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Myocardial Perfusion Imaging

Physiologic Principles

Briefly, the underlying physiological principles of stress-rest 
perfusion imaging are as follows: at rest, coronary flow is 
normal even in the presence of a narrowing of up to 85% 
diameter stenosis (Fig. 6.1).1 Stress, usually in the form of 
dynamic exercise or vasodilatation, results in an increase in 
coronary flow. In a normal coronary artery, flow increases 
2- to 2.5-fold with dynamic exercise or by three- to four-
fold with maximal coronary vasodilation.2–6 However, the 
increase in flow in a stenosed coronary is attenuated. Despite 
an increase in flow proximally, there is an increase in the 
pressure gradient across the stenosis, resulting in a drop in 
pressure and flow distal to the stenosis. This causes a het-
erogeneous distribution of blood flow during stress, with a 
greater increase in myocardial perfusion in the area sub-
tended by the normal coronary artery relative to the myocar-
dium supplied by the stenoticartery. In certain circumstances, 
coronary flow may actually decrease distal to the stenosis, 
resulting in subendocardial ischemia. This phenomenon of 
myocardial steal may occur in two circumstances. In the 
presence of a severe coronary stenosis, the coronary pressure 
distal to the stenosis may decrease enough during stress that 
it is insufficient to perfuse the endocardium, resulting in 
subendocardial ischemia despite an increase in total flow in 
the proximal epicardial artery. This is sometimes referred to 
as vertical steal. Alternatively, in the presence of one or more 
diseased vessels with collaterals between their distal beds, 
there may be an unequal fall in the pressure between the two 
distal perfusion beds. This can result in blood being shunted 
away from the distal bed with the higher perfusion pressure 
to the one with the lower perfusion pressure. This is referred 
to as horizontal steal, and also can result in the production 
of subendocardial ischemia in the affected area.

Therefore, resting coronary flow or myocardial perfusion 
imaging at rest does not sensitively reflect the presence or 
severity of coronary artery disease. However, the capacity to 
increase fl ow to high levels in response to exercise stress or 

pharmacologic coronary arteriolar vasodilators, that is, coro-
nary flow reserve, becomes impaired in the presence of coro-
nary artery stenosis of moderate severity. Coronary flow 
reserve, illustrated in Figure 6.2, is defined as the ratio of 
maximum fl ow or perfusion during stress or pharmacologic 
vasodilation to resting flow or perfusion. Figure 6.3 relates 
stenosis severity (horizontal axis) to coronary flow reserve 
expressed as the relative increase of flow in multiples times 
the initial baseline resting flow (vertical axis). The dashed 
line indicates resting flow and the solid line is flow reserve. 
The gray zone indicates the range for multiple observations. 
With progressive narrowing, baseline flow remains normal 
until the coronary artery is narrowed by 80% to 85% diam-
eter stenosis. However, coronary flow reserve begins to 
decrease at 40% to 50% diameter stenosis for a vasodilatory 
stimulus increasing flow normally to four times baseline. 
For a stimulus increasing flow to five or six times baseline 
levels, coronary flow reserve would be reduced by an even 
milder 30% diameter stenosis. For the experimental stenoses 
upon which Figure 6.3 was based, normal arterial diameter 
and stenosis length were constant and relatively uniform for 
each stenosis in a progressive series of experimental coro-
nary artery constrictions. Consequently, percent narrowing 
related well to flow reserve with some data scatter (gray area 
of Fig. 6.3) due to variable physiologic conditions of heart rate 
and aortic pressure, which may alter flow reserve somewhat.7

In humans, absolute dimensions and length stenoses are 
highly variable, with the consequence that percent diameter 
stenosis is poorly related to coronary flow reserve.7–13

However, both experimentally and in humans, it has been 
shown that directly measured coronary flow reserve is equiv-
alent to, interchangeable with, and predicted by the arterio-
graphic geometry of coronary artery stenoses if all stenosis 
dimensions are accounted for including percent stenosis, 
absolute cross-sectional lumen area, length, and shape.7,14–16

Mechanisms Underlying Coronary Flow Reserve

To explain maintenance of normal resting coronary flow but 
reduced coronary flow reserve during progressive coronary 
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FIGURE 6.1. Principles for the detection of coronary artery disease 
with perfusion imaging under conditions of maximal coronary 
vasodilation. With an 80% diameter narrowing, coronary flow
reserve is limited to an approximately twofold increase over resting 
levels compared with a fourfold increase in nonstenotic arteries. 
The abnormal area therefore has 50% less activity, reflecting 50% 
decrease in regional maximal flow compared with the normal 
maximum. A milder stenosis of approximately 40% diameter nar-
rowing will produce a mild relative defect of approximately 15% 
below maximal flow, indicating a mild lesion.
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FIGURE 6.2. Concept of absolute coronary flow reserve (ABS CFR) 
and (REL CFR) relative coronary flow reserve.
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FIGURE 6.3. Coronary flow reserve expressed as a ratio of maximal 
flow to resting flow is given on the vertical axis, with percent diam-
eter narrowing given on the horizontal axis. With progressive nar-
rowing, resting flow does not change (dashed lines), whereas the 
maximal potential increase in flow or coronary flow reserve begins 
to fall at approximately 50% diameter narrowing. Shaded areas 
represent the limits of variability of data about the mean plotted by 
the solid and dashed lines.

FIGURE 6.4. Diseased coronary circulation as two resistances in 
series. Rs indicates the resistance of the stenotic artery, and Rb

indicates the resistance of the distal vascular bed. The effects of 
reducing Rb with the use of vasodilators are shown by the dashed 
line. The equation shows the relation between resistance and flow
(F) for various segments of the curves. For a given total pressure 
gradient across the narrowed tube and distal vascular bed, flow is 
determined primarily by Rb if Rb is large. Changes in the stenotic 
resistance Rs have little effect until the value of Rs approaches that 
of Rb.

constriction, consider the stenotic coronary artery as two 
resistances in series, that is, a narrowed tube and a distal 
coronary vascular bed, represented schematically in Figure 
6.4. Normally, the distal coronary bed resistance at rest is 
high. In this schema, the driving pressure for flow is the total 
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pressure gradient across the stenosis and distal vascular bed, 
which is approximately central aortic pressure since venous 
pressure is relatively small. Therefore, flow is determined 
approximately by aortic pressure divided by the sum of the 
resistances of the stenosis (Rs) and of the distal vascular bed 
(Rb) in series. If the distal bed resistance is large compared 
with the stenosis resistance, as normally found at rest, large 
changes in the stenosis resistance will have little effect on 
flow, which is determined primarily by distal vascular bed 
resistance. Therefore, a progressive stenosis up to a point will 
have no hemodynamic effect on resting coronary blood flow. 
However, as the stenosis becomes sufficiently severe to 
create a resistance comparable to that of the distal vascular 
bed, the distal bed vasodilates, loses its ability to autoregu-
late, and further narrowing causes a fall in resting coronary 
blood flow. When the stenosis becomes sufficiently severe 
that its resistance is much greater than that of the distal 
vascular bed, autoregulation will be lost and flow will be 
determined predominantly by the stenosis resistance alone. 
Further arterial narrowing then causes resting flow to fall as 
shown in Figure 6.4. Thus, the coronary vascular system is 
normally a low-flow, high-resistance circulation at rest. Cor-
onary vasodilators or stress convert this normally low-flow, 
high-resistance system into a high-flow, low-resistance 
system in which coronary stenoses, even mild ones, limit 
maximum flow. Such logic explains why imaging regional 
myocardial perfusion at maximum coronary vasodilation 
can be used to detect coronary narrowing.

Absolute and Relative Coronary Flow Reserve

The concept of coronary flow reserve, defined as maximum 
flow divided (normalized) by resting control flow, has evolved 
into an accepted functional measure of stenosis severity 
since first proposed (Fig. 6.2).7–13,17,18 Its validity has been con-
firmed and applied clinically by noninvasive imaging and by 
invasive methods. These clinical methods measure pharma-
cologically induced increases in coronary blood flow, most 
commonly with intravenous dipyridamole for noninvasive 
studies and intracoronary papaverine for invasive studies. 
More recently intravenous adenosine has been used.

However, changes in aortic pressure and heart rate are 
known to alter cardiac workload and therefore baseline coro-
nary blood flow as well as altering maximum coronary flow 
under conditions of maximal vasodilation.18 Consequently, 
absolute coronary flow reserve, as measured by flow meter, 
also varies with aortic pressure and heart rate independent 
of stenosis geometry due to differential effects of these vari-
ables on resting and maximal coronary flow. Under markedly 
varying physiologic conditions, or from patient to patient, 
absolute coronary flow reserve may not reliably or specifi -
cally reflect severity of coronary artery narrowing since it 
may be altered by physiologic factors unrelated to stenosis 
geometry.

In contrast, relative maximum coronary flow or relative 
flow reserve is defined as maximum flow in a stenotic artery 
divided (normalized) by the normal maximum flow in the 
absence of stenosis. During maximal coronary vasodilation 
physiologic variables, such as aortic pressure, heart rate, 
metabolic demand, and vasomotor tone alter distal coronary 

bed resistance equally for both normal and stenotic arteries. 
When the maximum flow in the stenotic artery is normal-
ized by normal maximum flow, the effects of pressure, heart 
rate, or vasomotor tone on flow in the numerator and denom-
inator of this ratio cancel out. Therefore, relative differences 
in regional maximum flow, or relative flow reserve, are deter-
mined primarily by geometric stenosis severity. Relative 
flow reserve, therefore, is a measure of stenosis severity rela-
tively independent of physiologic variables.

Rather than considering absolute coronary flow reserve 
to be competitive or antithetical to relative flow reserve, 
these measurements are independent variables providing 
complementary information. Absolute flow reserve is the 
flow capacity of the stenotic coronary artery and vascular 
bed under whatever conditions of pressure, workload, hyper-
trophy, vasomotor tone, or stenoses are present. It reflects the 
cumulative summed effects of these various factors without 
being specific for the mechanism or cause of altered flow 
reserve. Relative coronary flow reserve reflects more speci-
fically the effects of the stenosis independent of and 
not affected by the other physiologic variables if normal 
maximum flow is high enough. Thus, absolute and relative 
coronary flow reserve are complementary.

Single Photon Emission Tomography

Physics and Instrumentation

Use of radionuclides to image the heart depends on the 
ability to detect emitted electromagnetic radiation from 
injected radionuclides. The radionuclide is usually either 
taken up by the myocardium or remains in the intravascular 
compartment. The emitted gamma rays are detected by a 
scintillation counter where the emitted electromagnetic 
radiation is converted into electrical energy and transformed 
into a digital format to produce images either of myocardial 
activity or the cardiac blood pool.

Scintillation Counter

These counters are usually made of sodium iodide thallium 
[NaI(Tl)] activated crystal. The purpose of the scintillation 
crystal is to convert the energy of γ-radiation into visible 
light. When a γ-ray interacts with the atom in the crystal, a 
high-speed electron is produced. This electron in turn dis-
turbs other atoms in its path, creating more high-speed elec-
trons. The number of high-speed electrons generated is in 
proportion to the γ-ray’s total kinetic energy. These electrons 
move through the crystal until trapped by an atom of thal-
lium, when their kinetic energy is converted into a photon 
of light, that is, a scintillation. This whole process occurs 
within a microsecond of the initial interaction between the 
high-energy photon and the crystal. Every γ-ray absorbed by 
the crystal results in the production of a large number of 
photons, which is in direct proportion to the energy of the 
γ-rays.

Subsequently, a photomultiplier converts these photons 
of light into an electrical signal, which then amplifies the 
electrical signal. Photons of light are detected by the photo-
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multiplier using a thin plate, called a photocathode, which 
releases electrons in proportion to the photons striking it. 
The electrons are then accelerated through a series of usually 
10 plates, known as dynodes, which multiply the electrons 
striking them in proportion to voltage difference between 
the plates. This results in an amplification factor of approxi-
mately 1 million. Following this, the electrons are collected 
by an anode, and an electrical impulse is generated by a pre-
amplifier. The energy of the γ-ray absorbed by the crystal and 
the subsequent light released by the crystal are directly pro-
portional to the height of this electrical pulse, that is, 
voltage.

A device called a pulse height analyzer is used to prese-
lect the range of energies to be counted (energy window) from 
the distribution of available energies (energy spectrum). Any 
energies corresponding to γ-rays with this predetermined 
energy window are rejected. Discriminating the energy of 
the γ-ray is important as it facilitates (1) selection of different 
radionuclides with different energies and (2) the elimination 
of less energetic γ-rays scattered by the patient’s tissue prior 
to detection by the scintillation device. However, pulses gen-
erated by the unscattered γ-rays are not all of exactly the 
same amplitude, and they are distributed around the exact 
characteristic energy of the radionuclide (photopeak). The 
less spread of the radionuclide around the photopeak, the 
better the energy resolution of the system, and therefore 
the better the inherent counting and imaging characteristics 
of the device.

Single-Crystal Gamma Camera

This camera uses a large (300–500 mm), thin (75–125 mm) 
NaI(Tl) crystal with an array of photomultiplier tubes cover-
ing one side of the crystal. On the other side of the crystal 
is a lead plate with multiple holes in it called a collimator
(Fig. 6.5). This causes selective interference by blocking those 
rays not traveling in the selected direction. In some ways, 
the collimator is analogous to the lens of a photographic 
camera resulting in a preselection of γ-rays before they strike 
the crystal. The most commonly used collimator in nuclear 
cardiology is a parallel-hole collimator. The lead septa 
between the holes absorb most of the γ-rays not traveling 
parallel to the holes. The larger the diameter or shorter the 
length of the holes, the higher is the sensitivity of the colli-
mator, and the smaller the diameter or longer the length 
of the holes, the higher the spatial resolution of the 
collimator.

The γ-rays passing through the holes of the collimator 
strike the crystal and produce a scintillation. Photons pro-
duced by the scintillation are detected by all the photomul-
tiplier tubes; photomultiplier tubes closer to the event 
gather more light than those farther away. All output from 
the photomultipliers is relayed into electronic computer cir-
cuitry where it is processed. A positional analyzer deter-
mines and assigns x and y Cartesian coordinates to the 
point in the crystal where the scintillation occurs. In addi-
tion, output of all the photomultipliers is summed, repre-
senting the total energy of the γ-ray that interacted with the 
crystal, to form an energy or z pulse. The z pulse is sent to 
the pulse height analyzer, and it is set to accept a prese-
lected range of energies (see above). If the z pulse is within 

the predetermined range, it is referred to as either a trigger 
impulse or a signal (s) pulse. This signals that the scintil-
lation event should be counted. Each time a trigger impulse 
is received by the cathode ray tube, it allows the emission 
of electrons from the electron gun. The x and y positional 
impulses are transmitted to the horizontal and vertical 
plates, creating a deflection in the path of the electrons cor-
responding to the scintillation coordinates. Electrons hit 
the phosphor screen of the cathode ray tube, creating a 
small scintillation that can be recorded on photographic 
film. However, today computers are used for image display, 
processing, analysis, and archiving purposes. Therefore, the 
x, y, and z pulses are also relayed to the computer interface 
unit. These impulses first must be converted from analog 
to digital format using an analog-to-digital converter (ADC). 
The ADC converts the pulse height into discrete numbers. 
The x and y impulses both have an ADC, whereas the z 
impulse signals the ADCs to convert the analog pulses to 
digital numbers.

The current generation of gamma cameras performs real-
time corrections for (1) tube drift, (2) energy variations, and 
(3) spatial nonlinearity. Tube drift correction automatically 
adjusts the photomultipliers so that each one generates the 
same pulse voltage when it gathers photons from the same 
light source. This correction is required because the earth’s 
magnetic field affects the photomultiplier’s output as a func-
tion of its angle and is particularly important in rotational 
tomography. The energy correction factor compensates for 
differences in response of individual photomultiplier tubes, 
differences in the crystal, or differences in regional light-

FIGURE 6.5. Schematic diagram of a gamma camera.
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gathering properties. Energy-specific field floods need to be 
acquired periodically to generate the time-dependent energy 
maps. This predetermined map is then applied by a correc-
tion circuit in real time. This normalizes the relationship of 
the energy window to the shape of the spectrum, practically 
abolishing the variations in energy response. Linearity cor-
rection is required because the gamma camera positioning 
scheme does not perfectly image straight radioactive line 
sources. A phantom of straight lines in horizontal and verti-
cal positions is imaged. The displacement is measured and 
stored, allowing the linearity circuit to correct lines so that 
they appear perfectly straight in the image.

Acquisition Modes

Planar acquisition is the simplest means of acquisition, 
where the γ-camera acquires data in one dimension in mul-
tiple projections, usually in three, that is, anterior, left ante-
rior oblique, and left lateral projection. Right anterior and left 
posterior oblique projections may be obtained depending on 
the circumstances. Despite obtaining multiple projections, 
the spatial resolution is limited. This occurs because of over-
lapping activity from either noncardiac structures or overlap 
between normal and abnormal segments within the heart. 
For example, the presence of adjacent pulmonary activity 
may overlap the posterolateral wall in the left anterior 
oblique, making the anteroseptum appear hypoperfused; 
alternatively, a small perfusion defect may not be detected 
because of activity in normal myocardium in an adjacent but 
different plane.

Tomographic acquisition, also known as single photon
emission computed tomography (SPECT), is now the most 
common acquisition mode for myocardial perfusion imaging. 
A series of planar images are obtained usually in a 180-
degree rotation from 45 degrees right anterior oblique (RAO) 
to 45 degrees right posterior oblique (RPO). Using a tech-
nique called filtered backprojection, a computer creates a set 
of transaxial images from these planar images, allowing the 
radioisotope distribution to be displayed in three dimen-
sions. From these transaxial images horizontal and vertical 
long axis sections and short axis sections are constructed. 
This results in improved contrast and enhanced spatial reso-
lution, when compared to planar imaging. However, this 
technique is more exacting, in terms both of equipment and 
acquisition technique, and of requiring more rigorous quality 
control.

Filtered backprojection uses an algorithm that is depen-
dent on the fact that each photon that interacts with the 
crystal must pass through the collimator, which defines the 
path of the photon because the holes in the collimator are 
parallel. The reconstruction algorithm back-projects or sends 
back the counts from their recorded position on the crystal, 
along a line perpendicular to the face of the crystal (Fig. 6.6). 
The back-projected lines cross at the origin of the radiation, 
and these points are recorded in computer memory from 
which tomograms are generated. However, the reconstruc-
tion algorithm deposits counts in each pixel along the back-
projected line, producing a star-shaped artifact and in-plane 
blurring of the image. To reduce these artifacts, the images 
are modified by a filter that eliminates unwanted low- and 

high-frequency statistical noise, hence the term filtered 
backprojection.

Radiopharmaceuticals

201Thallium

This cation is a potassium analog and was the first widely 
used radioisotope in the assessment of myocardial perfusion. 
Myocardium uptake occurs by both active and passive 
mechanisms involving Na,K–adenosine triphosphatase 
(ATPase).19,20 Uptake of 201thallium (201Tl) by the myocyte is 
not affected by either ischemia or hypoxia unless these pro-
cesses result in cell death.21–24 There is a linear relationship 
between 201Tl uptake and coronary blood flow, with a ten-
dency to underestimate and to overestimate at the upper and 
lower limits of the physiologic range, respectively.25–28 Thal-
lium washes out of the myocardium by diffusion with a 
half-life in the myocardium of 4 to 8 hours. The rate is pri-
marily dependent on the 201Tl concentration gradient between 
the myocardium and blood.29,30

In comparison to a normal coronary artery, lower coro-
nary flow rates are achieved in a stenosed artery during 
stress. As a consequence, there is less 201Tl uptake by the 
myocardium in this artery’s distribution. Following stress, 
coronary flow returns to baseline levels and is the same in 
both the normal and stenosed artery. However, because of 

FIGURE 6.6. Schematic representation of the process of backprojec-
tion. Multiple planar views are taken around 360 degrees or 180 
degrees, with data being back-projected in space to define the origin 
of the data in space (see text for further details).
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the unequal distribution of 201Tl in the myocardium during 
stress, clearance of 201Tl is heterogeneous. The greater 
concentration gradient between the normal myocardium 
and blood results in a higher washout rate of 201Tl than 
in the hypoperfused myocardium where the 201Tl concen-
tration gradient is less. As a consequence, there is a trend 
for the myocardial concentration of 201Tl to equalize with 
time in the normal and abnormally perfused myocardium. 
Therefore, there is apparent “redistribution” of 201Tl, with 
the stress-induced perfusion defect apparently reversing 
during rest imaging 3 to 4 hours later. A perfusion defect 
following stress that has resolved by time of distribution 
imaging is considered to represent ischemic and viable 
myocardium.

Conversely, a defect still present at the time of redistri-
bution imaging was classically interpreted as representing 
nonviable scar tissue. However, several studies, using either 
improvement in regional ventricular function following 
revascularization or myocardial uptake of 18fluorine-
fluorodeoxyglucose (FDG), have identified viable myocar-
dium in 40% to 60% of fixed 201Tl perfusion defects.31–33

Several studies from Bonow and associates34–36 have shown 
that either performing late–24-hour redistribution imaging 
or reinjecting an additional dose of 201Tl after 4-hour redis-
tribution in the presence of an apparent “fixed” perfusion 
defect results in reversibility of a significant proportion of 
these defects, and that this correlates with myocardial 
uptake of FDG. The same workers were able to show that 
areas of hypoperfused myocardium, where the reduction 
in 201Tl uptake is only mild or moderate, that did not 
redistribute are still viable.37 However, Kitsiou and asso-
ciates38 have shown that although mild-to-moderate 
perfusion fixed defects contain viable myocardium, these 
areas are less likely to show functional improvement after 
revascularization than mild-to-moderate defects that are 
reversible.

99mTechnetium-Labeled Perfusion Agents
99mTechnetium (99mTc)-labeled radiopharmaceuticals were 
developed in the early 1980s. Three agents, sestamibi, tebo-
roxime, and tetrofosmin, are approved for clinical use by the 
United States Food and Drug Administration. In comparison 
to 201Tl, 99mTc-labeled radiopharmaceuticals offer significant 
advantages, including (1) a shorter 6-hour half-life, which 
allows a larger patient dose to be administered, typically 25 
to 35 mCi compared to 3 to 4 mCi of 201Tl; and (2) higher 
energy, 140 for 99mTc photons versus 74 keV for 201Tl, reducing 
the scatter fraction and resulting in superior energy discrimi-
nation. These advantages typically translate into higher 
quality images.39,40

Teboroxime has kinetic properties that are different from 
the other currently available 99mTc-labeled radiopharmaceu-
ticals. It is extremely lipophilic, and myocardial uptake cor-
relates closely with coronary blood flow over a wide range of 
flow rates and has very rapid myocardial washout.41 Unlike 
201Tl, teboroxime washout is largely flow dependent, and it 
appears that the rate of washout from the myocardium may 
allow differentiation between viable and nonviable tis-
sue.42–44 Theoretically, it may be possible to evaluate stress 

and resting myocardial perfusion with one injection at 
maximal stress. However, the short residence time in the 
myocardium mandates rapid data acquisition, and failure to 
do so may potentially lead to image artifacts because of the 
changing myocardial distribution of 99mTc-teboroxime during 
acquisition. Despite the initially encouraging clinical results 
of 99mTc-teboroxime,45 its rapid clearance made it very diffi -
cult to use in the clinical arena, resulting in preference for 
the other 99mTc-labeled radiopharmaceuticals and the subse-
quent withdrawal of the product from the marketplace by the 
manufacturer.

In contrast, the kinetics of sestamibi are in many ways at 
the opposite end of the spectrum to teboroxime. It is a lipo-
philic cation that accumulates in the myocardium in propor-
tion to blood flow, although at higher coronary flow rates the 
relationship becomes nonlinear, resulting in an underestima-
tion of coronary flow. It has a first-pass extraction fraction of 
65%, which is lower than either 201Tl or teboroxime. However, 
its net extraction is higher because it is avidly retained by 
myocytes with little bidirectional exchange of sestamibi 
with minimal redistribution and slow clearance.46 The 
volume of distribution for sestamibi is so large that saturation 
of myocardial uptake does not occur. Uptake occurs primar-
ily by diffusion, resulting primarily from negative electrical 
gradients across sarcolemmal and inner mitochondrial mem-
branes, and to a lesser extent concentration gradients.47

Carvalho and associates48 demonstrated that 90% of 99mTc-
sestamibi in vivo activity is associated with mitochondria as 
the original free cationic complex.

Clinical studies to date indicate that imaging with 99mTc-
sestamibi has demonstrated a similar degree of accuracy for 
the overall detection of coronary artery disease, but usually 
results in higher quality images and is more accurate for the 
detection of individual coronary artery stenoses.34,49 Use can 
be made of 99mTc-sestamibi’s long myocardial retention time, 
which allows for a patient to be imaged up to 4 to 6 hours 
after administration of 99mTc-sestamibi. This has been useful 
in triaging patients presenting to the emergency room with 
chest pain and also in evaluating therapeutic interventions 
in the setting of acute myocardial infarction where 99mTc-
labeled radiopharmaceutical can be given acutely, with 
imaging to be performed later when the patient is in a more 
stable condition and environment.50–55 The higher count 
rates and the lack of redistribution also allow gated tomo-
graphic acquisitions to be performed. This increases the 
accuracy of the technique and allows the evaluation of endo-
cardial wall motion and myocardial thickening, providing 
important information on regional and global ventricular 
function.56–58

Tetrofosmin is the most recent 99mTc-labeled radiophar-
maceutical approved for clinical use. Like its predecessor, 
99mTc-sestamibi, tetrofosmin is a lipophilic cation, which 
diffuses across the sarcolemmal and mitochondrial mem-
branes.59–61 Similar to sestamibi, tetrofosmin tends to under-
estimate flows greater than 2 mL/min/g and to overestimate 
flows less than 0.2 mL/min/g.62 Munch and colleagues63

reported that 99mTc-tetrofosmin had a shorter myocardial 
half-life and higher heart-liver ratios than 99mTc-sestamibi. 
In a canine model using adenosine, Glover and associates64

observed that 99mTc-tetrofosmin uptake underestimated the 
flow heterogeneity more than 201Tl. A clinical study65 com-
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paring 99mTc-tetrofosmin with 201Tl SPECT imaging using 
dipyridamole stress had findings that tended to support those 
reported by Glover and associates. In this clinical study, 201Tl 
imaging identified more reversible defects than 99mTc-
tetrofosmin SPECT imaging, and in addition, the authors 
noted that the magnitude of reversible perfusion defects also 
was more severe in the 201Tl images. Similar findings have 
also been reported by others.66,67 However, in general terms, 
clinical experience has shown that tetrofosmin is compara-
ble to the other currently available myocardial perfusion 
agents.68–70

Choice of Stress

Exercise

The cardiovascular response to dynamic exercise results 
in an increase in cardiac output. The peripheral resistance 
decreases in active muscles and increases in resting tissues; 
overall there is a fall in systemic vascular resistance.71 There 
is an increase in heart rate in response to exercise, mediated 
by alterations in the autonomic nervous system. The increase 
is linearly related to workload and oxygen uptake. The heart 
rate response to maximal dynamic exercise is dependent on 
many factors, especially the individual’s age and health. The 
increases in cardiac output during dynamic exercise increases 
systolic arterial blood pressure, with little alteration in the 
diastolic pressure. Dynamic exercise is the most commonly 
used means of stress when using nuclear techniques. The 
procedure is carried out in a manner almost identical to 
conventional exercise electrocardiography. In addition, the 
patient should have an intravenous cannula placed in a large 
vein in the antecubital fossa prior to stress. At peak exercise, 
the patient is injected with the radiopharmaceutical and con-
tinues exercising for a further 60 to 90 seconds. The timing 
of imaging following exercise is dependent on the particular 
radiopharmaceutical being used.

Vasodilator Pharmacologic Stress

Pharmacologic stress is being increasingly used. The main 
indication for its use is when the patient is unable to exercise 
adequately. Reasons for this are varied and include concomi-
tant medical conditions, such as peripheral vascular disease, 
morbid obesity, and neurologic disease; poor motivation; 
and antianginal medication (in particular β-adrenergic and 
calcium channel antagonists). It is also indicated for stress-
ing patients with left bundle branch block (LBBB) or a paced 
rhythm because of the problem of artifactual reversible septal 
perfusion defects when exercise stress is used.

Dipyridamole is widely used in conjunction with myo-
cardial perfusion imaging and has a similar diagnostic accu-
racy to exercise imaging.72–74 Dipyridamole is a highly basic 
and hydrophobic pyrimidine derivative that induces an 
increase in endogenous adenosine levels by blocking uptake 
of adenosine by red cells and endothelium.75–77 The increased 
concentrations of adenosine in the interstitial fluid results 
in relaxation of vascular smooth muscle. This may be medi-
ated by a number of possible mechanisms, including (1) an 
inhibition of slow inward calcium current resulting in 

decreased calcium uptake, (2) activation of adenylate cyclase 
through A2-receptors in smooth muscle cells, and (3) possible 
modulation of sympathetic neurotransmission.78,79 Dipyri-
damole may alter systemic hemodynamics with a slight 
fall in blood pressure and slight increases in the heart 
rate and pressure-rate product. Once adenosine leaves the 
interstitium, it undergoes rapid intracellular metabolism 
via adenosine kinase by phosphorylation to adenosine 
monophosphate or deamination by adenosine deaminase.80

Dipyridamole undergoes hepatic biotransformation to a 
monoglucuronide and is excreted in the bile.81 Patients 
should be in a fasting state and should not have taken 
any xanthine medications (theophylline) in the previous 36 
hours and caffeine beverages (including decaffeinated coffee 
or tea and cola) in the preceding 24 hours. It is contraindi-
cated in patients with a history of significant reversible 
airways obstruction. An infusion of 0.142 mg/kg/min of 
dipyridamole is given over 4 minutes and with the radiophar-
maceutical being administered 3 to 4 minutes later. Con-
tinuous clinical, electrocardiographic, and blood pressure 
monitoring is performed during the procedure, with imaging 
being performed in the usual manner. Serious adverse 
reactions have been reported following intravenous dipyri-
damole, including fatal and nonfatal myocardial infarction, 
ventricular fibrillation, symptomatic ventricular tachycar-
dia, transient cerebral ischemia, and bronchospasm.69 The 
effects of dipyridamole are usually rapidly reversed by 
the administration of aminophylline, which antagonizes the 
effects of adenosine at the A2-receptor.82 Side effects are 
reported in approximately 50% of patients following intrave-
nous dipyridamole at the dose of 0.568 mg/kg. Chest pain 
occurs in approximately 15% to 40% and ST segment depres-
sion in 5% to 20% of patients. The presence of either or both 
does not reliably predict the presence of angiographically 
significant disease, although it is more common in their 
presence. Noncardiac symptoms are relatively common and 
include flushing, nausea, light-headedness, and mild 
headaches.

Adenosine, the mediator of dipyridamole’s vasodilating 
action, is a powerful coronary arterial vasodilator.83,84

Maximal coronary vasodilatation is obtained with an intra-
venous infusion rate of 100 to 140 μ/kg/min. This increases 
coronary blood flow velocity by 4.4-fold. The effects are 
maximal 2 minutes after the onset of the infusion and return 
to baseline within 2 to 3 minutes of its discontinuation. It 
is widely used as a pharmacologic stress and has a compara-
ble diagnostic accuracy when compared with dipyridamole 
myocardial perfusion imaging.85–87 The short half-life of ade-
nosine results in it being better tolerated by patients. Verani’s 
group88 reported their experiences with this technique in 607 
patients. Small but significant mean increases in heart rate 
and falls in the systolic and diastolic blood pressures were 
observed. First- and second-degree atrioventricular (AV) block 
occurred in 10% and 4% of patients, respectively; ischemic 
ST segment depression was identified in 13% of cases. Side 
effects were frequent but well tolerated; flushing occurred in 
35%, chest pain in 34%, headache in 21%, and dyspnea in 
19% of patients. In the majority of patients, the side effects 
ceased rapidly after terminating the adenosine infusion. The 
side effects were severe in only 2% of patients, and in only 
six of 607 patients was it necessary to discontinue the 
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infusion. No serious adverse reactions were reported. Recent 
studies of selective adenosine A2A-receptor agonists have 
shown that the vasodilator effects of adenosine can be 
obtained without many of the side effects.89–91

Vasodilator stress imaging can be supplemented with 
exercise, using either isometric handgrip or low-level tread-
mill exercise.92,93 The former has been used quite exten-
sively following evidence of increased coronary flow when 
used in combination with dipyridamole.94 But later data, 
using Doppler-derived indices of flow, have produced con-
flicting evidence.6 Therefore, it probably confers benefit by 
different mechanisms, including an increase in afterload 
or vasoconstriction of small to moderate-sized arteries. 
Exercise also improves image quality by improving target-
to-background ratios,95,96 probably by causing splanchnic 
vasoconstriction.

Sympathomimetic Pharmacologic Stress

Dobutamine is a potent sympathomimetic agent with stimu-
latory effects on β1-, β2-, and α1-adrenoreceptors with pre-
dominantly inotropic and a lesser chronotropic effects.97,98

Therefore, dobutamine produces an increase in myocardial 
oxygen requirement by causing an increase in myocardial 
contractility and systolic blood pressure and at higher doses 
an increase in heart rate. The dose for dobutamine is usually 
10 μg/kg/min increased by increments every 3 to 5 minutes 
to a maximal infusion rate of 30 to 40 μg/kg/min. Side effects 
that can occur with this agent include palpitation, headache, 
paresthesia, nausea, tremor, ventricular arrhythmia, and 
marked ST segment depression. Side effects usually resolve 
rapidly following discontinuation of the infusion. The effects 
of dobutamine are similar to those of dynamic exercise, and 
in the presence of coronary artery disease myocardial isch-
emia may be provoked.99,100 It produces an increase in coro-
nary flow of between two- and threefold, which is less than 
is typically seen with either dipyridamole or adenosine.101

Studies indicate that dobutamine stress myocardial per-
fusion has clinical utility; however, it is usually reserved 
for patients with a contraindication to adenosine or 
dipyridamole.102–105

Imaging Protocols

Over the years different imaging protocols have been devel-
oped with the advent of new radiopharmaceuticals with dif-
ferent kinetics and the use of different pharmacologic stress 
agents. The American Society of Nuclear Cardiology (ASNC) 
has published guidelines in an effort to standardize imaging 
protocols.106

Choice of Stressor

If the patient can exercise adequately, exercise is preferred 
over pharmacologic stress in most circumstances. Adequate 
exercise is achieved when the patient achieves more than 
85% of his maximum predicted heart rate for age and exer-
cises of an adequate period of time, that is, longer than 6 
minutes on a Bruce protocol. Circumstances where pharma-
cologic stress is preferred is when the patient will not exer-

cise adequately to attain these goals for whatever reason, for 
example, arthritis, deconditioning, neurologic disease, or 
peripheral vascular disease. The presence of LBBB or a paced 
ventricular rhythm is an indication for vasodilator stress 
because of the reversible septal perfusion defects that can be 
produced by abnormal ventricular activation. In addition, 
pharmacologic stress is generally utilized when stress myo-
cardial perfusion imaging is performed in the setting of a 
recent unstable angina or myocardial infarction, because of 
the relative lack of effect on hemodynamics. The main role 
of dobutamine in nuclear cardiology is when the use of dipyr-
idamole or adenosine is contraindicated, usually in a patient 
with reversible obstructive airways disease.

201Thallium

Typically 3 mCi of 201Tl is injected at peak stress and imaging 
is commenced early, within 10 to 15 minutes, because of the 
kinetics of 201Tl. A second set of images is acquired approxi-
mately 4 hours later after redistribution has occurred. If 
incomplete redistribution has occurred and myocardial via-
bility is a clinical concern, then either a second injection of 
1.5 mCi can be given and the patient reimaged 10 to 30 
minutes later (reinjection imaging) or alternatively the 
patient can be reimaged 24 hours later. Thallium images are 
increasingly being acquired as electrocardiogram (ECG)-
gated images to provide functional data in addition to perfu-
sion. If 201Tl imaging is being performed primarily to assess 
viability rather than stress-induced ischemia, then a rest-
redistribution protocol is used. In this protocol, 3 mCi of 201Tl 
is injected at rest with imaging being performed 15 to 30 
minutes later and again at 4 hours, with the option of obtain-
ing a 3rd set of images after 24 hours.

99mTc-Labeled Radiopharmaceuticals

The most widely used protocol for this group of pharmaceu-
ticals is the same-day rest-stress protocol. Typically 8 to 
9 mCi are injected at rest with imaging being performed 
approximately 1 hour later. The patient is stressed around 
1 to 4 hours following the rest injection and receives around 
25 to 30 mCi at peak stress. The stress images are acquired 
15 to 60 minutes later; if the patient has been exercised, 
then imaging can be acquired 15 minutes after stress; 
however, if pharmacologic stress has been utilized, then 
imaging is delayed 45 to 60 minutes to allow for hepatic 
and visceral clearance of the radiopharmaceutical. The 
same-day stress-rest protocol involves performing stress 
imaging first using the smaller 8 to 9 mCi dose, with rest 
imaging being performed 1 to 4 hours later using the 25 to 
30 mCi dose. This has the advantage that if the stress images 
are normal, then rest imaging does not need to be per-
formed. However, it has the disadvantage that the stress 
images are acquired using the lower dose of the 99mTc labeled 
radiopharmaceutical and therefore may be of lower quality, 
which may adversely affect the diagnostic accuracy of the 
images. The third protocol that is used is a 2-day protocol 
with the rest and stress images being acquired on separate 
days. This protocol is particularly useful in two particular 
situations. The first is when imaging is being performed for 
diagnostic purposes, usually in patients with a low pretest 
likelihood, in which the stress portion is performed first 
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and if these images are normal, rest imaging is not required. 
The second application is in obese patients to maximize 
image quality by using the higher dose of the 99mTc radio-
pharmaceutical (0.31 mCi/kg) for both the rest and the stress 
images.

Hybrid Protocols

The other protocol that is widely used is the dual-isotope 
protocol. In this protocol, 2.5 mCi of 201Tl is injected at rest 
with rest images being acquired 10 minutes later. Then the 
patient is stressed and 25 mCi of 99mTc-labeled radiopharma-
ceutical is injected at peak stress, with the stress images 
acquired 15 to 90 minutes later depending on the stressor 
used. If a fixed perfusion defect is seen, then 24-hour 201Tl 
imaging can be performed. The main disadvantage of the 
technique is the greater interpretive skill required to read 
the images because of the differences between the rest and 
stress images resulting from differences in the physical prop-
erties of 201Tl and 99mTc.

Analysis of Images

For the most part, tomographic imaging has replaced planar 
techniques because of enhanced contrast and spatial resolu-
tion and consequently improved sensitivity for the identifi -
cation and localization of coronary artery disease.107 The 
myocardial territories subtended by the left anterior descend-
ing coronary artery consist of the apical, anterolateral, ante-
rior and anteroseptal portions of the left ventricle; the left 

circumflex coronary artery supplies the middle and posterior 
portions of the left ventricular wall, and the right coronary 
artery supplies the apical, inferior, and inferoseptal aspects 
of the left ventricle (Fig. 6.7). Figure 6.8 demonstrates 201Tl 
tomograms following exercise and redistribution from a 
patient with disease of the left anterior descending and right 
coronary arteries. There are moderate-severe perfusion 
abnormalities involving both the anterior and septal as well 
as the inferior, inferoseptal, and inferolateral aspects of the 
left ventricle. In addition, there is evidence of left ventricular 
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FIGURE 6.7. Schematic diagram showing the standardized segmen-
tation and assignment of the coronary artery territories. LAD, left 
anterior descending; RCA, right coronary artery; LCX, left circum-
flex coronary arteries.

FIGURE 6.8. Exercise-redistribution of 
201Tl from a patient with disease of the 
left anterior and right coronary arteries. 
Representative short, vertical long, and 
horizontal tomograms are shown fol-
lowing exercise and redistribution. Per-
fusion defects are present in the anterior 
and septal walls indicative of left ante-
rior descending coronary (LAD) isch-
emia as well as the inferior, inferoseptal, 
and inferolateral walls indicative of 
right coronary ischemia (RCA). In 
addition, there is transient dilatation 
of the left ventricle and a fall in the 
ejection fraction with exercise indica-
tive of stress-induced left ventricular 
dysfunction.
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decompensation with stress as manifested by transient dila-
tation of the left ventricle and a fall in the left ventricular 
ejection fraction with stress.

Interpretation of the images begins with analyzing the 
raw projection sets looking for potential factors that may 
result in image artifacts, for example, diaphragmatic or 
breast attenuation, and patient motion. Then, the recon-
structed tomograms are evaluated for the presence of perfu-
sion defects, including the severity (extent and intensity) of 
defects, and their location with respect to specific coronary 
distributions. The gated tomograms are also reviewed for 
global and regional function both at rest and following stress. 
Other markers of increased risk such as transient dilatation 
of the left ventricle poststress and, in the case of 201Tl imaging, 
increased lung uptake are noted. Semiquantitative scoring is 
widely used in the analysis of images, where one representa-
tive apical, middle, and basal short axis section and one verti-
cal short axis section at rest and following stress are scored 
according to the severity of the perfusion defect. From this 
analysis, a sum stress score, sum rest score, and a sum dif-
ference score are generated.108 Semiquantitative analysis of 
images using this technique provides important prognostic 
information.109 There are important gender-related differ-
ences in tissue attenuation that need to be taken into account 
when interpreting images. In males, the anterior and lateral 
segments normally demonstrate the highest relative activity, 
with the posterior and septal segments demonstrating lower 
activity. In contrast, females normally demonstrate some-
what higher activity in the inferoposterior segments as com-
pared to the anterior and lateral segments.110 Subjective 
analysis of images is usually also supplemented with com-
puter analysis. Quantitative computer techniques for the 
analysis of tomograms evaluate the extent and severity of the 
defects and the amount of reversibility present. Improvement 
sensitivity with only marginal effects on specificity are 
found when computer-generated analysis is combined with 
the qualitative visual evaluation of the images.111–113 The 
results of these computer-generated analyses are usually dis-
played as polar maps or “bull’s eye” displays (Fig. 6.9). The 
center of the polar map is obtained from an apical short axis 

section, with subsequent short axis sections being obtained 
from progressively more basal portions of the left ventricle, 
with the most basal short axis section forming the outer 
border of the polar map. Polar maps are divided into approxi-
mately 100 segments. The profiles from the patient’s seg-
ments are compared to a data bank of gender-matched normal 
profiles previously acquired from a group of normal individu-
als (usually patients with <5% probability of coronary 
disease). Any of the patient’s segments falling 2.5 standard 
deviations below the normal mean value are plotted 
(Fig. 6.10).

Recognition of image artifacts is very important when 
interpreting SPECT myocardial perfusion images. Many 
factors have been identified as potentially causing artifacts, 
including patient motion, soft tissue attenuation (breast 
tissue, lateral chest wall fat, diaphragm), overlying visceral 
activity, LBBB, left ventricular hypertrophy, reconstruction 
artifacts, flood field nonuniformity, and center of rotation 
errors.114 Breast tissue attenuation is a common occurrence, 
and results in a lower count density in the anterior wall of 
the left ventricle of women (anterior/inferior count density 
ratio = 1.0 in women and 1.2 in men). Diaphragmatic attenu-
ation results in perfusion abnormalities involving the infe-
rior wall of the left ventricle and can be minimized by 
imaging the patient in the prone position.115 Motion during 
acquisition is a common cause of image artifacts. This can 
occur following exercise resulting from the phenomenon 
sometimes referred to as “upward-creep.” This results from 
changes in depth of respiration from deep to shallower 
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FIGURE 6.9. Polar maps from a patient with right coronary artery 
disease (see Color Plates 5 to 6). There is hypoperfused area involv-
ing the inferior and posterolateral aspects of the left ventricle in the 
stress map. The redistribution map shows that this is almost com-
pletely reversible. Ant, anterior; Lat, lateral; Post, posterior.
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FIGURE 6.10. The patient’s polar map (top left) is compared with 
normal polar map (top right) obtained from patients with less than 
a 5% likelihood of coronary artery disease. Areas that are outside 
of 2.5 standard deviations (SDs) of normal are blacked out (bottom 
left).
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breathing resulting in the heart “creeping” up in the thorax 
during the acquisition. Delaying the start of imaging for 10 
minutes after cessation of exercise usually eliminates this 
phenomenon. Patient motion during acquisition may result 
in the production of factious perfusion abnormalities, and 
can usually be easily identified by examining a cine display 
of the planar projection images.116 One of the advantages of 
using Tc-labeled radiopharmaceuticals is that it allows for 
repeat imaging, as there is no change in the myocardial dis-
tribution with time, unlike 201Tl. Therefore, if a patient 
moves, then the acquisition can be repeated, or if diaphrag-
matic attenuation is identified, the imaging can be repeated 
using the prone position. Most gamma-camera manufactur-
ers provide software packages that will help correct for 
patient motion. The presence of LBBB can result in septal 
perfusion abnormalities, which may be reversible when exer-
cise is used for stress and can usually be avoided by using 
vasodilator pharmacologic stress.117

The use of ECG-gated acquisitions (see Radionuclide 
Ventriculography, below, for details on electrocardio-
graphically gated acquisitions) during myocardial perfusion 
imaging provides important incremental data over static 
imaging. There has been an exponential increase in its use 
over the last 10 years, with currently approximately 80% of 
studies being performed using ECG-gated acquisition com-
pared to only 3% in 1993.118 Initially, it was thought that this 
type of acquisition could only be performed using 99mTc-
labeled radiopharmaceuticals because of the higher count 
rates. However, it has been shown that it is also possible to 
acquire ECG-gated SPECT images using 201Tl.119 The addi-
tional ECG-gated data provide important information regard-
ing regional and global ventricular function, including wall 
thickening, ventricular volumes, and ejection fraction both 
at rest and following stress. In addition, the use of gated 
images appears to improve the specificity of the technique 
by better differentiating between attenuation and scar in 
“fixed” perfusion defects.

Another important development in SPECT imaging that 
is under continuing evaluation and refinement is the use of 
attenuation correction techniques to minimize the effects 
of breast and diaphragmatic attenuation artifacts. Several 
studies have evaluated the effect of attenuation correction on 
the accuracy of stress myocardial perfusion imaging.120–126

The findings from these studies are summarized in Table 
6.1.127 These studies have shown that attenuation correction 
does result in an improvement in diagnostic accuracy, mainly 
from improvement in specificity, and also an increase in 
interpretative confidence. The combination of attenuation 
corrected and ECG-gated images does appear to result in an 
increase in diagnostic accuracy, with improvements in both 
sensitivity and specificity. Most gamma-camera manufactur-
ers now offer attenuation correction options on their imaging 
equipment and both the ASNC and the Society of Nuclear 
Medicine have concluded that attenuation correction is a 
useful adjunct to myocardial perfusion imaging.128 Despite 
this, the technology to date has not been widely applied in 
clinical practice. The reasons for this are likely multifacto-
rial, but include the added cost of the equipment, increased 
technical knowledge and quality assurance required to suc-
cessfully implement the technology, and lack of reimburse-
ment for attenuation correction.

Positron Emission Tomography: 
Assessment of Myocardial Perfusion

Basic Principles

A positron is a positively charged particle with the same 
mass as an electron but with a positive charge. They are 
emitted along with a neutrino by certain unstable atoms, 
usually elements with a low atomic number, in the process 
of radioactive decay. The positron travels 1 to 3 mm in tissue 
before colliding with an electron. When this occurs both the 
positron and the electron are annihilated, with conversion 
of their combined mass into electromagnetic γ-radiation. 
Two photons are given off, each with an energy of 511 keV, 
that travel in opposite directions at approximately 180 
degrees to each other. When a photon pair is detected by a 
pair of radiation detectors, connected through an electrical 
coincidence counting circuit, an annihilation event is 
recorded. This circuit is set so that one decay is recorded only 
if both detectors are activated simultaneously (within 4 to 
10 nanoseconds) by the photon pair. All other events are 
rejected. Therefore, radioactive decays occurring outside the 
sample volume between the detectors are excluded from the 
count data since an unpaired photon striking only one of 
the detectors is not counted. Therefore, collimation is accom-
plished electronically with coincidence counting, rather 
than with lead collimators, as in single-photon imaging. The 
electronic collimation of coincidence counting provides 
higher efficiency and better count statistics resulting in posi-
tron emission tomography’s (PET) superior spatial and con-
trast resolution to that of SPECT systems.

Generically, PET cameras contain 1000 to 1500 detectors 
in three to eight banks of rings, attached to photomultiplier 
tubes (PMTs) in ratios ranging from one to eight detectors for 
each PMT. Scintillations from the coincidence detectors are 
converted to electronic signals from the PMTs that are sub-
sequently converted to digital information; then the data are 
stored and processed on a computer to reconstruct a tomo-
graphic image using filtered backprojection. A transmission 
image for attenuation correction is obtained by placing a ring 
of activity around the patient for imaging the target organ 

TABLE 6.1. Comparative diagnostic accuracy of attenuation-
corrected and nonattenuation-corrected single-photon emission 
computed tomography

Sensitivity Specificity Normalcy

First author NC AC NC AC NC AC

Ficaro121 78% 84% 46% 82% 88% 98%
Hendel125 76% 78% 44% 50% 86% 96%
Links*126 84% 88% 69% 92% 69% 92%
Gallowitsch124 89% 94% 69% 84% NA NA
Ficaro†122 93% 93% 84% 88% 78% 85%

* Includes motion correction and depth dependent blur correction.

† Includes scatter correction.

AC, attenuation-corrected single photon emission computed tomography 
(SPECT); NA, not available; NC non–attenuation-corrected SPECT.
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before injection of radiotracer. The positron radiotracer is 
then injected intravenously and an emission image obtained 
by backprojection techniques. The emission image is cor-
rected for attenuation loss, random coincidences, scattered 
radiation, dead-time losses, and variation in detector sensi-
tivity. The burgeoning role of PET imaging in oncology has 
resulted in increased availability of PET/computed tomogra-
phy (CT) scanners, which have presented interesting options 
for their use in the field of cardiovascular medicine.129 These 
scanners have the potential to facilitate evaluation of both 
the coronary anatomy from CT coronary angiography and 
myocardial perfusion, with PET providing both anatomic 
and physiologic data.

Positron-Emitting Radiopharmaceuticals

Several positron-emitting radioisotopes are used in cardiac 
PET imaging. Typically, these have a short physical half-life 
(rubidium-82, t1/2 = 76 seconds; oxygen-15, t1/2 = 2.1 minutes; 
carbon-11, t1/2 = 20.4 minutes; nitrogen-13, t1/2 = 10 minutes; 
fluorine-18, t1/2 = 110 minutes) when compared to conven-
tional single-photon–emitting isotopes (Fig. 6.11). The short 
half-life minimizes radiation to the patient and enables 
sequential studies to be performed over a short period of 
time. In addition, O-15, C-11, F-18, and N-13 can be incorpo-
rated into metabolic substrates used by the heart, facilitating 
evaluation of the metabolic processes of the myocardium in 
vivo. However, synthesis of these radiolabeled substrates is 
technically complex and demands both a radiochemist and 
an on-site cyclotron. Rubidium-82 is an exception; it is gen-
erator produced from the parent compound strontium-82, 
which has a half-life of 25 days and is available 
commercially.

Evaluation of Myocardial Perfusion

Myocardial perfusion can be evaluated using either a diffus-
ible tracer, such as O-15–labeled water, or by using an extract-
able tracer, such as Rb-82– or N-13–labeled ammonia. 
Experimentally it has been shown that there is a very close 
correlation between the myocardial distribution of micro-
spheres and O-15–labeled water over a wide range of coronary 
flows.130,131 As O-15–labeled water labels both the cardiac 
pool and the myocardium, the blood pool activity is sub-
tracted using O-15–labeled carbon monoxide which labels 
the red blood cells. Although this technique has been used 
successfully in clinical studies, it is technically demanding 
and is not used in routine clinical practice.

The extractable tracers, Rb-82– and N-13–labeled ammo-
nia, have been widely used in clinical practice.7,14,16,17,132–134 For
imaging purposes, it is assumed that these tracers are distrib-
uted to and retained by the myocardium in relation to coro-
nary blood flow; however, this is not the case. Myocardial 
uptake of N-13–labeled ammonia is nonlinear, starting to 
plateau at coronary flow rates greater than 2.5 to 3.0 mL/g/
min.135 However, the relative high first-pass extraction (60–
70%), rapid blood clearance, and comparatively long myocar-
dial retention time results in very good quality images. 
Typically, 10 to 5 mCi of N-13 ammonia is injected at rest; 
after a 4-minute delay to allow for blood pool clearance, rest 
images are acquired with stress images being acquired 40 
minutes after the first injection of N-13–labeled ammonia. 
The myocardial uptake of Rb-82 is also nonlinear with coro-
nary blood flow, with an underestimation of flows greater 
than 2.5 to 3.0 mL/g/min, and it has a first-pass extraction of 
50% to 60%. However, it does have the advantage of being 
generator produced and readily available commercially, and 

FIGURE 6.11. Rubidium-82 images from a patient 
showing multivessel ischemia. A severe reversible perfu-
sion defect involving the inferior, inferolateral, and 
inferoseptal walls of the left ventricle consistent with 
ischemia in the left circumflex and right coronary arter-
ies. In addition, there is a reversible defect involving the 
anterior and anterolateral walls indicative of ischemia in 
the left anterior descending coronary distribution.
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its short high-life means that rest and stress imaging can be 
performed back to back in rapid succession resulting in a 
complete study being acquired in 30 to 60 minutes. However, 
the short half-life does mandate that pharmacologic stress be 
used. Generally, 30 to 50 mCi of Rb-82 are injected in a 
volume of 10 mL over 20 to 30 seconds with a fresh generator; 
later, toward the end of the generator life (4 weeks), 30 to 
40 mL are required to deliver a similar dose of Rb-82. Emis-
sion data are acquired over 5 to 8 minutes with the second, 
stress dose being administered 10 minutes later during the 
dipyridamole or adenosine infusion (Fig. 6.11).

Evaluation of Myocardial Metabolism

The most widely evaluated and used labeled compounds are 
F-18–labeled fluorodeoxyglucose (FDG), carbon-11–labeled 
palmitate, and carbon-11–labeled acetate. F-18–labeled FDG 
is the most clinically utilized radiolabeled substrate and is 
used for assessment of myocardial viability. The relatively 
long half-life of F-18 means that although it is cyclotron-
produced, it can be shipped to PET facilities without access 
to an on-site cyclotron. Under fasting conditions, fatty acids 
are the main energy source for normal myocardium; however, 
in the presence of ischemia, the myocardium increases its 
utilization of glucose as its source for high-energy phos-
phates. This enhanced utilization of glucose in ischemic 
myocardium can be detected by F-18 FDG-PET imaging. The 
radiolabeled intermediary undergoes phosphorylation by the 
hexokinase reaction, but cannot be metabolized any further 
in the glycolytic pathway. Hence, the phosphorylated FDG is 
trapped within the cytosol of the myocardium and accumu-
lates in proportion to exogenous metabolism of glucose.136,137

As discussed above, fatty acids are the preferred substrate 
under fasting conditions and account for 90% of oxygen 
consumed under aerobic conditions, and for this reason 
carbon-11–labeled palmitate has been used extensively to 
evaluate myocardial metabolism.138–142 The uptake of the pal-
mitate is primarily dependent on blood flow. Thereafter, 
clearance C-11 palmitate is biexponential, with an early fast 
component that reflects fatty acid β-oxidation and a second 
slower component that results from incorporation of the 
fatty acids into the endogenous lipid pool. In the presence of 
myocardial ischemia, β-oxidation is reduced and therefore 
clearance of C-11 palmitate is reduced, with a corresponding 
increase in the proportion of fatty acids being incorporated 
into the lipid pool.143,144

C-11–labeled acetate has been used to evaluate oxidative 
phosphorylation.145–149 The myocardial avidly extracts acetate 
and is activated to acetyl–coenzyme A (CoA) in the cytosol 
and then is oxidized in the mitochondria via the tricar-
boxylic acid cycle, which is the final common pathway for 
oxidative metabolism. The clearance of this radiolabeled 
intermediary of myocardial metabolism is also biexponen-
tial. The rapid early phase reflects oxidative phosphorylation, 
while the slower, later phase reflects incorporation of the 
acetate into the amino acid and lipid pool. Rate constants 
calculated from the rapid, early clearance phase correlate 
closely with the rate of myocardial oxygen consumption over 
a wide range of physiologic values. In the presence of myo-
cardial ischemia, uptake is reduced in proportion to blood 

flow and the clearance is reduced in proportion to the reduc-
tion in oxidative metabolism.150,151

Comparison of SPECT and PET Perfusion Imaging

There are several theoretical reasons to believe that PET is 
more accurate than its single photon counterpart. First, the 
intrinsic resolution of this technology affords higher resolu-
tion images. Second, the ability to correct for attenuation 
using a transmission scan should also improve the diagnostic 
accuracy of the technique. It should be remembered, however, 
that there is the potential for the production of image arti-
facts.152 The main disadvantages of the PET technology are 
its limited availability and the significantly higher capital 
expenditure and running and maintenance costs.

Early studies from the 1980s evaluating PET in the diag-
nosis of coronary artery disease indicated that this technique 
was accurate for diagnosing coronary artery disease.153–155

Three comparative trials in the 1990s suggested that PET 
had a superior diagnostic accuracy to SPECT imaging.141,156,157

However, the evidence was not conclusive; one study did not 
demonstrate any statistically significant difference; another, 
which showed significantly higher sensitivity and specific-
ity, has been criticized for its methodology and analysis.158

The recent resurgence of interest in cardiac PET imaging, 
resulting from the increased availability of PET scanners 
from increased oncologic use, has brought the issue of the 
utility of cardiac PET imaging in clinical practice to the fore 
again. In a recent study, comparing contemporary PET and 
SPECT imaging techniques, PET was found to outperform 
SPECT imaging, with sensitivities of 81% and 75%, p =. 34; 
specificities of 93% and 58%, p =. 0001; and diagnostic accu-
racies of 86% and 68%, p =. 002, for PET and SPECT, 
respectively.159

Radionuclide Ventriculography

Radionuclide ventriculography is one of the most widely 
used techniques for evaluating ventricular function. This 
essentially noninvasive method of assessing ventricular 
function can be easily performed and provides a reproducible, 
accurate evaluation of both right and left ventricular func-
tion. There are basically two methods of performing radio-
nuclide ventriculography.

First-Pass Radionuclide Angiocardiography

This technique involves following the passage of a radioac-
tive tracer through the central circulation. It requires the use 
of a gamma camera with a high count rate capability, usually 
1 × 105 to 5 × 105 counts per second. This high count rate 
capability is optimally provided by a multicrystal gamma 
camera, for example the Baird-Atomic, which is both expen-
sive and can be used solely for first-pass imaging studies. 
However, some of the current digital single crystal Anger 
gamma cameras have improved count rate capabilities and 
are reputed to provide satisfactory count statistics.

The radioisotope is administered as a compact bolus, 
1 mL plus 20 mL saline flush, through a large vein, usually 
antecubital or jugular.160 An anterior or 30-degree right 
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anterior oblique projection is used to optimize separation of 
the atria from the ventricles. The former is preferred because 
the position is more reproducible, it enhances resolution 
by minimizing the distance between the detector and the 
chest wall, and during exercise studies motion artifact is 
minimized by pressing the chest wall firmly against the 
detector. The right and left ventricles overlap in these pro-
jections; however, this does not pose a problem during the 
first pass of the radionuclide bolus. Data are usually acquired 
in a series of images with high temporal resolution. The 
optimal framing interval is determined by the sensitivity of 
the camera and the patient’s heart rate. For example, when 
using a multicrystal gamma camera during an exercise 
study, the framing interval will be 25 msec. In a patient 
with normal hemodynamics, the whole first-pass transit is 
encompassed by 600 frames. The most commonly used 
radiopharmaceutical is 99mTc, complexed either to diethyl-
enetriamine pentaacetic acid (DTPA) or sulfur colloid. 
This enables optimal excretion of the isotope via the kidneys 
to decrease background accumulation, which is an impor-
tant consideration if more than one study is being per-
formed.161 Clinical studies using 195gold (Au) have found it to 
be a suitable alternative to 99mTc.162,163 The half-life of 195Au 
is only 30.5 seconds, allowing multiple studies to be per-
formed without imposing a prohibitive radiation burden on 
the patient or increasing background activity that occurs 
with 99mTc.

Following acquisition of the data, right and left ventricu-
lograms are constructed from which ejection fractions and 
ventricular volumes can be calculated.164 A number of time-
activity curves are obtained; the number depends on the 
time taken for the bolus to traverse the chamber of interest, 
usually five to ten individual beats in a normal patient. The 
count rate reaches a maximum at end-diastole when ven-
tricular volume is largest and falls in proportion to the ven-
tricular volume to reach a minimum at end-systole. Data 
from individual beats are summed to provide a single curve, 
which is then corrected for background. The ejection fraction 
and ventricular volumes are then calculated from the 
normalized, background corrected time-activity curve 
(Fig. 6.12).

The first-pass technique has the advantage of excellent 
image contrast and chamber separation because of the 
absence of background activity from adjacent great vessels 
and organs, in particular the lung. In addition, acquisition 
time is short, usually between 20 and 30 seconds, which is 
an advantage for an exercise study’s acquisition of data only 
during peak exercise. The first-pass technique also provides 
a means for the detection and quantitation of intracardiac 
shunts.165–168 For both right-left and left-right shunts, the 
time-activity curves that are generated resemble dye-dilution 
curves and are analyzed using a similar methodology. Despite 
these advantages, it does have significant limitations. First, 
one is limited to two to three acquisitions per patient study 
because of the increasing radiation exposure to the patient 
and the increasing background activity. Second, the tech-
nique is more demanding both on personnel and equipment: 
(a) it requires a compact bolus injection; (b) any patient 
motion or ventricular arrhythmia, for example, coughing or 
one ventricular ectopic beat occurring during acquisition, 
can seriously degrade the radionuclide data; and (c) it requires 

the use of a multicrystal gamma camera or a digital Anger 
camera with high count rate capabilities. Additionally, eval-
uation of regional wall motion function is poorer in compari-
son to the gated equilibrium technique.

Gated Equilibrium Radionuclide Ventriculography

In this technique, the patient’s red blood cells are labeled 
with 25 to 35 mCi of 99mTc-pertechnetate, using either an in 
vivo or in vitro method. The in vitro or modified in vitro 
methods result in a consistently higher labeling efficiency. 
Scintigraphic data are acquired using a conventional single 
crystal Anger gamma camera in multiple planar projections. 
Usually an anterior, left anterior oblique and left lateral or 
posterior oblique are acquired (Fig. 6.13). The left anterior 
oblique (LAO) that best separates the right and left ventricles 
is chosen, that is, the best septal projection. The detector is 
also angled to separate the left atrium from the left ventricle. 
The anterior projection is usually at 45 degrees less than the 
best septal projection, and the left lateral projection is usually 
at 45 degrees more oblique than the best septal projection. 
In addition, the scintigraphic data are acquired gated to the 
electrocardiogram, with each R-R interval being divided 
equally into a predetermined number of time bins, usually 
16 to 32 time bins (Fig. 6.14). During acquisition, scinti-
graphic data are stored in memory in one of these time bins, 
such that at the end of the acquisition each time bin will 
contain scintigraphic data from numerous, typically 300, R-
R intervals (Fig. 6.15).

Gated equilibrium radionuclide ventriculography is one 
of the most accurate means of assessing ventricular func-
tion and can be easily performed using readily available 
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FIGURE 6.12. Calculation of left ventricular ejection fraction and 
volumes from first-pass radionuclide angiocardiography. (A) Uncor-
rected counts measured within the left ventricular region of interest 
during the levophase. (B) Summed systolic and diastolic segments. 
(C) Final volume curve after normalization and background correc-
tion. ED, end-diastole; ES, end-systole; EDV, end-diastolic volume.
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technique does have some limitations: (1) overlap between 
cardiac chambers, which can usually be resolved using mul-
tiple views; (2) limited spatial resolution, when compared to 
contrast ventriculography or echocardiography; and (3) longer 
acquisition times when compared to first-pass techniques, 
a minimum of 2 minutes, which can pose a problem during 
exercise studies in patients with limited or unpredictable 
exercise capabilities.

Many of these problems can be resolved by tomographic 
gated radionuclide ventriculography by providing an 
accurate three-dimensional representation of the entire 
cardiac blood pool.169–171 Using this technique, all chambers 
are separated in space, which enables assessment of very 
limited ventricular segments without concern about adja-
cent and potentially superimposed segments. This tech-
nique provides an accurate means for assessing both 
global and regional ventricular function with a higher diag-
nostic accuracy than either contrast or planar radionuclide 
ventriculography.

Exercise Radionuclide Ventriculography

Exercise radionuclide ventriculography is performed using 
either the first-pass or gated equilibrium techniques. The 
commonly used gated-equilibrium technique is described 
here. A resting study is performed in the usual manner, but 
performing the left anterior oblique projection last, with the 
patient lying supine on a specially designed bicycle table-
ergometer that has adjustable shoulder restraints and handle 
bars to minimize movement of the patient’s torso during 
exercise. After obtaining the resting left anterior oblique 
projection, exercise is commenced. The exercise test is per-
formed in exactly the same manner as with other exercise 
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FIGURE 6.13. Assessment of regional left ventricular function 
from a gated radionuclide ventriculogram. Anterior (ANT), left ante-
rior oblique (LAO), and left lateral (LAT) projections in end-diastole 
are shown. Corresponding segmentation is given below. AL, antero-
lateral: AP, apical; I, inferior; P, posterior; SEP, septal; LAT, lateral.

FIGURE 6.14. Sixteen frames from a gated 
radionuclide ventriculogram in the “best 
septal” left anterior oblique projection. The 
end-diastolic frame is the first image, located 
in the upper left of the figure; the end-systolic 
frame is the eighth image of the series.

nuclear imaging systems. It facilitates acquisition of multi-
ple projections or multiple studies up to 6 hours after 
administration of the isotope. The high count densities 
achieved, typically 300 counts/cm2 in the left ventricle, 
enable an evaluation of region wall motion that is superior 
to the evaluation possible with the first-pass technique. The 
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tests, with continual monitoring of the electrocardiogram, 
heart rate, and blood pressure. Typically, the first stage of 
exercise is performed at 200 kilo/pound/meters (kpm) for 3 
or 4 minutes and increased by 200-kpm increments (less if 
patient has a limited exercise capacity) to a symptom-limited 
maximum. Scintigraphic data are acquired during the last 2 
minutes of each stage of exercise, when the hemodynamics 
have equilibrated. The hemodynamic response is different 
from that with erect exercise.172,173 During supine exercise, 
there is less increase in end-diastolic volume and heart rate, 
but a greater increase in systolic blood pressure when com-
pared to erect exercise. This does not appear to adversely 
affect the sensitivity of the technique.174 There are signifi -
cant gender-related differences in the left ventricular response 
to exercise. Women have a greater increase in end-diastolic 
volume and less increase in left ventricular ejection fraction 
in comparison to men.175,176

Analysis of Radionuclide Ventriculograms

Data from radionuclide ventriculograms can be used to 
provide many parameters of ventricular function. The method 
is relatively independent of geometric assumptions because 
there is complete mixing of the 99mTc-labeled red cells in the 

intravascular compartment, and the activity within the ven-
tricle is proportional to ventricle volume.177

Left ventricular ejection fraction (LVEF) is calculated 
using the left anterior oblique projection by drawing a region 
of interest (ROI) around the left ventricle in end-diastole and 
end-systole. After correcting the counts in the ROIs for back-
ground activity, the ejection fraction is calculated from the 
formula

LVEF = EDc − ESc/EDc

where EDc and ESc are end-diastolic and end-systolic counts 
corrected for background, respectively.

Ventricular volumes can be calculated using a nongeo-
metric count-based technique.178,179 This methodology uses 
measured ventricular activity normalized for the acquisition 
time per frame and the activity in a known volume from a 
peripheral venous blood sample. Estimation of left ventricu-
lar volume is calculated using the formula

Volume = K (Corrected LV counts)/(No. of cardiac cycles)
(Time/frame)(Blood activity)

where K is a correction constant to adjust for attenuation, 
which is usually determined from a regression equation 
using contrast angiography as a reference. This usually suf-
fices for most individuals who are of normal size and shape, 
heart size, etc. However, in some patients, it is necessary to 
correct for individual variations, which can be successfully 
done using a simple geometric technique.180,181 Using these 
data, stroke volume and cardiac output can be calculated 
using radionuclide ventriculography.182,183 When the tomo-
graphic technique is used, ventricular volume is usually cal-
culated using a geometric technique. Knowing the pixel 
volume, the ventricular volume can be calculated by 
summing the number of pixels in each tomographic section 
in the left ventricular ROI. Values obtained using this tech-
nique correlate well with other techniques, and have the 
advantage of not requiring any correction for attenuation.184

Valvular regurgitation can be evaluated by calculating 
the ratio of left to right ventricular stroke counts.185,186 Nor-
mally, the right and left ventricular stroke volumes are equal. 
However, in the presence of valvular regurgitation the stroke 
volume is greater in the ventricle with the affected valve. 
Ventricular stroke counts are obtained by subtracting the 
end-systolic from the end-diastolic frame, resulting in a 
stroke volume image. In this image, the activity in the left 
and right ventricular regions is proportional to their respec-
tive stroke volumes. These data can be expressed in terms of 
either the stroke volume ratio (LV stroke counts/RV stroke 
counts, normal value <1.2) or as the regurgitant fraction 
(LV-RV stroke counts/LV stroke counts ×100, normal value 
<20%). The systematic overestimation of this technique 
results from right atrial/right ventricular overlap. Assess-
ment of valvular regurgitation using this technique is some-
what crude. It is not possible to detect mild regurgitation or 
clearly quantitate the severity of the regurgitation. In addi-
tion, the accuracy is increasingly compromised when the 
LVEF is ≤35%. Valvular regurgitation can also be estimated 
using Fourier amplitude images.187

Diastolic function can also be assessed by radionuclide 
ventriculography.188 The variables used are the peak filling 
rate (PFR), measured as the slope of a third-order polynomial 

R Wave R Wave

1 2 3 4 5 6 7 8 9 10 111213141516

Frame 1 Frame 2 Frame 3 Frame 4

Frame 1 Frame 2 Frame 3 Frame 4

Frame 1 Frame 2 Frame 3 Frame 4

A

B

C

FIGURE 6.15. Schema explaining the principle of electrocardio-
graphic-gated acquisition in radionuclide ventriculography. The 
cardiac cycle is divided into equal intervals (16 in this example). 
Counts recorded during each interval are stored in different com-
puter frames. After a single cardiac cycle (row A), there are no rec-
ognizable images. After 20 cardiac cycles (row B), the images begin 
to be recognizable. After 400 cardiac cycles (300,000 counts per 
frame), image quality has improved considerably (row C).
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fit to the rapid filling phase, time to peak filling rate (TPFR), 
measured from end-systole, and the contribution of rapid 
diastolic filling (RDF) and atrial systole (AS) expressed as a 
percent of stroke volume (Fig. 6.16). However, noninvasive 
assessment of diastolic function, whether obtained using 
radionuclide or Doppler-echocardiographic techniques, has 
several limitations. These result from the dependence of 
these variables of diastolic function on other variables, such 
as heart rate, preload and afterload, and ejection fraction, 
making their interpretation difficult. Therefore, their clini-
cal utility is limited. However, they may be helpful in 
patients with clinical features of cardiac failure but with a 
normal ejection fraction.

Regional ventricular function can be assessed either 
qualitatively or quantitatively using radionuclide ventricu-
lography. The former method, using visual analysis of an 
endless-loop cine display, is the most widely used. There is 
good correlation between visual assessments of radionuclide 
and contrast ventriculograms, and reproducibility of the two 
techniques is comparable.189,190 Quantitative techniques have 
been developed and can be broadly classified into geometric 
techniques (usually modifications of methods developed for 
contrast ventriculography) and nongeometric techniques 
specifically designed for radionuclide ventriculography.

The most commonly used nongeometric techniques use 
the regional ejection fraction and Fourier transform–derived 
phase and amplitude images. The regional ejection fraction 
image is obtained by subtracting the background-corrected 
end-systolic from the background-corrected end-diastolic 
frame.191 The resulting image is normally crescent-shaped, 
delineating the left ventricular borders. If there is an area of 
regional hypokinesis or akinesis, there is thinning or absence 
of the crescent in this area. The data can also be presented 
in actual regional ejection fraction values with the left ven-
tricle typically being divided into three or five segments.192

Fourier phase analysis has been applied to the evaluation of 

radionuclide ventriculograms.193 Each pixel has its own time-
activity curve, which is maximal in end-diastole and at 
minimum in end-systole, whose fundamental frequency is 
determined by the heart rate. The time-activity curve is 
sinusoidal in shape and can be approximated using a single 
cosine function of the frequency of the time-activity curve. 
This allows each pixel within the region of the heart to be 
expressed as a single mathematical value, which can be 
color-coded. The amplitude of this cosine wave, equivalent 
to the change in counts during the cardiac cycle, is propor-
tional to the stroke volume of the pixel. Therefore, the ampli-
tude image gives a regional representation of stroke volume. 
For example, in a region of akinesis the pixels will show 
time-activity curves of reduced amplitude, resulting in the 
amplitude image showing absent activity in that region. The 
phase of the cosine wave can also be expressed in a similar 
fashion. The R-R interval is considered to represent 360 
degrees, with the R wave occurring at 0 degrees, which coin-
cides with the peak of the cosine wave. For pixels in areas of 
the ventricle where the onset of contraction is delayed, the 
peak of the cosine wave will also be delayed. This may be 
the result of either abnormal electrical activation or delayed 
onset of contraction, for example, myocardial ischemia or 
scarring. This delay can be expressed in terms of phase delay 
or increased phase angle. For example, an area of dyskinesis 
will result in a phase delay of around 180 degrees. Similarly, 
pixels in the atria have time-activity curves that are com-
pletely out of phase with the ventricles, equivalent to a phase 
delay of 180 degrees. These data can be expressed in a phase 
image, in which each pixel is color-coded according to its 
phase angle. Fourier images are useful in evaluating regional 
wall motion in patients with coronary artery disease at 
rest and exercise.194–196 These images can also identify con-
duction abnormalities and have been used to localize the 
site of arrhythmias and also atrioventricular accessory 
pathways.197–199

Assessment of Right Ventricular Function

The complex geometry of the right ventricular poses major 
problems for all imaging modalities. However, radionuclide 
techniques are less geometrically dependent than other con-
ventional imaging techniques, for example, contrast ven-
triculography or echocardiography, for the reasons discussed 
earlier. Three radionuclide techniques are used to assess 
right ventricular function. The first-pass technique, as 
described for the left ventricle, can be applied to the right 
ventricle.200 This is probably the optimal technique for 
assessing right ventricular function, but suffers from the 
disadvantages as discussed previously. The gated equilibrium 
technique can also be used, but overlap of cardiac chambers 
is a significant limiting factor.201–203 The right ventricular 
ejection fraction is calculated from the left anterior oblique 
projection, because this affords the best separation of the two 
ventricles. However, the right atrial and right ventricular 
overlap in this projection, resulting in a systematic underes-
timation of the right ventricular ejection fraction. Despite 
this, there is a good correlation with other methods of assess-
ing right ventricular function using this technique.204 A good 
compromise is the gated first-pass technique that involves 
injecting a bolus of 99mTc pertechnetate and acquiring 

FIGURE 6.16. High temporal resolution time-activity curve 
obtained from radionuclide ventriculography. Each point represents 
20 ms. Variables used to assess left ventricular rapid filling include 
peak filling rate (PFR), measured as the slope of a third-order poly-
nomial fit to the rapid filling phase; time to peak filling rate (TPFR), 
measured from end-systole; and contributions of rapid diastolic 
filling (RDF) and atrial systole (AS), expressed as % of stroke volume. 
EDV, end-diastolic volume.
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ECG-gated scintigraphic data from the time the bolus is seen 
entering the superior vena cava until it leaves the main pul-
monary artery.205 This gives excellent spatial resolution of 
the right atrium and right ventricle with no background 
contamination from lungs or the left heart chambers. Radio-
isotopes of inert noble gases, 81Kr and 133Xe, have also been 
used to assess right ventricular function.206–209 These radio-
isotopes are rapidly excreted during their first passage 
through the lungs, allowing repeated studies to be performed 
without significantly increasing the radiation burden to the 
patient or problems of increasing background activity.
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