
16-iodohexadecanoic acid (IHXA) 
17-iodoheptadecanoic acid (IHDA) 
1-carbon-palmitate (CPA) 

Aromatic fatty acid analogs 
15-(p-iodophenyl)-pentadecanoic acid (IPPA) 
15-(o-iodophenyl)-pentadecanoic acid 

Isosteric analogs 
15-(p-iodophenyl)-6-tellura pentadecanoic acid 
17-iodo-9-tellura heptadecanoic acid 
14-fluoro-6-thia-heptadecanoic acid (FTHA) 

Branch-chain fatty acid analogs 
14-(p-iodophenyl)-beta methyltetradecanoic acid 
15-(p-iodophenyl)-3-methlpentadecanoic acid (BMIPP) 
15-(p-iodophenyl)-3,3-dimethyl pentadecanoic acid 

(DMIPP) 

in the form of adenosine triphosphate (ATP). 11 
Under these conditions, fatty acids supply as much 
as 70% of oxidatively metabolized substrate. 1~ The 
extraction of free fatty acids by the myocyte is 
regulated by several variables including chain 
length, the availability of other metabolic substrates, 
circulating levels of hormones, cardiac workload, 
and the presence or absence of ischemia. 12-16 

Activation of fatty acids is an energy-dependent 
step necessary for their sequestration within the 
myocardium. 17 Cytosolic free fatty acids are acti- 
vated at the outer mitochondrial membrane by the 
acyl-CoA synthetase isozyme family mediated acti- 
vation to fatty acyl-CoA (Fig 1). 11 Nonesterified 
fatty acids can back-diffuse into the vascular space 
and be lost. However, once activated, fatty acids 
may be transported across the inner mitochondrial 
membranes and undergo stepwise B-oxidation. Ac- 
tivated intramitochondrial fatty acyl-CoA is trans- 
ported across the inner mitochondrial membranes 
by the acyl-carnitine/camitine transporter (cami- 
tine shuttle) in a two-step process. This facilitated 
diffusion through the inner mitochondrial mem- 
brane is the rate-limiting step for the oxidation of 
fatty acids. With high cardiac work loads or during 
myocardial ischemia, esterified fatty acids are 
diverted into storage pools as cytosolic triglycer- 
ides and membrane phospholipids. 

Inside the mitochondria, fatty acids are metabo- 
lized in three stages by enzymes in the mitochon- 
drial matrix. In the first stage, dissociated fatty 
acyl-CoA rapidly undergoes stepwise 13-0xida- 
tion. 11 During this stage, starting from the carboxyl 
end of the fatty acyl chain, the fatty acid undergoes 
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oxidative removal of two-carbon units in the form 
of acetyl-CoA. The carboxyl-terminal two-carbon 
fragment is split off as acetyl-CoA, and this process 
is repeated for each remaining two-carbon frag- 
ment. The second stage of fatty acid metabolism is 
characterized by oxidative phosphorylation of ace- 
tyl-CoA to CO2 via the citric acid cycle. This is the 
final common pathway for the oxidation of acetyl- 
CoA, whether derived from fatty acids, glucose, or 
pyruvate. In the third stage of fatty acid oxidation, 
the reduced nicotinamide adenine dinucleotide 
(NADH) and reduced ravin adenine dinucleotide 
(FADH2) produced during previous stages of oxida- 
tion transfer electrons to the mitochondrial respira- 
tory chain, and through this process electrons are 
carried to oxygen and ATP is synthesized. Each 
pass of an activated fatty acid through [3-oxidation 
results in the production of five molecules of ATP, 
and each molecule of acetyl-CoA that passes through 
the citric acid cycle produces 12 molecules of ATP. 
The complete oxidation of the 16 carbon fatty acid 
palmitate to CO2 and HzO results in a net energy 
production per molecule oxidized of 129 ATP 
molecules. Only 2 ATP equivalents are necessary 
for each fatty acid molecule activated. 

Oxidation of fatty acids is the most important 
source of energy at rest or at low to intermediate 
work loads in well-oxygenated hearts. The rate 
limiting factor under these conditions is the maxi- 
mum rate of flux through the citric acid cycle. At 
higher work loads, free fatty acid extraction and 
activation increase, producing high intramitochon- 
drial levels of acyl CoA-carnitine, and the rate of 
transfer across the inner mitochondrial membrane 
becomes the rate limiting step. 18 When acyl CoA- 
carnitine accmulates, [3-oxidation is slowed and 
acetyl CoA levels decline. When citric acid cycle 
flux exceeds the capacity of the carnitine shuttle to 
provide substrate, other less efficient substrates, 
especially glucose, are used. Thus, at high cardiac 
work loads in normal patients, fatty acid metabo- 
lism is diminished, leading to the accumulation of 
intracellular fatty acids and a shift to glycolysis.19,20 

During myocardial ischemia, fatty acid metabo- 
lism is suppressed and anaerobic glycolysis is 
accelerated (Fig 2). I~ Lack of oxygen rapidly 
depresses B-oxidation, and mitochondrial acyl- 
CoA, acetyl-CoA, and cytosolic acyl-camitine lev- 
els increase because of their polarity, z2 Beta- 
oxidation is inhibited, and activated fatty acids are 
shunted into storage pools as triglycerides and 
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Fig 1. (A) Fatty acid activa- 
tion by the formation of the fatty 
acyI-CoA derivative occurs In two 
steps. First, the carboxylste Ion 
displaces the outer two (13 and X) 
phosphates of ATP to form a 
fatty acyl-adenylate, the mixed 
anhydride of a carboxylic acid, 
and a phosphoric acid. The other 
product, PP,, is immediately hy- 
drolyzed to two P,, pulling the 
reaction in the forward direction. 
(Reprinted with permission./1) (B) 
Fatty acid entry into mltochon- 
dria via the acyl-carnitine/carni- 
tine transporter. After its forma- 
tion at the outer surface of the 
inner mitochondrial membrane, 
fatty acyl-carnitine moves into 
the matrix by faciiitsted diffu- 
sion through the transporter. The 
acyltransferase i and II enzymes 
are bound to the outer and inner 
surfaces, respectively, of the mi- 
tochondrial inner membrane. 
This entry process is the rate- 
limiting step for the oxidation o f  

fatty acids in mitochondria. 
(From Principles of Biochemistry 
by Lehninger, Nelson, Cox r 
1982 by Worth Publishers, Inc. 
Used with permission.) 
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phospholipids. 23 Additionally, there is a significant 
increase in back-diffusion of unmetabolized fatty 
acids because ischemic tissue is no longer able to 
activate and trap them. Glucose use is inhibited in 
ischemic myocardium, but not to the same extent as 
fatty acid oxidation. 

The myocardial kinetics of radiolabeled fatty 
acids can be understood if one keeps in mind the 
above information relating to the uptake and me- 
tabolism. All of the labeled fatty acids to be 
discussed must be activated to be retained, ie, 
trapped, within the myocyte and avoid back- 
diffusion. Those fatty acids that have a modified 
structure to block B-oxidation (BMIPP, DMIPP, 
and FTHA) have prolonged retention and are more 
easily imaged with currently available single pho- 
ton emission computed tomography (SPECT) imag- 
ing systems. The straight-chain fatty acids (IHXA 
and IHDA) after activation are metabolized through 

all of the three stages discussed with the subsequent 
release of free radiolabel and rapid degradation of 
image quality. Those fatty acids whose structure 
has been modified with the radiolabel placed on an 
added phenyl group (IPPA) are metabolized by 
13-oxidation; however, once the straight chain is 
metabolized, the radiolabel is lost as the resulting 
iodobenzoic acid diffuses out of the cell and is 
excreted by the kidney as iodohippurate. The 
remainder of this review will concentrate on the 
radiolabeled fatty acids themselves and their evalu- 
ations in animal and clinical studies. 

IODINATED ALKYL FATTY ACIDS 

Evans et al 1 in 1965 were the first investigators to 
radiolabel a fatty acid by saturation of the double- 
carbon bond of oleic acid with iodine-131 mono- 
chloride. Although photoscans of the canine heart 
were produced, the low specific activity of the final 
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product precluded its clinical use. In 1975, Robin- 
son and Lee 3 reported the development of radioio- 
dinated fatty acids by iodide replacement of the 
terminal bromine in 6-bromohexanoic, 11-bromoun- 
decanoic, and 16-bromo-9-hexadecanoic acids. In 
1976, Poe et al 4 showed that iodine-123-hexadeca- 
noic acid (IHXA) was an indicator of myocardial 
perfusion in experimental canine models. These 
investigators subsequently used iodine-123 hep- 
tadecanoic acid (IHDA) to qualitatively assess 
region myocardial perfusion in 21 patients. 24 All 
patients with prior myocardial infarcts studied 
showed decreased regional tracer uptake. 

Among various long-chain free fatty acids la- 
beled with C-11, 1-123, C1-34m, and Br-77, Ma- 
chulla et al5 reported that the to-terminal-labeled 
fatty acids had more efficient extraction than ana- 

logs labeled in the alpha position, and that IHDA 
had the highest uptake. Further, IHDA showed 
myocardial extraction and biexponential clearance 
similar to that of C-11 palmitate. Several other 
investigators have confirmed these results. 5,25-27 
Notohamiprodjo et al27 showed biexponential clear- 
ance curves in patients with mean clearance half- 
times of 9 ___ 3 minutes for the rapid and 43 _ 26 
minutes for the slow clearance components. The 
corresponding half-times for C-11 palmitate were 
6 - 1 minutes and 157 • 103 minutes, respec- 
tively. Poe et al4 reported similar clearance for 
IHXA in animal models. 

The rapid and slow components of IHXA and 
IHDA clearances are generally thought to represent 
13-oxidation of fatty acids and fatty acid storage in 
endogenous lipid pools. It was observed in some 
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studies that the regional elimination of radioactiv- 
ity with IHDA differed under various pathophysi- 
ological conditions, and some investigators have 
speculated that the myocardial activity clearance of 
these straight chain iodo-fatty acids represents 
deiodination and back-diffusion of free iodide 
rather than 13-oxidation. Two hypotheses have been 
proposed to explain the differences in elimination 
rates, z8-31 The first hypothesis explains the differ- 
ence in iodide elimination rates on the basis of beta 
oxidation, whereas the second hypothesis explains 
the iodide elimination rates on the basis of differing 
rates of diffusion of free tracer from the mitochon- 
dria after cleavage from the fatty acid. Using an 
open-chest dog model, Visser et al30 investigated 
the metabolic fate of IHDA by directly injecting 3 
to 10 mCi into the left atrium. Biopsy specimens 
were taken over 30 minutes, and tracer counts were 
obtained in various fractions. The counts increased 
in the biopsy specimens until the fifth minute and 
decreased thereafter with a half-time of 36 minutes. 
The myocardial activity of radiolabeled phospholip- 
ids and triglycerides remained constant after an 
initial increase during the first 5 to 10 minutes, and 
it was concluded that deiodination and back- 
diffusion of free radioiodine determined the elimi- 
nation rate, not beta oxidation. Visser also evalu- 
ated the kinetics of metabolites of IHDA during 
various metabolic interventions. 32 Again using open- 
chest dogs, IHDA was injected intravenously and 
biopsy specimens were taken sequentially over a 
90-minute period. Three groups were studied: con- 
trol state, during the infusion of glucose and 
insulin, and during the infusion of lactate. In the 
control group, the majority of radioactivity at peak 
activity resulted from free radioiodine. During the 
infusion of glucose, although the majority of activ- 
ity came from free radioiodine, additional activity 
was found in the phospholipid and triglyceride 
fractions. With the infusion of lactate, the majority 
of radioactivity at peak counts was in the triglycer- 
ide fraction (43%). Under the variable metabolic 
conditions studied, myocyte free fatty acid use 
varied. With increased lactate, simulating ischemia, 
the enzyme thiokinase is inhibited and in turn 
inhibits the activation of free fatty acids to fatty 
acyl-CoA, and fatty acid metabolism is shunted 
preferentially toward triglyceride storage. 

Using dynamic planar imaging, Freundlieb et 
a128 were the first to evaluate IHDA in clinical 
studies. They showed reduced regional tracer up- 

take in patients with previous myocardial infarction 
(MI) (Fig 3A). Although high-quality images were 
obtained early after injection, because of the libera- 
tion of free radioiodine into the interstitial space 
and blood pool, image quality deteriorated rapidly, 
interfering with the ability to measure metabolic 
parameters. To correct for the accumulation of free 
iodine, a split-dose injection method was devel- 
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Fig3. (A) Anterior 1-123 IHDA sclntlgrem, from patient with 
congestive heat failure due to anterior MI. (Reprinted with 
permission.") (B) Correction procedure for nonmyocardlal 
background activity after 1-123 IHDA Injection. Tvc = count 
rates over control ROI (vena cave); TMy = count rates over 
myocardial ROI; FAMy = count rates related to organically 
bound 1-123; a and b = Increments attributable to Nsl=I 
Injection. (Reprinted by permission of the Society of Nuclear 
Medicine from: Freundlleb C, Hoeck A, Vysks K, et el. Myocar- 
dial Imaging and metabolic studies with (17-1231) iodohep- 
tadecanoic acid. Journal of Nuclear Medicine 1980;21:1043- 
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oped that included injections of labeled and free 
radioiodine and provided measurements of tissue 
clearance half-times (Fig 3B). The average IHDA 
clearance half-time in normal subjects was rela- 
tively uniform at 24 ___ 4.7 minutes, whereas in 
patients with coronary disease there were signifi- 
cant regional differences. Fridrich et al29 alSO 
evaluated IHDA imaging in patients with coronary 
disease. Their patients had prolonged elimination 
rates compared with patients who had been revascu- 
larized, suggesting impaired myocyte metabolism. 
Railton et al33 and Dudczak et a126 each reported 
similar observations in two other trials. 

Although iodine-123 IHDA and IHXA have 
potential as myocardial perfusion agents, their 
ability to access myocardial metabolism in patients 
has been questioned. 28,3~ The clinical utility of 
radiolabeled iodoalkyl fatty acids appears limited 
by (1) the rapid appearance of free radioiodine 
requiring special correction procedures to differen- 
tiate between myocardial and blood pool activity, 
(2) the short elimination half-times, making them 
unattractive agents for SPECT imaging, and (3) the 
data suggesting that the elimination rate may not 
reflect beta oxidation but rather deiodination and 
back-diffusion of the tracer across the membrane. 
Further, the two-injection protocol and the special 
correction algorithm developed for planar imaging 
are not applicable to SPECT, effectively eliminat- 
ing it as a potential imaging modality for the 
measurement of metabolic parameters with these 
radiotracers. Because of the imaging difficulties 
associated with deiodination of IHDA and IHXA, 
further investigation was performed in search of a 
radioiodinated fatty acid that avoided these prob- 
lems. Ultimately, this resulted in the development 
of the phenyl fatty-acids to be discussed next. 

METHYLBRANCHED FATTY ACIDS 

Development and Metabolism 

The short myocardial clearance half-time of 
IPPA as discussed below is disadvantageous even 
when multidetector SPECT imaging systems are 
used. If image acquisition is relatively slow com- 
pared with tracer clearance, progressive undersam- 
piing of raw projection data occurs. Image distor- 
tions and a loss of quantitative image accuracy 
result. Acquisition times may be shortened in an 
effort to avoid washout effects, but image resolu- 
tion is significantly degraded. The molecular struc- 
ture of fatty acids can be modified to slow myocar- 

dial metabolism, prolong cardiac retention, and 
avoid washout effects. Straight-chain alkyl and 
phenyl fatty acids are rapidly metabolized and 
cleared from the intracellular space via 13-oxida- 
tion. Methyl branching was introduced to slow 
myocardial clearance and improve quantitative 
image accuracy. 34 The addition of methyl group(s) 
at the beta-carbon position does slow B-oxidation 
by interfering with the formation of the beta hydroxy 
CoA intermediate. Two iodine-labeled modified fatty 
acids developed at Oak Ridge National Laborato- 
ries to provide prolonged myocardial retention are 
15-(p-iodophenyl)-3-(R,S)-methyl-pentadecanoic 
acid (BMIPP) and 15-(p-iodophenyl)-3,3-dimethyl- 
pentadecanoic acid (DMIPP) (Table 1). 35 Since its 
commercial introduction in Japan (1993), BMIPP 
(Cardiodine) has been widely studied in a variety of 
clinical cardiac syndromes, especially those relat- 
ing to the various manifestations of ischemic heart 
disease. 

The kinetics and subcellular distribution of IPPA 
and the methyl-branched fatty acids BMIPP and 
DMIPP have been evaluated in fasted and unfasted 
rat heart models. 36,37 The myocardial clearance 
half-time values in fasted rats were greatly in- 
creased for DMIPP (6 to 7 hours) and BMIPP (30 to 
45 minutes) compared with IPPA (5 to 10 minutes). 
The rates of incorporation of BMIPP and DMIPP 
into triglycerides and diglycerides were signifi- 
cantly decreased, DMIPP more than BMIPP, com- 
pared with IPPA. The radioactivity in the free fatty 
acid pool, a reflection of unmetabolized iodinated 
fatty acids and the degree of their intracellular 
retention within mitochondria and microsomes, 
was greatest for DMIPP and least for IPPA. BMIPP 
showed intermediate characteristics between IPPA 
and DMIPP. DMIPP showed the most prolonged 
retention and was principally localized within the 
mitochondrial and microsomal particulate frac- 
tions. Thus, these data show that both DMIPP and 
BMIPP, when compared with IPPA, have pro- 
longed myocardial retention with greater accumula- 
tions in the subcellular microsomal fractions. 

Knapp et al 8 compared the biodistribution and 
myocardial retention of BMIPP and DMIPP in 
fasted rats. Although BMIPP displayed relatively 
slow myocardial washout with approximately 40% 
clearance at 60 minutes, DMIPP showed much 
slower clearance and greater retention, with only 
24% washout at 4 hours. In addition, DMIPP 
showed more favorable heart-to-blood activity ra- 
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tios 15 minutes after injection: >10:1 for DMIPP 
compared with 3:1 to 4:1 for BMIPP (Fig 4). The 
investigators speculated that DMIPP should be a 
useful clinical and research tool for the evaluation 
of abnormal regional fatty acid uptake, and that 

because of its prolonged retention, it should be an 
excellent agent for use in SPECT imaging. 

The importance of ATP in the myocardial extrac- 
tion and retention of BMIPP has been shown 
(Fig 5). The initial step in beta oxidation is the 
production of fatty acyl-CoA, an energy-dependent 
(ATP-requiring) enzymatic reaction. Fujibayashi et 
alas assessed the effect of depleting ATP levels on 
the myocardial extraction of BMIPP versus thal- 
lium-201 in mice, and showed that treatment with 
2,4 dinitrophenol (DNP), an electron transport 
uncoupler, resulted in significant reductions in 
cellular ATP and adenosine diphosphate (ADP) and 
accumulation of cellular adenosine 3',5',-cyclic 
monophosphate (AMP). 38 Further, they showed 
that BMIPP uptake was reduced in mice pretreated 
with DNP and that these reductions correlated with 
those of ATE Thallium-201 uptake was not af- 
fected. These investigators suggested that the myo- 
cardial accumulation of BMIPP is more related to 
ATP content than to myocardial blood flow. 

Two possible pathways have been proposed for 
the catabolism of BMIPP. 36 The first pathway 
involves the direct beta-oxidation of BMIPP. How- 
ever, monomethyl-substitution at the 13-carbon 
would be expected to interfere with oxidation at the 
stage of formation of the 13-keto acid intermediate 
resulting in the myocardial accumulation of beta- 
hydroxy BMIPP. The second pathway begins with 
alpha oxidation, producing alpha-hydroxy-BMIPP 
as an intermediate. After loss of propionic acid, 
further degradation proceeds through successive 
cycles of beta-oxidation to the end-product 
(p-iodophenyl)-acetic acid. To further assess the me- 
tabolism of radioiodinated BMIPP, Yamamichi et 
al39 studied the metabolites of BMIPP in an isolated 
perfused rat heart model. The principal metabolite 

Fig 5. Proposed retention 
mechanism of BMIPP in viable 
metabolically active myocsr- 
dium. (Reprinted by permission 
of the Society of Nuclear Medi- 
cine from: Fujibayashi Y, Yone- 
kure Y, Tskemure Y, et el. Myocar- 
dial accumulation of iodinsted 
beta-methyl branched fatty acid 
analogue, iodine-125-15-(p-iodo- 
phanyl)-3-(R,S,)msthylpentadeca- 
nolc add (BMIPP) in relation to ATP 
conc. Journal of  Nuclear Medicine 
1990;31:1818-1822.) 
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of [I-123]-BMIPPidentified was 14-(p-iodophenyl)- 
2-(R,S)-methyltetradecanoic acid (AMIPT). AMIFr 
is the initial metabolite derived after ct-hydrox- 
ylation followed by oxidative decarboxylation. 
This process essentially moves the impeding beta- 
methyl group to the alpha position. AMIPT with its 
a-methyl group can subsequently be processed by 
classic B-oxidation. The remaining a-methyl substi- 
tuted fragment passes through the beta-oxidative 
chain. Two other metabolites consistent with this 
process were identified, 12-(p-iodophenyl)-dodeca- 
noic acid (PIPC12) and 2-(p-iodophenyl)-acetic 
acid (PIPA), the products of the first and final 
cycles of [3-oxidation. These studies confirmed the 
earlier observations of Knapp et a136 that BMIPP 
has prolonged myocardial retention, and further 
confirmed their hypothesis that it does undergo 
B-oxidative metabolism in the myocyte after an 
initial o~-oxidation and oxidative decarboxyl- 
ation. 36,39 In contrast, DMIPP has even greater 
myocardial retention with no significant metabo- 
lism. 

The effect of metabolic substrate on BMIPP 
metabolism has been studied using an open-chest 
dog model. 4~ Nohara et al40 directly sampled BMIPP 
and its metabolites from the left anterior descend- 
ing coronary artery and the great cardiac vein 
during the infusions of lipid (intralipid) and glucose 
under conditions of normal myocardial perfusion. 
During lipid infusion BMIPP extraction was de- 
creased (P < .05), wash-out increased (P < .05) 
but retention remained unchanged. Also, back- 
diffusion of BMIPP increased and the levels of 
metabolites decreased (P < .05). During the infu- 
sion of glucose, the extraction, retention, and 
wash-out of BMIPP did not differ significantly 
compared with controls; there was an insignificant 
decrease in extraction and increase in wash-out. 
The back-diffusion of BMIPP increased, whereas 
the intermediate metabolites decreased signifi- 
cantly during the infusions of both lipid and 
glucose. The effect of glucose on these metabolic 
parameters tended to be greater than those of lipid. 

The myocardial uptake of BMIPP was studied by 
Reinhardt et a141 in a rabbit model of regional 
myocardial hypoperfusion. The myocardial uptake 
of BMIPP was compared with that of T1-201 and 
microspheres in control animals and after circum- 
flex artery ligation. Using both dual-tracer autoradi- 
ography and segmental tissue analysis, these inves- 
tigators showed that the activity profiles of BMIPP 

and T1-201 were comparable and normal-to-defect 
contrasts were similar. The uptake of BMIPP 
correlated strongly with microsphere coronary blood 
flow, y = 0.058 + 0.881x, r = .94. Reinhardt 
concluded that BMIPP accurately delineates areas 
of hypoperfusion distal to coronary occlusions. 

Hosokawa et a142 studied the effects of mild and 
severe myocardial ischemia on the kinetics of 
BMIPP. Using an open-chest dog model in controls 
and 20 minutes of reperfusion following 10 min- 
utes and 30 minutes of occlusion, these investiga- 
tors injected BMIPP directly into the left anterior 
descending (LAD) and sampled the great cardiac 
vein and aorta for back-diffusion and metabolites. 
The extraction and retention of BMIPP were the 
same for all three groups. The early wash-out of 
radioactivity was significantly increased after se- 
vere ischemia (61 _ 8% from 50 - 13%, P < .05). 
The metabolites of BMIPP from myocardium in- 
clude back-diffusion of unmetabolized BMIPP, 
alpha oxidation, intermediate oxidation, and full 
oxidation with the release of 2-(p-iodophenyl) 
acetic acid (PIPA). Mild ischemia had no signifi- 
cant effect on these metabolites. During mild 
ischemia BMIPP back-diffusion (r = - .92)  and 
full oxidation with release of PIPA (r = .78) corre- 
lated significantly with lactate production. How- 
ever, during severe ischemia back-diffusion in- 
creased from 25.1 _ 8.0% to 34.7 _ 8.7% (P < .05) 
and full oxidation decreased from 21.4 • 10.9% to 
14.8 • 7.3%. These investigators concluded that 
BMIPP showed promise as a sensitive marker of 
ischemic heart disease. 

Clinical Studies with BMIPP--Coronary 
Heart Disease 

Clinical studies with BMIPP have evaluated its 
potential clinical utility in the assessment of coro- 
nary heart disease (CHD), especially in patients 
with unstable angina pectoris, MI and myocardial 
viability concerns, and in patients with hypertro- 
phic cardiomyopathies. Dudczak et a143 studied 15 
patients with documented CHD and four controls 
using rest BMIPP imaging (2 to 4 mCi). Seven 
patients had previous MI. Cardiac uptake was 
slightly lower than liver uptake, and the cardiac 
clearance rate was slower than hepatic clearance. 
Myocardial uptake of BMIPP was reduced in both 
infarcted segments and many segments supplied by 
stenosed coronary arteries. Ventricular BMIPP 
elimination rates in regions showing reduced up- 
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take were generally abnormal as compared with 
undiseased regions, and biochemical analysis of 
plasma and urine samples for BMIPP metabolites 
provided data consistent with its beta-oxidation and 
incorporation into triglycerides. 

De Geeter et a144 studied mismatches between 
BMIPP and sestamibi uptake in 26 patients within 2 
weeks after acute MI (subacute MI). Abnormal 
segments were categorized according to relative 
tracer uptake: group I--increased sestamibi uptake 
compared with BMIPP, group II---equally reduced 
sestamibi and BMIPP uptake, and group III--- 
increased BMIPP relative to sestamibi uptake. 
Increased sestamibi uptake relative to BMIPP up- 
take occurred in 197 myocardial segments that had 
been reperfused by either thrombolytic therapy or 
mechanical revascularization (group I). BMIPP and 
sestamibi uptake were equally reduced in 226 
segments (group II). Group III segments (n = 54) 
with relatively increased BMIPP uptake were more 
likely to be supplied by occluded coronary arteries, 
myocardial territories that were sites of previous 
infarctions, or segments with akinesis or dyskine- 
sis. These investigators speculated that BMIPP 
uptake was relatively decreased compared with 
perfusion in group I segments because of delayed 
recovery of fatty acid metabolism after reperfusion. 
These investigators speculated that BMIPP uptake 

Stress 2~ 

Exercise 3 h 

was increased compared with perfusion because of 
enhanced fatty acid metabolism induced by passive 
systolic wall stretch in areas of akinesis or dyskine- 
sis, an interesting but not necessarily intuitive 
explanation. 

Matsunari et a145 compared exercise stress and 
rest BMIPP and thallium-201 images in 26 patients 
with coronary artery disease and previous myocar- 
dial infarcts. Five hundred and twenty segments 
were analyzed using a 20-segment model of the left 
ventricle and classified on the basis of the results of 
stress thallium imaging (Fig 6). The following 
observations were made: 

1. The clearance of BMIPP early after rest 
injections (2 to 4 and 12 to 14 minutes) from 
segments with reversible thallium defects 
was relatively increased in comparison with 
segments with fixed defects (P < .05). 

2. BMIPP defects were more prominent after 
stress than rest injections, and early stress 
BMIPP images showed more severe defects 
than exercise thallium images (P < .05). 

3. In 163 myocardial segments with reversible 
thallium defects, early (20 minute) resting 
BMIPP uptake was lower than 3-hour redistri- 
bution thallium uptake in 90 segments. 

4. In 187 segments with fixed thallium defects, 
117 showed equally decreased early resting 

Rest ing 20 m i n - B M I P P  

BMIPP Dynamic-SPECT 
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Fig6. (A) Short-axls tomograms of exercise-redlctributlon TI-201SPECT and rectlng 20-minute BMIPP SPECT of a patlent wlth an 
anterior septal wall Infarction. The exercise-redlstributlon 2~ images show a reversible defect in the septal wall. On resting 
20-minute BMIPP SPECT, there is decreased uptake in the septal wall compared with 3-hour TI-201. (B) Serial changes in the 
accumulation pattern in BMIPP dynamic SPECT of the same patient as shown above are observed. A signlflcant clearance of BMIPP 
from the septal wall is noted. (Reprinted by permission of the Society of Nuclear Medicine from: Kobayashl H, Kusskabe K, Momose 
M, ct el. Evaluation of myocardial perfusion and fatty acid uptake using a single injection of iodine-123-BMIPP in patients with acute 
coronary syndromes. Journal of Nuclear Medicine 1998;39:1117-1122.) 
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BMIPP and 3-hour redistribution thallium 
uptake. 

Matsunari suggested that the enhanced early 
clearance of BMIPP after rest injections in seg- 
ments showing reversible ischemia (exercise and 
redistribution thallium imaging) could be explained 
by enhanced back-diffusion resulting from im- 
paired fatty acid metabolism and trapping. When 
exercise stress BMIPP images were obtained, more 
severe defects were generally observed than with 
either rest BMIPP or stress thallium images. This 
observation was thought to be caused by the 
synergistic effect of decreased coronary blood flow 
and impaired fatty acid metabolism during exercise- 
induced ischemia on the uptake and retention of 
BMIPP. 

Acute coronary syndromes. Kobayashi et a146 
studied rest BMIPP imaging 3 to 6 days after 
admission in patients with acute coronary syn- 
dromes including unstable angina (n = 30) and 
acute MI (n = 15) to evaluate the possibility of 
obtaining simultaneous evaluations of myocardial 
perfusion and fatty acid metabolism with a single 
injection of BMIPP. Dynamic SPECT imaging was 
performed beginning 2 minutes after BMIPP injec- 
tion (five times, 3-minute acquisitions), and conven- 
tional SPECT imaging was performed beginning 
30 minutes after injection and compared with rest 
T1-201 imaging performed 2 to 7 days later. There 
was generally an excellent correspondence be- 
tween 2 to 5-minute BMIPP images and thallium 
images in both the unstable angina group (kappa 
statistic K = 0.823) and the acute MI group 
(K = 0.765). At 30 minutes after injection, BMIPP 
imaging and thallium did not correspond nearly as 
well, and there were 27 of 30 unstable angina 
patients and 8 of 15 MI patients with mismatching 
patterns of tracer retention, BMIPP retention gener- 
ally reduced compared with thallium in mismatch- 
ing segments. These investigators concluded that 
the initial distribution of BMIPP 2 to 5 minutes 
after injection reflects myocardial perfusion and the 
30 minutes after injection reflects myocardial me- 
tabolism. 

Nakata et a147 studied the importance of anteced- 
ent ischemia in the preservation of myocyte viabil- 
ity and cardiac function with rest BMIPP and 
thallium imaging in 32 patients with first acute MI 
treated with direct percutaneous transluminal coro- 
nary angioplasty (PTCA). Twenty patients with 
preexisting angina and 12 patients without were 

studied. SPECT imaging was performed within 3 
weeks after the onset of symptoms. Regional wall 
motion was assessed at discharge and 2 to 6 months 
later with serial contrast left ventriculography 
(CVG). Regional function improved significantly 
at follow-up CVG in the patients with antecedent 
angina pectoris but did not in patients without 
angina, 107 _ 31 to 70 _ 31 SD/chord (P < .001) 
group A versus 109 + 62 to 106 +__ 52 SD/chord 
group B (P = NS). Thallium defect severity (sever- 
ity index) was significantly lower in group A than 
group B, 62 _ 45 versus 104 ___ 65 (P < .05). The 
thallium severity index was significantly lower 
than the BMIPP severity index in group A, 62 _ 45 
versus 96 --- 59 (P < .001). BMIPP severity indices 
were not significantly different in groups A and B. 
There was a significant inverse correlation between 
the ratio of thallium to BMIPP severity index 
within 3 weeks of MI and improved regional wall 
motion during follow-up in reperfused patients, 
y = - 5 3 x  + 65, r = .667. These investigators 
concluded that preinfarction angina is associated 
with functional improvement in patients undergo- 
ing direct PTCA for acute MI. 

MI and Viability Assessments. Because of its 
prolonged myocardial retention and the ability to 
assess both myocardial perfusion and myocyte 
metabolism, BMIPP is a potentially attractive agent 
for the evaluation of dysfunctional or hibernating 
myocardium. Using a protocol that had previously 
been developed for use with T1-201, Kropp et a148,49 
used BMIPP to assess myocardial viability. Tomo- 
graphic images were obtained immediately after 
the injection of 5 mCi of BMIPP during symptom- 
limited maximal exercise (SPECT-I), with delayed 
imaging 3 hours later (SPECT-II), and immediately 
after reinjection of 2 mCi BMIPP (SPECT-III). The 
difference in uptake between SPECT I and II 
images was considered to represent myocardial 
metabolism and the uptake in SPECT HI images 
was considered to assess myocardial viability. 
Twenty patients who had recently undergone coro- 
nary angiography and contrast ventriculography 
were studied. Infarct territories showed persistent 
defects on all three SPECT scans. Of the stenosed 
coronary territories without prior infarctions, 95% 
showed reduced uptake in SPECT I and II. Uptake 
in the SPECT-III images obtained immediately 
after the reinjection of 2 mCi BMIPP returned to 
98% of normal, an impressive demonstration of 
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BMIPP's potential for differentiating viable and 
infarcted myocardium. 

Tamaki et al so compared rest BMIPP SPECT 
with both T1-201 perfusion SPECT and contrast 
ventriculography assessments of wall motion. 
Twenty-eight patients with CHD and prior MI 
(interval from 10 days to 8 years; mean, 14.0 
months) were studied. A total of 196 myocardial 
segments were analyzed, and in 75% of these 
segments, BMIPP and thallium showed similar 
uptake. Discordant BMIPP and thallium uptake 
was shown in 25% of segments with lower BMIPP 
uptake compared with thallium in all cases. More 
discordant segments were observed in patients with 
infarcts less than 4 weeks old than in older infarcts 
(59% versus 31%, P < .01). BMIPP often showed 
reduced uptake compared with thallium. Myocar- 
dial territories that had not been revascularized 
showed greater discordance of BMIPP uptake com- 
pared with previously revascularized territories. 
Preserved BMIPP uptake correlated with retention 
of regional wall function. Thus, Tamaki suggested 
that decreased BMIPP uptake compared with thal- 
lium-201 indicates a persistent metabolic abnormal- 
ity and predicts failure of functional recovery after 
revascularization. 

Franken et aP ~ studied the ability of a combina- 
tion of radiotracers including Tc-99m sestamibi 
(perfusion) and BMIPP (metabolism) to assess 
myocardial viability in the setting of subacute 
myocardial infarction. Twenty-two patients with 
acute myocardial infarcts 4 to 10 days after success- 
ful coronary thrombolysis or angioplasty were 
evaluated with SPECT imaging. Wall thickening 
with intravenous dobutamine compared with rest- 
ing wall motion (2-D echocardiography) verified 
the presence or absence of viability. Using a 
five-segment model of the LV, 110 myocardial 
segments were analyzed. Five patients had totally 
normal wall motion and thickening at rest. The 
remaining 17 patients had 32 regions of ventricular 
dysfunction at rest. Wall motion was normal in all 
72 segments with normal tracer uptake. However, 
wall motion was normal in only 6 of 29 segments 
with mismatched uptake, BMIPP uptake reduced 
compared with sestamibi. Rest tomographic imag- 
ing showed 38 myocardial segments with reduced 
tracer uptake; 29 segments had greater reductions 
in BMIPP than sestamibi, and 9 segments had 
equally reduced uptake. No segment showed re- 
duced sestamibi uptake compared with BMIPP. 

Wall motion scores were more abnormal in regions 
with matching defects than in regions with mis- 
matched defects, 2.11 ___ 0.78 versus 1.34 __. 0.81 
(P = .014). None of the nine segments with matched 
defects had ionotropic reserve, whereas 15 of 23 
discordant segments (6 hypokinetic and 9 akinetic) 
showed ionotropic reserve (P < .001). The positive 
predictive value for wall motion improvement in 
mismatched segments was 79% (11 of 14 seg- 
ments), and the negative predictive value for the 
absence of improvement in matched segments was 
100% (6 of 6 segments). Thus, wall motion may 
recover under resting conditions before normaliza- 
tion of myocardial fatty acid metabolism occurs. 
Defects mismatched for perfusion and metabolism 
are most likely indicative of viability, whereas 
matched defects are likely representative of scar. 

In other studies, Franken et a152 and Knapp et al53 
assessed the prognostic value of combined BMIPP 
and sestamibi SPECT to predict functional out- 
come. Eighteen patients with recent myocardial 
infarcts (7 ___ 3 days) and resting regional wall 
motion abnormalities were studied. Mechanical 
revascularization was obtained in 13 patients: 7 
with PTCA, and 6 surgically. Wall motion, assessed 
6 months after infarction with 2-D echocardiogra- 
phy, improved in half of the patients and was 
unchanged in half. Functional outcome was not 
predicted by clinical data, catheterization data, or 
the type of revascularization performed. There was, 
however, a highly significant association between 
functional outcome and the relative uptakes of 
BMIPP and sestamibi. Wall motion improved in 27 
of 33 segments (82%) with mismatched defects 
(BMIPP < sestamibi) and was unchanged in 19 of 
21 segments (90%) with matched defects (Fig 7). 
Sestamibi had a positive predictive value of 84% 
and a negative predictive value of 72% when using 
50% of the maximal LV activity as criteria for 
myocardial viability. These values improved to 
95% and 89%, when the relative uptake of BMIPP 
was considered (mismatched versus matched de- 
fects). The positive and negative predictive values 
of low-dose dobutamine echocardiography and 
improved systolic wall thickening were only 80% 
and 62%. When more than 75% of a patient's 
dysfunctional segments showed a mismatched pat- 
tern, the probability for functional improvement 
was 90% (9 of 10 patients). None of eight patients 
with less than 75% mismatching segments im- 
proved functionally. 
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Fig 7. (A) Example of mismatched defects. Sestamibi (MIBI) and BMIPP obtained in a patient with left ventricular dysfunction 1 
week after acute anterior myocardial infarction. The study shows reduced BMIPP but normal sestamibi uptake in the infarct-related 
coronary artery territory, indicating the presence of viable but jeopardized myocardium. HLA images are shown apex down. 
(Reprinted with permission, s3) (B) Sestamibi (MIBI) and BMIPP left ventricular short-axis slices obtained in a patient with recent 
acute inferolateral myocardial infarction. There is a mild-to-moderate matched defect of both tracers in the infarct-related coronary 
artery territory, suggesting the absence of residual viability. Regional dysfunction did not improve after revascularization of this 
patient, (Reprinted by permission of the Society of Nuclear Medicine from: Knapp F, Franken P, Kropp J. Cardiac SPECT with 
iodine-123-1abeled fatty acids: evaluation of myocardial viability with BMIPR Journal of Nuclear Medicine 1995;36:1022-1030.) 

Several more recent studies have evaluated 
BMIPP as a tracer of myocardial viability early and 
late after MI. 54-58 Dendale et a154 studied 15 patients 
early after MI comparing sestamibi and BMIPP 
SPECT with low-dose dobutamine magnetic reso- 
nance imaging. Wall thickening at rest was signifi- 
cantly related to the uptake of sestamibi but not 
BMIPP (P < .001). There was a significant correla- 
tion between contractile reserve and abnormalities 
of BMIPP metabolism; 14 of 16 segments with but 
only 6 of 18 without contractile reserve had mis- 
matched reductions in sestamibi and BMIPP uptake 
(P < .002). Fujiwara et aP 7 studied 23 patients 
with acute MI treated with direct angioplasty using 
BMIPP 30 minutes after injection and sestamibi 1 
and 3 hours after injection and compared these 
results with those from CVG immediately after 
intervention and 1 month later. Recovery of re- 
gional function was associated with perfusion/ 
metabolism mismatch, as had been reported previ- 
ously. An interesting finding was that reverse 
redistribution of sestamibi also correlated with 
functional recovery. Yamagishi et al58 compared 
T1-201/BMIPP SPECT, exercise T1-201 SPECT, 
and N- 13 ammonia/F- 18 fluorodeoxyglucose (FDG) 
PET in 46 patients within 6 weeks of MI. Again 
BMIPP mismatch correlated with other markers of 
regional viability. Sloof et al56 and Hambye et a157 
studied patients later after MI using BMIPP and 
either T1-201 or sestamibi perfusion/metabolism 
mismatch correlated with functional recovery. 
Sloof's study was interesting in that patients with 

chronic ischemic heart disease not only showed 
perfusion metabolism mismatch, but 74% of FDG 
SPECT viable segments showed BMIPP mismatch 
with BMIPP uptake higher than perfusion. Segmen- 
tal BMIPP uptake reduced compared with perfu- 
sion occurred in 69% of FDG nonviable segments. 
The mechanism for these disparate findings is 
unclear and awaits confirmation. 

Imaged either alone or in combination with a 
myocardial perfusion tracer such as T1-201 or 
Tc-99m sestamibi, BMIPP appears to be useful as a 
marker of myocardial viability in acute and chronic 
ischemic LV dysfunction. Reduced uptake of both 
tracers is reflective of scar, whereas mismatched 
defects with less BMIPP uptake in comparison with 
myocardial perfusion is generally indicative of 
jeopardized myocardium with impaired fatty acid 
metabolism. BMIPP SPECT enhanced the accu- 
racy of myocardial viability assessments in compari- 
son with either dobutamine echocardiography or 
myocardial perfusion imaging alone. These studies 
confirmed earlier investigations with BMIPP and 
strengthened the case for the use of BMIPP as a 
marker of myocardial viability. Because it has been 
shown that the initial distribution of BMIPP in the 
first several minutes after injection is comparable to 
that of perfusion tracers, it can be argued that the 
use of BMIPP alone imaged early and late after 
injection is all that is required to evaluate myocar- 
dial viability with a high degree of accuracy. 
Multicenter studies with functional outcomes are 
needed to confirm these findings before the consid- 
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erable additional expense for BMIPP imaging can 
be recommended for clinical use. 

Cardiomyopathy. Grover-McKay et als9 have 
reported that C-11 palmitate uptake is reduced in 
the septa of patients with hypertrophic cardiomyopa- 
thy when imaged using positron emission tomogra- 
phy (PET). These investigators suggested that 
septal fatty acid metabolism was normal because 
the clearance half-times of the early rapid phase 
and the residual fractions of C-11 palmitate were 
similar in the lateral and septal walls. They postu- 
lated that the decrease in palmitate uptake was 
caused by reduced blood flow. The difference 
between the former studies and this study is that 
C-11 palmitate can be metabolized via beta oxida- 
tion, whereas BMIPP must initially undergo alpha 
oxidation. They also showed that F- 18 2-deoxyglu- 
cose (FDG) uptake was lower in the septum than in 
the lateral wall. Decreased septal glucose uptake 
may result in decreased cellular ATE which in turn 
may explain the reduced septal uptake of BMIPP. 38 
They concluded that the uncoupling of thallium and 
BMIPP uptake in hypertrophic cardiomyopathy 
patients may reflect an intrinsic impairment of 
myocardial fatty acid metabolism. 

Characterized by thickened myocardium and 
associated abnormal diastolic relaxation, hypertro- 
phic cardiomyopathy (HCM) has also been associ- 
ated with various abnormalities of glucose and fatty 
acid metabolism. Results from several clinical 
trials have shown that BMIPP SPECT is useful for 
identifying patients with hypertrophic cardiomyopa- 
thies. 6~ Takeishi et al62 used rest BMIPP and 
thallium SPECT imaging to study 14 patients with 
HCM. Imaging was performed 20 minutes and 3 
hours after the injection of BMIPP, and quantitative 
image analysis was performed. Two patients had 
hypertrophic cardiomyopathies secondary to hyper- 
tension, and 12 patients had primary cardiomyopa- 
thies, including two patients who had the apical 
variant. In patients with anteroseptal hypertrophy, 
there was less anteroseptal BMIPP uptake in com- 
parison to the posterolateral wall uptake (74% 
versus 85%, P < .001). Further, BMIPP was cleared 
more rapidly from thickened anteroseptal segments 
(33% versus 27%, P < .001). Segments with se- 
vere hypertrophy showed less BMIPP uptake (73% 
versus 82%, P < .001) and faster clearance (30% 
versus 25%, P < .05) when compared with less 
severely hypertrophied segments. The results of 
BMIPP imaging were often discordant with the 

results of thallium imaging; ie, thallium imaging 
often showed normal or even increased anterosep- 
tal myocardial uptake whereas BMIPP uptake and 
clearance in the corresponding segments were 
often reduced. 

Kurata et al63 studied 10 patients with asymmet- 
ric septal hypertrophy (ASH) (septal thickness > 15 
mm and septal to posterior wall ratio >1.3), 
including 5 patients with diffuse hypertrophy and 2 
patients with apical hypertrophy. Rest and delayed 
BMIPP images (30 minutes and 4 hours, respec- 
tively) and immediate thallium images were com- 
pared. In patients with ASH, there was lower 
relative regional BMIPP uptake in hypertrophic 
segments (immediate and delayed) as compared 
with BMIPP uptake in normal segments and in 
comparison to thallium uptake. Thallium uptake 
was generally less heterogeneous in these patients. 
In the 2 patients with apical hypertrophy, t had 
decreased BMIPP uptake and the other did not. The 
results of this study were similar to those of 
Takeishi et a162 discussed above, and were inter- 
preted as indicating that disproportionately thick- 
ened myocardial regions may have impaired fatty 
acid metabolism that is independent of perfusion. 
Kurata observed that the apparent LV chamber 
sizes in patients imaged with BMIPP were larger 
than those seen in the corresponding thallium 
studies (16 of 17 patients), especially in patients 
with diffuse hypertrophy. This was thought to result 
from diffuse subendocardial impairment of lipid 
metabolism. An alternate explanation for this obser- 
vation is provided by the 159 keV photon iodine- 
123 emits. This higher energy iodine photon results 
in improved image resolution and may account at 
least in part for the discrepancies observed in 
apparent chamber size. This is similar to what has 
been consistently observed with thallium-201 and 
Tc-99m sestamibi dual-isotope imaging. 

Tadamura et a164 used rest metabolic imaging 
using F-18 FDG PET, C-11 acetate PET, and 
BMIPP SPECT to evaluate 28 subjects with HCM. 
The purpose of this study was to assess the 
frequency of myocardial metabolic abnormalities 
and to clarify the relationship between these meta- 
bolic parameters. BMIPP uptake was often im- 
paired without significant reductions in glucose 
uptake or acetate metabolism. Segmental abnormali- 
ties of BMIPP uptake (34%) were more frequent 
than with either acetate (18%) or FDG (5%) 
(P < .0001). In nonhypertrophic myocardium, the 
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FDG, BMIPP, and acetate did not differ: 96.5 _ 
7.9, 95.6 ___ 7.6, and 96.2 _ 7.9, respectively 
(P = NS). In hypertrophic myocardium, all three 
metabolic markers were reduced: 90.0 --- 12.3, 
73.1 _ 16.1, and 85.2 - 15.2, respectively 
(P < .01), whereas FDG uptake was relatively 
maintained even when both BMIPP uptake and 
acetate metabolism were abnormal. Although 
BMIPP was the most sensitive marker, among 
those segments with reduced acetate metabolism 
(K mono), some showed reduced BMIPP with 
preserved FDG uptake. When acetate metabolism 
was maintained, FDG was always normal, and only 
when acetate was severely abnormal was FDG 
reduced. These investigators concluded that the 
first manifestation of abnormal metabolism as- 
sessed with these three radiotracers was that of 
fatty acids assessed with BMIPP. Metabolism of 
C- 11 acetate was the next to become abnormal, and 
FDG was the last. 

Several studies in patients with hypertrophic 
cardiomyopathy have shown abnormalities of myo- 
cardial fatty acid metabolism. Such abnormalities 
were commonly identified with BMIPP. The speci- 
ficity of these findings and their clinical signifi- 
cance are yet to be determined. Questions yet to be 
answered include those related to the prognostic 
significance of such metabolic abnormalities; the 
unique characteristics of these abnormalities as 
compared with those seen in patients with ischemic 
heart disease; and the meaning of these abnormali- 
ties in regard to symptoms, especially chest pain, 
arrhythmias, and survival. 

(p-IODOPHENYL) PENTADECANOIC ACID 

Development and Metabolism 

To prevent the rapid deiodination of the alkyl 
fatty acids and stabilize the iodine radiolabel, 
Machulla developed 15- (p-iodophenyl) pentadeca- 
noic acid (IPPA) as an alternative to the alkyl fatty 
acid analogs. 5,6 The iodine- 123 label attached to the 
terminal phenyl ring in either the ortho or para 
position is stabilized against deiodination. Radiola- 
beled IPPA has been shown to have kinetics similar 
to the physiological substrate palmitic acid in 
perfused rat hearts. 65 The uptake of IPPA is related 
to coronary perfusion, and the catabolism of IPPA 
generally follows the normal metabolic pathway 
for beta oxidation. 66 Iodobenzoic acid and its 
metabolite iodohippurate are the products of IPPA 
oxidation (Fig 8). Iodobenzoic acid and iodohippu- 
rate are rapidly excreted by the kidneys with the 
iodine moiety still attached, preventing the buildup 
of free radioiodine. Studies using myocardial bi- 
opsy specimens have shown rapid extraction by 
normal myocardium, with a biexponential clear- 
ance including a fast component half-time of 3.5 
minutes, a slow component half-time of approxi- 
mately 130 minutes, and a blood clearance half- 
time of 2.5 minutes. 67,68 As compared with the alkyl 
fatty acids, IPPA has the advantages of rapid 
myocardial uptake, iodine stabilization, and rapid 
clearance of metabolites from the body. 

The uptake and myocardial kinetics of IPPA 
have been studied in canine models of ischemia and 
infarction. Rellas et al69 used open-chest dog mod- 
els to evaluate the effects of temporary (90-minute) 
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and sustained (90 to 120 minutes) occlusions of the 
LAD coronary artery to determine if IPPA can be 
used to identify myocardial injury. They studied 
how uptake and metabolism differed under condi- 
tions of ischemia, reperfusion, and infarction. In 
dogs with temporary LAD occlusions and reperfu- 
sion, the uptake of IPPA was blunted and the 
clearance prolonged. In contrast and compared 
with controls, dogs with fixed LAD occlusions 
showed significantly decreased uptake and acceler- 
ated clearance. These investigators concluded that 
IPPA could be used to localize sites of myocardial 
ischemia and infarction, and that clearance from 
ischemic tissue of the radioiodinated fatty acid 
reflects beta oxidation. Hudon et a122 used planar 
imaging in canine models to investigate the affect 
of increasingly severe regional myocardial isch- 
emia over time on the myocardial clearance of 
IPPA. Open-chest dogs instrumented with ameroid 
constrictors in the LAD territory were studied 6 
hours and 5, 7, and 14 days postoperatively. These 
animals during atrial pacing showed decreased 
regional myocardial IPPA washout with prolonged 
clearance half-time values. There were no changes 
in half-time values in nonischemic segments. Both 
of these studies showed that during myocardial 
ischemia, beta oxidation is impaired, resulting in 
prolonged myocardial IPPA clearance half-times. 

Clinical Studies with IPPA 

Identification of ischemic heart disease. The 
ability of IPPA to evaluate ischemic heart disease 
has been studied in humans with planar and SPECT 
imaging. Using planar IPPA imaging after exercise 
stress, Kennedy et al 7~ studied 33 patients with 
known or suspected coronary heart disease. The 
study population included 15 control patients and 
18 patients with stable angina; 17 of 18 patients 
with angina had coronary disease documented by 
coronary angiography. Eleven patients had prior 
myocardial infarcts documented by electrocardio- 
gram (ECG) and corresponding segmental wall 
motion abnormalities. Given 1 mL Lugol's solution 
30 to 60 minutes before IPPA injection to block 
thyroid uptake, 2 to 6 mCi of IPPA were injected at 
rest and peak exercise stress. Using both myocar- 
dial uptake and clearance criteria compared with 
normal data files, the sensitivity and specificity of 
IPPA imaging were 72% and 100%. Zimmermann 
et alTl evaluated IPPA and thallium-201 imaging 
after bicycle ergometry stress in 41 patients with 

angiographically documented coronary disease and 
chronic stable angina. Twenty patients had a history 
of prior Q-wave infarction. There were no signifi- 
cant differences in heart rate, blood pressure, or 
work load achieved during the bicycle exercise 
stress associated with the thallium and IPPA stud- 
ies. The overall sensitivities and specificities were 
identical at 88% and 70%, respectively for both 
IPPA and T1-201. Both tracers had nearly identical 
sensitivities for the identification of individual 
coronary stenoses ---75%, 70%, and 66%, respec- 
tively. There were, however, a larger number of 
fixed defects on visual IPPA analysis, 36 reversible 
with thallium-201, 28 with IPPA (P = .02). With 
quantitative analysis of IPPA wash-out, the abilities 
of both tracers to discriminate fixed and reversible 
defects equalized. Their data suggested that IPPA 
was at least as sensitive as thallium for detecting 
CHD, but may underestimate regional myocardial 
viability without quantitation of myocardial clear- 
ance rates. 

To compare IPPA and TL-201 myocardial 
SPECT, Hansen et a172 used symptom-limited maxi- 
mal exercise stress. Fourteen normal volunteers 
(mean age, 2 9 -  3 years) and 33 patients with 
angiographically documented CHD (mean age, 
54 _ 11 years) were evaluated. All 33 patients had 
chronic stable angina: 18 patients had single- 
vessel, 9 double-vessel, and 6 triple-vessel disease. 
All patients were studied while on antianginal 
therapy as prescribed. Maximal treadmill exercise 
was performed, and 6 to 8 mCi IPPA was adminis- 
tered 1 minute before the termination of exercise. 
Stress and rest imaging were performed beginning 
10 and 45 minutes after injections. Twenty-five of 
the 33 patients also had symptom-limited maximal 
TI-201 scintigraphy performed. Imaging was per- 
formed beginning 10 minutes after injection. Two 
types of abnormalities were observed with IPPA 
imaging in patients with CHD: (1) decreased tracer 
uptake occurring at rest in patients with prior MI 
and during exercise in coronary distributions sup- 
plied by stenosed coronary arteries (>70%), (2) 
delayed clearance of IPPA from ischemic myocar- 
dium. IPPA clearance was slower in territories 
supplied by stenosed coronary arteries. Using these 
two criteria, the overall sensitivity of IPPA imaging 
was 82% versus 72% for T1-201 imaging. The 
investigators postulated that the improved sensitiv- 
ity of IPPA over TI-201 was attributable to three 
factors: (1) the initial myocardial uptake of IPPA, 
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like that of T1-201, is directly proportional to 
coronary blood flow over a broad physiologic 
range. IPPA uptake and retention are dependent on 
blood flow for myocardial delivery and oxygen for 
metabolism, thus IPPA may be a more sensitive 
physiological marker of intracellular ischemia. (2) 
The half-time of iodine-123 is one-sixth that of 
TL-201, allowing larger doses of IPPA to be 
administered and further improving image quality 
compared with T1-201. (3) The higher-energy 159 
keV iodine-123 photon results in less soft tissue 
attenuation and scatter, better resolution, and im- 
proved signal-to-noise ratios compared with the 
60-83 keV mercury X-rays of T1-201. The delayed 
clearance of IPPA in CHD patients is consistent 
with the known metabolism of fatty acids in 
ischemic tissue, ie, after uptake once fatty acids 
have undergone thioesterification with acetyl coen- 
zyme A, they are trapped and no longer have the 
ability to diffuse out of the cell, available oxygen is 
shunted toward glucose metabolism, resulting in 
reduced beta oxidation, and an increasing percent 
of the intracellular fatty acid pool is incorporated 
into triglyceride and phospholipid stores. 

Pippin et al 2~ studied 19 healthy volunteers at 
rest, after submaximal exercise, and again after 
maximal exercise stress to assess the effects of 
different cardiac work loads on myocardial fatty 
acid uptake and metabolism. The dose of IPPA 
varied from 0.10 to 0.12 mCi/kg body weight, and 
averaged 6 to 10 mCi per patient. For submaximal 
exercise studies, a target rate-pressure product of 
20,000 was used, and for maximal exercise studies, 
the onset of severe fatigue was the reason for 
discontinuation. IPPA was injected 1 minute before 
the termination of exercise. The normalized total 
heart uptake of IPPA increased progressively from 
rest to submaximal (P = NS) and maximal exer- 
cise (P < .001) (Table 2). In contrast to the changes 

Table 2. Normalized Total Heart IPPA Uptake (x  1000) 

Submaximal Maximal 
Rest Exercise Exercise 

Men 35.2 2 3.1 40.1 -+ 3.0 55.1 + 3.4 

Women 35.3 • 4.1 35.9 • 2.1 48.0 • 5.4 

All 35.2 • 2.4 38.2 • 1.9 51.9 • 3.1 

Rest versus submaximal: P = NS 

Submaximal versus maximal: P < .001 

Rest versus maximal: P < .001 

Note: Values expressed as (counts)(mCi)/(voxeis)(m 2) • SEM. 

Abbreviation: N = 10 subjects performing all three work 

loads. 
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Table 3. Total Heart IPPA Wash-Out 

Submaximal Maximal 
Rest (%) Exercise (%) Exercise (%} 

Men 20 • 2* 28 • 1? 15 • 3 

Women 14 _+ 3* 18 • I t  11 • 2 

All 17 • 2 24_+ 2 13 • 2 

Rest versus submaximal: P < .01 

Submaximal versus maximal: P < .01 

Rest versus maximal: P = NS 

Note: All values are group mean 2 SEM. Wash-out (%) = 

(immediate counts - delayed counts) • 100/immediate counts. 

* P <  .05. 

t P < .001. 

in IPPA uptake that occurred, wash-out increased 
significantly from rest to submaximal exercise 
(P < .01) but then at maximal exercise stress 
decreased to rates slower than those at rest (P = NS) 
(Table 3). Pippin concluded that with near- 
exhaustive exercise, while myocardial metabolism 
is shifted toward glucose use, fatty acid oxidation is 
blunted and shifted toward anabolism in the form 
of triglyceride and phospholipid synthesis. This 
effect is likely the result of lactate production, 
reported to increase six-fold during maximal exer- 
cise s t r e s s .  73 Lactate has been shown to inhibit the 
thiolase enzyme, reducing the rate of fatty acid 
oxidation and making glucose the preferred fuel 
source during hypoxemia and ischemia. In animal 
experiments, pyruvate has the same effect as lac- 
tate. 74 

Assessments of myocardial viability. One of 
the major challenges before noninvasive imaging is 
the differentiation of viable, potentially functional 
tissue, and scarred myocardium with no potential 
for functional recovery. Viability assessments are 
most challenging in dysfunctional ventricular terri- 
tories with prior ischemic damage. Noninvasive 
imaging modalities currently used to assess myocar- 
dial viability include PET imaging with F-18 FDG 
and C-11 acetate, SPECT with thallium and Tc- 
99m sestamibi, and dobutamine echocardiography. 
PET imaging is considered by many to be the gold 
standard for myocardial viability assessments. The 
widespread use of PET imaging maybe precluded 
by the need for an on-site cyclotron and the high 
cost of these studies. Because radiolabelled fatty 
acids have the potential to evaluate both coronary 
perfusion and myocyte metabolism, they have been 
studied as potential markers of tissue metabolism 
and viability. 

Vyska et al75,76 used dynamic planar imaging and 
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compartmental analysis to study the rate constant 
for influx (kl) of IPPA. In 15 normal subjects and 
30 patients with CHD, there were no significant 
differences in the kl of any of the major myocardial 
segments. The average kl was 0.57 ___ 0.13/min at 
rest and 0.42 ___ 0.6/min during exercise. With 
increased IPPA plasma concentration and increased 
relative myocardial perfusion, the influx increased 
in a saturable fashion. In ischemic areas, the mean 
kl was reduced to 57 _ 18% of unaffected areas. 
The areas of reduced IPPA uptake were larger than 
the corresponding areas of reduced thallium up- 
take. In patients studied before and after infarction, 
areas of reduced thallium uptake postinfarction 
were accurately predicted by areas of reduced kl 
preinfarction. The uptake of thallium and the IPPA 
k~ were both normalized postrevascularization. 
These investigators later reported that the uptake of 
IPPA was compatible with a nondiffusional process 
mediated by the initial interaction of fatty acid, 
with the 40-kDa membrane fatty acid binding 
protein of cardiac endothelium. 76 

Murray et al77 assessed myocardial viability 
using IPPA in 15 patients with CHD. All subjects 
were characterized invasively showing resting LV 
ejection fractions of <35% and obstructive coro- 
nary heart disease, with 7% having single-vessel 
disease, 20% double-vessel disease, and 73% triple- 
vessel disease. Forty-two dysfunctional coronary 
territories were evaluated, including 14 LAD, 14 
LCx, and 14 RCA distributions. In this study, high 
temporal resolution planar IPPA imaging at rest 
was performed for 25 minutes using a multicrystal 
camera. All patients were revascularized, and intra- 
operative myocardial biopsy samples were ob- 
tained. Tissue containing >50% fibrosis was consid- 
ered nonviable. Myocardial IPPA clearance rates 
for normal controls were 21.0 • 10%. Clearance 
rates from 3 to 25 minutes postinjection were 
reduced to 17 +__ 2.3% for biopsy viable segments 
and to 13.4 ___ 2.0% for nonviable segments. IPPA 
had a sensitivity of 92% and a specificity of 86% 
for detecting viable tissue. These same investiga- 
tors also compared multicrystal camera rest IPPA 
clearance rates with the results of transmural myo- 
cardial biopsies and reinjection thallium SPECT. 78 
All subjects had ischemic cardiomyopathies (LVEF 
<35%) and underwent transmyocardial biopsies at 
the time of coronary artery bypass grafting (CABG), 
23% had previous anterior wall and 73% inferior 
wall infarcts. IPPA and reinjection T1-201 imaging 

was performed before surgery. There was agree- 
ment in 77% of all myocardial segments with 
reinjection T1-201. In all cases of discordance, 
IPPA showed viability. Infarct location did not 
affect the results. Significant IPPA accumulation or 
an IPPA wash-out rate from 3 to 25 minutes of 
--- 16% identified biopsy-viable myocardium regard- 
less of whether the MI was anterior or inferoposte- 
rior. Assessed with either first-pass radionuclide 
ventriculography, echocardiography, or contrast ven- 
triculography after revascularization, 80% of IPPA 
viable segments showed improved regional systolic 
function. 

Using IPPA and SPECT imaging, Hansen et a179 
evaluated 23 patients revascularized for ischemic 
cardiomyopathies. Thirteen patients had a history 
of prior MI and 10 had ECG Q-waves; 5 patients 
had one-vessel disease, 10 had two-vessel disease, 
and 8 had three-vessel disease. The average EF 
before revascularization was 39 _+ 14%. IPPA 
imaging was performed at rest, and five sequential 
image sets were obtained beginning 4, 12, 20, 28, 
and 36 minutes postinjection. Myocardial metabo- 
lism was evaluated by fitting regional myocardial 
IPPA activity to monoexponential curves. The 
fraction of the left ventricle with retained interme- 
diate metabolism determined from clearance half- 
times was assessed. Operator-assigned regions of 
interest permitted analysis of hypoperfused myocar- 
dium corresponding to specific coronary territories 
(Fig 9). 80 A significant correlation was found be- 
tween initial IPPA uptake and postrevascularization 
LVEF. The fraction of the left ventricle showing 
IPPA metabolism in the intermediate metabolic 
range was higher in patients who had increases in 
global LV function. 

Because radiolabeled fatty acids assess both 
coronary perfusion and myocardial metabolism, 
they may be superior to conventional tracers for 
viability assessments. Prospective outcomes stud- 
ies to evaluate if regional wail motion, global LV 
systolic function, and patient prognosis improve 
after imaging-guided revascularization are of the 
greatest importance. 

Nonischemic cardiomyopathy. Patients with 
nonischemic cardiomyopathies often show normal 
or near-normal patterns of myocardial perfusion 
and severe abnormalities of ventricular wall mo- 
tion. There is limited information available relating 
to the abnormalities of myocardial metabolism that 
occur in patients with congestive heart failure 



254 JAMES R. CORBETT 

! 
30"11 a-Norrr~ halFIife.36minutes, r=O.99,p=O,OOO6 
20- H l-,l~hemic hlllf-Iife = 50 iWmutu, r .  0.gS, p. 0,00~1 I - -  

0 s 10 IS 20 2s 30 3S 4o 

B Time (mln.) 

Fig 9. (A) Images from a man who presented with unstable angina and three-vessel CAD. There is moderately decreased activity 
in the inferolateral wall, which shows relative improvement over t ime. The bull's-eye plot to the right shows the regions identified 
as ischemic (black outline) and normal (gray outline). The activity in these regions is plotted in Fig gB. This patient had inferior 
hypokinesis which resolved after CABG. (B) Relative activity versus time in ischemic and nonischemic regions from Fig gA. There is 
markedly reduced tracer uptake and metabolic activity in the ischemic region. The error bars demonstrate _+ 1 SD. (Reprinted by 
permission of the Society of Nuclear Medicine from: Hansen C. Preliminary report of an ongoing phase 1/11 dose range, safety and 
efficacy study of iodine-123-phenyl-pentadecanoic acid for the identification of viable myocardium. Journal of Nuclear Medicine 
1994;35:38S-42S.) 

caused by nonischemic dilated cardiomyopa- 
thies.81, 82 

Miche reported the results of dynamic planar 
imaging with IPPA and thallium-201 after bicycle 
exercise testing in patients with nonischemic di- 
lated cardiomyopathies. 83 Using quantitative com- 
partmental analysis techniques their group had 
previously described, they measured IPPA extrac- 
tion rates. 75 The rate constants for global fatty acid 
influx they found were significantly higher in 
patients than controls, k~ min -~ = 0.419 _+ 0.096 
versus k~ rain -~ = 0.39 - 0.08, P < .05. There was 
an inverse correlation between influx rate and 
measures of global left ventricular function, includ- 
ing cardiac index and ejection fraction (r = - .9) .  
The increased influx rates seen in these patients 
were thought to be related to a compensatory 
increase in fatty acid metabolism necessary to 
preserve cellular function in the face of reduced 
global myocardial perfusion. Although they did 
report frequent mismatches between myocardial 
IPPA and thallium uptake, they did not quantify 
myocardial effiux or [3-oxidation. 

Ugolini et al84 performed SPECT imaging with 
IPPA in 19 patients with nonischemic cardiomyopa- 
thies. Imaging was performed 8 and 40 minutes 
after rest injections. Patients with cardiomyopa- 
thies had greater heterogeneity of radiotracer up- 
take compared with normal controls (27 _ 11% 
versus 18 _ 5%, P < .01), and mean IPPA wash- 
out rates were more rapid in cardiomyopathy 
patients than in normal controls (26 _ 7% versus 
1 8 _  5%, P <  .01). Although the severities of 
IPPA uptake and wash-out abnormalities did not 

correlate with measures of left ventricular systolic 
function (ejection fraction), there was a statistically 
significant positive association between the hetero- 
geneity of 1PPA uptake and New York Heart 
Association functional class (r = .64, P < .01), but 
there was no such association between functional 
class and IPPA washout. Compared with patients 
with ischemic cardiomyopathies, there was less 
heterogeneity of tracer distribution in nonischemic 
patients; ie, severely diminished IPPA uptake did 
not occur. Patients with ischemic cardiomyopathies 
had reduced IPPA uptake and wash-out, reflecting 
impaired beta oxidation. These investigators hypoth- 
esized that the elevated levels of circulating cate- 
cholamines well known to occur in patients with 
CHF favor more rapid fatty acid metabolism and 
wash-out. 

The development of IPPA was motivated by the 
suboptimal imaging characteristics of the radioio- 
dinated alkyl fatty acids, their metabolism, and 
release of free iodine-123 resulting in a rapid loss 
of quantifiable image characteristics; tomographic 
imaging was not feasible. IPPA was a significant 
improvement over the alkyl fatty acids, providing 
excellent image quality, and permitting SPECT 
image acquisition and quantification with estimates 
of metabolic rates. The rate of IPPA metabolism 
and clearance is still relatively fast for single- 
detector SPECT imaging systems. Because of this, 
an effort was made to develop radiolabeled fatty 
acid analogue with slowed oxidative metabolism. 
The methylbranched chain fatty acids reviewed 
above and the new F-18 thia-heptadecanoic fatty 
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acid (FTHA) reviewed below resulted from these 
efforts. 

F-18 FLUORO-6-THIA-HEPTADECANOIC ACID 

F-18 fluoro-6-thia-heptadecanoic acid (FTHA) 
is a new radio]abeled fatty acid that may be suitable 
for PET cardiac imaging. The metabolism of this 
fatty acid analogs is inhibited by the sulfur heteroa- 
tom. 85 The sulfur substitute at the six carbon 
position allows metabolic trapping and partial 
metabolism but blocks 13-oxidation beyond that 
point with prolonged cardiac retention. 86 DeGrado 
et al, 86 in a mouse model, showed rapid blood 
clearance, avid cardiac uptake (39.8-+ 3.0% in- 
jected dose at 5 minutes), and with slow clearance 
of the tracer label from the heart (T1/2, about 2 
hours). Further, pretreatment with a camitine palmi- 
toyl-transferase I inhibitor reduced myocardial up- 
take by 80% to 90%, proving the importance of 
trapping and 13-oxidation in the myocardial reten- 
tion of FTHA. These investigators found that the 
rapid cardiac uptake, excellent target-to-back- 
ground ratios, and prolonged myocardial retention 
dependent on metabolic trapping were characteris- 
tics suggesting the potential of FTHA as a quantita- 
tive PET tracer of myocardial metabolism. 

Miiki et a187 studied patients with stable coronary 
heart disease using dynamic PET imaging at rest in 
the fasted state and during euglycemic hyperinsulin- 
emia. Rapid myocardial FTHA uptake was ob- 
served in both metabolic states. The fractional 
myocardial uptake constant Ki was 0.11 _+ 0.04 
mL/g/min fasted and 0.12 _+ 0.03 mL/g/min during 
insulin clamp, P = NS. The mean myocardial 
uptake indices decreased by 76% during insulin 
clamping, 5.8 +- 1.7 ~mol/100g/min versus 1.4 - 
0.5 ~rnol/100g/min (P < .005) (Fig 10). As within 
the heart, the femoral muscle uptake was signifi- 
cantly higher in the fasted state. These investigators 
concluded that FTHA PET is feasible and provides 
physiologically reasonable rates of myocardial and 
skeletal muscle free fatty acid uptake in both the 
fasted and insulin clamp states. 

The basic studies with FTHA suggested the 
feasibility of its use as a tracer of cardiac fatty acid 
metabolism. There are only very limited clinical 
data available regarding the use of FTHA. Schulz et 
al88 compared the utility of FTHA to F-18 FDG as a 
marker of myocardial viability in 21 patients with 
advanced coronary heart disease and ischemically 
reduced LV function. Normalized to the region of 
maximal Tc-99m sestamibi uptake, myocardial 
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Fig 10. Examples of parametric images measured wRh 
FTHA. Midventricular transaxlal slices (A, B) and cross-section 
of femoral region (C, D). Figs A and C were measured in fasting 
state. Figs B and D were measured during insulin clamp. 
(Reprinted by permission of the Society of Nuclear Medicine 
from: M•ki MT, Haaparanta M, Nuutila P, et al. Free fatty acid 
uptake in the myocardlum and skeletal muscle using fluorine- 
18-fluoro-6-thla-heptadesanolc acid. Journal of Nuclear Medi- 
cine 1998;39:1320-1327.) 

uptakes of FTHA and FDG were analyzed quantita- 
tively. FTHA uptake paralleled that of sestamibi 
(r = .80) but not FDG (r = .57). Mean regional 
myocardial uptake in regions of severe hypoperfu- 
sion was similar to that of sestamibi (38.1 - 16.3% 
and 36.8 +- 9.4, 54.6 _ 25.0%, P = NS), but signifi- 
cantly lower than FDG (54.6 _+ 25.0%, P < .001). 
In 52 regions with severely reduced perfusion but 
preserved glucose metabolism (FDG uptake ->70%), 
FTHA uptake was similarly preserved in only 8 
regions (43.8 _+ 25.0%, P < .001). These investiga- 
tors concluded that FTHA is of limited value in 
identifying hibernation myocardium, and the under- 
estimation of viability may be caused by depen- 
dence of uptake on flow and the suppression of 
13-oxidation in regions of chronic ischemia. Using 
the same methodology, this same team of investiga- 
tors reported the use of FTHA in a patient with left 
bundle branch block. 89 They found retention of 
septal FTHA uptake in a patient with severely 
reduced FDG uptake, and suggested that this 
finding may be caused by divergent metabolic 
effects of the alter ventricular conduction resulting 
from left bundle branch block on myocardial 
glucose metabolisms (reduced) and fatty acid 13-oxi- 
dation (preserved). 

Although Schulz's 88 report on the use of FTHA 
in the assessment of myocardial viability was less 
than encouraging, the potential clinical utility of 
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FTHA is still unknown. The myocardial uptake and 
retention of P-rI'HA appear to be similar to those of 
BMIPP. Considering the very positive reports ap- 
pearing related to BMIPP, it seems likely that there 
may be similar results with FTHA. Although the 
FTHA's fluorine-18 label will limit its use primarily 
to imaging systems capable of coincidence detec- 
tion, with the increasing availability of dedicated 
PET systems and hybrid SPECT/PET systems this 
will be a diminishing limitation. A tracer such as 
FTHA could play an important role in metabolic 

assessments of the heart. At present, the studies of 
FTHA's clinical utility are far too few and prelimi- 
nary to know what role it may have in clinical or 
investigative cardiac imaging. 
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The Current Role of Infarct Avid Imaging 

Ban-An Khaw 

Tc-99m pyrophosphate is the grandfather of infarct 
avid agents. Its value is its clinical availability and ease 
of use. However, its shortcomings are the delay of 2 to 
3 days for reliable interpretation in nonreperfused 
myocardial infarction (MI) and the overarching bone 
activity. Antimyosin provides exquisite specificity for 
the detection of myocardial necrosis irrespective of 
the cause of the injury. Therefore, diagnosis of equivo- 
cal MI or confirmation of diffuse myocardial necrosis 
would benefit from the availability of In-111 labeled 
antimyosin Feb. The drawback of antimyosin, like that 
of Tc-99m pyrophosphate, is the delay, in this case 
because of the protracted blood clearance of the 

antibody protein macromolecules. Tc-99m gluceric 
acid, on the other hand, may fulfill the original role 
envisioned for antimyosin, which was to enable early, 
rapid diagnosis of acute MI. However, the window for 
the use of Tc-99m glucaric acid appears to be limited 
to within the first day of the acute event. Therefore, 
there is a potential use of both Tc-99m glucaric acid 
and In-111 antimyosin in tandem with Tc-99m glucaric 
acid, which would not only facilitate early detection 
and diagnosis of acute MI and diagnosis of equivocal 
MI, but also may permit stratification of the infarct 
age. 
Copyright�9 1999by W.B. Saunders Company 

MONG THE approximately 8 million annual 
emergency room visits associated with vari- 

ous forms of chest pain in the United States, l only 
1.5 million will be diagnosed as acute myocardial 
infarction (MI). Confirmation of acute MI is rela- 
tively easy using the classical clinical symptoms, 
electrocardiogram, and serum enzyme assess- 
ments. However, approximately one third to one 
fourth will be missed by the existing traditional 
diagnostic methods. 2 Furthermore, the window for 
maximal patient benefit from thrombolytic therapy 
is within the first 6 hours of chest pain. Therefore, 
requirement of an infarct avid imaging agent should 
include speed and accuracy. 

Currently, there are no FDA-approved infarct 
avid imaging agents that are useful for diagnosing 
acute MI within the time frame necessary to direct 
decisions for early thrombolytic therapy to achieve 
maximal myocardial salvage. Although myocardial 
perfusion agents may permit early diagnosis of 
acute MI, 35 they cannot reliably differentiate revers- 
ibly ischemic but viable myocardium from irrevers- 
ibly compromised myocardium, nor can perfusion 
agents distinguish a fresh infarct from scar tissues 
of an old infarct. Infarct avid imaging techniques, 
however, 6-8 may allow early diagnosis within 4 to 6 
hours of the onset of chest pain. 

Among the many infarct-avid imaging agents 
that have been proposed, three stand apart; techne- 
tium-99m (Tc-99m) labeled pyrophosphate, 6,9-H in- 
dium-Ill  (In-Il l)  labeled antimyosin, 7,12-14 and 
Tc-99m labeled glucaric acid. 15,16 Tc-99m pyro- 
phosphate has been on the market for over 2 
decades. In-111 antimyosin was recently approved 
by the FDA for commercial marketing, however, 
the FDA-approved indication restricts its use only 

to ischemic disease indications. The last reagent, 
Tc-99m glucarate, is still in its initial clinical trial 
stages. 17 The current role of each reagent in infarct 
avid imaging will be presented in chronological 
order. 

Te-99m PYROPHOSPHATE 

Tc-99m pyrophosphate was initially developed 
for diagnosis of bone lesions. It was serendipi- 
tously observed to localize in acute myocardial 
infarction. The mechanism of localization of Tc- 
99m pyrophosphate is believed to be binding to 
hydroxyapatite. Buja et alia observed that the 
quantity of Tc-99m pyrophosphate binding to the 
necrotic myocardium correlated with the amount of 
calcium deposited in the tissue.~8 However, Dewan- 
jee and Kahn 19 found that Tc-99m pyrophosphate 
localization occurred primarily in the cytosolic 
fraction and that hydroxyapatite was not the pri- 
mary target. Irrespective of the exact mechanism of 
localization of Tc-99m pyrophosphate, experimen- 
tal and clinical reports affirm that this radiopharma- 
ceutical localizes in infarcted 9-n or severely injured 
myocardium. 2~ Optimal localization of Tc-99m 
pyrophosphate in the infarcted myocardium occurs 
1 to 5 days after the acute coronary event. 22 
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Nonreperfused infarcts were not visualized by 
gamma imaging with Tc-99m pyrophosphate on 
day 1 by Kondo et al, 23 when the radiotracer was 
injected 5 to 8 hours after the onset of acute MI. 
These same patients re-imaged at 22 to 57.7 hours 
showed infarct visualization in 5 out of the 6 
patients with persistent coronary artery occlusion. 
On the other hand, in reperfused MI patients, 
visualization of the infarcts was possible in 19 out 
of 22 patients within the first day. In these 19 
patients, Tc-99m pyrophosphate uptake averaged 
only 2.42 -+ 0.61 on a scale of 0 to 4, where 2 was 
considered normal. Nevertheless, the use of Tc- 
99m pyrophosphate for diagnosis of acute MI at 2 
to 3 days is well established (Fig 1). 

Whether Tc-99m pyrophosphate is specific for 
the delineation of irreversibly damaged myocar- 
dium however, is not certain. Tc-99m pyrophos- 
phate has been observed to be sequestered by 
viable but severely injured myocardium. 2~ It is 
also taken up in patients with stable angina without 
clinical evidence of myocardial necrosis, 24 in pa- 
tients with unstable angina, 25 and in patients sev- 
eral months 26 to 1 year 27 after the acute event. 
Protracted Tc-99m pyrophosphate uptake in these 
cardiovascular disorders suggests that there might 
be ongoing myocyte cell death, or alternatively, 
that pyrophosphate binds to both severely ischemic 
as well as necrotic myocardium. Because elevation 
of intracellular calcium is a common denominator 
in both ischemic and infarcted myocardium, 28 local- 
ization of Tc-99m pyrophosphate in severely isch- 
emic and infarcted myocardium is a distinct possi- 
bility. 

Regardless of the exact mechanism of Tc-99m 
pyrophosphate localization, if this reagent can 

delineate severely ischemic or necrotic myocar- 
dium very acutely such that the attending physi- 
cians can reach an unequivocal diagnostic end- 
point early, pyrophosphate would be extremely 
useful. As it is, pyrophosphate is a useful early 
infarct avid radiopharmaceutical agent only in 
reperfused MI. In nonreperfused infarcts, Tc-99m 
pyrophosphate is useful as a confirmatory diagnos- 
tic reagent 2 to 3 days after the acute event. Even 
though Tc-99m pyrophosphate is very easy to use 
and requires only a delay of 2 to 3 hours after 
intravenous (IV) administration for image acquisi- 
tion, its disadvantage resides in the inability to 
delineate the infarcted myocardium very acutely 
before reperfusion. Therefore, in the acute phase, 
the use of Tc-99m pyrophosphate is most appropri- 
ate for confirmation of successful thrombolytic 
therapy. 

ANTIMYOSIN ANTIBODIES 

Although oncological applications of antibodies 
dominate the field of immunoscintigraphy, antimyo- 
sin antibody has led the way in nononcological 
applications. In vivo targeting of canine acute MI 
with polyclonal antimyosin antibody was first re- 
ported in 1976. 29 F(ab')2 fragments labeled with 
Iodine-125 (1-125) were used to show the feasibil- 
ity of targeting acute MI in vivo. 29 In vivo gamma 
imaging of experimental acute MI with antimyosin 
F(ab')2 labeled with Iodine- 131 (I- 131) was accom- 
plished 2 years later. 3~ 

Preclinical Studies 

Localization of antimyosin antibody in the ne- 
crotic (oncotic) myocardium is based on the hypoth- 
esis that normal myocardial cells with intact cell 

Fig 1. Anterior and left ante- 
rior oblique gamma image of a 
patient with reperfused acute MI 
injected with Tc-ggm pyrophos- 
phate on day 3. The images were 
obtained 3 hours after IV admin- 
istration of the radiotracer. Myo- 
cardial activity is clearly dis- 
cerned separate from the bone 
activity, 
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membrane will prevent extracellular macromol- 
ecules from entering the cell. Necrotic myocardial 
cells with cell membrane disruption can no longer 
prevent the influx of extracellular macromolecules 
or the egress of intracellular components. There- 
fore, an antibody specific for an intracellular car- 
diac protein that is insoluble in physiological fluids 
should be able to enter the cardiac cells with cell 
membrane disruption and bind to the homologous 
antigen. Because myosin is an insoluble component 
of the contractile myofibrils, it will not be washed 
out of the necrotic cells. 29 If a specific antibody 
such as antimyosin antibody were introduced into 
the extracellular milieu, the antibody should be 
able to bind with the now-exposed cardiac myosin. 
If the antimyosin antibody were appropriately 
radiolabeled, then one should he able to image the 
regions of cell membrane disruption. 31 

Radiolaheled antimyosin antibody (Fig 2A) was 
observed to be highly specific for the delineation of 
the necrotic myocardium whereas similarly radiola- 
beled nonspecific immunoglobulin G (IgG) Fab 
was not able to delineate the infarcted myocardium 
(Fig 2B). 32 Furthermore, when radiolaheled spe- 
cific antimyosin Fab was injected into sham- 
operated noninfarcted dogs, myocardial targeting 
of the radioactivity was not observed. Such exquis- 
ite specificity of radiolabeled antimyosin antibody 
for the necrotic myocardium was moreover docu- 
mented by showing that high affinity of antimyosin 
antibodies is a necessary condition for the success- 
ful in vivo visualization of the infarcts. By using 
Fab fragments of three monoclonal antimyosin 
antibodies with different apparent affinities: R11D10 
(Ka = 1.5 - 2.5 • 109 L/mol), 2G42D5 (Ka = 
3 • 109 L/mol), and 3H31E6 (Ka = 3 - 6 • 105 
L/mol), 32 we were able to show that experimental 
MI could not be visualized with radiolabeled 
antimyosin Fab with the lowest affinity (Fig 3A). 
Yet the remaining two antimyosin Fabs with simi- 
lar high affinities easily delineated the infarcts that 
were visualized by gamma imaging (Figs 3B and 
3C). Infarct (I) to blood (B) activity ratios from 
computer planimetry of the gamma images of dogs 
with acute MI injected with high- or low-affinity 
antimyosin Fabs showed that both high-affinity 
antimyosin antibodies had similar mean I-B ratios 
(1.501 _ 0.267, and 1.701 + 0.376, P = NS). These 
mean I-B ratios were significantly higher than the 
mean I-B ratio of the low-affinity antimyosin Fab 
(0.85 __. 0.115, P < .0001), which was similar to 

Fig 2. (A) Left lateral gamma image of a dog with acute 
experimental MI imaged with radlolabeled monoclonal anti- 
myosin Feb. The image was obtained 5 hours after administra- 
tion of the radiolabeled entimyosin Feb. (B) Left lateral gamma 
Image of a dog with acute experimental MI Injected with 
In-111 labeled nonspecific antibody Feb. Image was acquired 
also at 5 hours after IV administration. The heart is not 
visualized. (Reprinted with permission3 2) 

that of nonspecific control Fab (0.7605 ___ 0.0148). 32 
Therefore, specificity of antimyosin antibodies alone 
is not a sufficient condition for successful in vivo 
gamma imaging of acute MI. Sufficient, high 
affinity is also a necessary condition. 

Although specificity and sufficiently high affin- 
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Fig 3. Left lateral gamma images of three dogs with 
experimental MI injected intravenously with 1111n labeled 3H3 
antimyosin Fsb (Ks = 5 x 106 L/M) (A) and 1111n labeled R11D10 
antimyosin Fab (Ka = 1.5 - 2.5 x 10 s L/M) (B) and 1-123 la- 
beled 2G42D7 sntimyosin Fab (Ks = 3.0 x 10 s Llmol) (C) ob- 
tained at 5 hours postinjection. The infarcts in all three 
animals were approximately the same size, but unequivocal 
visualization was possible only with R11D10 Fab and 2G42D7 
Fab; with 3H3 Fab it was not. (Reprinted with permissionP 2) 

ity have been established as necessary and sufficient- 
conditions, it remains to be established that devel- 
opment of cell membrane lesions is also an absolute 
requirement that enables the antibody to recognize 
and bind to the intracellular cardiac myosin. Be- 
cause in vivo demonstration of this would be very 
difficult, in vitro experiments were devised. Hy- 
poxic neonatal murine myocytes in primary cul- 
tures, treated with antimyosin antibody attached 
covalently to ldam diameter polystyrene beads, 
showed attachment of these beads to myofilaments 
through lesions in the cell membrane (Fig 4B). 33 
Normal myocytes with intact sarcolemma pre- 

vented accumulation of these antimyosin beads 
(Fig 4A). Higher magnification of the necrotic 
cells, at 100,000X, enabled visualization of the 
binding of the antimyosin beads to the myofila- 
ments containing cardiac myosin (Fig 4C). There- 
fore, both in vivo and in vitro studies showed the 
specificity of antimyosin antibody for delineation 
of myocardial cells with cell membrane disruption 
that translated into a very specific diagnostic method 
for identification of irreversibly injured myocar- 
dium. 

Although the specificity of antimyosin for delin- 
eation of the necrotic myocardium has been estab- 
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Fig 4. Scanning electron microgrephs of murlne neonatal 
primary myocytes in cuRure treated with antimyosin-linked 
1-p-diameter fluorescent polystyrene beads. (A) A normal 
myocyte showing the intact call membrane and s lack of 
antimyosin-besd binding. (B) A necrotic myocyte with a 
region of carcolemmai disruption showing sntimyosin-bead 
binding in that region. (C) 100,000• magnification showing 
binding of antimyosin beads with myofilsments containing 
myosin. (Reprinted with permission from Khaw BA, Scott J, 
Fsilon JT, et el: Myocardial injury: quantitstion by cell sorting 
inRiated with anti-myosin fluorescent spheres. Science 217: 
1050-1053,1982. Copyright 1982 American Association for the 
Advancement of Science.) 

lished as discussed above, its relationship to other 
independent radiopharmaceutical parameters for 
cardiac imaging needs to be addressed. Because 
antimyosin is an infarct avid agent and the perfu- 
sion markers are cold spot agents, there appears to 
be an inverse relation between antimyosin uptake 
and either T1-201 distribution or sestamibi distribu- 

tion in experimental acute MI. 34,35 The distribution 
of radiolabeled antimyosin to radiolabeled micro- 
sphere regional myocardial blood flow shows an 
inverse exponential relationship) 1 The micro- 
sphere regional myocardial blood flow data indi- 
cate that as myocardial perfusion drops below a 
critical level, myocardial damage is initiated and 
that antimyosin targeting begins to occur. Above 
that critical level of perfusion, the cardiocytes may 
be compromised but membrane disruption may not 
have ensued. No antimyosin localization is ex- 
pected or observed in these myocardial regions. 
Therefore, antimyosin positivity is an indicator of 
myocardial cell death and not an indicator of an 
ischemic episode. 

Clinical Studies 

Based on the premise that localization of radiola- 
beled monoclonal antimyosin Fab in patients re- 
flects acute MI, studies have been undertaken in 
patients who have and who have not received 
thrombolytic therapy. In most studies, the interpre- 
tation of the antimyosin gamma images is quite 
simple if the images are obtained 18 to 24 hours 
after IV administration. The radioactivity is local- 
ized to discrete regions corresponding to the territo- 
ries of the involved coronary vessels (Fig 5). 
Myocardial infarcts with and without successful 
thrombolytic therapy also showed almost equal 
radiotracer uptake. 13 However, reduced tracer up- 
take has been observed by Johnson et aP 6 in MI 
patients having no collateral circulation. Another 
problematic area is in the interpretation of antimyo- 
sin images of patients with minimal myocardial 
injury. The presence of residual blood pool activity 
even at 24 hours may be construed as myocardial in 
origin. In such a case, re-imaging at 48 hours 
usually resolves the dilemma 13 (Fig 6). 

Clinical studies have reported a sensitivity of 
antimyosin for diagnosis of Q-wave acute MI with 
antimyosin Fab to be between 87% and 98%. 13'37-40 

In a multicenter trial of 50 patients, Johnson et al a~ 
reported positive antimyosin delineation of the 
infarcts in 46 patients (sensitivity 92%). In a larger 
phase III trial of 492 patients, undertaken at 26 
centers, 42 190 of 202 patients (94% sensitivity) 
with Q-wave MI were positive by antimyosin 
imaging and 48 of 57 patients (84% sensitivity) 
with non-Q-wave MI. A specificity of 93% was 
reported in patients with chest pain but no clinical 
evidence of infarction. Specificity of In- 111 anti- 
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Fig 5. Anterior and 45* LAO images of a patient with anterior MI. The images were obtained 24 hours after IV administration of 
In-111 labeled antimyosin Fab. Note the cardiac activity clearly separate from liver activity. 

myosin antibody imaging for detection of acute MI 
was further shown by Jain et al43.44 and Hendel et 
a145 in case reports of antemortem confirmation of 
antimyosin infarct delineation to the postmortem 
histochemically and histologically demarcated in- 
farction (Figs 7A to 7C). 

Because of the high sensitivity and specificity of 
antimyosin imaging for diagnosis of acute MI, the 
agent is highly useful for definitive diagnosis of 
equivocal MI. In a study by Jain et al ,  46 75 patients 
with suspected acute MI were admitted into the 
protocol. Seven of 75 had no electrocardiograph 
(ECG) changes diagnostic of acute MI. However, 
all 7 were positive for presence of myocardial 
necrosis by antimyosin imaging criteria. Figure 8 
shows one such example where the diagnosis was 

Fig 6. Anterior and LAO 45* gamma images of a patient 
with minimal myocardial injury in the anterior myocardium 
visualizable only at 48 hours after IV administration of In-111 
antimyosin Fab. Arrows point to patchy myocardial activities. 

equivocal by ECG and serum enzyme methods and 
the patient was diagnosed to have had an MI only 
after antimyosin imaging. 

Because of the specificity and sensitivity of 
antimyosin immunoscintigraphy for detection of 
acute myocardial necrosis, antimyosin also has 
been used for the detection of right ventricular (RV) 
infarction. RV infarction is reported to occur in up 
to 50% of patients dying of inferior wall MI. 
Because diagnosis of RV infarction is difficult 
unless RV dysfunction occurs from extensive RV 
damage, or ST-segment elevation occurs in RV 
precordial leads, use of Tc-99m labeled pyrophos- 
phate scintigraphy has been recommended. Tc-99m 
pyrophosphate imaging may confirm presence of 
RV infarction, but a negative pyrophosphate scan 
does not necessarily exclude diagnosis of RV MI. 47 
Johnson et al48 studied 34 patients with posteroinfe- 
rior MI with simultaneous In-111 antimyosin and 
T1-201 imaging by single photon emission tomog- 
raphy (SPECT). RV MI was detected in 12 patients, 
only 3 of whom had ECG evidence of RV MI. In 
one patient, diagnosis of RV MI was made solely 
on the basis of the antimyosin scans. This patient 
was misdiagnosed with an anterior wall ischemia 
caused by ST-segment elevation in leads V1-3. 

Despite the high sensitivity and specificity of 
antimyosin imaging for acute MI, the delay of 12 to 
24 hours between radiotracer administration and 
unequivocal diagnostic image acquisition poses the 
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Fig 7. Slice of the heart (A) showing anterior wall infarc- 
tion (arrow) with rupture of the free anterior wall, schematic 
representation of the histologically Identified region of Infarc- 
tlon (B), and the gamma Image of the above slice showing 
antlmyosin delineation of the infarct (C). (Reprinted with 
permission. 4~) 

most serious obstacle for routine use of antimyosin. 
This delay is partly the result of a protracted blood 
pool clearance that impedes its use in very acute 
MI. This delay places the diagnostic time outside 
the window for maximal patient benefit from 
thrombolytic therapy. On the other hand, if a 
qualitative diagnostic end-point is the desired re- 
sult, infarcts may be detected earlier than 18 to 24 
hours. Infarcts can be visualized over and above the 
blood pool activity anywhere from 6 to 14 hours 
after IV administration of antimyosin (Fig 9). 

O .  

- .  ~ . . . . . . .  ~ L . �9 

Fig 8. (A and B) Anterior and LAO images of a patient with 
equivocal MI as seen In the ECG. Antimyosln images showed 
posterior localization of the radioactivity especially in the LAO 
view indicating a posterior MI. The heart can be identified in 
spite of extensive liver activity. 

Another potential application of antimyosin im- 
aging is in the diagnosis of postoperative MI? 9 Five 
percent of patients undergoing coronary bypass 
surgery develop postoperative MI based on the 
appearance of new Q-waves, and 40% have ST-T 
changes. 5~ Bulkley and Hutchins 51 observed that 
among 58 patients who died within 30 days after 
coronary bypass surgery, 48 patients had evidence 
of subendocardial contraction band necrosis in the 

Fig9. Anterior and LAO Images of s patient with anteroapi- 
cal MI obtained 13 hours after iV administration. Although 
there is still substantial myocardial blood pool activity, activ- 
ity localizing to the anteroapical region in the anterior gamma 
image can be discerned. 
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areas of the patent bypass grafts. Therefore, and- 
myosin may provide a diagnostic means early after 
the surgery when serum enzymes and ECG can be 
equivocal. Antimyosin scintigraphy was performed 
by van Vlies et al49 on 23 stable angina patients 
who underwent coronary bypass surgery and who 
had no history of MI. Antimyosin uptake was 
observed in 19 patients, diffuse uptake in 7, and 
localized uptake in 12. Although 14 of the 19 
patients had ST segment changes, no postoperative 
pathologic Q-waves were observed. 

Thus, it appears that In- 111 antimyosin antibody 
is highly specific for delineation of irreversibly 
injured myocardium, and has a sensitivity averag- 
ing 95%. However, as an agent for early diagnosis 
of acute MI for directing thrombolytic therapy, this 
agent does not appear to be adequate. Because 
thrombolytic therapy is most effective if initiated 
during the first 6 hours of chest pain, a delay of 6 to 
7 hours to obtain a rule-in diagnosis may not be 
appropriate, especially in light of the importance of 
initiating thrombolytic therapy as early as possible 
after symptom onset. 52,53 Therefore, an agent that 
can delineate the infarcted myocardium within a 
few hours after IV administration, so that images 
can be used to direct thrombolytic therapy and 
postthrombolytic care, would be highly desirable. 

Tc-99m GLUCARATE 

Glucaric acid is a natural six-carbon dicarbox- 
ylic acid sugar that is found in high concentrations 
in certain green vegetables and can be labeled with 
Tc-99m. 52 It was developed by Pak et a154 as a 
transchelator for radiolabeling Fab' fragments with 
Tc-99m. Serendipitously, it was observed that Tc- 
99m labeled glucaric acid localized in reperfused 
canine experimental myocardial infarcts within 
minutes after IV administration 55 (Fig 10). Glucaric 
acid, being a small molecule with a molecular 
weight of 210 d, clears from the blood with a very 
short T~/2. This may permit the development of a 
target-to-background ratio that enables early visual- 
ization. The preliminary results of Fornet et al 8 
suggested that Tc-99m glucaric acid might identify 
both zones of reversible and irreversible myocar- 
dial injury. However, subsequent studies by Or- 
landi et a116 as well as by us, 56 established unequivo- 
cally that Tc-99m glucarate is not sequestered by 
the ischemic tissues. Orlandi et a116 reported that 20 
minutes of ischemia (no triphenyl tetrazolium chlo- 

Tc-99m Glucarat e 
Car~ine RP-MI 

Mlnt~tes 0-4 5-8 9-12 

13-16 17-20 2 t -,24 25-2B 

Fig 10. Serial left lateral gamma images of a dog with 
acute MI injected intravenously with Tc-99m glucarate. The 
infarct can be visualized as early as 4 to 8 minutes (arrows) 
after IV administration of the radiotracer. (Reprinted with 
permission, ss) 

ride [TTC] infarction) in dogs did not cause 
Tc-99m glucarate localization. This was confirmed 
additionally by Narula et aP 6 using 5 and 15 
minutes of left anterior descending coronary artery 
(LAD) occlusion in a rabbit model of ischemia. 

In the canine reperfused MI model reported by 
Orlandi et al, 16 Tc-99m glucarate uptake was posi- 
tive as early as 3 hours of reperfusion, and was 
significantly higher at 48 hours, but no uptake was 
seen at 10 days. We were able to visualize canine 
reperfused acute MI within 4 to 10 minutes after IV 
administration of Tc-99m glucarate 55 (Fig 10). 
Visualization of nonreperfused rabbit infarcts re- 
quired about a 1-hour delay, whereas reperfused 
rabbit infarcts were visualized within 30 minutes. 
In nonreperfused acute MI in rats, optimal uptake 
occurred acutely at 4 hours o f  persistent coronary 
artery occlusion, with diminishing localization af- 
ter 24 hours and no localization of Tc-99m glucarate 
at 75 hours and 7 days. 57 These studies all indicate 
that glucarate may be useful as an acute diagnostic 
reagent in reperfused as well as nonreperfused 
acute MI. 

In another study, Yaoito et al,58 compared Tc- 
99m glucaric acid uptake with tritiated deoxyglu- 
cose uptake in acute MI and multiple episodes Of 
ischemia in rabbits. In the multiple-episode model 
of ischemia in which the LAD was occluded for 20 
minutes followed by 5 minutes of reperfusion 3 
times, uptake ratios of Tc-99m glucaric acid and 
3H-deoxyglucose in the normal myocardium, sur- 
rounding margin, and the center of the ischemic 
myocardium were similar, whereas in the infarcted 
myocardium, the Tc-99m glucaric acid activity in 
the infarct center was the greatest. 3H-deoxyglu- 
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cose uptake in the infarct center was similar to, but 
less than, that in the margin of the infarct. Although 
Tc-99m glucaric acid accumulated in mildly dam- 
aged myocardium, only severe myocardial injury 
could be visualized by in vivo imaging at 1 hour 
after IV administration. Therefore, it appears that 
only infarcts could be visualized by gamma imag- 
ing, whereas tissue counting could show areas of 
slight radiotracer uptake in the ischemic zones. 
Whether this increase in Tc-99m glucaric acid 
radiotracer uptake in the ischemic zone is attribut- 
able to the presence of microcenters of necrosis is 
not currently known. 

Recently, Narula et al56 reported that Tc-99m 
glucarate can be used for hyperacute localization 
and visualization of experimental MI in reperfused 
and nonreperfused rabbit infarct modelsP 6 When 
uptake of Tc-99m glucarate and In-111 antimyosin 
Fab, administered simultaneously into rabbits with 
acute MI, were compared, a direct correlation was 
obtained in either nonreperfused or reperfused 
infarcts. Target to nontarget ratios of Tc-99m 
glucarate were substantially higher than the corre- 
sponding In-111 antimyosin Fab (AM-Fab) uptake 
ratios in the same tissue samples. 56 This difference 
was more pronounced in nonreperfused MI. When 
uptake ratios of Tc-99m glucarate were compared 

Canine 
RP-MI 

with In-ll  1 AM-Fab uptake ratios in the canine 
reperfused MI model, a direct correlation also was 
obtained (r 2 = 0.98). 55 Because antimyosin is highly 
specific for delineation of myocardial necrosis, and 
a direct correlation is obtained between Tc-99m 
glucarate and In-111 antimyosin Fab, the former must 
also delineate acute myocardial necrosis. The corre- 
lation coefficient of almost 1 (0.98) strongly sup- 
ports the theory that the two infarct avid agents 
must be delineating the same infarcted tissues. How- 
ever, Tc-99m glucarate generated higher target to 
nontarget ratios than In-I l l  antimyosin Fab within 
the same time period. Therefore, visualization of 
the infarct should occur faster with Tc-99m glucarate 
than with In-111 AM-Fab. Figure 11 shows that 
Tc-99m glucaric acid already delineated the infarct 
as early as 30 minutes after radiotracer administra- 
tion, whereas the simultaneously administered In- 
111 AM-Fab showed only blood pool activity at the 
same time. By 5 hours, both radiotracers showed 
infarct delineation in canine reperfused MI. 56 

The mechanism for the necrotic tissue specificity 
of Tc-99m labeled glucarate is attributable to its 
affinity for targeting the histone of the necrotic 
myocytes. 56 When the radioactivity from the in- 
farcted tissues at 1 and 3 hours after IV administra- 
tion of Tc-99m glucarate was fractionated into 

30 minutes 

Fig 11. (A) Left lateral gamma 
images of a dog with reperfused 
MI imaged at 30 minutes after iV 
administration of Tc-99m gluca- 
rate (left top panel) and the corre- 
sponding In-111 antimyosin im- 
age (right top panel). By 5 hours 
after radiotracer administration, 
the infarct delineated by both 
Tc-99m giucarate and In-111 anti- 
myosin is the same. (Reprinted 
with permission. "~) 

5 houm 

Tc,-99m In- 111 
Glucarate Antirnyosin 
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nuclear, mitochondrial, and cytosolic fractions, 
>75% of the infarct activity was associated with 
the nuclear fraction (Fig 12). Further fractionation 
of the nuclear activity into nucleoproteins and DNA 
showed that the predominant radioactivity was 
associated with the nucleoproteins that consisted 
primarily of histones. Therefore, it appears that 
when acute myocardial necrosis occurs, the nucleo- 
histones become accessible to Tc-99m glucaric 
acid. The initial entry of Tc-99m glucaric acid into 
the infarct zone appears to be via collateral circula- 
tion and/or diffusion. However, the highly basic 
nucleohistones may act as a sink for concentrating 
the acidic glucaric acid once the integrity of the 
sarcolemma has been lost. This high avidity for the 
nucleohistones together with the fast blood clear- 
ance should allow development of target-to- 
background ratios that permit early visualization of 

[] Total uptake 
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[ ]  Nuclear 
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Fig 12. Subcellular distribu- 
tion of Tc-99m glucarate activity 
in the infarcted rabbit myocar- 
dium at 1 and 3 hours after IV 
administration of the radiotracer. 
Total uptake as well as activities 
in the nuclear, mitochondrial, and 
cytoplasmic fractions are shown. 
Greater than 75% of the total 
infarct activity was associated 
with nuclear fraction. 

the infarcted myocardium. This very acute localiza- 
tion capability of Tc-99m glucarate also has been 
seen in patients. Figure 13 shows the anterior and 
LAO images of a patient who underwent successful 
thrombolysis within 3.5 hours of chest pain. Tc- 
99m glucaric acid was administered at 4.5 hours. 59 
Studies from Europe have shown that hyperacute 
visualization of acute MI is feasible with Tc-99m 
glucaric acid. Large MIs can be visualized earlier 
than small MIs, but Mariani et a159 observed that 
small nonreperfused MI may be visualized within 3 
hours of IV administration of this reagent. It 
appears that Tc-99m glucaric acid is highly specific 
for acute MI but not for MI older than 2 to 3 days. 
This observation is consistent with the avidity of 
Tc-99m glucarate for the nucleoproteins because it 
appears that at 2 to 3 days, the targets of Tc-99m 
glucarate may no longer be present because of 

Fig 13. Anterior and LAO (40 ~ 
gamma image of a patient with 
reperfused anterior MI injected 
with Tc-99m glucarate. The im- 
age was obtained at about 3.5 
hours after IV administration of 
the radiotracer. 
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autolysis  in the infarct. The  exac t  durat ion for  

Tc-99m glucarate  posi t ivi ty  in pat ients  wi th  acute  

MI  is not  known.  Mariani  et al59 observed  that in 

reperfused MI,  posi t ivi ty  wanes  after peak  serum 

creat ine kinase (CK) levels  have  been  reached.  

Whether  the same t ime frame will  hold  for nonreper-  

fused MI  must  awai t  addit ional  studies. 

It appears  that Tc -99m glucarate  m a y  prov ide  a 

very  acute  MI  imag ing  method.  Large  MI  should  be  

v isual izable  by g a m m a  imaging  in about  1 hour  

after IV administrat ion,  and a small  MI  should be  

detectable  by 3 hours.  This  d iagnost ic  t ime  f rame 

may  be  compa t ib l e  for  di rect ing th romboly t ic  

therapy in the emergency  department .  
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Gated SPECT Imaging 

M. Reza Mansoor and Gary V. Heller 

Gated SPECT imaging has allowed the simultaneous 
assessment of both perfusion and function through 
one study. The popularity of this is amply shown by 
the unprecedented growth of this imaging modality 
throughout the country. In addition to the benefits 
that ventriculsr function adds to perfusion, gated 
SPECT imaging also adds to the specificity of peru- 
sion imaging. With recent studies showing the benefit 
of medical therapy to interventional approaches for 
the treatment of patients with angina, in particular, 
patients with chronic stable angina, there has been an 
increased dependence on noninvasive imaging to as- 
secs their ischemic burden. Perfusion, with technetium- 
99m sestamibi SPECT imaging together with gated 
SPECT imaging has been the modality of choice in the 
majority of cases because of the ease of performance 

of these studies and the increased information pro- 
vided. This has in large part been attributable to the 
ability of gated SPECT imaging to provide functional 
data, significantly increasing the use of radionuclide 
perfusion imaging. This article reviews the method of 
acquisition, validation, clinical use, and the newer 
advances of gated SPECT imaging. It gives an apprecia- 
tion of the benefit that gated SPECT imaging has 
added in terms of risk stratification and prognosis in 
many cardiac patients. Under the more recent uses are 
myocardial viability and the increased util ity of gating 
in this scenario, ischemic versus nonischemic cardio- 
myopathies, and the quandary that this testing poses 
to physicians and the dilemma of gated thallium 
imaging with its inferior image quality. 
Copyright �9 1999 by W.B. Saunders Company 

G ATED SPECT IMAGING was developed in 
the late 1980s 1 after the routine acceptance 

of single photon emission computed tomography 
(SPECT) myocardial perfusion imaging. Gated 
SPECT imaging has rapidly become standard in 
many laboratories because it allows simultaneous 
assessment of perfusion and function, which was 
not previously possible. This advance has had a 
major impact on the field of nuclear cardiology. It 
has made possible insight into the differentiation of 
attenuation artifact from coronary artery disease 
and has provided assessment of ventricular func- 
tion during studies of myocardial perfusion. 

ACQUISITION AND PROCESSING 

Gated SPECT acquisition is performed at the 
same time as routine SPECT acquisition. The 
patient is positioned supine on the SPECT table and 
monitored with a three-lead electrocardiograph 
(ECG). The R wave identifies the beginning of the 
cardiac cycle, the cardiac cycle being represented 
by the R-R interval. Beat rejection can cover 10% 
to 100% of the R-R interval that is different from 
the predefined R-R interval. Images generally are 
acquired in a continuous "step and shoot" mode, 
whereas myocardial perfusion data are acquired 
with a 64 • 64 matrix over a 180 ~ or 360 ~ arc. 

The perfusion data are then reconstructed and 
standard filtered back projection is applied. A 
transverse image is created and then reoriented to 
create the short, vertical long, and horizontal long 
axis images. A dynamic data set of eight frames is 
then created, and back filtration and reorientation 
are performed. To increase counts, a slice thickness 

of 2 may be used and a cine loop created. Several 
cycles are then superimposed on each other to give 
the required counts. The images are then displayed 
in a dynamic format, allowing the reader to assess 
wall motion in all areas of the myocardium, 
including the left and right ventricles. 

Left ventricular ejection fraction is calculated 
separately. Most programs that calculate the ejec- 
tion fraction rely on an edge detection method. 24 
The computer assesses the end-diastolic and end- 
systolic frames and calculates the left ventricular 
ejection fraction (LVEF). 

Fifteen to 60 minutes after the patient is injected 
with the radioisotope, perfusion imaging and gated 
SPECT imaging are acquired. Although perfusion 
data reflect the condition at the time of injection, 
gated SPECT reflects ventricular function during 
the acquisition study, generally under rest condi- 
tions. This is true whether the patient is injected at 
rest or during stress. However, two exceptions are 
possible. First, if a patient is injected with radiophar- 
maceutical during stress and has prolonged isch- 
emia, a transient wall motion abnormality may be 
observed during the acquisition phase, 15 to 60 
minutes later. In a recent article by Johnson et al,5 it 
was reported that 36% of patients with stress- 
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Fig 1. Post-stress versus rest left ventricular ejection frac- 
tion in patients with stress induced ischemia. Triangles repre- 
sent post-stress, squares represent rest. Reprinted with per- 
mission from the American College of Cardiology (Journal of 
the American College of Cardiology, 1997, 30, 1641-1648). 

induced ischemia had a decrease in LVEF of >5% 
on poststress gated SPECT imaging compared with 
gated SPECT data acquired after a rest injection in 
the same patients (Fig 1). 

In a similar study, Javaid et al 6 showed a 
significant change in ejection fraction in patients 
with ischemia who underwent poststress gated 
SPECT as compared with postrest gated SPECT 
imaging. This phenomenon has been termed post- 
ischemic stunning and has not been observed in 
nonischemic patients. 

Secondly, gated SPECT imaging may reflect a 
condition under stress if data are acquired during 
the time of stress. Recent studies have been per- 
formed to assess myocardial viability under low- 
dose dobutamine stress conditions (Levine et al,7 
Iskandrian et al8). In these protocols, patients are 
injected with radiopharmaceuticals under rest con- 
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ditions, but the study is acquired during dobuta- 
mine infusion. It is best to use a dual-headed 
camera to minimize acquisition time during the 
dobutamine infusion for this protocol. 

VALIDATION OF GATED SPECT IMAGING 

Validation of Wall Motion and Wall Thickening 

Gated SPECT imaging techniques allow the 
clinician to assess regional and global wall motion, 
wall thickening, and ejection fraction. Validation 
for the use of all these techniques now exists. 
Visual wall motion analysis by gated SPECT 
imaging was shown to correlate well with echocar- 
diographic interpretation. Chua et al9 evaluated 58 
patients with ECG and gated SPECT studies. They 
found a very close correlation between the two 
techniques in the evaluation of segmental wall 
motion (r = .91) as well as in the assessment of 
wall thickening (r = .90). There was a similarly 
very strong correlation when global wall motion 
was compared (r = .98) using the two techniques 
(Fig 2). 

Germano et a l l 0  developed a new technique 
whereby they measured regional wall motion and 
wall thickening based on three-dimensional (3-D) 
endocardial surface detection using a modification 
of the centerline method, which is based on geomet- 
ric and partial volume counts. They found that 
quantitative and visual estimation of wall motion 
and wall thickening correlated well by both tech- 
niques. Cwajd et all1 described the interobserver 
and intraobserver variability in a group of 34 
patients. When studies were analyzed a month apart 
by two independent observers, the interobserver 
and intraobserver agreement was 90% and 88%, 
respectively. Berman et a112 also have reported on 
the cost efficiency of wall motion and wall thicken- 
ing in providing more diagnostic data with fewer 
tests. 

y �9 4.0e44 ~, O.IPOQllx 

10 20 30 40 S0 
ECHOCARDIOGRAPHY 

Fig 2. Correlation between 
gated SPECT (y axis) and echo- 
cardiographic (x axis) global wall  
motion (left) and global wall  
thickening (right) scores. Re- 
printed with permission from the 
American College of Cardiology 
(Journal of the American College 
of Cardiology, 1994, 23,1107-1114). 
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Validation of Ejection Fraction 

Computer programs have been developed that 
detect the endocardial and epicardial boundaries 
and thus calculate the LVEE Two techniques have 
been described and validated by different groups. 
DePuey et al 2 described a technique by which the 
endocardial and epicardial borders are drawn manu- 
ally with computer calculation of the LVEF using 
Simpson's rule. They compared these gated SPECT 
studies with planar gated Tc-99m blood pool stud- 
ies and found a very good correlation between the 
two techniques (Fig 3). Germano et al3 have 
reported a technique in which the computer as- 
sesses the endocardial and epicardial surfaces of all 
gated intervals in the cardiac cycle and calculates 
the volume changes, and thus the LVEF, all without 
operator interaction. Nichols et Ella used yet another 
technique to automate the calculation of the LVEE 
End diastolic and end systolic images were defined 

by maximum count extremes. The endocardial 
surfaces were plotted for both these images, and 
ejection fraction was calculated. This technique 
was found to correlate strongly with gated blood 
pool imaging (r = 0.86), the gated SPECT interob- 
server variability was r = .92, the intraobserver 
variability was r = .94. 

Gated SPECT has also been compared with other 
modalities such as echocardiography, first-pass 
radionuclide ventriculography, and contrast ven- 
triculography in an effort to validate its use for 
measuring ejection fraction. Germano et al 3 com- 
pared LVEF by gated SPECT imaging with radionu- 
clide ventriculography and found a very good 
correlation (r = .91), Piriz et a113 reported a correla- 
tion of r = .86, while Nichols et a114 compared 
ejection fraction by gated SPECT and angiographic 
ventriculography and found a correlation of r = 
.86. Williams et all5 compared wall motion and 
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Fig 3. Comparison of LVEF determined from gated SPECT studies and equilibrium radionuclide angiography, with various 
observers (Reprinted by permission of the Society of Nuclear Medicine from: DePuey EG, Nichols K, Dobrinsky C. Left ventricular 
ejection fraction assessed from gated technetium-99m sestamibi SPECT. Journal of Nuclear Medicine 1993;34:1871-1876.) 
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ejection fraction by gated SPECT with radionuclide 
angiography and contrast ventriculography and 
reported that gated SPECT ejection fraction was 
more accurate than radionuclide ventriculography 
when compared with contrast angiography. 

Jamil et a116 recently showed that visually esti- 
mated ejection fraction corresponded very closely 
to the computer-derived ejection fraction. This 
study was performed in patients with dilated cardio- 
myopathies. However, the correlation was better 
with dilated cardiomyopathies of nonischemic ori- 
gin than in patients with coronary artery disease. In 
the latter group, more areas of severe underperfu- 
sion were noted, which may affect the overall 
accuracy of the ejection fraction measurement. 

Validation of Ventricular Volumes 

Another possible use of gated SPECT imaging is 
in the assessment of ventricular volumes. Everaert 
et all7 studied 40 patients using two new programs 
that depended on 3-D imaging to calculate left 
ventricular (LV) volumes and found very good 
concordance between the two techniques (r = .93). 
Nichols et all4 compared the LV volume with 
angiography and showed a high correlation, whereas 
Iskandrian et all8 compared the LV volumes by 
gated SPECT with those of first-pass radionuclide 
ventriculography showing correlation of r = .89. 
Germano et a119 further showed that the gated 
SPECT volume measurements also were very repro- 
ducible. 

CLINICAL UTILITY 

One of the more common uses of gated SPECT 
imaging is to improve the accuracy of the diagnosis 
of coronary artery disease (CAD). It has been 
recognized that SPECT imaging has a superior 
sensitivity for the detection of CAD over planar 
imaging. However, the specificity suffers, and in 
several studies has been found to be lower than 
with planar imaging, generally because of attenua- 
tion artifact. This commonly occurs as a fixed 
defect in either the anterior (breast) or inferior 
(diaphragm) areas. Fixed defects may represent 
either attenuation artifact, prior myocardial infarc- 
tion, or hibernating myocardium, and cause signifi- 
cant problems in the interpretation of the study. 
Only assumptions could be made regarding the 
etiology of a fixed defect prior to gated SPECT 
imaging. This resulted in reduced specificity (false 

positives) and perhaps reduced sensitivity (false 
negatives). With gated SPECT imaging, evaluation 
of ventricular wall motion in the area of the 
perfusion abnormality can be performed. It is 
assumed that normal function in the area of the 
perfusion abnormality is consistent with attenua- 
tion artifact, whereas abnormal wall motion sug- 
gests CAD. 

Appropriate classification of fixed defects should 
result in improved specificity. This was indeed 
shown to be the case in a recent prospective study 
by Taillefer et al.20 In this study 115 women with 
known coronary anatomy underwent separate exer- 
cise testing with Tc-99m sestamibi gated SPECT 
imaging and thallium-201 imaging. The specificity 
improved from 67% with thallium to 92% with 
gated SPECT imaging (P < .01) (Fig 4). 

Another benefit of gated SPECT imaging is a 
reduction of equivocal interpretation of perfusion 
imaging results. The clinical application of this 
decision process was shown by DePuey et al21 and 
Smanio et al? 2 Both articles showed less equivocal 
interpretations using both perfusion and function 
data in comparison with perfusion data alone. A 
more recent article by Choi et al, 23 evaluated 365 
patients and reported that in those with equivocal 
images, there was an 86.8% improvement from the 
addition of tomographic images, projection images, 
and gated cine images. 

One problem that continues to challenge the 
cardiovascular nuclear medicine physician is the 
assessment of wall motion in an area that is 
severely hypoperfused. In this case the count rate is 
inadequate for visualizing the region well. Thus the 
ability to accurately interpret ventricular function 
as well as ejection fraction is compromised. Re- 
cently Nichols et al24 have described an image 
enhancement technique that may assist in the 
visualization of the underperfused wall. They have 
also validated this technique, finding that it com- 
pares well with echocardiography. 25 

NEWER USES OF GATED SPECT IMAGING 

Myocardial Viability 

An area of myocardium is said to be viable if its 
perfusion and/or function improve after revascular- 
ization. Although viability applies equally to nor- 
mally functioning myocardium and myocardium 
with subnormal function caused by lack of perfu- 
sion, the main concem of physicians is in patients 



GATED SPECT IMAGING 275 

Fig 4. Specificity of TI-201 (open bars) ,  Tc-99m 
sestamibi perfusion ( s t r i p e d  bars)  and Tc-99m ses- 
tamibi perfusion and gated SPECT (speckled bars).  
Reprinted with permission from the American College 
of Cardiology (Journal of the American College of 
Cardiology, 1997, 26, 69-77). 
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with hypofunctioning myocardium and the ability 
to predict recovery after revascularization. 

It has been assumed that because technetium- 
99m sestamibi does not redistribute, it was not a 
good agent to evaluate viability. Therefore rest- 
redistribution thallium or stress-redistribution thal- 
lium was considered the perfusion agent of choice 
for viability assessment. Chua et al 9 first reported 
using a dual isotope technique (rest thallium-201 
and stress Tc-99m sestamibi SPECT) that gated 
SPECT corresponded with echocardiography in the 
assessment of viable myocardium. Gated SPECT 
corresponded with echocardiographic wall thicken- 
ing and wall motion. They showed that gated 
SPECT added to the perfusion study when assess- 
ing viability. However, gating alone may underesti- 
mate the presence of viable myocardium, which 
they theorized was because of the presence of 
postischemic stunning and myocardial hyberna- 
tion. In a more recent study, Levine et al 7 using 
technetium-99m sestamibi SPECT imaging found 
that gated SPECT was more reliable than rest- 
redistribution thallium-201 in the identification of 
viable myocardium. Levine et al26 in a very recent 
article evaluated the benefit of adding functional 
data to the perfusion data from Tc-99m sestamibi 
imaging, and found that it significantly improved 
sensitivity ( P <  .025) and overall accuracy 
(p < .05) (Fig 5). 

There are many new techniques that are being 
examined together with Tc-99m sestamibi gated 

SPECT imaging to be able to better identify 
hibernating myocardium. Some of these newer 
techniques involve the infusion of nitrates during 
administration of Tc-99m sestamibi and during 
image acquisition and the infusion of low-dose 
dobutamine during image acquisition. This is simi- 
lar in concept to the use of low-dose dobutamine 
echocardiography in assessing viability. Iskandrian 
et al s have described a technique in which viability 
was assessed using a low- and high-dose protocol 
with Tc-99m gated SPECT images. Levine et al27 
used low-dose dobutamine with gated SPECT 
imaging to assess viability and showed that if wall 
motion improved with low-dose dobutamine, there 
was a good correlation with myocardial viability. 
The standard use of these techniques requires 
further evaluation. 

Ischemic and Nonischemic Cardiomyopathy 

The identification of ischemic from nonischemic 
etiologies of dilated cardiomyopathies is of critical 
clinical importance in choosing appropriate thera- 
pies. Previous noninvasive studies have shown that 
neither assessment with peffusion imaging nor 
function alone is specific enough for this determina- 
tion. Thus cardiac catheterization has been consid- 
ered to be the only reliable means of assessing 
patients with dilated cardiomyopathy. 

Recent studies have shown that a combined 
approach of both perfusion imaging and function 
may be more useful. Danias et al~8 showed a much 
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Fig5. Comparison of perfusion alone 
with perfusion and wall motion. The 
addition of ECG gating significantly im- 
proved sensitivity, negative predictive 
value, odds ratio, and accuracy. Specific- 
ity and positive predictive value did not 
change, (Reprinted from American Jour- 
nal of Cardiology, 83, Levine MG, McGill 
CC, Azar RR, et al, Functional assess- 
ment with electrocardiographic gated 
single-photon emission computed to- 
mography improves the ability of tech- 
netium-ggm sestamibi myocardial per- 
fusion imaging to predict myocardial 
viability in patients undergoing revascu- 
larization, 1-5, 1999, with permission 
from Excerpta Medica Inc.) 

lower summed stress, rest, and reversibility score in 
the nonischemic cardiomyopathy group, and a 
markedly decreased variability in wall motion 
abnormality, which could be used to differentiate 
the two types of cardiomyopathy (Fig 6). More 
research in this area is needed to confirm this 
interesting observation. 

Prognosis 

The evaluation of residual LV function after 
acute myocardial infarction is one of the most 
important prognostic indicators of mortality, This is 
illustrated in Figure 7, which is from the Multicen- 
ter Post Infarction Research Group Study. 29 Thus 

LV function as evaluated by gated SPECT imaging 
should be a significant predictor of cardiac risk. 

Hachamovitch et al 3~ in a recent study reported 
on the ability of functional measurements to inde- 
pendently aid in the risk stratification of patients 
into those at high and low risk for events. Similarly 
Travin et a131 reported in a large cohort of 560 
patients that a gated SPECT score greater than 10 
was the best predictor of any event (odds ra- 
tio = 2.7). 

Gated Thallium-201 Images 

Although gated SPECT imaging with thallium- 
201 has been validated, several limitations exist. 

Fig 6. Individual patient wall motion variance among vas- 
cular territories, for ischemic and nonischemic cardiomyopa- 
thy groups. The horizontal solid lines inside the boxes repre- 
sent the median values. The dotted lines represent the mean 
group values. The upper and lower box borders indicate the 
75th and 25th percentiles, respectively, The whisker caps 
represent the 95th and 5th percentiles. (Reprinted from the 
American Journal of Cardiology, 82, Danias PG, Ahlberg AW, 
Clark III BA, et al, Combined assessment of myocardial perfu- 
sion and left ventricular function with exercise technetium- 
99m sestamibi gated single-photon emission computed to- 
mography can differentiate between ischemic and nonischemic 
dilated cardiomyopathy, 1253-1258, 1998, with permission 
from Excerpta Medica Inc.) 
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Fig 7. Cardiac mortsliW rate in four categories of radio- 
nuclide ejection fraction (EF) determined before discharge. 
N denotes the number of patients in the total population 
and in each category. (Reprinted with permission from The 
Multicenter Post-Infarction Research Group. N Eng J Med 
309:331-6, 1983 [Copyright r Massachusetts Medical 
Society. All rights reserved.].) 
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Generally count density is uniformly lower than 
with technetium in any individual patient. This 
results in an inability to visualize and evaluate the 
fight ventricle. As a result, valuable information is 
lost, including possible etiology of  symptoms or 
distinguishing ischemic from nonischemic cardio- 
myopathy. In addition accurate evaluation of  re- 
gional wall motion may be more difficult with 
thallium-201. It should be noted that validation of  
the method primarily has been with global ejection 
fraction, rather than regional wall motion. Because 
determination of  the etiology of  a fixed defect 
(attenuation versus CAD) is made with regional 
assessment, this may be a serious limitation. To 
date no studies exist regarding the use of gated SPECT 
in improving specificity of  thallium-201 imaging. 
As the body size increases, the count density with 
thallium-201 becomes limited. In such patients, attenu- 
ation artifact determination as well as accurate 
ejection fraction measurement is more important. 

Germano et al 6 compared gated thallium-201 
with technetium-99m sestamibi gating and found a 
very good correlation between the two techniques. 
Similarly Maunoury et a l )  2 in a study involving 
104 patients, found that Tl-201 could be gated and 
provided excellent correlation with gated SPECT 
using Tc-99m sestamibi images. However others 
have found it difficult to reproduce the same quality 
of  images with thallium-201 that are produced with 
technetium-99m gated SPECT. Ferrand et al33 
highlighted a problem with thallium SPECT ejec- 
tion fraction calculation caused by the low signal- 
to-noise ratio. They concluded that particularly in 
patients with low EFs, there may be large errors. 

Gated SPECT imaging has resulted in a signifi- 
cant advance in the use of  perfusion imaging. It has 
resulted in an increase in particular of  the specific- 
ity, and therefore more definitive reporting on 
perfusion studies. The clinician is able to have both 
a perfusion and a functional image with one study. 
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