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Preface

Nuclear cardiology has demonstrated continuous dra-
matic growth for over 30 years, and has now become cen-
tral to the clinical evaluation of patients with known or sus-
pected coronary artery disease (CAD). Gated myocardial
perfusion single-photon emission computed tomography
(SPECT) at rest and stress has emerged as the predominant
nuclear cardiology modality. The addition of ECG-gating
has allowed nuclear cardiology to expand from the assess-
ment of myocardial perfusion alone to the routine assess-
ment of both perfusion and function from a single study.

In 1999, we published the first monographs dedicated to
the performance, interpretation, and applications of gated
SPECT, with the aim of providing a means for interested
physicians, scientists, and technologists to become thor-
oughly familiar with the gated SPECT technique and its
clinical applications.

This second edition, which follows many advances in
the field of gated SPECT, updates the various aspects
of gated SPECT previously covered, and expands the
subjects for which previously there was little supportive
data in the literature. Due to growth in cardiac positron
emission tomography (PET), magnetic resonance imaging
(MRI), and computed tomography (CT), separate chap-
ters dealing with these modalities and their relationship
to gated SPECT have been added to this new edition. Car-
diologists, radiologists, nuclear medicine physicians, and
technologists involved in nuclear cardiology are likely to
find this book useful.

The book is composed of 14 chapters by leading physi-
cians and scientists in the field. Chapter 1 describes the

physiologic principles involved in the assessment of my-
ocardial perfusion and ventricular function. Chapter 2
provides an understanding of the physics and technical
aspects of gated SPECT. Chapter 3 covers the available
stress testing and image acquisition protocols. Chapters 4
and 5 address conceptual as well as practical issues con-
cerning the quantitation of myocardial perfusion and ven-
tricular function with gated SPECT. Chapter 6 provides
a comprehensive, systematic approach to the interpreta-
tion and reporting of both perfusion and function from
gated SPECT. Chapter 7 covers artifacts that may be solved
by gated SPECT, as well as those that may be associ-
ated with its performance. The clinical applications of
gated SPECT in chronic and acute CAD, and the assess-
ment of myocardial viability are covered in Chapters 8, 9,
and 10. Gated blood pool SPECT is described in Chap-
ter 11. Due to the increased use of cardiac PET, gated
PET for assessment of myocardial perfusion and func-
tion is presented in Chapter 12. Chapter 13 compares
the capabilities of gated SPECT with those of cardiac
MRI, and Chapter 14 discusses the emerging field of car-
diac CT and the relationship of this modality to nuclear
cardiology.

The Editors gratefully acknowledge the expert assis-
tance of Sherry Casanova, and Xing-Ping Kang, MD, in
the preparation of the monograph.

Guido Germano, PhD
Daniel S. Berman, MD

Los Angeles, California
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1 Perfusion and function in the normal
and abnormal heart

Francis J. Klocke

Introduction

This chapter is intended to summarize the salient features
of the normal physiology and pathophysiology of the coro-
nary circulation and myocardial function. The intent is to
provide physicians and scientists involved in imaging my-
ocardial perfusion and function a basic understanding of
the mechanisms involved in these processes.

Balance between myocardial oxygen
demand and supply

The continuous work of the heart throughout life requires
a high level of supply of nutrients. Because the heart has a
limited and short-lived capacity for anaerobic metabolism,
the functional adequacy of the coronary circulation de-
pends on its ability to supply sufficient oxygen to meet
metabolic requirements over a wide range of ventricular
activity [1]. The necessary balance between myocardial
oxygen demand and supply is illustrated schematically in
Fig. 1.1.

The primary physiologic factors governing myocardial
oxygen demand include afterload, heart rate, and contrac-
tile state:
1 Afterload, the stress developed by myocardial fibers

during shortening, is directly proportional to systolic
pressure and the ventricular radius of curvature and in-
versely proportional to ventricular wall thickness. Sys-
tolic arterial pressure is a clinically useful surrogate for
afterload, although it cannot account for changes in ei-
ther ventricular cavity dimension or wall thickness. Wall
tension, which takes chamber radius into account but
pertains only to thin wall structures, is less frequently
substituted for wall stress.

2 The effect of heart rate on myocardial oxygen demand
depends primarily on the number of contractions per

minute. Positive inotropic effects of increased rate are
involved to a lesser degree.

3 Contractile state. Myocardial contractility is an addi-
tional important factor related to the strength of con-
traction. It remains difficult to evaluate quantitatively in
humans (as reflected by the numerous indices that have
been proposed to evaluate it).

4 Preload. Changes in ventricular volume can alter after-
load (via changes in wall thickness) and contractile state
(via the Starling effect).

These four parameters normally account for approxi-
mately 80% of myocardial oxygen consumption. Stroke
volume has a limited independent effect on oxygen usage.

Another important factor when considering the need to
balance oxygen demand and supply is the coronary cir-
culation’s high degree (70–80%) of oxygen extraction un-
der basal conditions. The heart has only limited ability to
adjust to increasing oxygen demand by increasing trans-
myocardial oxygen extraction. Thus, changes in oxygen
demand mandate changes in coronary blood flow on es-
sentially a 1:1 basis.

Because of the ease with which it can be measured,
the “double product’’ of peak systolic blood pressure and
heart rate continues to be used frequently as an index of
left ventricular oxygen demand [2]. Experimental studies
supporting the use of double product have been summa-
rized elsewhere [3]. The index correlates usefully with left
ventricular oxygen consumption during exercise [4] and
other activities. It also remains valid in the presence of beta
blockade [5]. As noted above, limitations may arise during
interventions involving substantial changes in ventricular
volume.

Factors controlling coronary blood flow

As in other organs, the primary physiologic factors con-
trolling blood flow in the heart are driving pressure and

1
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Figure 1.1 Normal balance between myocardial oxygen demand (MVO2)

and supply. As discussed in the text, the double product of peak systolic

pressure and heart rate is used clinically as a surrogate index of oxygen

demand. (Reprinted with permission from [1])

impedance (resistance). However, each of these parame-
ters has unique features in the heart.

Driving pressure

Coronary driving pressure, traditionally considered to be
the difference between coronary arterial and coronary ve-
nous pressures, is usually calculated as the difference be-
tween mean aortic and right atrial pressures. There is now
evidence that the effective back pressure in the coronary
bed is actually higher than right atrial pressure [6,7]. Often
referred to as “zero-flow pressure,’’ this back pressure is
at least a few mm Hg higher than right atrial pressure dur-
ing maximum coronary vasodilation, and substantially
higher when microvascular vasomotor tone is operative.
Although mechanisms underlying zero-flow pressure re-
main unsettled, it can be affected substantially by changes
in vasomotor tone and increases in ventricular diastolic
pressure, and probably varies transmurally.

Impedance (resistance)

Although impedance to flow is often considered only in
terms of resistance, it includes capacitive and inertial as
well as resistive components. Capacitive effects are promi-
nent in the heart because of its large intravascular volume
(6–15% of total heart weight) [8] and fluctuations and re-
distribution of blood volume during the cardiac cycle. Re-
sistance nonetheless remains the dominant component of
impedance.

Coronary resistance – functional
components

Coronary vascular resistance can be considered in terms
of three functional components (Fig. 1.2).

Conduit artery resistance (“R1”)

General features

The contribution of epicardial arteries to total coronary
vascular resistance is trivial under normal conditions.
However, epicardial artery diameter is affected by vasoac-
tive substances produced by local endothelium and/or
autonomic activation and is subject to coronary spasm.
Effects of the vasoactive substances are relevant to normal
coronary circulatory control and have increased impor-
tance in abnormal states.

Effects of endothelial and autonomic factors

Nitric oxide produced locally in conduit artery endothe-
lium exerts a small tonic vasodilating effect under resting
conditions [9,10]. Increases in coronary flow increase local
shear stress; if endothelial function is intact, the conduit
artery dilates further [11–13]. Increased production of ni-
tric oxide is importantly involved in the additional dila-
tion. However, an endothelium-derived hyperpolarizing
factor also plays a role in flow-induced dilation of conduit
arteries in experimental animals [14], and seems likely to
participate in humans as well.

Figure 1.2 Schematic representation of the three functional components

of coronary vascular resistance. R1, conduit artery resistance; R2,

microvascular resistance, i.e., small arteries and arterioles; R3, compressive

resistance. R3 increases in magnitude from epicardium (Epi) to

endocardium (Endo), while R2 compensates by varying transmurally in a

directionally opposite manner. (Reprinted with permission from [1].)
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CHAPTER 1 Perfusion and function in the normal and abnormal heart

Conduit arteries are subject to α-adrenergic vaso-
constrictorand β-adrenergic vasodilator influences.
α1-Adrenergic constriction appears not to be active under
resting conditions in normal human epicardial arteries
[15] but can become important in pathologic states.
α1-Adrenergic constriction in intramural portions of
conduit arteries during exercise may assist in maintaining
subendocardial perfusion by reducing to-and-fro oscil-
lation of blood during vigorous myocardial contraction
[16]. β-Adrenergic activation contributes to epicardial
artery dilation during exercise [17].

Microvascular (autoregulatory) resistance (“R2”)

General features

Coronary vascular resistance resides primarily at the arte-
riolar and small artery level and relates to both the num-
ber of microvessels and their degree of vasodilation. As
indicated by Poiseuille’s law, resistance in individual ves-
sels is inversely proportional to the fourth power of vessel
radius. Under normal conditions, approximately 25% of
total resistance is located in vessels greater than 200 µm in
diameter, 20% in vessels between 100 and 200 µm, and 55%
in vessels less than 100 µm [18]. These size-related values
of small vessel resistance become important when eval-
uating effects of vasoactive stimuli; i.e., different stimuli
have predominant effects on different microvessels.

Adjustments in microcirculatory resistance play the
dominant role in maintaining a normal balance between
myocardial oxygen demand and supply. The process by
which resistance adjusts to keep coronary flow constant
when coronary artery pressure is reduced is referred to as
autoregulation.

Major controlling factors

Factors affecting microcirculatory resistance can be sum-
marized under four headings.

Metabolic factors
In view of the tight coupling between coronary flow
and myocardial oxygen requirements, it is not surprising
that metabolic factors play a major role in coronary flow
regulation.

Metabolic vasodilation occurs primarily in arterioles
less than 100 µm in diameter [19]. Over the years many
products of local metabolism have been proposed as the
metabolic regulator of resistance. These include adeno-
sine, ATP, local O2 and/or CO2 tension, and local tissue pH
or lactic acid concentration. Berne and coworkers amassed
a large body of evidence supporting the role of adenosine,
which is continuously produced by local metabolism and
removed by reentry into cardiomyocytes and conversion

to other substances [20]. As well known clinically, adeno-
sine has a powerful vasodilating effect on microcircula-
tory resistance vessels. Its interstitial concentration in the
heart varies directly with metabolic activity and impor-
tantly modulates the tone of resistance vessels. However,
Feigl and colleagues have presented evidence indicating
that vasodilation induced by metabolites can occur despite
inhibition of adenosine receptors [21].

The vasodilating action of adenosine is mediated
through A2A receptors and KATP channels in humans [22–
24] as well as experimental animals [25]. Adenosine acts
primarily at the level of small arterioles (<100 m) and its
action is generally classified as endothelial-independent
vasodilation. Nonetheless, as described below, endothe-
lial function plays a secondary role of further increasing
flow during adenosine vasodilation.

Endothelial factors
Vasoactive substances produced locally by coronary en-
dothelium have received increasing attention in recent
years. Vasodilation primarily governed by this process is
termed endothelial-dependent vasodilation.

Nitric oxide is produced locally by microcirculatory
as well as conduit vessels [26]. In vivo microvascular
vasodilation mediated by nitric oxide appears to in-
volve primarily vessels greater than 100 µm, i.e., small
arteries rather than arterioles [27]. When flow increases,
e.g., in response to increased metabolic activity, nitric
oxide production increases concurrently. This may be a
mechanism responsive to shear stress in small arteries
similar to that in conduit arteries. Increased nitric oxide
production augments effects of other vasodilating factors
and can serve as a “braking” factor on concurrently active
vasoconstrictor mechanisms [28].

An endothelium-derived hyperpolarizing factor also
plays a role in flow-induced dilation in microvessels.
Studies from Gutterman’s laboratory indicate that this
mechanism is quantitatively important in human coronary
arterioles [29], and involves endothelial-release of H2O2

[23].
Additional endothelial-derived products of interest in-

clude prostacyclins (vasodilators) and endothelins (vaso-
constrictors). Although it is not proven, endothelium-
derived agents other than nitric oxide may also have their
primary effect on microvessels greater than 100 µm.

Neurohumoral factors
Microcirculatory resistance vessels are affected by both
the autonomic nervous system and circulating vasoactive
substances. The importance of autonomic innervation has
become increasingly apparent in recent years. Our under-
standing of the signaling processes involved, and their
various interactions, remains in evolution.

3



Clinical Gated Cardiac SPECT

Sympathetic-induced constriction of microvascular
smooth muscle is mediated primarily through postsy-
naptic α2-adrenergic receptors. α2-Adrenergic vasocon-
striction is not demonstrable under normal resting con-
ditions [30] but can become evident when the normal
vasodilating action of endothelium-generated nitric oxide
is attenuated.

When evaluating sympathetic-induced microvascular
vasodilation, direct neural effects on microvessels must
be distinguished from metabolic effects resulting from
concurrent myocardial stimulation [31]. Microvascular
sympathetic dilation is mediated through two receptor
mechanisms.
β2-Adrenergic receptors
β2-Adrenergic vasodilation has been demonstrated di-
rectly in human coronary arterioles [32]. In addition, the
degree of augmentation of myocardial flow during cold
pressor testing in cardiac transplant recipients depends on
the degree of regional sympathetic reinnervation [33]. The
functional importance of neurally induced β-adrenergic
vasodilation in ordinary activities is supported by canine
studies indicating that this factor accounts for approxi-
mately 25% of total coronary vasodilation during exercise
[34].
α2-Adrenergic receptors
α2-Adrenergic receptors have been reported to be present
on microvascular endothelium as well as microvascular
smooth muscle [35]. The endothelial receptors may re-
duce the constrictor effect of the smooth muscle recep-
tors when α2 agonists are administered. Reduced constric-
tion would apparently depend on increased endothelial
production of nitric oxide and, in human coronary mi-
crovessels, involve local kinin synthesis as an intermediate
step [26].

Autonomic effects on coronary microvascular resistance
involve reflex as well as direct stimuli. Parasympathetic ac-
tivation during baroreceptor and chemoreceptor reflexes
produces vasodilation by augmenting local production of
nitric oxide [36].

Myogenic factors
Coronary arterioles also exhibit myogenic effects; i.e.,
increases in intraluminal pressure stimulate smooth
muscle vasoconstriction, and decreases cause vasodila-
tion. Myogenic effects may have a particular role in modu-
lating precapillary pressure and therefore tissue exchange.

Overview
The net magnitude of microcirculatory resistance de-
pends on the summated effects of these several, sometimes
competing factors. Under basal conditions, metabolic
factors predominate. During exercise and other forms of

increased activity, endothelial and neurohumoral mech-
anisms are activated and contribute importantly to
maintaining the appropriate balance between oxygen
demand and supply. When endothelial and/or neurohu-
moral mechanisms are not normally active, responses to
metabolic stimuli can be blunted.

Compressive resistance (“R3”)

General features

Compressive resistance refers to the effects on coronary
blood vessels of local forces within the ventricular wall
during individual cardiac cycles. These forces produce the
well-known difference in coronary flow between systole
and diastole; i.e., left ventricular contraction normally re-
duces flow into the epicardial arteries during systole to
less than one-third of that in diastole.

When superimposed on conduit and microvascular re-
sistance during systole, compressive forces narrow intra-
mural arteries and other vessels substantially, displac-
ing their contained blood retrogradely and antegradely
and greatly reducing incoming flow in epicardial arteries.
These forces also produce a large gradient in intramyocar-
dial tissue pressure across the ventricular wall. Pressure
in the subendocardial myocardium approximates intra-
cavitary ventricular pressure while subepicardial tissue
pressure remains close to intrapericardial pressure.

A finite period in early diastole is required for reex-
pansion and refilling of vessels compressed during sys-
tole, thereby delaying early diastolic inner wall perfusion.
An inner-to-outer gradient in intramyocardial tissue pres-
sure also occurs in diastole [37]. Although normally much
smaller than the systolic gradient, the diastolic gradient is
also affected by changes in ventricular diastolic pressure
or intrapericardial pressure [38].

Transmural variations in perfusion
and resistance

The general principles governing overall left ventricular
perfusion require refinement when considering perfusion
in different transmural portions of the full-thickness ven-
tricular wall. Compressive effects cause the inner layers
of the ventricular wall to be particularly dependent on
diastolic perfusion. Increasing epi- to endocardial com-
pressive effects are normally counterbalanced by direc-
tionally opposite differences in microcirculatory resistance
(Fig. 1.2).

In addition, myocardial oxygen demand can vary
transmurally. Myocardial oxygen consumption has been
reported to be approximately 20% greater in the
subendocardium than the subepicardium [39]. Relative
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CHAPTER 1 Perfusion and function in the normal and abnormal heart

increases in subendocardial oxygen demand are consistent
with models of transmural variations in developed stress
[40] and in vivo measurements of transmural variations
in diastolic sarcomere length [41]. Increased subendocar-
dial oxygen extraction can reduce but does not negate the
need for the full-cycle level of subendocardial flow to at
least equal that in the subepicardium. Accordingly, flow
per unit weight of myocardium (ml/(min g)) is usually
10–30% greater in the subendocardium than the subepi-
cardium [42].

Since the mechanical effects of ventricular contraction
impede systolic perfusion to the greatest extent in the in-
ner layers of the heart, the inner layers are particularly
dependent on diastolic perfusion. Transmural differences
in driving pressure and microvascular resistance exert op-
posing effects in order to maintain subendocardial perfu-
sion at the level needed to meet local oxygen demand [3].
The pressure drop in arteries upstream of the microcircu-
lation is greater in arteries supplying the subendocardium
than the subepicardium, presumably because of the longer
intramural path of the vessels supplying the inner myocar-
dial layers [43]. The back pressure opposing coronary flow
is probably also greater in the subendocardium than the
subepicardium [37,44]. The resulting reduction in suben-
docardial driving pressure is potentially counterbalanced
by an intrinsically greater subendocardial vasodilatory
capacity (i.e., smaller minimum resistance) [45]. Increased
microvascular vasodilation successfully maintains the re-
quired level of subendocardial flow in most situations in
normal hearts. Nonetheless, when demand is high or in-
flow is restricted by a process such as progressive coro-
nary artery constriction, vasodilator reserve becomes ex-
hausted sooner in the inner layers of the heart than the
outer, resulting in subendocardial ischemia [46].

Summary

Coronary vascular resistance at any point in the heart
depends on the summated effect of these three func-
tional components. Microvascular resistance normally
predominates.

Techniques used clinically to evaluate conduit
artery and microvascular resistance

Cold pressor test

The cold pressor test has been used frequently to assess
the vasoactivity of epicardial conduit arteries and micro-
circulatory resistance vessels. When the subject’s forearm
is immersed in ice water, blood pressure and heart rate rise
reflexly as the sympathetic nervous system is activated.

Coronary flow normally increases proportionally to the
increase in myocardial oxygen demand.

The normal coronary vascular response to cold pressor
testing includes dilation of both epicardial arteries and
microcirculatory resistance vessels. It involves activation
of myocardial β1 receptors, microvascular α2- and β2-
adrenergic receptors [47], and endothelial flow-induced
dilation [48]. Since dilatory components of the response
are reduced when endothelium is dysfunctional, the test
is often utilized as a noninvasive probe of endothelium-
dependent vasomotion [49]. Reductions in neurally me-
diated adrenergic vasodilation can participate in the
response through reduced stimulation of β2-receptors in
microvascular smooth muscle [32,33] and/or α2-receptors
on microvascular endothelium [26].

Intracoronary acetylcholine

Intracoronary injection of acetylcholine normally causes
epicardial artery diameter to increase in a dose-dependent
manner [50]. The increase is mediated through increased
endothelial synthesis of nitric oxide and is frequently used
as a test of conduit artery endothelial function.

Coronary pressure–flow relationships
in vivo

Full-thickness myocardium

Functional aspects of coronary circulatory behavior can
be illustrated using diagrams depicting steady-state rela-
tionships between coronary arterial pressure and coronary
flow. These are usually constructed using average values
of flow for the full-thickness myocardial wall. Figure 1.3
illustrates four situations in normal individuals.

Transmural differences

As noted previously, myocardial oxygen consumption
is frequently greater in the subendocardium than the
subepicardium, necessitating a correspondingly greater
subendocardial flow. Figure 1.4 is taken from the work
of Canty [51,52], who has provided steady-state trans-
mural pressure–flow relationships in conscious chroni-
cally instrumented dogs. As coronary artery pressure is
reduced at constant myocardial oxygen demand, autoreg-
ulatory microvascular dilation maintains flow at the nec-
essary level until vasodilator reserve is exhausted. Be-
cause subendocardial flow requirements exceed those in
the subepicardium, the pressure “breakpoint” at which
flow begins to fall is higher in the subendocardium than
the subepicardium (Fig. 1.4a). The “breakpoint” pressure
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Figure 1.3 Pressure–flow diagrams depicting steady-state relationships

between mean coronary artery pressure and coronary flow in the

full-thickness myocardial wall in normal individuals. The line depicting the

pressure–flow relation during maximum vasodilation intersects the pressure

axis at a “zero-flow” pressure (Pf =0), which is higher than right atrial

pressure (PRA). The space between the lines representing maximum

vasodilation and maximum constriction is the potential operating range for

changes in coronary resistance (�R ).

1 Normal resting conditions (point A). Typical values of BP (blood pressure)

and HR (heart rate) might be 120/70 mmHg (mean 87) and 80 bpm,

producing a double product of 9600. The normal resting value of flow is

designated 1.0.

2 Sleep (Point B). BP and HR would probably be lower, e.g., 110/70 (mean

83) and 60 with a double product of 6600. The lower double product

would require a coronary flow only 69% of that needed at rest when

awake.

3 Anxiety-producing situation, with tachycardia and systemic vasodilation

(Point C): BP and HR might be 110/70 (mean 83) and 140. The double

product of 15,000 is 160% of that under normal resting conditions.

4 Treadmill exercise (Point D): A BP of 180/80 (113) and HR of 160 would

represent an increase in double product to 300% of that under resting

conditions. The threefold increase would presumably have had to be

accompanied by an increase in coronary flow to 300% of its resting

value.

(Reprinted, with revision, with permission from [1].)

also varies with changes in flow requirement, and can rise
substantially during rapid tachycardia (Fig. 1.4b).

Quantitative measurements
of coronary flow

General considerations

When considering absolute values of coronary flow, sev-
eral points need to be kept in mind. Individual values
need to be considered in relation to concomitant myocar-
dial oxygen demand. Because of its practical availability,

the “double product” index is most frequently used
[53,54].

Quantitative measurements of flow are usually confined
to the left ventricle. Measurements employing positron
emission tomography (PET) provide values in terms
of flow per unit weight, i.e., ml/(min g) [54,55]. Mea-
surements employing an intraarterial Doppler velocity
catheter and angiographic measurements of arterial cross-
sectional area provide absolute values in ml/min for the
area supplied by the artery. Sequential measurements be-
fore and following an intervention assume that the area
supplied is not altered by the intervention. If only veloc-
ity is measured, the intervention is also assumed not to
alter arterial cross-sectional area. Gullberg et al. have re-
cently demonstrated that measurements of absolute flow
(and flow reserve) can also be obtained by dynamic SPECT
[56], although systems with sufficient count sensitivity
to allow rapid sequential monitoring of the myocardial
and blood concentrations of radioactivity needed for these
measurements to date have not become widely available
commercially.

All measurement techniques have significant method-
ological limitations. Since flow normally varies within the
ventricle on both macroscopic [57] and microscopic [58,59]
levels, an average value for the entire left ventricle repre-
sents the mean value of some distribution of flow.

Measurements employing invasive techniques in nor-
mal individuals have necessarily been limited in num-
ber. Most “normal” measurements have been obtained
in patients undergoing cardiac catheterization for clinical
indications and proving to have normal or near-normal
findings. A frequent example would be individuals with
atypical chest pain in whom coronary arteriography is
needed to exclude coronary artery disease.

Measurements employing noninvasive techniques have
frequently included normal volunteers as well as indi-
viduals undergoing cardiac evaluation. PET has played
the dominant role in this area. All quantitative measure-
ments involve assumptions concerning blood-tissue tracer
exchange and some form of flow modeling. These differ
somewhat, depending on both the tracer employed (13N-
ammonia, 15O-oxygen) and the laboratory in which the
measurement is made. Schelbert has recently provided an
excellent review of cardiac PET methodology and findings
in normal and disease states [54].

“Normal” values at rest

Measurements employing PET have now been reported in
substantial numbers of normal individuals. Schelbert has
tabulated measurements in 12 studies involving 214 pa-
tients [54, Table 10]. Resting left ventricular flows averaged
0.89 ± 0.15 (SD) ml/(min g). Camici and colleagues have
reported resting values averaging 0.99 ± 0.23 ml/(min g)
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Figure 1.4 (a) Subendocardial and subepicardial pressure–flow relation-

ships in the circumflex bed of conscious chronically instrumented dogs.

Data are from Canty [51]. Under control conditions (coronary pressure

84 ± 10 mm Hg), subendocardial flow is 26% higher than subepicardial

flow (1.06 ± 0.22 vs. 0.82 ± 0.24 ml/(min g)), reflecting higher oxygen

demand in the subendocardial myocardium. When coronary pressure is

reduced by progressive circumflex artery constriction, normal autoregu-

latory mechanisms maintain control flows until circumflex pressure falls

below 40 mm Hg. At that “breakpoint” subendocardial flow begins to

decrease. Subepicardial flow is maintained until coronary pressure falls

below 30 mm Hg, when it too begins to decrease. The subendocar-

dial/subepicardial flow ratio falls progressively when subendocardial flow

begins to decrease (Redrawn from [51]). (b) Changes in the subendocardial

pressure–flow relationship during tachycardia. Data are again from Canty

et al. [52]. When heart rate increases from 100 to 200 bpm, subendocar-

dial flow increases by approximately 40% and the “breakpoint” pressure at

which subendocardial flow begins to fall increases from 40 to 60 mm Hg.

(Redrawn with permission from [52].)

in 169 normal volunteers in their own studies [60]. Their
coefficient of variation (27%) improved only slightly (to
24%) when values were normalized for differences in dou-
ble product.

The relatively wide range of normal flow values
emphasizes the difficulty in classifying an individual

measurement in a patient as “normal” or “abnormal.”
The variability is probably more physiologic than method-
ologic; e.g., arithmetic mental stress increases resting
flow and double product by approximately 30% [61].
Reproducibility of individual measurements in Schel-
bert’s laboratory is approximately 16%, and improves to
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approximately 10% when normalized for differences in
double product [62].

PET measurements indicate that average resting left
ventricular flow increases with age greater than 50, con-
comitant with age-related increases in double product
[53,60]. Resting flow has been reported to be higher
in females than males in some [57,63] but not all [53]
studies.

Maximum coronary vasodilation

Transient coronary artery occlusion is the most consistent
stimulus for producing maximum coronary vasodilation,
i.e., for minimizing coronary resistance. In humans, coro-
nary flow normally peaks at four to eight times its resting
value during the “reactive’’ hyperemia, which follows re-
lease of a coronary artery occlusion lasting 20 or more
seconds [64,65]. The relationship between coronary flow
and arterial pressure during maximum vasodilation is de-
picted by the line on the left in Fig. 1.3.

Because total coronary resistance depends on compres-
sive as well as microcirculatory factors, flow during max-
imum vasodilation varies with heart rate; i.e., tachycar-
dia can produce a moderate reduction in the slope of the
pressure–flow line representing maximum vasodilation.
A reduction in slope also occurs when left ventricular
preload is elevated or the left ventricle is hypertrophied.
Conversely, anemia (reduced blood viscosity) increases
the slope of the maximum vasodilation line.

When coronary flow is measured during vasodila-
tion, vasodilation is usually produced pharmacologically.
The most commonly employed agent is adenosine, usu-
ally given as an intravenous infusion (140 µg/(kg min))
but occasionally injected directly into a coronary artery
(12–18 µg) during invasive studies. Dipyridamole
(0.56 mg/(kg min) infused intravenously over 4 min) con-
tinues to be used by some laboratories. Selective adeno-
sine A2 receptor agonists which reduce uncomfortable
side effects of systemically administered adenosine [66]
are likely to become available in the near future. Pa-
paverine, which is injected directly into a coronary artery,
can produce ventricular arrhythmias and is now used
infrequently.

As noted previously, it is now clear that a portion of the
vasodilatory response to pharmacological agents involves
the release of endothelium-derived vasodilating factors
as flow (and local shear stress) increase in response to the
pharmacological agent [25]. In normal individuals studied
by Buus et al., adenosine-induced hyperemia decreased
by an average of 21% when endogenous nitric oxide syn-
thesis was inhibited [67]. Thus, the total response to a
pharmacological vasodilating agent reflects the combined
effect of agent-induced relaxation of vascular smooth
muscle and endothelium-mediated vasodilation. The

distribution of microvascular resistance bears importantly
on this response.

As noted previously, metabolic vasodilation occurs pri-
marily in arterioles less than 100 µm in diameter [19].
Adenosine and related compounds also have their pri-
mary vasodilating effect on microvessels of this size. Since
these vessels represent only 55% of total coronary resis-
tance, microvessels greater than 100 µm are also involved
in maximal vasodilatory responses. When flow increases
in response to dilation of less than 100-µm-diameter ves-
sels, endothelial shear stress increases in larger microves-
sels, resulting in increased production of nitric oxide (and
perhaps hyperpolarzing and other vasodilatory agents as
well). Thus, metabolic or pharmacological dilation of small
arterioles leads to dilation of larger resistance vessels and,
if endothelial function is compromised, vasodilatory re-
sponses to metabolic stimuli and adenosine are reduced.

PET flows during adenosine- or dipyridamole-induced
vasodilation averaged 3.71 ± 0.62 ml/(min g) in the tabu-
lation by Schelbert mentioned above [54]. Similar values
in the Camici lab’s normal volunteers were 3.54 ±
1.01 ml/(min g) (coefficient of variation 29%) [57].

Coronary flow reserve

Coronary flow reserve is defined as the ratio of coronary
flow during maximum vasodilation to that immediately
preceding vasodilation. The clinical advantage of the flow
reserve measurement is that a region is compared to itself,
between rest and stress, avoiding the issues of underde-
tection of regional abnormality in the presence of balanced
reduction of flow. Several methodological considerations
need to be kept in mind during measurements of flow re-
serve. Because of variations in individual response, stan-
dard doses of adenosine and/or dipyridamole do not
always produce maximum reductions in microvascular
resistance. Since numerical values of flow reserve depend
on flow immediately prior to as well as during vasodi-
lation, basal conditions during the prevasodilation mea-
surement are also important. Increases in heart rate and
ventricular preload reduce reserve and need to be con-
sidered in interpreting measurements [68,69]. The same is
true for adenosine- or dipyridamole-associated reductions
in arterial pressure and reflex tachycardia.

“Normal” values of flow reserve also vary more than
is sometimes appreciated. Marcus and colleagues pio-
neered Doppler measurements of coronary flow velocity
in humans in the early 1980s. In initial measurements at
the time of open heart surgery, ratios of peak to resting ve-
locity were similar in the right and left ventricles and av-
eraged 5.8 ± 2.2 [64]. Wilson et al. subsequently reported
values ranging from 3.8 to 7.0 and averaging 5.0 in a small
group of individuals with atypical chest pain and nor-
mal coronary arteriograms studied in the cardiovascular
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laboratory [70]. Using the same approach, McGinn et al.
reported values ranging from 3.0 to 7.5 and averaging
4.0 ± 1.1 in 25 cardiac transplant recipients with heart rates
of 100 and normal coronary arteries and myocardium [68].

More recent “normal” values obtained using Doppler
velocity measurements have varied among laboratories.
For example, Kern et al. report values averaging 2.8±0.6 in
85 patients with chest pain syndromes and arteriographi-
cally normal arteries and 3.1 ± 0.9 in 108 heart transplant
recipients [71], whereas Houghton et al. find values aver-
aging 4.4 ± 2.3 and 4.1 ± 2.0 in 96 African-Americans and
Caucasian-Americans [72].

In Schelbert’s tabulation of PET data, values of flow re-
serve in individual studies ranged from 3.0 to 5.4 and av-
eraged 4.0 ± 0.66 [54, Table 10]. In the study of Camici
et al., values in normal volunteers ranged from 1.4 to 8.1
and averaged 3.8 ± 1.2 [57]. Spatial heterogeneity of flow
reserve was evident regionally. In addition, as reported in
animal studies [73], baseline and hyperemic flows in indi-
vidual myocardial segments did not correlate; i.e, resting
and maximal flows were sometimes discordant.

Attempts to define a single “cut-point” separating nor-
mal and abnormal values of coronary flow reserve are
complicated by the wide range of normal values. There
is agreement that flow reserve measured using PET is re-
duced moderately at ages greater than 50 [53,57]. Gender
differences have not been identified [53,57,63]. The vari-
ability of normal values can be especially problematic
when attempting to classify an individual value as nor-
mal or abnormal. Nevertheless, given the potential of flow
reserve measurements for adding to the detection of per-
fusion limitations, continued exploration of clinical ap-
plications remains important as detectors, modeling, and
computing systems improve over time.

Effects of physical training
and deconditioning

Physical training has beneficial effects on both myocar-
dial oxygen demand and the coronary circulation. It is
well established that myocardial oxygen requirements for
any given level of activity are less in a trained individ-
ual. Heart rate is the major factor in this response. The
trained individual has a lower resting rate, and achieves
any given level of exercise at a lower rate, than the un-
trained individual [74]. In addition to reducing myocardial
oxygen demand, the slower rate increases the duration of
diastolic perfusion, thereby augmenting coronary flow re-
serve. Studies in experimental animals indicate that physi-
cal training also increases the diameter of conduit coronary
arteries by a few percent, and may increase myocardial
capillary density [75]. Small degrees of ventricular hyper-
trophy have also been reported [76].

Conversely, deconditioning increases myocardial oxy-
gen requirements at any given level of activity [74]. The
higher heart rate needed to generate the required cardiac
output in the deconditioned individual is the major factor
involved. Conduit coronary artery diameter and ventric-
ular mass may diminish slightly [75,76].

Measures of myocardial function
in humans

The importance of measurements of cardiac function in
clinical decision making underscores the value of assess-
ing chamber size and contractile function concurrently
with myocardial perfusion. Parameters of particular in-
terest include left ventricular volumes and ejection frac-
tion, regional wall motion, and myocardial mass. Beller
has provided a cogent discussion of the relative clini-
cal strengths and limitations of measurement techniques
now used widely [77]. These include echocardiography,
angiography, and gated magnetic resonance imaging
as well as gated SPECT and equilibrium radionuclide
angiography.

Global ventricular function

Global ventricular function is most commonly assessed
by measuring ejection fraction (end-diastolic − end-
systolic volume/end-diastolic volume). Ejection fraction
has proven to have enormous clinical value despite its
known variability with loading conditions (particularly
afterload) and heart rate, and sometimes challenging mea-
surement issues. Measurements of chamber volume fre-
quently involve an assumed geometric model, e.g., a pro-
late ellipsoid for the left ventricle and a crescentic solid
for the right ventricle [78]. Options for avoiding an as-
sumed geometry include summing data from multiple
transverse slices, reconstructing three-dimensional vol-
umes from two-dimensional images, and gated imaging
of the ventricular blood pool following labeling with a ra-
dionuclide tracer. The latter is particularly useful in right
ventricular studies. All volume measurements cannot deal
fully with the complex pattern of ventricular motion dur-
ing contraction (which includes rotational and transla-
tional motion as well as transverse and apex-to-base short-
ening). Accurate definition of endocardial borders can also
be problematic. Despite these limitations, the value of ejec-
tion fraction as an indicator of prognosis and an important
determinant in therapeutic decisions is unquestioned.

M-mode echocardiographic measurements of fractional
shortening provide an additional ejection phase index
of left ventricular function. Isovolumic phase indices
continue to be used occasionally. The rate of change
of ventricular pressure (dP/dt) is affected by preload,
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i.e., end-diastolic ventricular pressure. More complex
parameters, e.g., end-systolic pressure-dimension indices,
can provide relatively load-independent estimates of
contractility.

Regional ventricular function

Regional contractile performance is usually assessed by
evaluating endocardial wall motion or transmural wall
thickening. The latter is generally considered preferable.
The clinical importance of detecting, and at least semi-
quantifying, regional contractile abnormalities is well es-
tablished. An important recent development has been the
agreement on “Standardized Myocardial Segmentation
and Nomenclature for Tomographic Imaging of the Heart”
developed under the auspices of the American Heart
Association by the American Society of Echocardiography,
American Society of Nuclear Cardiology, North American
Society of Cardiac Imaging, Society for Cardiac Angiog-
raphy and Interventions, and the Society for Cardiovas-
cular Magnetic Resonance [79]. Consensus recommenda-
tions are provided for orientation of the heart, names for
cardiac planes, number of myocardial segments, selection
and thickness of cardiac slices for display and analysis,
nomenclature and location of segments, and assignment
of segments to coronary arterial territories. The resulting
17-segment system for assessing the myocardium and left
ventricular cavity (Fig. 1.5) is suitable for evaluating per-
fusion as well as function.

Regional myocardial function is usually assessed visu-
ally, often with semiquantitative characterization as nor-
mal, hypokinetic, akinetic, or dyskinetic. The clinical value
of this approach is reflected in its continued widespread
usage and acceptance. However, several complexities of
regional contractile behavior discussed by Mulhern and
Skorton in an earlier edition of this book [78] need to be
recognized. The complex and nonuniform nature of ven-
tricular muscle fiber architecture results in some degree
of nonuniformity of contraction pattern in even the nor-
mal left ventricle. This nonuniformity may underlie some
of the nonuniformity of regional blood flow in normal
ventricles. Generally accepted criteria for normal endo-
cardial motion or wall thickening in all portions of the
ventricle are not available. Estimates of regional contrac-
tion can also be confounded by rotational and translational
motion during systole which is unrelated to contraction.
Approaches for dealing with noncontractile motion in-
clude the centerline approach developed by Sheehan and
colleagues [80] and floating- and fixed-axis analyses dis-
cussed by Force and Parisi [81]. Finally, in slice-based ap-
proaches, efforts to image the same portion of myocardium
at end-systole and end-diastole are complicated by base-
to-apex shortening and/or translational movement dur-
ing contraction. Techniques such as myocardial tagging

with magnetic resonance imaging (MRI) can be helpful in
addressing these problems.

Ventricular remodeling

Structural and functional changes in the left ventricle fol-
lowing myocardial infarction or other injury, referred to
as remodeling, have received increasing attention in re-
cent years. Myocardial dysfunction involving areas not
included in the infarction is of particular concern. Ini-
tially compensatory ventricular dilation sometimes pro-
gresses to an adverse degree, resulting in deteriorating
overall function and ejection fraction. Early measurements
of ejection fraction, infarct size and location, and TIMI-
grade flow in the infarct-related artery can assist in iden-
tifying individuals at high risk of adverse remodeling
[82].

Remodeling is ordinarily identified using an imaging
technique, most commonly echocardiography. The recent
development of delayed contrast-enhanced magnetic res-
onance imaging [83,84] has added the capability to identify
infarcted tissue selectively with high resolution. Thus, it
is now possible to define the circumferential, longitudi-
nal, and transmural extent of infarctions, and to identify
otherwise unappreciated subendocardial infarctions. Due
principally to limitations of resolution, definition of the
extent of infarction is currently less precise with most other
imaging techniques. Delayed contrast enhancement us-
ing multislice computed tomography (CT), however, has
shown promise in this regard. With MRI, infarct size can
be followed throughout the period of acute injury and
subsequent resorption and scar formation. When imag-
ing is performed during the first few days, areas of mi-
crovascular obstruction can be identified within the zone
of infarction (the “no-reflow’’ phenomenon) [85–87]. Re-
cent data suggest that this phenomenon is predictive of
adverse remodeling. The direct visualization of infarc-
tions with MRI and possibly CT also offers advantages
over surrogate measures based on wall motion abnormal-
ities or resting perfusion scans. Wall motion abnormalities
related to areas of infarction can be distinguished from
those representing viable hypocontractile myocardium,
i.e., stunned or hibernating myocardium. Abnormalities
in perfusion scans resulting from areas of infarction can
be distinguished from those caused by flow reductions
in viable myocardium [88]. Theoretically, these distinc-
tions are also possible with radionuclide methods such
as rest/redistribution thallium SPECT, but would require
improved resolution over that currently available. Hy-
pertrophy of viable noninfarcted muscle can be identi-
fied and quantified even when total ventricular mass does
not change (because of concurrent reductions in infarct
size as necrotic tissue is resorbed and replaced by scar)
[89].
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Figure 1.5 Recommended 17-segment system for assessing regional ven-

tricular function and/or perfusion (reprinted with permission from [79]). (a)

Assignment of the 17 myocardial segments to the territories of the left ante-

rior descending (LAD), right (RCA), and left circumflex (LCX) coronary arteries.

(b) Display, on a circumferential polar plot, of the 17 myocardial segments

and the recommended nomenclature for tomographic imaging of the heart.

Pathophysiologic alterations in coronary
artery disease

Hemodynamics of stenotic lesions

In considering pathophysiologic alterations in coronary
artery disease, it is useful to begin by examining effects
of stenotic lesions independently of the distal coronary
vasculature. Building on Gould’s original experimental

studies [90–92], several groups have contributed to our
current understanding of factors governing energy losses
across a stenosis. These are illustrated schematically
in Figs. 1.6 and 1.7. As depicted in the figures, small
increments in severity of an established stenosis can
have important clinical effects [93,94]. Such an incre-
ment might represent static progression of the underlying
atherosclerotic process but can also result dynamically
from local vasomotion, a platelet aggregate or small
thrombus, or intramural hemorrhage. Conversely, small
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Figure 1.6 Factors governing the pressure drop (�P ) across a stenosis. Q,

flow; l, stenosis length; AS, minimum cross-sectional area within the stenosis;

An, cross-sectional area in adjacent section of the artery (reprinted with per-

mission from [93]). The pressure drop across a stenosis varies with flow and

is influenced by both frictional (viscous) and separation losses. Four points

are noteworthy: (1) Frictional losses are proportional to flow and vary linearly

with stenosis length; (2) separation losses are proportional to flow raised to

the second power and become increasingly important as flow increases; (3)

separation losses also increase nonlinearly with severity of stenosis; (4) for

any given level of flow, the most important determinant of stenosis severity

is the minimum cross-sectional area within the stenosis, which appears as a

second-order term in the expression of both frictional and separation losses.

Figure 1.7 Additional features of the relationship between pressure

drop across a stenosis (�P ) and flow (Q) through the stenosis. As usu-

ally done clinically, degree of stenosis is expressed as percent diame-

ter narrowing (assuming circular stenosis geometry). The dashed tan-

gent lines represent the resistance (R) offered by individual stenoses at

a particular level of flow (vertical dotted line) (Reprinted with permis-

sion from [93]). Although the figure has been derived using fluid me-

chanics equations for steady flow of an incompressible fluid in rigid

tubes, it applies in principle to the in vivo coronary circulation. Two points

are noteworthy: (1) Because the relationship between pressure drop and

flow is alinear, the pressure drop across a stenosis increases progressively

more rapidly as flow rises; i.e., the resistance of even a rigid stenosis in-

creases with flow. (2) At any given level of flow, stenosis resistance also

increases alinearly and progressively more rapidly with stenosis severity. As

shown in the inset, this latter point is especially relevant for greater than

50% diameter stenoses; e.g., stenosis resistance doubles as the degree of

narrowing increases from 70 to 80%, and doubles again between 80 and

90%.
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Figure 1.8 Schematic representation of in vivo effects of stenoses (redrawn

with permission from [1,94]). (a) Coronary artery pressure (PCor) is the same

as aortic pressure (PAo) upstream of a stenosis (S) within an epicardial artery

but is reduced beyond the stenosis by the transstenotic pressure gradient

(�PS). The magnitude of reduction depends on the factors illustrated in

Figs. 1.6 and 1.7. (b) Pressure–flow relationships under resting conditions

for varying degrees of stenosis. Values of poststenotic pressure correspond-

ing to different degrees of stenoses are shown by open circles. Reductions

in poststenotic pressure are modest for less than 70% diameter stenoses

but increase rapidly thereafter. Compensatory microcirculatory vasodilation

is able to maintain resting flow at its normal level but is almost exhausted at

the 90% stenosis level.

decreases in stenosis severity, either static or dynamic, can
have important benefit.

Since coronary lesions frequently do not involve the
entire circumferential vessel wall, dynamic changes in
the severity of atherosclerotic stenoses are expected. Ab-
normalities in endothelium-mediated vasodilation blunt
flow-induced dilatory responses and increase susceptibil-
ity to α-adrenergic vasoconstriction, e.g., α-adrenergic ac-
tivation during exercise can constrict atherosclerotic epi-
cardial arteries [95]. Conversely, reductions in conduit
artery caliber can often be counteracted by nitroglycerin.

Stenosis effects in the intact circulation

Effects of coronary stenoses on the resting pressure–flow
relationship are depicted schematically in Fig. 1.8. Reduc-
tions in poststenotic pressure are modest for less than 70%
diameter stenoses but increase rapidly thereafter. Com-
pensatory microcirculatory vasodilation is able to main-
tain resting flow at its normal level but is almost exhausted
at the 90% stenosis level.

Figure 1.9 shows the pressure–flow relationship
throughout the full range of coronary vasodilation. Max-
imum vasodilated flow is reduced by approximately 20%
for a 50% stenosis, approximately 40% for a 70% stenosis,
and approximately 60% for an 80% stenosis. Flow reserve
is essentially absent for stenoses greater than 90%. The
additional factor of transmural differences in perfusion is
illustrated in Fig. 1.10.

Arterial remodeling and estimates
of stenosis severity

The limitations of estimating stenosis severity by com-
paring an area of arteriographic narrowing to an adja-
cent area of an artery involved with a diffuse abnormal-
ity such as atherosclerosis are well recognized. Because of
the eccentric nature of many stenoses, percent diameter
narrowing is usually defined as the maximum narrowing
observed in views taken from various angles and posi-
tions. Complexities of remodeling of the arterial wall [96]
also need to be considered. As illustrated in Fig. 1.11, the
atherosclerotic process proceeds in an outward as well as
inward direction, and frequently involves an increase in
external arterial diameter as well as a reduction in lumi-
nal diameter. Increases in diameter which precede lumi-
nal narrowing can lengthen the asymptomatic phase of
developing coronary disease. When evaluating a stenosis
arteriographically, the area of luminal narrowing and adja-
cent “reference” area each represent the result of a process
involving both atherosclerotic proliferation and arterial
enlargement. The stenosis reflects a relative local differ-
ence in the proliferative-enlargement process, the factors
governing which remain incompletely understood.

In vivo measurements of transstenotic pressure
gradients: fractional flow reserve

The development in recent years of pressure-monitoring
guide wires only 0.10–0.15 in. in diameter has enabled
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Figure 1.9 In vivo pressure–flow relationship throughout the full range of

coronary vasodilation. The heavy line represents flow during maximum

vasodilation; i.e., when total coronary resistance (R1 + R2 + R3) is

minimum. Maximum flow is reduced from 5 to approximately 4 ml/(min g)

by a 50% diameter stenosis, and to approximately 2.7, 1.9, 1.4, and

1.1 ml/(min g) by 70, 80, 85, and 90% stenoses, respectively. The dashed

lines connecting resting and vasodilated points for individual stenoses are

curvilinear because of the curvilinear relationships between pressure

gradient and flow in the stenoses. In this schematic illustration, the

increases in flow required in the examples for exercise (3.0) and anxiety

(1.6) in Fig. 1.3 would fail to be met when stenoses reached 70 and 85%,

respectively. (Redrawn with permission from [94].)

pressure gradients across individual stenoses to be mea-
sured precisely in coronary patients. In 1993 Pijls and
colleagues proposed that stenosis severity could be eval-
uated in terms of fractional flow reserve (FFR), defined
as “the maximally achievable flow in the presence of a
stenosis divided by the maximum flow expected in the
same distribution in the absence of a stenosis” [97]. Us-
ing a model modified from Gould’s previous studies [98],
FFR was calculated by measuring transstenotic gradients
during maximum coronary vasodilation and expressing
poststenotic pressure as a fraction of prestenotic (aor-
tic) pressure. Application to coronary patients followed
quickly [99,100]. The technique appears advantageous in
relation to velocity-based measures of reserve [101] and
is now utilized in a number of catheterization laborato-
ries. It can evaluate sequential stenoses in a single artery
[102] and has demonstrated abnormal pressure drops in
arteries of coronary patients not showing focal stenoses ar-
teriographically [103]. A recent commentary by Pijls sum-
marizes additional clinical applications [104].

As discussed subsequently in the section on collat-
eral circulation, the availability of poststenotic pressure
measurements offers opportunities for studying the distal
coronary bed as well as conduit arteries. However, stud-
ies based on the model utilized by Pijls et al. [97] involve
additional assumptions concerning coronary back pres-
sure (zero-flow pressure), capacitance, collateral circula-
tion, and effects of compressive resistance. This remains
an evolving area of study.

Concurrent abnormalities in conduit artery
and microvascular vasodilation

Intrinsic vasodilating mechanisms are noticeably blunted
in conduit and resistance vessels in patients with coro-
nary atherosclerosis. As early as 1976 Mudge et al. demon-
strated abnormal responses of total coronary resistance
during cold pressor testing in patients with coronary
disease [105]. The abnormality was subsequently shown
to involve both conduit and resistance vessels [12,47]
and reflects endothelial dysfunction in both vessel types
[106]. The defect in endothelium-mediated vasodilation
involves reduced production of nitric oxide and appears
to predate the development of clinically evident disease;
i.e., it is evident in patients with risk factors for coro-
nary disease who still have angiographically normal coro-
nary arteries [10]. With blunting of normal endothelium-
mediated vasodilation, vasoconstrictor mechanisms can
become evident [15,30]. As discussed by Heusch et al.
[15], α2-adrenergic microvascular vasoconstriction prob-
ably contributes frequently to exercise-induced ischemia.

Collateral circulation

It has long been recognized that a well-developed coro-
nary collateral circulation has a clinically important im-
pact [107,108]. However, the reasons why substantial
collaterals develop in only a minority of coronary pa-
tients remain unclear. Heterogeneity among individuals
involves genetic factors in at least some cases, e.g., collat-
eral development correlates with a particular haptoglobin
phenotype in diabetics [109]. It has also been associated
with the ability to augment production of vascular en-
dothelial growth factor in response to hypoxia [110].

Coronary collaterals arise from preexisting microvas-
cular interconnections that remodel into functional con-
ductance arteries [111]. Collateralized human hearts show
a predominance of collateralization through intramural
vessels, with variable additional contributions of larger
anastomoses at the epicardial level [112]. Collateral chan-
nels connect into the recipient bed primarily at the arte-
riolar level, i.e., at vessels with diameters of 20–100 µm
[113]. Capillary density is not increased after the initial
phase of collateral development but increased numbers
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Figure 1.10 Normal transmural differences in perfusion and effects of a

coronary stenosis. As discussed previously, microvascular resistance (R2) is

normally less in the inner (Endo) than outer (Epi) layers of the ventricular

wall; i.e., subendocardial dilation compensates for the transmural gradient

in compressive resistance (R3). Vasodilator reserve is consequently less in the

subendocardium than the subepicardium. Thus, as also illustrated in Fig. 1.4,

an inability to maintain the normal balance between myocardial oxygen de-

mand and coronary flow occurs initially in the subendocardium. (Redrawn

with permission from [1].)

Figure 1.11 Atherosclerotic coronary artery remodeling, illustrated using

data from Stiel et al. [95], in human coronary arteries fixed at a normal

arterial pressure. The proximal portion of a normal coronary artery is shown

on the left and a stenotic atherosclerotic artery on the right. The

atherosclerotic process (hatched area) encroaches on luminal area but the

degree of encroachment is attenuated by an increase in overall arterial

diameter. The local increase in enlargement can be expressed as the ratio of

the areas contained within the internal elastic membrane (IEL) at points B

and A. In the series of Stiel et al. this ratio averaged 1.79 in diseased

arteries, as opposed to 0.93 in nondiseased normally tapering arteries. The

percent luminal narrowing that would be calculated arteriographically

depends on the relative luminal diameters at points A and B in the

atherosclerotic artery. (Reprinted with permission from [94].)

of 20–100 µm distribution vessels persist. Experi-
mental studies indicate that collateral vessels exhibit
endothelium-dependent vasodilation [114,115] and are re-
sponsive to a variety of vasoactive stimuli. Nitric oxide
[116] and prostacyclin [117] appear to have tonic vasodilat-
ing activity. Aspirin-induced blockade of cyclooxygenase
activity (and presumably prostaglandin production) re-
duces collateral flow at least transiently but the reduction
is reversible with nitroglycerin [118].

Even when coronary collaterals are well developed, the
amount of flow that can be provided is limited. The ability
to measure distal coronary artery pressure during angio-
plasty has provided more quantitative estimates of collat-
eral efficacy than can be obtained angiographically. When
an artery is occluded distal to a stenosis, the steady-state
occlusion pressure represents the inflow pressure gener-
ated by collaterals in the artery’s distal bed. This pressure
exceeded 30 mm Hg in only 26 of 120 patients reported
by Pijls et al. in 1995 [119, Fig. 1.3]. Values less than
30 mm Hg have a very limited flow supplying capacity
(see Figs. 1.4, 1.8, and 1.9) and usually cannot maintain a
normal demand/supply balance under even resting con-
ditions. They may be sufficient if demand is reduced, e.g.,
in hibernating myocardium [120].

In their original study describing the use of fractional
flow reserve to evaluate stenosis severity [97], Pijls and col-
leagues also proposed a pressure-based collateral flow in-
dex based on the relative values of distal coronary pressure
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(Pw) and aortic pressure (Pa) during balloon occlusion. The
model on which the index is based assumes a coronary
back pressure equal to central venous pressure (Pv) and
is calculated as (Pw − Pv)/(Pa − Pv). In their 1995 study
of 120 coronary patients, an index “cut-point” of 0.24 was
felt to be optimal in separating patients with and with-
out ECG signs of ischemia during balloon occlusion [119].
More recently, using an assumed Pv of 5 mm Hg, Seiler
and colleagues have reported values averaging 0.17 ±
0.09 in 40 patients with, and 0.44 ± 0.16 in 11 patients
without, ECG signs of ischemia during balloon occlusion
[121]. This group also calculated a collateral flow index
based on Doppler flow velocities in the stenotic artery be-
fore and following angioplasty and found it similar to the
pressure-based index (average difference = 0.03 ± 0.10,
linear r2 = 0.64). They have now extended their experi-
ence to 450 patients and confirm that two-thirds of pa-
tients do not have sufficient collateral flow to prevent my-
ocardial ischemia during coronary occlusion [122]. Not
withstanding these limitations, even a level of collateral
flow that cannot prevent ischemia can often reduce its ad-
verse consequences [123]. While collaterals may provide
adequate flow to preserve viability, and perhaps even nor-
mal resting flow in some patients, collaterals that increase
coronary flow sufficiently to prevent ischemia during peak
exercise are uncommon, even when they are prominent
angiographically.

Clinical importance of regional differences
in perfusion

As noted in an earlier section of this chapter, maximum
coronary vasodilation involves endothelium-mediated
vasodilation as well as direct relaxation of arteriolar
smooth muscle. Because of the abnormalities summarized
above, coronary flow reserve in patients with coronary
artery disease can be decreased moderately throughout
the left ventricle independently of the effects of arterial
stenoses. Thus, regional differences in perfusion are usu-
ally more important than absolute reductions in flow re-
serve for evaluating the effects of a stenosis during exer-
cise, pharmacological vasodilation, or other stresses.

Because radionuclide approaches for evaluating perfu-
sion depend on assessing the entrance and/or retention
of blood-borne tracer in the myocardium, it is important
to understand the relationship between flow and trans-
myocardial extraction of tracer. With the exception of
15O-water, virtually all tracers exhibit a reduction in the
proportion extracted during circulation through the my-
ocardium as flow exceeds approximately two times nor-
mal. For example, a number of studies have documented
that the fractional extractions of 201Tl and 99mTc-sestamibi
or -tetrofosmin decrease as flow increases above ap-
proximately 2 ml/(min g) [124,125]. This property is also

Figure 1.12 Schematic representation of relative extraction fractions of

PET and SPECT radiopharmaceuticals.

observed with PET agents such as 82Rb and 13N-ammonia.
Since the flow during maximum vasodilation is normally
at least 4 ml/(min g), modest reductions in vasodilated
flow – as illustrated schematically for a 70% stenosis in
Fig. 1.9 – can be difficult to appreciate [126]. While issues of
tissue retention through the imaging time are also impor-
tant, the reduction of extraction fraction with increasing
flow is the fundamental limiting variable in detectibility of
mild stenoses with the tracer method. 99mTc-teboroxime, a
tracer that was commercially available in the early 1990s in
the United States, was reported to have extraction fraction
at high flow rates exceeding that of 201Tl, suggesting that
in combination with vasodilator stress, this agent might be
more sensitive than other radionuclide methods in detect-
ing mild stenoses. Rapid washout of this tracer from the
myocardium, and avid accumulation in the liver, resulted
in little practical clinical use. The relative extraction frac-
tions of the various PET and SPECT radiopharmaceuti-
cals are schematically illustrated in Fig. 1.12. Quantitative
measurements of perfusion using PET and tracers such as
13NH3, 15O, and 82Rb involve additional complexities that
Schelbert has summarized [54]; those involved in the use of
dynamic SPECT have been summarized by Gullberg [56].

Although data addressing the minimal difference in re-
gional flow needed for a defect to be identified are limited,
a difference of at least 30% seems a reasonable estimate but
depends on the detection system being employed. Trans-
mural differences resulting in full-thickness flow reduc-
tions of less than 30% require higher-than-usual resolution
with most tracer techniques. Figure 1.13 presents interpre-
tive issues for three situations that might be expected to
produce similar defects on perfusion images but would
have different clinical implications.
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Figure 1.13 Examples of 30% reductions in regional flow having differ-

ent clinical implications. The paired columns on the left depict exercise with

angina at a low work load. Extrapolating from the studies of Kitamura et al.

[4], an exercise level of 3 metabolic equivalents (METS) would require an in-

crease to 1.6 times resting flow (1.0). The center columns represent exercise

with angina at a high work load (10 METS), requiring a flow of 3.4 times

the resting value. Although the relative perfusion deficits are similar, the

therapeutic implications of ischemia at 3 and 10 METS differ. The columns

on the right represent findings that might occur during maximum pharma-

cological vasodilation with a 60% stenosis. A 30% regional reduction in

flow corresponds to a regional increase to 3.5 (rather than 5.0) times rest-

ing flow and occurs without a corresponding increase in myocardial oxygen

demand. Thus, the relative perfusion deficit is not associated with ischemia.

Although a finding of this type can be diagnostically useful in identifying an

asymptomatic stenosis, it may be difficult to discern using tracer techniques

in which transmyocardial tracer extraction decreases progressively as flow

exceeds twice resting values. (Reprinted with permission from [94].)

Pathophysiologic alterations in
microvascular function and conduit
artery caliber without apparent coronary
artery disease

Information is now available concerning conduit artery
and microvascular function in a variety of clinically rel-
evant situations in which coronary artery disease is not
apparent. Abnormalities in endothelial-mediated coro-
nary vasomotion have been identified in individuals with
coronary risk factors and in the early stages of several dis-
ease processes. Four situations are illustrative.

Cigarette smoking

It is well established that cigarette smoking produces
acute increases in heart rate, arterial pressure, and myocar-
dial contractility. These are mediated through the sympa-
thetic nervous system and involve both cardiostimulatory
(β-adrenergic) and vasoconstrictor (α-adrenergic) influ-
ences [127].

Since cigarette smoking acutely increases the double
product index, increases in resting coronary flow are

expected and do occur in otherwise healthy young adults
with relatively short smoking histories (6 ± 3 pack years)
[128]. However, flow during dipyridamole-induced va-
sodilation is reduced in these individuals, resulting in sub-
stantial transient decreases in flow reserve. In long-term
smokers (27 ± 13 years) without cardiovascular risk fac-
tors, expected increases in resting coronary flow during
smoking are blunted or reversed [129]. Long-term smok-
ers also show blunted flow responses to cold pressor test-
ing [130,131], which can be normalized by intravenous ad-
ministration of l-arginine and are therefore felt to reflect
sustained endothelial dysfunction [130].

Abnormal responses to smoking are accentuated in
individuals with coronary artery disease. It has been
known since the 1980s that expected increases in coro-
nary flow accompanying smoking-induced increases in
double product are blunted or reversed in coronary pa-
tients [132–135]. The abnormal response involves constric-
tion of both epicardial conduit arteries and microcircu-
latory resistance vessels [136,137]. It can be reversed by
nonspecific α-adrenergic blockade [135] and probably in-
volves α1-adrenergic constriction of conduit arteries and
α2-adrenergic constriction of resistance vessels as well as
blunted endothelial-dependent vasodilatory mechanisms.
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It can also be prevented by the administration of calcium
antagonists or nitroglycerin [138].

Hyperinsulinemia and diabetes mellitus

Indications that hyperinsulinemia is an independent risk
factor for developing ischemic heart disease have stimu-
lated a variety of studies of insulin’s effects on the coronary
circulation. Effects on conduit arteries have been examined
using intracoronary acetylcholine or the cold pressor test.
Effects on microvascular resistance have been evaluated
by responses of coronary flow to cold pressor testing, in-
travenous adenosine infusion, or intracoronary papaver-
ine injection.

Because insulin increases sympathetic nerve activity,
modest increases in basal levels of coronary flow fol-
lowing insulin administration have to be considered in
relation to concomitant changes in myocardial oxygen
demand [139]. McNulty et al. attempted to circumvent
this issue using intracoronary infusion of small doses
of insulin in patients undergoing coronary arteriography
[140]. They report approximately 20% consistent increases
in coronary sinus flow without increases in myocardial
oxygen consumption. In addition, Sundell and colleagues
find that insulin increases adenosine-stimulated flow and
coronary flow reserve in a dose-dependent manner in
healthy young subjects [141]. Flow during adenosine in-
fusion increased by an average of 20% during physiolog-
ical hyperinsulinemia (∼65 mU/l), and by an additional
19% when insulin levels were increased to pharmacolog-
ical levels (∼460 mU/l). Thus, insulin appears to have
vasodilator as well as hypoglycemic activity.

Insulin-induced dilation of the coronary vasculature in-
volves activation of both the sympathetic nervous system
and endothelium-dependent mechanisms. Since insulin-
induced increments in coronary flow reserve in healthy
young men are not affected by dexamethasone pretreat-
ment, local endothelium-dependent mechanisms (rather
than central sympathetic activation) are thought normally
to predominate [142]. However, although insulin-induced
increments in coronary reserve are initially similar in
young men with and without type 1 diabetes, the incre-
ments in diabetic patients can be abolished by dexam-
ethasone pretreatment [142]. Central sympathetic activa-
tion therefore seems to play an important role in diabetes,
possibly by augmenting adrenergic microvascular dila-
tion to compensate for endothelial dysfunction. Studies of
Di Carli et al. support this view [33]. Increases in coronary
flow in partially reinnervated transplanted hearts during
cold pressor testing were greater in regions of the left
ventricle showing sympathetic reinnervation (as assessed
with 11C-hydroxyephedrine uptake) than in those remain-
ing denervated. In addition, despite similar responses to
intravenous adenosine, diabetic patients with autonomic

dysfunction showed systematically smaller increases in
coronary flow during cold pressor testing than diabetic
patients without autonomic neuropathy [143].

Coronary vascular dysfunction can be demonstrated in
the early stages of diabetes. Increases in coronary flow dur-
ing cold pressor testing are blunted in insulin-resistant
individuals without glucose intolerance, and the abnor-
mality can be normalized by insulin-sensitizing thiazo-
lidinedione therapy [144]. Abnormal responses to cold
pressor testing also occur in approximately one-third
of asymptomatic, non-insulin-treated type 2 diabetic pa-
tients [145]. As diabetes progresses and becomes evident
clinically, abnormal responses to cold pressor testing and
reductions in coronary flow reserve become present con-
sistently [143,146–148]. Reduced hyperemic responses to
adenosine can, at least in young otherwise healthy type I
diabetics, be ameliorated by raising insulin levels to sup-
raphysiologic levels (93 ± 27 mU/l) [149].

Mechanisms possibly underlying abnormal coronary
vascular responses in diabetic patients continue to be ex-
plored. Miura et al. have demonstrated that KATP channel-
mediated coronary arteriolar dilation is intrinsically
impaired [150]. Nitenberg and colleagues report that ab-
normal responses to cold pressor testing and reductions in
flow reserve can be ameliorated by inhibition of oxygen-
derived free radical production [151,152]. Johansson et al.
find that administration of proinsulin C-peptide, which is
cleaved from proinsulin and released into the circulation
in amounts equimolar with insulin, can restore reduced
levels of adenosine-stimulated coronary flow to those of
healthy controls while plasma insulin concentrations re-
main in the normal physiological range [153]. Hansen et
al. have reported similarly beneficial effects of C-peptide
using contrast echocardiographic indices of flow [154].

The possibility that occult coronary artery disease in di-
abetic patients played a role in some of the findings in this
section cannot be excluded, particularly in studies of in-
dividuals undergoing diagnostic cardiac catheterization
who proved to have arteriographically normal or “near
normal” coronary arteries. Hemodynamically significant
coronary stenoses would no doubt accentuate diabetes-
related abnormalities in cold pressor testing and coronary
flow reserve. It remains clear, however, that diabetics of-
ten have abnormal flow reserve in the absence of epicardial
stenoses, probably secondary to endothelial dysfunction.

Lipid abnormalities

Schelbert has summarized several studies indicating
systematic reductions in hyperemic flows (∼25%) and
coronary flow reserve in hypercholesterolemic and hy-
pertriglyceridemic patients without clinically detectible
coronary artery disease [54, Table 14]. Reductions in hy-
peremic flow and coronary reserve probably again reflect
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endothelial dysfunction. Responses to cholesterol-
lowering therapies indicate that these abnormalities are
at least partially reversible [54, Table 15]. Leung and
Lau have reported that acetylcholine-induced epicardial
artery constriction in hypercholesterolemic patients with
angiographically normal coronary arteries can also be
reversed by cholesterol lowering [155].

Hypertension and ventricular hypertrophy

Endothelium-dependent coronary vasomotion is fre-
quently abnormal in hypertensive patients. Constriction of
conduit arteries to acetylcholine was identified in the early
1990s [156–159]. Coronary flow reserve was subsequently
reported to be reduced in hypertensive patients without
other coronary risk factors [106,160], and in asymptomatic
young men with borderline hypertension and no signs of
angina or left ventricular hypertrophy [161]. Microvascu-
lar abnormalities have been suggested to underlie anginal
chest pain in hypertensive patients without left ventricular
hypertrophy [162]. In part, reduced coronary flow reserve
is related to increased resting flow levels in these patients;
however, there is also a reduced vasomotion component.

When left ventricular hypertrophy becomes demonstra-
ble in hypertensive individuals, coronary flow reserve is
reduced consistently. Reductions averaging 33% were re-
ported by Strauer as early as 1979 [163]. This finding was
confirmed in the early 1980s [164,165], has been observed
consistently in subsequent studies, and has been sug-
gested to underlie angina pectoris in hypertensive patients
with hypertrophied ventricles [165]. The degree of reduc-
tion in flow reserve in hypertensive disease varies directly
with the magnitude of hypertrophy [166] and is greater in
African-Americans than Caucasian-Americans [72]. Con-
sistent with the reduction in reserve, Polese et al. have
reported that the “breakpoint” pressure at which autoreg-
ulatory vasodilation is exhausted (see Fig. 1.4) is increased
in hypertensive patients with left ventricular hypertrophy
[167]. Experimental studies suggest that increases in coro-
nary back pressure, i.e., “zero-flow pressure,” also play
a role in the reduced reserve of hypertrophied ventricles
[168]. Reductions in reserve can, at least in some cases,
involve structural as well as functional changes [169].
Although several groups have demonstrated treatment-
induced regression of hypertrophy, information about
changes in flow reserve is limited. Studies thus far indicate
improvement [170–172].

Reductions in coronary flow reserve also occur regularly
in ventricular hypertrophy caused by conditions other
than essential hypertension. Early studies in humans with
aortic stenosis and volume overload hypertrophy were
performed by Marcus and colleagues [65,173,174]. Stud-
ies during the past two decades have addressed a number
of additional abnormalities [175,176].
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2 Physics and technical aspects of gated
myocardial perfusion SPECT

Guido Germano
Daniel S. Berman

Introduction

Gated myocardial perfusion SPECT has been extensively
validated for its ability to provide objective information re-
garding rest and stress myocardial perfusion and rest and
poststress left ventricular function. It has become part of
mainstream clinical practice and is predominantly used
for the evaluation of patients with known or suspected
coronary artery disease. While the final results can be ob-
jectively analyzed, their accuracy depends on the technical
quality of the study. Furthermore, interpretation of my-
ocardial perfusion SPECT requires an understanding of
the physics and technical aspects of the procedure. While
planar imaging currently accounts for less than 10% of
all nuclear cardiology studies in the United States, pla-
nar or projection images still constitute the foundation on
which SPECT is built. Figure 2.1 briefly outlines how a
projection image is generated by a single-detector gamma
camera (also referred to as Anger camera in honor of its
inventor, Hal Anger). In this example, a 99mTc-based ra-
diopharmaceutical is injected into a patient, taken up by
his or her myocardial muscle, and radioactivity is emit-
ted in the form of photons (gamma rays) having energy
of 140 keV. Some of those photons impinge on a scintil-
lation detector positioned with its plane parallel to the
patient’s long axis, the “allowed’’ angle of impact being
constrained to be reasonably close to 90◦ through the use
of a collimator. The scintillation detector is made of high-
density material such as thallium-activated sodium iodide
or NaI(Tl); when radiation penetrates it, energy is dissi-
pated by conversion into light photons, which are in turn
converted into electrons and amplified into an electrical
current by a set of photomultiplier tubes (PMTs) directly
coupled to the scintillating crystal. The current is propor-
tional to the amount of energy dissipated in the detec-
tor, which ideally should be equal to that of the original
gamma ray, but is considered acceptable if it lies within

a 15–20% window about the expected 140 keV value. For
each “hit’’ by a photon, the point of impact (X, Y) on the
detector is derived by analysis of the fraction of light pho-
tons collected by different PMTs – if the associated en-
ergy Z is within the window, energy discrimination cir-
cuitry generates a signal that allows the “event’’ to be
accumulated into a computer matrix or “projection im-
age.’’

The gated SPECT acquisition

In a SPECT acquisition, the camera detector(s) rotates
around the long axis of the patient, acquiring one projec-
tion image at each of many, evenly spaced angular loca-
tions (steps) along the acquisition orbit. If the acquisition
is gated, several (8 or 16) projection images are acquired
at each projection angle, with each image corresponding
to a specific portion of the cardiac cycle termed “interval’’
or “frame’’ (Fig. 2.2). All projection images for a given in-
terval can be reconstructed/reoriented into a SPECT or
tomographic image volume using filtered backprojection
or iterative reconstruction techniques, and volumes rela-
tive to the various gated SPECT intervals can be displayed
in four-dimensional format (x, y, z, and time), allowing for
the assessment of dynamic cardiac function. In addition,
summing all individual intervals’projections at each angle
before reconstruction produces an “ungated” or “summed
gated’’ SPECT image volume, from which perfusion can
be assessed. Thus, one can think of a gated SPECT acqui-
sition as yielding both a standard SPECT data set and a
larger gated SPECT data set, as will be discussed in detail
later in this chapter. The strong appeal of gated SPECT
imaging is a direct consequence of the ease and modest
expense with which perfusion assessment is “upgraded”
to perfusion + function assessment, and accounts for the
phenomenal growth of the technique over the past decade
(Fig. 2.3).
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Figure 2.1 Basic functioning of the gamma

or Anger camera, on which SPECT imaging is

based. *, scintillation with the sodium-iodide

crystal. The diagram in the upper left illustrates

the energy spectrum of technesium 99m

(99mTc). The dashed vertical lines indicate the

20% energy window surrounding the 140 keV

primary photopeak of 99mTc. Abbreviation: PM,

photomultiplier.

Gating choices

The gating of a SPECT acquisition is easily implemented
using the QRS complex of the ECG signal, since its princi-
pal peak (R wave) corresponds to end-diastole. The gating
hardware interfaces with the acquisition computer that
controls the gantry, and data corresponding to each frame
is automatically sorted by the camera into the appropriate
image matrix. For example, counts collected during the
nth interval from the occurrence of each R wave trigger
(Fig. 2.4) while the detector is at the same projection angle
ϑ are assigned to the same image (frame n, angle ϑ). In
an ideal world, every cardiac beat would have the same
duration, constant during the gated SPECT acquisition,
and each of the 8 or 16 gating intervals could be preset to
span 1/8 or 1/16 of that cardiac beat duration. The fact that
this situation is virtually never verified leads to the need

to introduce additional nomenclature and distinguish be-
tween multiple gating approaches, some of which are dif-
ferently implemented on different camera systems.

Fixed temporal resolution gating

In the fixed temporal (FT) resolution gating approach
[1–3], all gated SPECT intervals have the same length, and
that length is fixed regardless of the actual duration of
the cardiac cycle. Let us assume, for ease of argument,
that a FT acquisition utilizes eight frames of 100 ms each,
and that framing starts immediately upon detection of
each R wave (“forward gating”). While an 800 ms dis-
tance between consecutive R waves (a 75 bpm heart rate)
may have been measured for a patient at the inception
of the gated acquisition, it is unreasonable to expect that

Figure 2.2 Schematic representation of

ECG-gated perfusion SPECT acquisition and

processing.
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Figure 2.3 Growth in the percentage of all

perfusion SPECT studies acquired in the USA

using the ECG-gated technique. (Courtesy of

IMV Medical Information Division, Des

Plaines, IL.)

rate to be perfectly stable during the entire study. In ac-
tuality, when the time between two consecutive R-wave
triggers is longer than 800 ms (the heart rate is lower than
75 bpm), all incoming data after the first 800 ms would be
discarded (Fig. 2.5a). Conversely, when the time between
two consecutive R-wave triggers is shorter than 800 ms
(the heart rate is higher than 75 bpm), the last frame(s)
would not accumulate data (Fig. 2.6a). In order to allow the
FT method to adequately sample the end-diastolic phase
of “long” cardiac beats, a “backward gating” technique
has been developed. In this approach, the gating intervals
are synchronizedfrom the R-wave backward (Fig. 2.5b),
and applied to the latest heartbeat’s data stored in a mem-
ory buffer. As backward gating could cause undersam-
pling of the systolic phase of the cardiac cycle, a com-
bination of forward and backward gating is often used
(Fig. 2.5c) [5].

Variable temporal resolution gating

In the “variable temporal” (VT) resolution gating ap-
proach, all gated SPECT intervals still have the same
length, but that length is dynamically adjusted to ensure
full and complete coverage of the latest heart cycle(s), as
defined by the R–R duration (Figs. 2.5d and 2.6b). The

VT method is computationally more intensive than the FT
method, requiring the alteration of the intervals’ length
on a beat-by-beat or angle-by-angle basis [2,6], but cur-
rent camera systems can readily accomplish this task. The
difference between VT and FT is truly conceptual in na-
ture. Given that the goal of gating consists in summing
counts from the same portion of the cardiac cycle, the
FT approach bases its assessment of systolic function on
the physiologic observation that a longer (shorter) beat
is due solely to the lengthening (shortening) of its end-
diastolic phase. Conversely, the VT approach’s underly-
ing assumption is that alterations in the cardiac rhythm
uniformly stretch or compress the cardiac cycle as a
whole.

List mode acquisition

A sophisticated approach to the problem of nonconstancy
of the R–R interval in gated studies is the “(temporal) list
mode” acquisition technique [7–9]. In list mode, each in-
dividual count is stored in a memory bin, which contains
information on the count’s location in the XY detector
plane and on the exact time of its arrival (as determined
by the camera’s internal clock) relative to the ECG signal.
When the acquisition is complete, the cardiac cycle lengths

Figure 2.4 ECG gating. Each cardiac beat

(defined by two successive R-wave peaks) is

divided into a number of temporal intervals or

gating frames. Data collected during

homologous frames in different beats are

summed together, as they refer to the same

phase of the cardiac cycle.
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(a)

(b)

(c)

(d)

Figure 2.5 Examples of an 8-interval, fixed temporal (a) forward-framed,

(b) backward-framed, and (c) forward/backward-framed (two-third of the

intervals forward-framed, one-third backward-framed) acquisition, as well

as (d) an 8-interval, variable temporal acquisition, all for a cardiac beat of

longer than average duration. (Reproduced with permission from [4].)

(R–R durations) can be histogrammed, an acceptance win-
dow selected which straddles the histogram’s peak, and
events occurring during cycles of acceptable length sorted
into frames based on the FT resolution or VT resolution
method of choice. It is obvious that list mode acquisition
requires substantially more memory and more postacqui-
sition processing than standard acquisition. For instance,
200,000 counts accumulated in a projection image in frame
mode would occupy (64)2 = 4096 memory locations if a
64 × 64 pixel2 matrix is used, as opposed to 200,000 mem-
ory locations in temporal list mode. Moreover, the indi-
vidual memory location in list mode would have to be
more expansive, as it must contain the additional timing
information. To obviate memory and processing prob-
lems, it has been proposed that the processing of list mode
data should occur concurrently with its acquisition, i.e., in
real time [10]. Nevertheless, we consider it unlikely that
list mode acquisition will be widely used in clinical gated
SPECT in the future.

(a)

(b)

Figure 2.6 Examples of (a) an 8-interval, fixed temporal forward-framed,

and (b) an 8-interval, variable temporal acquisition, both for a cardiac beat

of shorter than average duration.

The beat length acceptance window

The unavoidable variability of the cardiac beat length dur-
ing gated acquisitions has led to the building of tolerances
in the gating process. The beat length acceptance window
aims at eliminating data from beats that are “too short”
or “too long,” while still accepting a sensible number of
them, and it can be seen as analogous to the energy ac-
ceptance window that is positioned on the radioisotope’s
photopeak prior to acquisition (NB: “length” and “dura-
tion” are used interchangeably in this section). Let us as-
sume that the expected cardiac beat length, as set in the FT
or VT protocol, is 1 s (heart rate = 60 bpm): a beat length
acceptance window of 20% will then allow accumulation
of data from cardiac beats having a duration within ±10%
of the expected duration (in our case, within a 900–1100 ms
range). An acceptance window of 100%, somewhat coun-
terintuitively, allows accumulation of data from beats of
duration within ±50% of the expected (in our case, within
a 500–1500 ms range). This is not equivalent to accepting
100% of the beats, which is instead consistent with having
a window of infinite width (Fig. 2.7).

When deciding on a setting for the cardiac beat length
acceptance window, it is important to remember that, as
previously stated and again stressed in Fig. 2.8, a gated
SPECT acquisition produces both gated short-axis images
(through reconstruction and reorientation of the projec-
tion data sets corresponding to the individual gating
intervals) and standard short-axis images (through recon-
struction and reorientation of the sum of the projection
sets across all intervals). While cardiac function is assessed
from the former, myocardial perfusion is derived from the
latter. If too many beats are rejected by a narrow window
in the presence of arrhythmia or gating problems, not only
does that make the gated information and the assessment
of cardiac function unreliable but perfusion assessment
might also be compromised, a situation that the authors
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(a)

(b)

Figure 2.7 Examples of (a) an 8-interval, fixed temporal forward-framed,

and (b) an 8-interval, variable temporal acquisition, both for a cardiac beat

of shorter than average duration. (Modified and reproduced with

permission from [11].)

deem unacceptable in clinical practice. This is not an
issue if an “extra frame’’ (a 9th frame in 8-frame or a 17th
frame in 16-frame gated SPECT imaging) exists where all
counts rejected by the acceptance window are accumu-
lated, so that they can be summed to those in the indi-
vidual intervals’projection images before reconstruction –
in that case, there will be virtually as many counts in
the “summed gated’’ images as if gating had not been
used, and the acceptance window can be set to a narrow
value, typically 20–30%. If, on the other hand, no extra
frame exists, it would be advisable to open the acceptance
window to 100% or infinity, so as to maximize the qual-
ity of the images from which perfusion will be assessed
(Fig. 2.9).

To summarize, we choose to preserve at all costs the
integrity of the SPECT data from which myocardial

perfusion is assessed. The downside of this approach is
that counts from arrhythmic beats may be allowed into
the gated SPECT images, whose reliability must therefore
be evaluated with great care. The block diagram in Fig. 2.9
shows our recommended criteria for setting the cardiac
beat length acceptance window, as well as the implications
of doing so.
1 If a 20–30% beat acceptance window is used in con-

junction with the “extra frame” feature, (a) the gated
intervals do not contain data from arrhythmic beats,
and (b) the extra frame (if accessible by itself) pro-
vides a convenient additional tool to assess how many
counts were rejected, both globally and on a projection-
by-projection basis. In this case, the gated SPECT
data set is essentially reliable if it contains enough
counts.

2 If a wide open acceptance window is used because no
“extra frame” is available, the reliability of the gated
SPECT data set must be deduced from “circumstan-
tial evidence’’: (a) the technologist ought to monitor
the ECG during acquisition, and/or a paper strip of
the ECG ought to be collected for each study, so that the
occurrence of abnormalities in the cardiac rhythm can
be noted – some laboratories recommend the exclusion
of gated data acquired from patients with more than one
premature ventricular contraction (PVC) per six cardiac
beats [11]; (b) software can be developed or obtained
that aims at detecting gating errors from postacquisi-
tion analysis of the relative counts and count patterns
in the various gated frames [13,14]; (c) when provided
by the camera manufacturer, graphs of accepted counts
or heart rate as a function of the projection angle (as well
as beat length histograms) can provide an immediate
visual pointer to gating abnormalities (Fig. 2.10), and
(d) the time–volume curve must be reviewed for po-
tential distortions and abnormalities, as explained in
Chapter 5.
Most camera manufacturers do have, or plan to provide

the “extra frame’’ feature in conjunction with gated SPECT

Figure 2.8 Importance of the “extra frame”

in gated SPECT acquisitions. (Adapted and

reproduced with permission from [12].)
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Figure 2.9 Setting the cardiac beat

acceptance window.

imaging, following strong recommendations by several
academic and professional societies with an interest in nu-
clear cardiology [15]. Also, independent and simultaneous
acquisition of the gated and ungated data sets (“concur-
rent imaging’’) has been proposed (Philips Medical Sys-
tems, personal communication, 2005), and might emerge
as the optimal approach because it allows the use of a nar-
row window on the gated portion, and no window at all
on the ungated portion of the study. That notwithstanding,
the lack of standardized, automatic quality control tools
for the determination of the reliability of gated SPECT data
is currently still an important challenge for this technique
[16] and will require more focused targeting by camera
manufacturers in the near future.

As a final note, the PVC rejection factor specifies the
number of cardiac beats that the camera acquisition
software must ignore immediately after a “bad beat”
(a beat that has been rejected by the beat length acceptance
window). The PVC rejection factor is generally set to 1,

meaning the first beat after a bad beat is also rejected, re-
gardless of its own length.

Count drop-off and normalization

We have previously seen that, when the time between two
consecutive R wave triggers is shorter than expected by the
FT forward-framing mode (but still within the acceptance
window), the last gating frame(s) will not accumulate
counts (Fig. 2.6a). This phenomenon goes under the name
of “count drop-off,” and typically results in a visually ap-
parent “flicker” when the gated images are displayed in
cinematic fashion. To alleviate this problem, each gating
frame at each projection angle can be “time normalized” to
the first (or the first few) gating frame(s) of the first projec-
tion angle. As shown in Fig. 2.11 for the simplified case of
a projection containing data from three cardiac beats, and
acquired using eight 100 ms frames in FT forward-framing
mode, time normalization would require a scaling factor
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Figure 2.10 Graphs of accepted beats and heart rate as a function of the projection number. Together with the cardiac beat length histogram, these tools

are useful to assess the reliability of the gated data sets.

of 2 (300/150) to be applied to every pixel in frame 8 of that
projection, since the accepted beats had lengths of 725, 750,
and 775 ms. While normalization eliminates image flicker
and may make it easier to visually evaluate myocardial
wall motion and thickening, it does not improve the sta-
tistical quality of the data. In some cases, it may even cre-
ate additional artifacts. For example, “hot” pixels can be
created when normalizing a frame with very poor statis-
tics, which in turn may cause artifactual “streaks’’ in the
reconstructed images. While normalization can provide a
useful visual aid, it is not essential to the analysis of gated
perfusion SPECT data, and along with beat length accep-
tance windowing it is a potential source of corruption of
the perfusion data.

300Time total

Frame # 1 2 3 4 5 6 7 8
Beat 1
Beat 2
Beat 3

100 200 300 400 500 600 700 800

300 300 300 300 300 300 150 ms

Duration (ms)

Figure 2.11 Time normalization of gating frames.

Acquisition protocol choices

Isotopes

As further explained in Chapters 3 and 5, it is the au-
thors’ belief that, as long as adequate count statistics are
achieved, there is no limitation as to the specific perfusion
agent that can be imaged with the gated SPECT technique.
Regardless of the radiopharmaceutical used, the quality of
a gated SPECT study will be closely and directly related to
the number of counts in its individual frames. Count statis-
tics are influenced by numerous factors, including injected
dose, acquisition time, patient size, camera configuration
and sensitivity, collimation, number of frames, and count
acceptance criteria. Defining “adequate” count statistics in
absolute terms is fraught with peril, because its two most
readily available measures, i.e. the total number of counts
in a standard projection image or in the entire image vol-
ume, are composed of (1) the total number of counts in the
myocardium (the quantity we are interested in, but cannot
access without some form of myocardial segmentation)
and (2) the total number of extracardiac counts, which is a
function of protocol choice, patient health, and body habi-
tus. Our own experience with 60-projection acquisitions
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Figure 2.12 Growth trends for planar, single,

and multidetector cameras in the United States.

(Courtesy of IMV Medical Information Division,

Des Plaines, IL.)

over a 180◦ orbit indicates that if one creates a composite
image by adding together the “summed gated’’ projec-
tion images for the seven angles within ±10.5◦ of LAO
(left anterior oblique) 45◦ and isolates the myocardium
in that composite image, the average myocardial counts
per pixel (64 by 64 pixel images) is 789 ± 237 for gated
99mTc-sestamibi, and 306 ± 81 for gated 201Tl, in the context
of our standard gated SPECT acquisition protocols [17]. Ide-
ally, this number should be greater if in a given individual
the target-to-background ratio is lower than usual. More
specific criteria for setting up gated SPECT acquisitions
in such a way as to achieve adequate image quality are
outlined in the following sections of this chapter.

Single-detector vs. multidetector cameras

Multidetector cameras have consistently outsold single-
detector systems since 1993, and their increasing diffusion
is an important factor supporting the increasing utilization
of gated SPECT imaging (Fig. 2.12). In particular, dual-
detector cameras with the two detectors positioned at 90◦

allow completion of 180◦ SPECT acquisitions in half the
time as a single-detector system for the same count level,
or collection of twice the counts in the same time, and are
therefore highly efficient for gated cardiac SPECT imag-
ing. Various camera configurations are shown in Fig. 2.13,
and their comparative performance in completing a 180◦

and a 360◦ SPECT acquisition with equal count statistics
is shown in Table 2.1.

Length of acquisition

Ideally, the length of acquisition (expressed in seconds
per projection) for a gated 99mTc-based SPECT study need
not exceed that traditionally employed for a nongated

SPECT study, as it has been suggested that common pro-
tocols for the latter may consistently provide more counts
than are needed [19]. For gated 201Tl SPECT, however,
extending the acquisition time may be necessary, espe-
cially in late redistribution analysis. While many other
factors are involved, Table 2.2 gives the values currently
used at Cedars-Sinai for gated SPECT acquisitions using
a variety of cameras, low-energy-high-resolution (LEHR)
collimation, 3◦ projection spacing and 16-frame gating.
It is clear that although in principle any type of acqui-
sition can be gated, practical considerations on patient tol-
erance and avoidance of motion limit some acquisitions

Figure 2.13 Common detector configurations in SPECT cameras:

(a) basic single detector camera, (b) dual-detector, 90◦ configuration

camera, (c) dual-detector, 180◦ configuration camera, and

(d) triple-detector camera. (Reproduced with permission from [18].)
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Table 2.1 Duration of SPECT studies acquired with single- and

multidetector cameras.

180◦ acquisition 360◦ acquisition

1 detector T 2T

2 detectors (180◦ configuration) T T

3 detectors (120◦ configuration) (2/3)T (2/3)T

2 detectors (90◦ configuration) T /2 T

Note: All cameras rotate at the same speed, continuous or pseudo-

continuous rotation is assumed, and the time T employed by a single-

detector camera for a 180◦ acquisition is taken as reference.

to multidetector cameras. Also, our approach leaves the
acquisition time constant across patients for a given ra-
dioisotope and protocol, while the injected dose is varied
as indicated in Table 2.3. Other centers acquire a planar
ungated image at the beginning of the study, calculate the
total counts within the image or (by using a region of in-
terest) in the myocardium, and adjust the acquisition time
accordingly. Of course, both approaches aim at ensuring
that adequate counts are collected. “Fast” gated acqui-
sitions, although originally reported for 99mTc-sestamibi
and 99mTc-tetrofosmin in conjunction with multidetector
systems [20] and focusing collimators [21,22], are still not
widely used in clinical practice, due principally to com-
promise in perfusion image quality.

Number of frames

While 8-frame gating is still prevalent in gated perfusion
SPECT imaging due to processing/analysis times and stor-
age requirements considerations, it is obvious that the car-
diac cycle can be more accurately described with more fre-
quent temporal sampling. The authors have adopted 16-
frame gating for all routine clinical 99mTc-based and 201Tl
gated SPECT imaging at their institution, although most
of the considerations contained in this book relative to ac-
quisition, processing, and quantitation of gated perfusion

Table 2.3 Relationship between injected dose and patient weight for

commonly used radiopharmaceuticals.

Patient 99mTc-based agents 99mTc-based agents 201Tl
weight (lbs) (stress) (mCi) (rest) (mCi) (mCi)

<185 25 10 3

185–225 30 12 3.5

225–250 35 12 4

>250 40 14 4.5

SPECT data are relatively independent of the number of
gating intervals acquired.

As discussed in Chapter 5, 16-frame gating offers the
opportunity to assess diastolic left ventricular function.
Sixteen-frame gating leads to quantitative ejection fraction
results that are slightly higher than those obtained from
8-frame gating, but the relationship between the two is
predictable and quite uniform over a wide ejection fraction
range [23]. With the increased number of frames, the 16-
frame method allows the end-systolic frame to be obtained
at true end-systole.

Detector rotation orbits

While conventional SPECT acquisitions have been per-
formed rotating the detector(s) along circular orbits, recent
trends in instrumentation (dual-detector cameras with 90◦

detectors), protocols (combined emission/transmission),
and algorithms (attenuation, scatter, and resolution com-
pensation) are increasingly requiring noncircular orbits,
also referred to as elliptical or patient-contoured [24]. The
argument in favor of circular orbits is that all projection im-
ages have approximately the same resolution, given their
fairly constant distance from the imaged heart (source-
to-collimator distance is the main determinant of reso-
lution). Conversely, noncircular orbits aim at achieving
the best possible resolution at each angle by bringing the
detector as close to the patient as practical. Since arti-
facts may result when these projection images of widely

Table 2.2 Injected dose and total gated perfusion SPECT study duration for different camera/detector configurations and commonly used

radiopharmaceuticals.

Total study duration (min)

No. of Seconds per 1-detector, 2-detector 3-detector
Isotope Dose (mCi) projections projection 2-detector @180◦ @90◦ @120◦

99mTc-based (stress) 25–40 60 25 25 12.5 16.7
99mTc-based (rest) 10–14 60 25 25 12.5 16.7
201Tl (rest) 3–4.5 60 35 35 17.5 23.3
201Tl (4 h) 3–4.5 60 35 35 17.5 23.3
201Tl (24 h) 3–4.5 60 50 50 25 33.3
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Figure 2.14 Blending projection images with different resolution

characteristics in the reconstruction process may cause distortions in the

reconstructed object – this is of particular concern with noncircular or

eccentric orbits, since resolution is directly related to the source–detector

distance. (Courtesy of Jonathan M Links, PhD.)

different resolution are combined in reconstruction [25], as
shown in Fig. 2.14, software approaches are being devel-
oped to reduce that variability [26–28]. There is currently
no evidence that function parameters measured from
gated SPECT have substantial dependence on orbit shape.

Projection images need to be distributed over a mini-
mum of 180◦ in order not to introduce severe artifacts dur-
ing reconstruction [29], and current clinical practice over-
whelmingly favors 180◦ orbits spanning from the right
anterior oblique (RAO) to the left posterior oblique (LPO)
view, mainly for the study duration considerations out-
lined in Table 2.1. Published reports comparing 180◦ and
360◦ orbits with respect to image resolution and perfu-
sion defect contrast are not in agreement, describing the
former to be superior [30–34], inferior [35–37], or equiv-
alent [38,39] to the latter in clinical studies and phantom
experiments. Even less data exist with respect to differ-
ences in gated SPECT function parameters, although excel-
lent correlation has been reported between left ventricular
ejection fraction and volume quantitative measurements
from 180◦ and 360◦ data [40].

The traditional detector rotation pattern is called step-
and-shoot. In this approach, the detector “steps” through a
discrete number of views along the orbit, and the camera
electronics temporarily stop data collection while the
detector advances from one view to the next, causing a
“dead time” of a few seconds per view. In a more recent
approach, called “continuous” acquisition, the detector
rotates continuously and at constant speed around the
patient, with data collection enabled at all times. The
acquisition orbit is divided in a number of sub-arcs, and
data collected along each arc is assigned to a projection
image. Pseudo-continuous (also called modified step-
and-shoot) acquisition is a hybrid approach: the detector
moves as in step-and-shoot, but data collection continues

during the stepping period. Since it has been demon-
strated that continuous acquisition does not appreciably
decrease the resolution of the SPECT image if the spacing
between projections is less than or equal to 6◦ [4,41],
acquisitions are preferably performed in the continuous
or pseudo-continuous mode, to avoid dead-time-related
inefficiencies. The number of projection images acquired
over a 180◦ orbit is not critical because, as long as their
angular spacing is constant and less than or equal to
6◦, neither perfusion nor function assessment will likely
be affected [42]. Of course, utilizing 6◦ spacing between
projections would require doubling the acquisition time
per projection (and halving the number of projections) in
Table 2.2, if equal statistics are desired. Standard numbers
of projections in current camera systems are 30, 32, 60,
and 64 for 180◦ acquisitions.

Acquisition zoom

Setting up a gated or nongated acquisition that “zooms”
in on the left ventricle is possible by amplifying the analog
position signals generated by the camera front-end elec-
tronics. Acquisition zoom can be centered [43] or off-axis
[44] with respect to the center of the camera’s field of view,
and a zoom greater than 1 will improve image resolution
by magnifying the image of the LV. Since the dimension
of the individual pixels is reduced but the amount of ra-
dioactivity in the myocardium does not change, however,
a larger number of pixels will be needed to cover the my-
ocardium, and the average number of counts per pixel
will decrease, leading to higher image noise. Moreover, in
SPECT imaging, a zoom that is too large may cut off por-
tions of the LV at some projection angles. These facts sug-
gest that a compromise must be sought between resolution
and noise, and excessive zoom values are to be avoided.
Our own experience with nongated SPECT acquisitions
have shown acquisition zooms of 1.3–1.4 to yield opti-
mal image quality [45], and it is expected that these find-
ings would be extendable to gated SPECT acquisitions. As
noted above, zooming can also be accomplished during re-
construction, but zooming during acquisition is preferred.

Collimators

The standard collimator used in nuclear cardiology is a
parallel hole collimator. There is a direct trade-off be-
tween resolution and sensitivity with parallel hole colli-
mators, and fine differences can be achieved by varying
the number, bore, shape, and length of the holes. Specif-
ically, a parallel hole collimator that favors resolution is
the low-energy-high-resolution (LEHR) collimator, while
one that favors sensitivity is the low-energy-all-purpose
(LEAP) collimator. When acquiring SPECT images using
different radiopharmaceuticals (for example, rest 201Tl and
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poststress 99mTc-sestamibi in the separate dual isotope pro-
tocol [46]), we have found it desirable to minimize intrin-
sic resolution differences by using the same collimator, a
LEHR. While this approach was developed for perfusion
imaging, we do believe that it is also valid for gated SPECT
imaging, and much of the published literature on gated
201Tl SPECT is in fact based on the use of a LEHR collimator
[17,47–51]. Using a LEAP collimator may be a viable ap-
proach for maximizing sensitivity with “201Tl-only” proto-
cols [52,53], especially if implemented on single-detector
systems, and it has also been reported to be a potentially
superior alternative to LEHR collimation with respect to
myocardial recovery coefficient and contrast, when reso-
lution compensation is used [54].

Another way to increase sensitivity is to map the organ
of interest (the myocardium) to a larger portion of the de-
tector by exploiting the intrinsic magnification properties
of a fan beam or cone beam collimator [55]. These colli-
mators focus to a point (cone beam) or to a line parallel
to the axis of rotation of the camera and beyond the pa-
tient (fan beam). The increase in sensitivity produced by
these collimators is not associated with a loss of resolu-
tion; however, the data volume may not be adequately
sampled at all angles due to truncation artifacts [56], and
fan beam/cone beam collimators are not widely used in
clinical practice. Use of “cardiofocal” cone beam collima-
tors has been reported a few years ago in conjunction with
gated 99mTc-tetrofosmin SPECT imaging [21,22], but that
report has not been followed by further investigation and
validation.

Acquisition by time or counts

The data presented in Table 2.2 reflect gated SPECT ac-
quisitions performed using a fixed number of seconds
per projection angle, as nongated SPECT studies would.
Due to the additional issues introduced by rejected data,
virtually all manufacturers provide a count-based gated
acquisition mode, which advances the detector from one
projection angle to the next only after a given number of
counts have been collected. While this approach has the
potential to reduce the effect of arrhythmias, it has the
undesirable effect (depending on the acceptance window)
of lengthening gated SPECT acquisitions, sometimes be-
yond a patient’s ability to remain still. Since count-based
gated SPECT acquisitions also make it difficult to plan clin-
ical throughput (study duration is unpredictable), they
are not recommended for use in other than very specific
applications.

Image reconstruction and reorientation

Image reconstruction

Figure 2.15 illustrates the practical implementation of
SPECT reconstruction by backprojection [29]. The two-
dimensional projection images (perpendicular to the plane
of the page, as is the patient) yield a series of “activity
profiles” (also termed count profiles or scan profiles) for
each transaxial plane of interest (Fig. 2.15a). Each pro-
file represents the integrated sum of the activity under-
neath the detector along a given angle in that particular

Scan Profile Scan  Profile

LSBP

LSFBP

Many angles

Filter
function

–v vo

(a) (b)

(c) (d)

Figure 2.15 Implementation of tomographic

reconstruction by linear superimposition of

backprojections (LSBP) and linear filtered

backprojections (LSFBP). In modern tomography,

LSFBP is universally preferred to LSBP.

(Reproduced with permission from [29].)
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plane, and all profiles are used to “reconstruct” the image
representing the activity in that plane (transaxial image).
Since no information is available concerning the depth of
the activity responsible for a peak in a profile, the sim-
plest assumption to make is that it was uniformly dis-
tributed. Thus, the counts in each profile are uniformly
redistributed (backprojected) onto the transaxial image,
following the linear superimposition of backprojections
(LSBP) scheme (Fig. 2.15b). A drawback of this approach
is that LSBP results in loss of resolution, loss of contrast,
and creation of the characteristic “star artifact.” To allevi-
ate this problem, count profiles can be altered (filtered) be-
fore reconstruction using an oscillating function which has
both positive and negative values, so as to cancel out the
star’s “rays” (Fig. 2.15c). This latter approach is termed lin-
ear superimposition of filtered backprojections (LSFBP), or
filtered backprojection (FBP) in short notation, and repre-
sents the current standard for reconstruction of gated and
ungated tomographic images in nuclear cardiology.

A different reconstruction technique that is gaining
wider acceptance, fueled by increases in computer speed
and increased use of attenuation/scatter/resolution com-
pensation, is iterative reconstruction [57]. Iterative recon-
struction is based on the algebraic reconstruction tech-
nique, which sees each count profile as an equation with
a number of unknowns equal to the dimension of the im-
age matrix [58]. If enough equations are provided (enough
projection images or count profiles are acquired), the sys-
tem can be solved and the mathematically exact values for
all pixels in the transaxial image can be derived, as demon-
strated in Fig. 2.16 for a simple 2 × 2 matrix. For the 64
× 64 or 128 × 128 matrixes used in SPECT, system solv-
ing is practically always implemented using an iterative
process, which starts with an “educated guess” repre-
sented by the filtered backprojection output and generally
achieves convergence in 10–15 iterations. As discussed in

Figure 2.16 Algebraic reconstruction of tomographic images. Each point

in each count profile is the sum of a row, a column, or a diagonal

distribution of pixels (two profiles are shown here). If enough profiles are

acquired, a system of equations can be built and solved for the exact count

values in those pixels. (Modified and reproduced with permission from [59].)

Chapter 5, there is currently no evidence that function pa-
rameters measured from gated SPECT depend substan-
tially on whether iterative or filtered backprojection was
used as the reconstruction technique of choice.

Of note, it has been suggested that the individual in-
tervals of a gated SPECT study do not need to be recon-
structed separately and independently. Incorporation of
temporal filtering within the iterative reconstruction pro-
cess has reportedly led to a dramatic reduction in image
noise, at the cost of a minor systematic error [60]. In a sim-
ilar approach, taking advantage of the compression and
signal decorrelation properties of the Karhunen-Loeve
transform when reconstructing gated SPECT projection
data sets has been reported to result in less image noise
and faster processing times [61].

Filters

The ramp filter used to eliminate the star artifact in filtered
backprojection is a “high-pass filter,” because it lets high
frequencies pass unattenuated while it attenuates low spa-
tial frequencies. The concept of spatial frequency is based
on mathematical operators (the Fourier transform) that
are rather complex and have been described extensively
elsewhere [29,59]. For our purposes, it will suffice to say
that low frequencies correspond to large, uniform objects
(like the rays of the star artifact), while high frequencies
correspond to small objects and sudden variations in ra-
dioactivity between adjacent pixels (the “edge” of the my-
ocardium, for example, marks a high-frequency transition
area). Therefore, a high-pass filter will “sharpen” an image
by attenuating low frequencies, whereby a low-pass filter
will “smooth” the image by attenuating high frequencies.
Nuclear cardiac images are relatively count-poor, due to
limitations in the injected dose, the use of physical colli-
mation and the attenuation introduced by the thorax, and
so projection images are affected by random noise. Since
noise by definition involves high frequencies, and as such
it can be reduced by smoothing, low-pass filters have be-
come the most extensively used filters in nuclear cardiol-
ogy. The most popular low-pass filters belong to the Butter-
worth family, with other less widespread options includ-
ing the Hanning filter and the Metz and Wiener adaptive
filters [62]). The Butterworth filter family is described in
the frequency domain by the following class of functions:

B( f ) = 1
1 + ( f/ fc)2n

(1)

where fc is the critical or “cutoff” frequency and n the or-
der of the filter. In essence, n controls the slope of the curve,
while fc is the spatial frequency corresponding to an at-
tenuation of 50% and controls the location of the curve’s
inflection point, as shown in Fig. 2.17. It is important to
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Figure 2.17 Two curves belonging to the family of Butterworth filters of

order 5 ( fc is the cutoff frequency). Generally speaking, the smaller the area

encompassed by the curve of a filter in the frequency domain, the smoother

the resulting image, because more spatial frequencies are attenuated.

be aware of the fact that there is some confusion as to the
units of measurement for the cutoff frequency of a But-
terworth filter. While some prefer to express it as a 0–1
numeric range (1 being the highest attainable frequency
or Nyquist frequency), others point out that the Nyquist
frequency is by definition equivalent to 0.5 cycles per pixel,
and adopt a 0–0.5 range instead. In other words, the same
cutoff frequency can be reported as 0.3 or 0.6 on two dif-
ferent camera systems. Whether a cutoff frequency is ex-
pressed in cycles per pixel or as a fraction of the Nyquist
frequency, it should be clear that any spatial frequency
measurement must always be accompanied by a disclo-
sure of the pixel size value. Table 2.4 shows the Butter-
worth filter parameters currently used at our institution
based on the 0–1 cutoff range, a pixel size of 6.5–6.6 mm,
and the dual isotope doses and acquisition times already
specified in Tables 2.2 and 2.3. As it is sensible to expect,
a gated SPECT study needs to be smoothed a bit more

Table 2.4 Butterworth filter parameters employed at the authors’

institution using the 0–1 cutoff range, a pixel size of 6.5–6.6 mm, and the

dual isotope doses and acquisition times described in Tables 2.2 and 2.3.

Ungated Gated

Butterworth Order Cutoff Order Cutoff

99mTc-based (stress) 5 0.66 5 0.50
99mTc-based (rest) 5 0.55 5 0.50
201Tl (rest) 10 0.50 10 0.40
201Tl (4 h) 10 0.50 10 0.40
201Tl (24 h) 10 0.40 10 0.40

than an ungated or summed gated study, due to the lower
counts in each of its multiple frames.

Low-pass filtering is usually accomplished on the pro-
jection images before reconstruction (or during recon-
struction, modifying the ramp filter by a “low-pass
window”). These approaches should be equivalent to
filtering the reconstructed images (two-dimensionally or
three-dimensionally), given the theoretical linearity of the
process. In practice, however, nonlinearities are intro-
duced by some camera manufacturers by “clipping” neg-
ative pixels resulting from filtering, and it is generally
accepted that pre-reconstruction filtering is the most desir-
able way to achieve noise reduction in nuclear cardiology
imaging.

Reorientation

The output of filtered backprojection or iterative recon-
struction is a set of “transaxial” images, or images perpen-
dicular to the long axis of the patient. Since the orientation
of the LV in the thorax is patient-specific, it is customary to
“reorient” transaxial images perpendicularly to the long
axis of the LV, creating “short-axis” images that have stan-
dardized orientation and are therefore more comparable
across patients. While tomographic image reorientation
has traditionally been accomplished by manually tracing
projections of the left ventricular long axis in two mid-
ventricular planes, one transaxial and the other sagittal,
software is widely available today that automates this te-
dious process [63–65], at the same time greatly improv-
ing its accuracy (most algorithms operate in the three-
dimensional space) and reproducibility. An example of
automatic reorientation of transaxial images into short-
and long-axis images is shown in Fig. 2.18 (right side) for
a non-gated SPECT study, together with the filtering and
reconstruction that produce the transaxial images them-
selves (left side).

Reorientation of gated SPECT images is generally per-
formed using one fixed left ventricular long axis, since
identifying one axis per gating frame would be made
difficult by image noise. It is often convenient to recon-
struct and reorient the gated SPECT and the summed
gated SPECT data sets at the same time, using the same
reconstruction limits and reorientation angles (the filter-
ing parameters are slightly different, as explained above
and in Table 2.4). In addition to “zooming in” on the my-
ocardium during data acquisition, it is also possible to per-
form “zoomed reconstruction” of the projection data (cen-
tered or off-axis, the latter being shown in Fig. 2.19). Both
acquisition zoom and reconstruction zoom will “blow up”
the image of the LV and likely improve the accuracy of vol-
umetric and ejection fraction measurements based on pixel
counting (see Chapter 5), although it would be intuitively
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Figure 2.18 Automatic reconstruction/reorientation of SPECT data. Re-

construction limits are determined from the projection data set (middle left,

top), which is then filtered (middle left, middle) with a Butterworth filter of

preset parameters (left) and reconstructed into a transaxial data set (middle

left, bottom). The three-dimensional location of the LV’s long axis is deter-

mined (right) and the short-axis and vertical and horizontal long-axis data

sets (middle right, top to bottom) generated.

expected that zooming during acquisition would lead to
superior results.

Attenuation, scatter, variable resolution,
and motion

The quality of the reconstructed and reoriented SPECT im-
ages depends on that of the projection images from which
they are derived. The projection images, in turn, can be
compromised by a host of technical and physical factors,
including Compton scatter, photon absorption, variable
resolution for noncircular acquisition orbits, and patient or
organ motion. Figure 2.20 presents a schematic represen-
tation of the first two phenomena, particularly important
in cardiac imaging because of the heart’s close proximity
to organs of much different densities.

Attenuation vs. absorption

As exemplified in Fig. 2.20, photons that originate in the
myocardium and reach the scintillation detector without
prior interaction are called primary photons, and are most
valuable because they contribute information as to how
much radioactivity was taken up at a specific myocardial
location. Photons that hit atomic electrons within the pa-
tient’s body before reaching the detector are said to have
undergone “Compton scattering’’ – their direction is al-
tered and their energy reduced, and even though they may
still fall within the energy discrimination window they
will carry incorrect positional information. Specifically,
myocardial counts may be incorrectly assigned to other
areas, reducing the apparent myocardial uptake (case 2a
in Fig. 2.20), or extracardiac counts may be likewise inter-
preted as coming from the myocardium, with consequent

40



CHAPTER 2 Physics and technical aspects

Figure 2.19 Zoomed off-axis reconstruction. Standard nonzoomed recon-

struction (left column) results in tomographic images where the myocardium

occupies a small portion of the 64 × 64 pixel matrix, while zoomed off-axis

reconstruction (right column) maximizes the portion of the 64 × 64 matrix

covered by the myocardium. Zoomed reconstruction is not equivalent to

zooming the tomographic image after reconstruction, since the latter only

involves pixel replication and does not improve resolution.

potential loss of image resolution and defect contrast (case
2b in Fig. 2.20). It is also possible for the energy of pho-
tons emitted by the myocardium to be completely ab-
sorbed by an atomic electron (case 3 in Fig. 2.20), in which
case no counts are accumulated in the projection image.
Technically, attenuation accounts for both absorbed and
Compton-scattered photons – however, in nuclear cardi-
ology literature, attenuation has become virtually synony-
mous with absorption. Typical artifacts associated with
photon attenuation are apparent perfusion defects in the
anterior and/or lateral myocardial wall (breast attenu-
ation), and defects in the inferior wall secondary to di-
aphragmatic attenuation, as will be discussed in detail in
Chapter 7.

Motion

Motion is believed to affect as many as 10–20% of all car-
diac SPECT studies. Generally speaking, it can be divided
into organ motion (upward creep) and patient motion
(“bouncing’’, translations and rotations of the returning
or nonreturning type). Upward creep of the heart is often

found when imaging is started too soon following exer-
cise stress [66], and reflects the gradual return of the di-
aphragm to its pre-exercise location in a patient’s chest.
Bouncing refers to an up-and-down, oscillating pattern of
motion caused by breathing or other factors, usually along
the vertical direction. Returning and nonreturning transla-
tions by the patient may occur along the vertical direction,
horizontal direction, or both.

The practical effects of motion on a SPECT acquisition
depend on the type and degree of motion, time at which
it occurs, and number and configuration of camera de-
tectors employed, as investigated in detail by Matsumoto
et al. [67]. Generally speaking, artifacts will range from
subtle to severe deformations of the left ventricular cavity
(Fig. 2.21), culminating in the well-known “hurricane
sign’’ [68]. Although motion correction software is widely
available and reasonably effective in correcting various
types of translational motion, its effectiveness is very lim-
ited with rotational motion [67,69]; for this and other rea-
sons, it is advisable to use motion compensation tech-
niques only in cases where there is a clear need for it,
and not as a matter of routine. The best solution to patient
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Figure 2.20 Different categories of photons in nuclear imaging:

(1) primary photons, which are uncontaminated and account for the

photopeak in the energy spectrum (top right); (2a-2b) Compton-scattered

photons, which have lower energy and carry incorrect positional information;

(3) absorbed photons, which are not collected in forming the projection

image (top left). (Modified and reproduced with permission from [59].)

motion is to prevent it during SPECT acquisition – for ex-
ample, by reducing the total acquisition time, using arm
holding devices or imaging the patient in the prone po-
sition, the latter approach being also useful to reduce left
ventricular inferior wall attenuation [70].

Image storage

Although the cost of electronic storage has declined sub-
stantially over the past few years, it still pays to be sensible

Figure 2.21 Motion artifacts created in a short-axis image by (left

to right) zero, one, two, and three pixels vertical shifting of all projections

corresponding to the last 7 minutes of a 14-minute, 180◦ 99mTc-sestamibi

SPECT acquisition. Note the progressive deformation of the ventricular cavity

as the degree of motion increases, as well as the artifactual perfusion defect

in the inferior myocardial wall. (Reproduced with permission from [59].)

when storing and archiving gated SPECT data. As pre-
viously explained, the various data sets generated by a
gated SPECT acquisition and processing sequence com-
prise the gated “raw” (projection) images, from which
the “summed raw” images are generated, the filtered
projection images (gated and summed), the transaxial or
transverse tomographic images (gated and summed), and
the short-axis, vertical long-axis, and horizontal long-axis
tomographic images (gated and summed). The hard disk
of the computer on which gated processing was performed
will likely contain all of these data sets (plus assorted bit-
mapped images), until it is time to archive that particu-
lar patient folder to make space for more recent patients.
At that point, a decision must be made as to how many
data sets should be preserved on long-term optical or tape
storage media. Since all data sets can be generated from
the raw gated projection images, a minimalistic approach
would only archive the latter, and re-create the former
as needed. The authors prefer to also archive the gated
and summed gated short-axis images, because it is from
them that quantitative measurements were directly de-
rived. Of note, all long-axis images are intrinsically con-
tained in the short-axis images, if the latter are dealt with in
three-dimensional fashion. The overall space occupied by
summed short-axis plus gated raw and short-axis images
should not exceed 8–10 MB for a 16-frame, 64 × 64 ma-
trix acquisition protocol, and can be reduced to little more
than 1–2 MB using standard lossless compression tech-
niques. Of note, if attenuation correction hardware and
software were to be employed in conjunction with gating,
the number of files and their complexity would be greatly
increased.
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Introduction and overview

Since the early 1970s, there has been a sustained growth of
nearly 15% per year in the field of nuclear cardiology. The
widespread clinical acceptance of the method is based on
a large body of evidence. Recent ACC/AHA/ACP-ASIM
guidelines have revealed an abundance of data on the clin-
ical incremental value of nuclear cardiology procedures
[1–4]. Today, state-of-the-art nuclear cardiology allows for
the precise measurement of both myocardial function and
relative regional perfusion at rest and stress, providing ac-
curate risk assessment in a wider variety of patient subsets.
Gated myocardial perfusion SPECT (MPS) now comprises
approximately 95% of the procedures in nuclear cardiol-
ogy. The gated SPECT procedures can be performed with
a variety of different stress methods, radiopharmaceuti-
cals, and imaging protocols. This clinically oriented chap-
ter discusses the radiopharmaceuticals, the stress proto-
cols, and the gated SPECT acquisition protocols that are
commonly used or considered in the performance of these
studies.

Radiopharmaceuticals

The radiopharmaceuticals used for gated MPS share
the characteristic that they are accumulated in the my-
ocardium in proportion to regional myocardial blood flow.
The concept that coronary artery disease (CAD) can be de-
tected with this approach is based on the ability to detect
a reduction in myocardial perfusion in a region supplied
by a stenosed vessel compared to a normal region dur-
ing hyperemia. The relationship between the degree of
coronary artery narrowing and the maximal hyperemic
response was first elucidated by Gould in 1974 [5]. Resting
myocardial perfusion is normal until the luminal diame-
ter narrowing of a coronary artery exceeds 90–95%. With
maximal coronary hyperemia produced by dipyridamole,

Gould demonstrated a progressive decrease in the hyper-
emic response associated with increasing degrees of steno-
sis greater than 50%; this implies that all forms of stress
testing will be insensitive for the detection of coronary
atherosclerosis until a hemodynamically significant lesion
has developed. This hemodynamically significant lesion
could be fixed or dynamic, such that spasm or paradoxical
vasoconstriction during stress could result in a reduction
of peak hyperemic perfusion even in the absence of a fixed
greater than 50% stenosis by angiography.

Thallium-201

Thallium-201 is a cyclotron-generated radionuclide with
a half-life of 73 hours, which emits gamma rays at 68 to
80 keV (94% abundant) and at 167 keV (10% abundant).
Due to its relatively long half-life, the absorbed radiation
dose is such that recommended injected doses are lim-
ited to 3–4 mCi. On a millicurie basis, approximately 15
times as much radioactivity can be given with Tc-99m
agents as with Tl-201, making the latter less, than ideal
from the standpoint of radiation exposure to the patient.
However, thallium-201 has excellent physiological prop-
erties for myocardial perfusion imaging. Importantly, for
stress myocardial perfusion scintigraphy, a linear relation-
ship between blood flow and thallium-201 uptake is main-
tained during exercise up to very high levels of flow (ap-
proximately >3 ml/(min g)) where a “roll-off’’ in uptake
occurs [6,7]. After intravenous injection, thallium-201 is
rapidly extracted by various organs, roughly in proportion
to the distribution of cardiac output [8]. While the initial
myocardial distribution of thallium-201 is proportional
to regional myocardial blood flow, the equilibrium my-
ocardial distribution of thallium-201 is proportional to the
regional potassium pool, reflecting the amount of viable
myocardium. Like potassium, thallium-201 is not bound
in the myocardial cell, but equilibrates following the same
electrochemical gradient as applied to potassium. Follow-
ing intravenous injection and initial myocardial uptake,
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approximately half of the thallium-201 washes out from
the normal myocardium over 5–8 hours [9]. Differential
washout between hypoperfused but viable myocardium
and normal zones and washin to initially hypoperfused
zones are the fundamental mechanisms of thallium-201
redistribution.

The principal factor governing the “washout rate’’ of
thallium-201 is the concentration gradient between the
myocardial cell and the blood. There is slower blood clear-
ance of thallium-201 following resting or low-level exer-
cise injection. For this reason, diffuse slow washout of thal-
lium, a common measurement when only planar imaging
was performed, may be observed in normal patients who
do not achieve adequate levels of stress as well as in pa-
tients with diffuse ischemia. Typically, redistribution oc-
curs over a few hours, but this process may be delayed.
For example, if the thallium-201 blood levels are low, less
thallium-201 is available to be delivered to previously
ischemic myocardium in the redistribution phase, lead-
ing to an underestimation of viable myocardium. Most
commonly, low circulating thallium-201 (and potassium)
levels occur secondary to elevated plasma insulin levels
following a carbohydrate meal [10]. Since hyperinsuline-
mic states may thus slow redistribution, fasting is recom-
mended prior to and for 4 hours following thallium-201
injection.

The time to completed redistribution of thallium-201, at
which true equilibrium concentration is reached, is vari-
able. In 1978, the phenomenon of late redistribution of
thallium-201 and an inverse relationship between the de-
gree of coronary stenosis and subsequent redistribution
of thallium-201 were reported [11]. Redistribution may
occur early in areas with minor stenoses (where hyper-
emia postexercise would be expected) and may be late in
regions with critical stenoses (in which poststress hyper-
emia would be unlikely and resting hypoperfusion might
slow the delivery of thallium-201 to the region) [12].

Technetium-99m sestamibi and tetrofosmin

Technetium-99m (Tc-99m) is produced from a
molybdenum-99m generator, has a half-life of 6 hours,
and emits monoenergetic gamma rays at 140 keV. With
the commonly used tracers Tc-99m sestamibi and Tc-99m
tetrofosmin, the whole-body radiation dose is estimated to
be 16 mrad/mCi, in contrast to 240 mrad/mCi associated
with thallium-201. Due to this more favorable dosimetry,
the usual dose of technetium-99m myocardial perfusion
imaging agents is in the range of 30 mCi. Technetium-99m
sestamibi belongs to a class of compounds called isoni-
triles and is a complex organic compound that behaves
physiologically as a monovalent cation. Following its
extraction from the blood, technetium-99m sestamibi
is bound by mitochondria so that a limited amount

of technetium-99m sestamibi myocardial washout (or
washin) occurs over time [13,14]. As with thallium-201,
the initial uptake of technetium-99m sestamibi is a
function of myocardial perfusion to viable tissue. There
is a linear relationship between intravenously injected
dose per gram of myocardium and myocardial blood
flow, from the very low range up to approximately 2–2.5
ml/(min g), a flow level generally associated with max-
imal treadmill exercise [15]. However, thallium-201 has
a higher myocardial uptake (as measured by the percent
injected dose per gram of myocardium) throughout the
range of flow, secondary to a higher extraction fraction,
than technetium-99m sestamibi (approximately 85%
compared to 65%) [16,17]. At very low levels of flow,
extraction of these tracers appears to increase, affecting
technetium-99m sestamibi more than thallium-201 [18].
Technetium-99m tetrofosmin is the other commonly
used myocardial perfusion imaging agent at the present
time. Technetium-99m tetrofosmin is extracted by the
myocardium and bound in mitochondria in a manner
similar to that observed with technetium-99m sestamibi.
The extraction fraction of this agent is slightly lower than
that of technetium-99m sestamibi [19]. There is also less
hepatic uptake with this tracer than with technetium-99m
sestamibi, resulting in early, more favorable heart/liver
ratios following resting injection [20,21]. The various
acquisition protocols recommended for technetium-99m
tetrofosmin are essentially the same as those for sestamibi
(see below).

At very high levels of flow, with all of the myocardial
perfusion tracers, there is a progressive decline in the de-
gree by which the uptake of radioactivity increases as a
function of flow. Since pharmacologic stress testing with
adenosine or dipyridamole frequently results in flow rates
in the range of 4 ml/(min g) [22], on a theoretical basis
one would expect that thallium-201, technetium-99m ses-
tamibi, or technetium-99m tetrofosmin would have diffi-
culties in distinguishing myocardial regions in which the
flow increased to 3 ml/(min g) from regions in which flow
increased to 4 ml/(min g). In other words, all of these trac-
ers may be limited in detecting mild coronary reductions
in peak hyperemia that would be expected from mild, but
hemodynamically significant, coronary stenoses.

On theoretical grounds, the implications of extraction
fraction differences are that thallium-201 could be more ef-
fective in defining mild coronary stenosis and may be asso-
ciated with a “deeper’’ defect contrast (more count reduc-
tion compared to normal) than technetium-99m sestamibi,
while technetium-99m sestamibi may show greater defect
contrast and greater ability to detect mild coronary steno-
sis than technetium-99m tetrofosmin [23]. One commonly
quoted study demonstrated that the magnitude of stress-
induced reversible defects with technetium-99m tetrofos-
min was less than that of technetium-99m sestamibi [24], a
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finding previously described comparing technetium-99m
sestamibi to thallium-201 [25,26]. On the other hand, from
a practical standpoint, both the technetium-99m agents
provide greater flexibility than thallium-201, since they do
not require that imaging commence soon after the stress
injection for maximal sensitivity (due to mitochondrial
binding). In contrast, with thallium-201, imaging must be
performed soon after stress testing, in order to detect mild,
reversible defects. Thus, if soft tissue attenuation or pa-
tient motion compromises a study, the benefit of repeating
the acquisition is questionable with thallium. With
technetium-99m sestamibi or tetrofosmin, on the other
hand, stress testing and tracer injection could take place at
a location remote from the imaging laboratory, and image
acquisition can simply be repeated (e.g., in the prone posi-
tion) when patient motion, soft tissue attenuation, or other
artifact is considered to be responsible for the production
of a perfusion defect.

Technetium-99m teboroxime

Technetium-99m teboroxime belongs to another class of
neutral lipophilic complexes of boronic acid called BATO
compounds. Technetium-99m teboroxine has been re-
ported to have a higher extraction fraction than thallium-
201. Additionally, it appears that the high extraction frac-
tion with this agent plateaus at a higher flow rate than
with other agents [27,28]. These highly desirable extrac-
tion characteristics of teboroxime are counterbalanced by
prominent back-diffusion, related to its neutral, lipophilic
properties and to the fact that this agent is not bound
intracellularly; i.e., teboroxime washes out very rapidly
from the myocardium [29]. Although the myocardium can
be visualized with this tracer for approximately 20 min-
utes after injection, the kinetic properties of technetium-
99m teboroxime require that initial imaging be completed
within the first few minutes after tracer injection in or-
der to reflect blood flow distribution at the time of in-
jection. Single-detector SPECT imaging and gated SPECT
imaging are essentially not feasible with this agent; how-
ever, with multiple-detector systems, rapid SPECT imag-
ing was demonstrated to be feasible [30]. Due to marked
and persistent hepatic uptake of this compound, however,
approximately 20% of cases have been found to be unin-
terpretable, even when very early post-injection imaging
was performed with a multicrystal camera [30].

Due to the requirement for very rapid imaging,
technetium-99m teboroxime is the most technically de-
manding of the available myocardial perfusion tracers.
On the other hand, its excellent extraction and washout
kinetics provide opportunities not present with the other
agents. The high extraction across the full range of flow
suggests the possibility that this tracer would be more sen-
sitive for detecting mild coronary stenoses than the other

available perfusion agents. While not currently in clini-
cal use, technetium-99m teboroxime is an FDA approved
radiopharmaceutical with characteristics that could be of
great clinical importance if methods to image for a very
brief time were available.

Acquisition protocols

Thallium-201 “only” protocols

With thallium-201, a variety of SPECT acquisition proto-
cols are available (Fig. 3.1). When thallium-201 alone is
employed as the radiopharmaceutical, acquisition proto-
cols use some combination of stress imaging with redis-
tribution and/or reinjection imaging. Kiat et al. demon-
strated that 24-hour redistribution was superior to 4-hour
redistribution SPECT in prediction of whether stress de-
fects would improve after revascularization [31]. Rein-
jection thallium SPECT, as initially described, involved
obtaining an additional image in patients with non-
reversible (“fixed’’) perfusion defects following reinjec-
tion of one-half of the dose used at stress, with imag-
ing performed immediately thereafter [32]. This pro-
tocol has been shown to improve detection of viable
myocardium over standard stress/4-hour redistribution
imaging [33]. Since it requires three image acquisitions
and a decision as to whether the reinjection is needed,
a two-acquisition sequence with stress and redistribu-
tion/reinjection imaging is commonly performed. If with
this approach no fixed defects are noted, further imag-
ing is not required. If, on the other hand, following the
4-hour reinjection/redistribution image, fixed defects are
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Figure 3.1 Thallium-201 protocols: (a) stress/redistribution (redist),

reinjection; (b) stress/reinjection/late redistribution; (c) rest/redistribution.
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present, then 24-hour imaging results in a significant im-
provement in detection of viable myocardium [33]. An
alternate protocol that appears to be gaining popularity
is to give sublingual nitroglycerin prior to the reinjection
of thallium-201. With this approach, the frequency of fur-
ther improvement at 24-hour imaging may be substan-
tially reduced; i.e., we consider it likely that a stress and
nitrate augmented early reinjection protocol will reduce
the benefit of, and thus the need for, 24-hour imaging [34].
The other form of thallium-201 imaging in frequent use is
the rest/redistribution protocol, considered to be the most
effective thallium-201 protocol for the assessment of viable
myocardium [35,36]. It has recently been demonstrated
with rest injection that 24-hour imaging detects addi-
tional regions of myocardial viability compared to 4-hour
redistribution imaging alone [37], with a somewhat lower
frequency than had been previously shown with exercise
injection [38], probably secondary to higher blood levels
following resting injection.

From a technical standpoint, several considerations are
important. With a thallium-201 only SPECT protocol, all-
purpose collimators [39] are commonly employed, al-
though some suggest the use of high-resolution colli-
mators [40,41]. If high-resolution collimators are used, a
longer acquisition time would be recommended than for
the technetium-99m-based SPECT, so as to provide ade-
quate SPECT count statistics. This lengthening of the ac-
quisition time is particularly important for late redistribu-
tion imaging (24-hour), because of the lower count rate due
to radioactive decay. In the authors’ current 24-hour thal-
lium SPECT protocol, 55 seconds per projection with 32
projections from each detector in a dual-detector system is
employed. Clearly, the resultant 30-minute image requires
excellent patient cooperation in order to avoid motion ar-
tifacts. As noted above, the timing of the initial poststress
acquisition is particularly important with thallium-201,
since excessive delay could result in decreased sensitiv-
ity for detection of CAD, due to early redistribution of the
radiopharmaceutical. On the other hand, SPECT acquisi-
tion of either thallium-201 or the technetium-99m myocar-
dial perfusion agents should generally not begin less than
10 minutes following exercise injection, owing to the fre-
quent observation of an artifactual perfusion defect due
to “upward creep of the heart’’ [42]. This phenomenon is
related to the increased depth of respiration that occurs
very early postexercise, which is associated with an aver-
age lower position of the diaphragm (and consequently of
the heart) in the chest, compared to the normal ventilatory
state. This causes the heart to gradually move cephalad
during the early portion of SPECT acquisition, resulting
in a form of motion artifact in reconstruction. By delay-
ing acquisition until 10–15 minutes after exercise stress,
this “upward creep’’ artifact is avoided. Theoretically, mo-
tion correction algorithms could be employed to eliminate

the artifact caused by “upward creep,’’ and thus imaging
could commence earlier after stress, potentially increasing
the frequency of detecting transient, stress-induced wall
motion abnormalities in ischemic zones.

Technetium-99m sestamibi or tetrofosmin
protocols

Since uptake and radiation dosimetry of these compounds
are similar, the recommended acquisition protocols are the
same. Due to the absence of clinically significant redis-
tribution, separate rest and stress injections are standard
with technetium-99m sestamibi or tetrofosmin SPECT
[43,44]. A variety of protocols can be used with these
agents, including 2-day stress/rest, same-day rest/stress,
same-day stress/rest, and dual isotope. From the stand-
point of defect contrast and optimal image quality, the 2-
day stress/rest protocol is ideal (Fig. 3.2a). With the 2-day
stress/rest protocol, both the stress and rest studies are ob-
tained following the injection of high doses of technetium-
99m sestamibi or tetrofosmin, allowing the acquisition of
high-quality, high-count images for the accurate assess-
ment of perfusion and function. The principal drawback
of this protocol is its requirement for two imaging days,
resulting in a delay in the delivery of final information to
be used in patient management. The same-day low-dose
rest/high-dose stress protocol (Fig. 3.2b) [45], perhaps
the most commonly employed technetium-99m sestamibi
protocol, has the disadvantage of causing a reduction in
stress defect contrast, as approximately 15% of the radioac-
tivity observed at the time of stress imaging comes from
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thallium-201.

50



CHAPTER 3 Stress testing and imaging protocols

the preexisting resting myocardial distribution. The same-
day low-dose stress/high-dose rest sequence (Fig. 3.2c)
[46,47], on the other hand, has the advantage of requiring
image acquisition times essentially identical to those used
for thallium-201 imaging, making it easy for a laboratory to
alternate between stress/redistribution thallium-201 and
stress/rest technetium-99m sestamibi or tetrofosmin pro-
tocols. The principal drawback of this approach is that
less than ideal count rates are associated with the most
important stress image set, and it is difficult to accurately
assess defect reversibility [48]. With respect to the assess-
ment of myocardial viability, all stress/rest or rest/stress
technetium-99m sestamibi or tetrofosmin imaging proto-
cols have theoretical limitations in separating severely hi-
bernating myocardium from infarction. These constraints
do not apply to thallium-201, because of its redistribution
properties [49,50]. Viability assessment with technetium-
99m sestamibi or tetrofosmin may be improved by the
administration of nitroglycerin prior to the rest-injection
study [51,52].

Dual-isotope protocols

A common alternative to the standard technetium-
99m sestamibi or tetrofosmin protocols is a rest
thallium-201/stress technetium-99m sestamibi dual-
isotope SPECT. Dual-isotope imaging takes advantage of
the Anger camera’s ability to collect data in different en-
ergy windows. The two fundamental types of dual-isotope
protocols are referred to as “simultaneous’’ or “separate’’
dual-isotope SPECT (Fig. 3.3).

Simultaneous dual-isotope imaging

Simultaneous dual-isotope imaging (Fig. 3.3a) has many
theoretical advantages, compared with conventional
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Figure 3.3 Simultaneous (a) and separate acquisition (b) dual-isotope rest

thallium-201/stress technetium-99m sestamibi or tetrofosmin SPECT

protocols.

stress and rest protocols [50,53]. It halves camera acqui-
sition time and substantially abbreviates the overall study
duration for the patient. Furthermore, the inherent regis-
tration of stress and rest image sets reduces the frequency
of unrecognized artifacts associated with separate stress
and rest image acquisitions. This protocol, however, rests
on unproven assumptions, the most important being that
the effect of radioisotope cross-talk from the higher Tc-99m
to the lower Tl-201 energy window is insignificant, or can
be accounted for. Kiat et al. demonstrated in a report of pa-
tient studies that the downscatter of technetium-99m ses-
tamibi into the thallium-201 acquisition window causes
substantial (approximately 20%) reduction in thallium-
201 defect contrast, leading to an overestimation of de-
fect reversibility [53]. Interesting data regarding down-
scatter correction methods have been reported by de Jong
et al. [54] as well as by other groups [55]. Also recently,
Nakamura et al. had reported excellent clinical results
with a simultaneous dual-isotope approach that incor-
porates a downscatter correction for the technetium-99m
into the thallium-201 window [56]. Other authors have
reported interesting preliminary data using an approach
that markedly reduces the technetium-99m sestamibi dose
[57]. This dual-isotope protocol could be performed in the
same manner with tetrofosmin as with sestamibi. Until
the approaches to downscatter correction are more thor-
oughly validated clinically, we do not recommend general
use of the simultaneous dual-isotope protocol.

Separate dual-isotope imaging

Because of the negligible (2.9%) contribution of thallium-
201 into the technetium-99m energy acquisition window
[53] and the fact that the thallium-201 image data set is
acquired before technetium-99m administration, the sep-
arate acquisition approach using rest thallium-201/stress
technetium-99m sestamibi or tetrofosmin provides an al-
ternative that does not require correction for cross contam-
ination between the two radioisotopes (Fig. 3.3b). With ses-
tamibi, the sensitivity and specificity of this protocol have
been shown to be approximately 90% [58]. Of note, with
this protocol, if defects are present on the rest thallium-
201 study, redistribution thallium-201 SPECT can be per-
formed before or 24 hours after the technetium-99m ses-
tamibi or tetrofosmin injection (Figs. 3.4 and 3.5).

With the technetium-99m myocardial perfusion imag-
ing agents, the additional ability to perform first pass
radionuclide angiography at rest or at peak exercise is
present [59]. However, the technique of first pass radionu-
clide ventriculography as an adjunct to MPS has not be-
come widely utilized due to the expense of the additional
equipment needed, the added complexity of routine use
of first pass exercise radionuclide ventriculography, and
the paucity of data demonstrating the added value of
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this approach when ventricular function is measured with
gated SPECT.

Gated SPECT

With all of the SPECT protocols, it is currently recom-
mended that ECG gating also be performed [60]. Gating of
the poststress acquisition is performed in most laborato-
ries. We and other investigators have also found that there
is added value in gating both the rest and the stress acquisi-
tions, providing the added ability to detect poststress stun-
ning from the finding of new region wall motion abnor-
malities not seen on the resting studies. Gated SPECT can
be performed with thallium-201 as well as Tc-99m agents,
particularly with multidetector systems. Left ventricular
ejection fraction measurement with gated thallium-201
SPECT correlates highly with that of technetium-99m ses-
tamibi SPECT [61]. However, when either thallium-201 or
Tc-99m agent acquisitions are performed, the necessity to
employ acquisition protocols that provide an adequate to-
tal number of myocardial counts in each frame of the gated
SPECT study must be emphasized.

Exercise protocols

Exercise stress is the most commonly performed form of
stress for MPS. Exercise stress allows assessment of exer-
cise capacity, heart rate and blood pressure responses, and
symptoms as well as ST segment response, providing ad-
ditional clinical information that can be useful in daily
clinical decision making. For exercise nuclear imaging,

(1) an indwelling intravenous line for injection of the tracer
at peak exercise must be inserted prior to stress, (2) injec-
tion of the tracer should be performed at maximal stress,
and (3) exercise should continue for an additional minute
to allow optimal myocardial tracer concentration. For the
technetium-99m perfusion tracers, due to the slower blood
clearance than thallium-201, we have recommended ad-
ditional exercise at a lesser workload for an additional 2
minutes.

For patients undergoing treadmill exercise stress, al-
though most are symptom-limited studies, achieving 85%
of the maximum predicted heart rate (220 – age) has been
the traditional cutoff for an acceptable level of stress. Re-
cently, chronotropic incompetence defined as a low per-
cent of heart rate (HR) reserve achieved equal to (peak
HR − rest HR)/(220 − age − rest HR) × 100, with less
than 80% considered abnormal, has been shown to be a
powerful predictor of cardiac death and all-cause mortal-
ity in patients undergoing exercise MPS [62,63]. In a study
by Azarbal et al. in 10,021 patients undergoing exercise
MPS, the inability to achieve 80% of heart rate reserve was
a more powerful predictor of cardiac death than failure
to reach 85% of maximal predicted heart rate, and iden-
tified more high-risk patients (29.5% vs. 13.3% of patient
population) [63]. Even with mild to moderate perfusion
defects, patients achieving greater than 80% of heart rate
reserve were very low risk for cardiac death. Also, pa-
tients with normal MPS but abnormal heart rate reserve
achieved were at just as high a risk for overall mortality as
patients with abnormal MPS but normal heart rate reserve
achieved. Thus, physicians should not be misled that pa-
tients with normal stress MPS in the setting of an abnormal
heart rate reserve are a low-risk group – they are at sub-
stantial risk. These considerations illustrate how the prog-
nostic information of the exercise stress test itself needs to
be integrated with the nuclear findings and is a benefit of
performing exercise stress over pharmacologic stress, as
also discussed in Chapters 6 and 8. It has been suggested
that when assessing heart rate response to exercise, the
heart rate reserve approach should be used and should
replace the traditional percent of age-predicted heart rate
achieved [64].

Our current routine clinical protocol is shown in Fig. 3.6.
Poststress imaging routinely commences 15 minutes after
stress, but because of the absence of significant redistribu-
tion can begin hours after stress injection. The advantage
of starting imaging earlier is that it increases the oppor-
tunity to observe stress-induced stunning during gated
SPECT acquisition.

Withholding antiischemic medications

The primary goals of stress MPS are to detect and risk-
stratify patients with known or suspected CAD. The ability
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of SPECT to reach these goals is related to the estimation
of the proportion of the supplied by vessels with hemody-
namically significant stenoses. To this end, it is important
that the patient achieve an adequate level of stress during
the exercise procedure. Patients under the influence of β-
blockers or calcium-channel blockers often fail to reach an
adequate level of stress during exercise. For this reason,
recent guidelines have suggested that patients should be
off antianginal medications at the time of testing. In this re-
gard, we recommend withholding β-blockers and calcium
blockers for 4–5 half-lives (e.g., 36–48 h) before testing [65],
and long-acting nitrates on the day of the study. As with

exercise, when the goal is to evaluate the effectiveness of
medical therapy or to assess the amount of ischemia on
treatment, the patient is not withdrawn from these medi-
cations. These recommendations have been incorporated
into the recent ACC/AHA/ASNC guidelines [1].

Pharmacologic stress protocols

For patients who cannot achieve an adequate level of
stress, pharmacologic stress testing is generally per-
formed. The frequency of pharmacologic testing is in-
creasing, and is currently over one-third of myocardial

(a)

Figure 3.5 (a) Adenosine stress technetium-99m sestamibi (top), rest

thallium-201 (middle), and 24-hour thallium-201 (bottom) SPECT images

in a patient with a small acute myocardial infarction with a serum troponin

of 6. Given the large fixed perfusion defects in the left anterior descend-

ing (LAD) coronary artery territory on rest/stress imaging in the setting of

only a small cardiac enzyme leak, 24-hour redistribution imaging was re-

quested. The 24-hour images demonstrate extensive reversibility, consistent

with severe resting ischemia (hibernating myocardium) in the LAD distribu-

tion. Initial coronary angiography demonstrated a 40% stenosis (by visual

inspection) in the proximal LAD, but correlation with the nuclear results led

to repeat angiography with intravascular ultrasound, which demonstrated a

proximal LAD 80% stenosis. (b) Quantitative perfusion analysis of the rest

and stress SPECT images in part (a). The middle column shows the two-

dimensional quantitative display of stress defect extent (top), rest defect ex-

tent (middle), and defect reversibility (bottom). The right column illustrates

the three-dimensional quantitative display. The black regions in the top and

middle panels indicate the perfusion defect extent, and the white region in

the bottom panel indicates the perfusion defect reversibility. The far-right col-

umn indicates quantitative values showing stress defect extent of 53% and

rest defect extent of 52%. Additionally, computer derived, visually verified

17-segment scores are illustrated in the lower right. The scores indicate stress

(Str), rest (Rst), and reversibility (Rev) values. The summed stress score (SSS) is

21, the summed rest score (SRS) is 21, and the summed difference score (SDS)

is 0. The rest/stress images indicate the presence of a large nonreversible de-

fect of the entire distal left ventricle. (c) Quantitative perfusion SPECT display

of the rest and 24-hour (late) redistribution thallium images from the same

patient illustrated in parts (b) and (c). Note that by 24-hour imaging, the per-

fusion defect has become mostly reversible with a summed rest score (SRS)

of 21, a summed late score (SLS) of 7, and a summed rest-late difference

score (SDS) of 14. Quantitative analysis confirms the visual observation of ex-

tensive defect reversibility by 24-hour redistribution thallium-201 imaging.

The findings suggest severe resting ischemia (hibernating myocardium) in

the left anterior descending coronary artery territory.
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(c)

Figure 3.5 (Continued )
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Figure 3.6 Adenosine production, transport,

receptor activation, and metabolism.

(Reproduced with permission from [66].)

perfusion scintigraphy, and in our laboratories, perform-
ing both in-patient and out-patient studies now consti-
tute over 50% of the stress procedures for use with gated
SPECT.

Vasodilator stress

The preferred form of pharmacologic stress for MPS is
the use of coronary vasodilators – dipyridamole or adeno-
sine. The action mechanism of these agents is shown in
Fig. 3.7 [66]. Dipyridamole blocks the cellular reuptake
of adenosine, increasing the extracellular adenosine con-
centration. Increased extracellular adenosine, either with
adenosine infusion or with dipyridamole, causes coronary

Figure 3.7 Coronary blood flow at baseline, exercise, dobutamine

(Dobut.), adenosine (Aden.), and dipyridamole (Dipy.) stress measured with
13N-labeled ammonia. Baseline results are listed twice because of slight

differences in absolute results. (Reproduced with permission from [68].)

vasodilation. In CAD, the agents generally produce a per-
fusion heterogeneity without ischemia, but in the presence
of severe CAD, ischemia may occur, often associated with
a coronary steal [67].

Figure 3.8 illustrates the comparative effects of the va-
sodilators, exercise, and dobutamine [68].

In general, diagnostic accuracy for myocardial perfusion
scintigraphy using pharmacologic stress is equivalent to
exercise, despite the observation that vasodilators increase
coronary flow to a greater degree than exercise [69]. The
failure of vasodilator stress to increase the sensitivity of
MPS for coronary disease detection over exercise may be
due to a variety of factors. As described above, the “roll-
off’’ in tracer uptake at high coronary flow rates results in
the failure of available radiopharmaceuticals to differenti-
ate the fourfold increase in flow associated with vasodila-
tor stress from the threefold increases in coronary flow
associated with exercise. With vasodilator stress, ischemia
(as opposed to flow heterogeneity) is less commonly

Figure 3.8 A standard separate acquisition rest thallium-201/adenosine

stress technetium-99m sestamibi or tetrofosmin SPECT acquisition

protocol. Abbreviations: Tc-MIBI/TETRO, technetium-99m sestamibi or

tetrofosmin; Tl-201, thallium-201.
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produced, due to the far lower myocardial oxygen de-
mands associated with vasodilator stress compared to ex-
ercise. The possibility that the extraction fraction of radio-
tracers might be lower with vasodilator stress compared
to exercise has also been suggested.

Withholding of caffeine
Methylxanthines, such as theophylline or caffeine, com-
pete for the adenosine receptors, blocking adenosine bind-
ing and potentially eliminating the effects of dipyridamole
or adenosine on coronary vasodilation. Since the half-
life of caffeine is variable [70], with either dipyridamole
or adenosine stress, it has been recommended that the
patients be off caffeine-containing compounds for 24 hours
prior to imaging. There is currently no effective means of
identifying patients in whom the pharmacologic effects
of adenosine or dipyridamole have been blocked by caf-
feine, since, in contrast to exercise, the heart rate or blood
pressure response does not provide accurate information
regarding response [71].

Antianginal medications prior to vasodilator stress
Traditionally, antianginal medications have not been with-
held prior to stress testing with vasodilator agents to
the extent they have been prior to exercise stress. How-
ever, data from several manuscripts suggest that the prac-
tice of withholding medications could improve the di-
agnostic yield. In a small clinical study, Sharir et al.
demonstrated, however, that continued use of antiangi-
nal drugs (predominantly calcium-channel blockers and
nitrates) prior to dipyridamole with low-level treadmill
exercise thallium-201 MPS significantly reduced the ex-
tent and severity of perfusion defects, resulting in under-
estimated CAD [72]. Recently, β-blockers have also been
shown to reduce the extent and severity of myocardial
perfusion defects with dipyridamole technetium-99m ses-
tamibi SPECT imaging [73]. In this study, patients un-
derwent rest technetium-99m sestamibi MPS as well as
three dipyridamole technetium-99m sestamibi MPS stud-
ies (after placebo, low-dose metoprolol (up to 10 mg), and
high-dose metoprolol (up to 20 mg)). Sensitivity for de-
tection of angiographic CAD was 85.7% with placebo ver-
sus 71.4% with low- and high-dose metoprolol. In com-
parison with placebo, the summed stress score, a marker
of the extent and severity of the stress perfusion defects,
was significantly lower (p < 0.05) with low- and high-
dose metoprolol (12.0 ± 10.1 vs. 8.7 ± 9.0 and 9.3 ± 10.6,
respectively). The summed difference score, a measure of
the extent and severity of ischemia, also was significantly
lower (8.4 ± 8.8 with placebo vs. 5.0 ± 6.7 (p < 0.001) and
5.4 ± 7.9 (p < 0.01) with low- and high-dose metoprolol,
respectively).

Thus, in patients referred for vasodilator stress for diag-
nostic purposes, if the referring physician considers it safe

to do so, we recommend withholding β-blockers and cal-
cium blockers for 4–5 half-lives (e.g., 36–48 h) before test-
ing [65], and long-acting nitrates on the day of the study.
As with exercise, when the goal is to evaluate the effec-
tiveness of medical therapy, stress testing is performed
without taking the patient off medications.

Vasodilator stress protocols

Dipyridamole
Dipyridamole is usually infused at 0.142 mg/(kg min) for 4
minutes, although some investigators have recommended
increasing the dose by 50% [74]. The maximal effect oc-
curs approximately 3–4 minutes after termination of the
infusion. Side effects are common and include nonspecific
chest pain, shortness of breath, dizziness, and flushing.
Death as a side effect is very rare, being noted in 1/10,000 in
the largest study to date [75]. The side effects can usually be
reversed by intravenous administration of aminophylline,
usually 75–125 mg, although additional administration of
nitroglycerin may occasionally be needed. Due to the po-
tential side effect of severe bronchospasm, dipyridamole
is contraindicated for patients with asthma.

Adenosine
Adenosine is infused intravenously, usually at a dose of
140 µg/(kg min) over 4–6 minutes, with administration
of the radiopharmaceutical at 2 minutes with 4- or 5-
minute infusions and at 3 minutes with the 6-minute in-
fusion [76,77]. The dual-isotope adenosine stress proto-
col we currently employ is shown in Fig. 3.9. Minor and
transient side effects occur more frequently with adeno-
sine to those of dipyridamole. With adenosine, there is
an increased incidence of advanced heart block. As the
half-life of adenosine is very short (several seconds), side
effects usually remit within 30–45 seconds of termination
of the infusion. Aminophylline reversal is not required.
Adenosine is considered contraindicated for patients with
≥1st-degree AV block, sick sinus syndrome, or for those

Gated
Adeno-walk

Gated

25–40 mCi
3.0–4.5 mCi

min

Figure 3.9 Combined low-level exercise/adenosine (“adeno-walk”)

dual-isotope SPECT acquisition protocol. Abbreviations: Adeno, adenosine;

Tc-MIBI/TETRO, technetium-99m sestamibi or tetrofosmin; Tl-201,

thallium-201.
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3–4.5 mCi

Gated
Sestamibi

Treadmill

Gated

min

Tc–99m Sestamibi
25–40 mCi

Figure 3.10 Separate acquisition rest thallium-201/exercise

technetium-99m sestamibi dual-isotope MPS protocol.

with bronchospasm and in patients who are taking dipyri-
damole orally.

Vasodilator stress with low-level exercise
It has become increasingly common to combine va-
sodilator stress with low-level exercise (Fig. 3.10) [78].
This is generally accomplished by beginning exercise
at the beginning of adenosine infusion or at the end
of a dipyridamole infusion. The low-level exercise re-
duces splanchnic blood flow and thereby hepatic uptake
of technetium-99m sestamibi or tetrofosmin, facilitating
early postinfusion imaging with these tracers (as early as
15 minutes following injection) [79], compared to the 1-
hour delay required when adjunctive exercise is not per-
formed. Another key benefit is a marked reduction in the
frequency as well as in the severity of side effects from the
vasodilator stress agents, possibly due to the increased
attention to the “task’’ of walking in these patients who
usually cannot perform maximal exercise. There may be
a slightly higher incidence of ischemia with combined ex-
ercise and pharmacologic stress, potentially adding to the
diagnostic sensitivity of this study [80], through the mech-
anism of increasing regional wall motion abnormalities as
discussed for exercise above. Being able to perform low-
level exercise also provides additional prognostic infor-
mation (Hach 2005 adenoscore). Given all of these advan-
tages (and no perceived disadvantages), we perform the
“adeno-walk’’ protocol with all adenosine infusions when
possible, with the exception of patients with left bundle
branch block or paced rhythm in whom it is preferable not
to have the increased heart rate associated with exercise.

Some investigators have suggested that it would be de-
sirable to have the patient exercising at his or her maximal
capacity at the time of the injection of radioactivity – that
time being determined by the peak effect of the vasodila-
tor being used (in the middle of the adenosine infusion, 4
minutes following dipyridamole infusion). In addition to
allowing quicker acquisition poststress, this approach has
the advantages of inducing a greater degree of ischemia
(potentially enhancing perfusion defect severity), decreas-
ing noncardiac side effects due to the vasodilator, and
providing some information about the patient’s exercise
tolerance. This maximal exercise/adenosine stress proto-

col is of potential interest but is not considered routine in
most laboratories at the present time.

A2a agonists
There are three A2a agonists currently being evaluated
for use as vasodilator stress agents. In general, these more
specific agents are considered likely to result in a lower fre-
quency of side effects and can be administered as a bolus
rather than with an infusion. Although the agents poten-
tially may be used even in patients with bronchospasm,
this has not yet been studied.

Dobutamine stress

An alternative to vasodilator stress is inotropic stress,
usually performed with dobutamine [81,82]. At present,
dobutamine stress is usually utilized for patients with
asthma or those with recent caffeine ingestion. Dobu-
tamine stress is associated with a lower rate pressure
product and a lower degree of hyperemia in the my-
ocardial bed than with exercise (Fig. 3.8) [68,83]. Side ef-
fects are common, but are similar in frequency to what
is observed with exercise and less frequent than with
adenosine. The most common side effects are chest dis-
comfort, palpitations, and shortness of breath. Hypoten-
sion or hypertension can also occur. Due to the strong
catecholamine stimulation, premature ventricular com-
plexes(PVCs) are common; however, serious arrhythmias
or other side effects are rare [84]. The effects of dobutamine
begin to wear off approximately 2 minutes after termi-
nation of the infusion, and seldom require reversal with
intravenous administration of a rapid-acting β-blocker
(e.g., metaprolol, esmolol).

Optimizing stress protocols

One of the fundamental advantages of MPS is its abil-
ity to obtain diagnostic studies in virtually all patients.
To this end, appropriate patient preparation is necessary.
We ask that all of our patients referred for either exercise
or pharmacologic stress testing be off caffeine-containing
compounds for 24 hours prior to testing. This gives us the
flexibility to refrain from injecting the stress radiopharma-
ceutical when an inadequate response to exercise stress
testing is observed, quickly substituting pharmacologic
for exercise stress. In order to derive optimal diagnostic
and prognostic information from a study, it is important
that a maximal hyperemic state be achieved with MPS. For
this reason, we have recommended that stress tests only
be considered adequate if the heart rate achieved during
exercise is concordant with a maximal exercise stimulus.
For practical purposes, we have defined this level as 85%
of the maximal predicted heart rate (220 – age). In order
to maximize the opportunity to achieve greater than 85%
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of the maximal predicted heart rate, we recommend that
patients be taken off β-blockers for 48 hours (or at least 24
hours) prior to testing. This recommendation is accompa-
nied by a recommendation from the referring physician
not to exercise, between the time at which medications
are stopped and that of the test. Patients should be fast-
ing for 4 hours prior to testing. If patients fail to achieve
greater than 85% of the maximal predicted heart rate, de-
velop severe chest pain, or have greater than 2 mm of
ST depression in the setting of a normal resting ECG, the
stress radiopharmaceutical would not be injected and the
study would be immediately converted to a vasodilator
stress study. For patients scheduled for exercise SPECT,
caffeine and caffeine-containing compounds should not
be ingested for 24 hours prior to testing. Thus, if a patient
fails to achieve 85% of the maximal predicted heart rate,
the radioactive tracer should not be injected. Rather, phar-
macologic stress with adenosine or dipyridamole should
be immediately substituted, allowing for diagnostic test
results.

In summary, we now recommend using the same set of
instructions for all patients, regardless of whether they are
scheduled for exercise or pharmacologic stress MPS. Thus
all patients should be caffeine-free, allowing for immedi-
ate conversion from exercise to vasodilator stress, and all
patients should be off antianginal medications if the refer-
ring physician feels it is safe to do so, giving the highest
sensitivity for CAD detection in patients undergoing ei-
ther exercise or pharmacologic stress MPS. Occasionally,
referring physicians intentionally decide to test patients
on their antianginal medications for purposes of risk strat-
ification.

Left bundle branch block and right
ventricular pacing

Patients with left bundle branch block may frequently
demonstrate reversible defects in the septal wall in the
absence of CAD [85]. The mechanism has been postu-
lated to be a true septal ischemia that occurs in left bundle
branch block in the presence of marked tachycardia. In a
dog model comparing right ventricular pacing (mimick-
ing left bundle branch block) to right atrial pacing, Hirzel
et al. demonstrated with both microspheres and thallium-
201 decreased septal uptake during tachycardia in right
ventricular, but not in right atrial pacing. A recent clin-
ical study has suggested that this perfusion defect indi-
cates a true decrease in flow resulting from an increase in
early diastolic compressive resistance, in turn caused by
delayed ventricular relaxation [86]. In view of this patho-
physiology, stress techniques that do not increase heart
rate as markedly as exercise are preferred in left bundle
branch block; i.e., adenosine or dipyridamole testing with-
out walking is generally considered preferable in patients

with left bundle branch block [87,88]. Matzer et al. demon-
strated that the perfusion defect associated with left bun-
dle branch block in the absence of left anterior descending
CAD most commonly involves the interventricular sep-
tum with sparing of the apex of the left ventricular, a pat-
tern which would be uncommon for left anterior descend-
ing CAD [89]. Recently, myocardial perfusion defects in
the inferior and apical walls have also been reported in
the absence of CAD in patients with prolonged right ven-
tricular pacing [90]. Because of the relationship between
the increase in heart rate and the presence of perfusion de-
fects without CAD in left bundle branch block and paced
ventricular rhythms, vasodilator stress is preferred over
exercise in these patients (Class I indication in the recent
guidelines) and the vasodilator stress protocols are per-
formed without adjunctive low-level exercise [1].

Aortic stenosis

Exercise stress testing is generally not recommended in
patients with significant aortic stenosis due to safety con-
cerns. Although exercise testing is generally safe in asymp-
tomatic patients [91,92], studies have shown low speci-
ficity with myocardial perfusion imaging for the diagnosis
of CAD. Vasodilator stress has been reported to be effective
in aortic stenosis patients. In a study of 35 patients with
moderate to severe aortic stenosis, Samuels et al. demon-
strated that adenosine stress MPS with a 6-minute infusion
protocol was well tolerated [93]. In the 20 patients under-
going coronary angiography, the sensitivity for detection
of CAD was 92% and the specificity was 71%. Although
this small study did include some patients with severe
aortic stenosis, in patients with critical aortic stenosis any
form of stress testing (exercise, vasodilator, dobutamine)
is considered contraindicated. CT coronary angiography
may become increasingly used as an alternative to inva-
sive angiography in the critical aortic stenosis patient.

Cedars-Sinai dual-isotope protocol

Our current routine clinical protocol is shown in Figs.
3.6, 3.9, and 3.10. For the separate acquisition study, a
standard weight-adjusted dose of 3–4.5 mCi of thallium-
201 is injected intravenously at rest. Rest thallium-201
SPECT is begun 5 minutes after injection. Immediately fol-
lowing thallium-201 SPECT, the patient is prepared for
treadmill exercise. At near-maximal exercise, a weight-
adjusted dose of 25–40 mCi of technetium-99m sestamibi
is injected. (See Table 2.3 in Chapter 2 for a list of rest
and stress weight-adjusted doses.) The patient then exer-
cises for 1 minute at maximal workload, and for an addi-
tional 2 minutes at one stage lower. Technetium-99m ses-
tamibi SPECT is begun 15 minutes after injection. Both
the rest thallium-201 and stress technetium-99m sestamibi
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acquisitions use a high-resolution collimator, 180◦ acquisi-
tion over 64 projections, and 25–45 seconds per projection.
Female patients are imaged with their bra off and with the
breasts in a natural-dependent position, for both rest and
stress imaging. In thallium-201 SPECT imaging, two en-
ergy windows are used: a 30% symmetric window for the
68–80-keV photopeak, and a 20% window for the 167-keV
photopeak. For technetium-99m sestamibi SPECT, a 15%
window centered on the 140-keV peak is used (this win-
dow is narrower than that used with other technetium-
99m sestamibi protocols, in order to reduce scatter from
thallium-201). With the separate acquisition dual-isotope
protocol, completion of the entire procedure is possible in
less than 2 hours. Chapter 2 has a detailed discussion of
the technical aspects of image acquisition. An example of a
normal study is shown in Fig. 3.11. A study demonstrating
extensive perfusion defects is shown in Fig. 3.12.

One advantage of a rest/stress protocol is that the rest
perfusion can be evaluated prior to stress testing, just as
the rest ECG is evaluated for acute changes prior to stress

treadmill testing. Aboul-Enein et al. recently reported on
139 patients (rest group) at our institution who had no
history of myocardial infarction or coronary artery by-
pass surgery and were referred for stress MPS but whose
stress test was canceled due to unexpected resting per-
fusion defects (summed rest score ≥4) [94]. Of these,
60 patients (43.2%) were referred for angiography after
MPS (6.0 ± 11.5 days). Angiographic referral rates and
results were compared to those of a diagnostic popula-
tion (n = 3565) who demonstrated stress-induced perfu-
sion defects (summed stress score ≥4) (stress group) on
rest/stress MPS. The frequency of referral for angiog-
raphy was higher in the rest group (43.2% vs. 19.8%,
p < 0.0001). Also, the rest group more frequently had sig-
nificant CAD (≥70% stenosis) (95% vs. 80%, p = 0.008)
and critical CAD (≥90% stenosis) (80% vs. 66%, p = 0.038).
Thus the rest/stress sequence for MPS enables the identi-
fication of patients with unexpected rest perfusion defects,
usually secondary to critical CAD, in whom unnecessary
stress testing can be avoided. An example of a patient with

(a)

Figure 3.11 Normal exercise stress technetium-99m sestamibi and rest thallium-201 MPS images (a) and quantitative perfusion analysis (b) using the

dual-isotope protocol.
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(b)

Figure 3.11 (Continued )

an unexpected resting perfusion defect leading to cancel-
lation of the stress study is shown in Fig. 3.13.

Another advantage of the dual-isotope approach
over standard rest/stress technetium-99m sestamibi ap-
proaches relates to the use of thallium-201 for the eval-
uation of defect reversibility in patients with resting
thallium-201 defects [35,49]. This advantage derives from
the redistribution of thallium-201 into areas of ischemic
but viable myocardium. Patients with resting thallium-
201 defects can be brought back for 24-hour imaging the
next day [12], or a rest/redistribution study can be com-
pleted before the stress technetium-99m sestamibi injec-
tion (Fig. 3.4). At 24-hour, the contribution of technetium
into the thallium-201 window would be minimal since
only one-sixteenth of the injected technetium-99m ses-
tamibi (half-life = 6 h) dose would remain due to physical
decay, compared to a much higher proportion of thallium-
201 (half-life = 73 h), and some of the technetium-99m
would have washed out from the myocardium [21].

Incorporation of 24-hour rest/redistribution thallium-
201 scintigraphy into the dual-isotope protocol provides

the detection of an additional 8–15% of reversible seg-
ments, which would go undetected by rest scintigraphy
alone [37]. Our protocol for late redistribution imaging is
illustrated in Fig. 3.4A, and a patient with late reversibility
identified by this approach and undetected by rest/stress
imaging is shown in Fig. 3.5.

Prone imaging

One of the most difficult areas of interpretation of MPS
is the differentiation of decreases in apparent myocardial
tracer distribution that are artifactual (and due to attenua-
tion) from those due to true hypoperfusion. Gated SPECT
is frequently useful in making this distinction. The prob-
lem with relying on gated SPECT alone for this purpose,
however, is that true myocardial perfusion defects due to
subendocardial infarction, associated with a normal con-
traction pattern, could be falsely attributed to attenuation.
We [95] and others [96,97] have previously shown that
prone imaging decreases the frequency of attenuation arti-
facts in the inferior wall, and also decreases motion artifact.
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(a)

(b)

Figure 3.12 Adenosine technetium-99m sestamibi and rest thallium-201

MPS images (a) and quantitative perfusion analysis (b) in a patient with ex-

tensive perfusion defects involving the diagonal and right coronary artery

territories. By visual scoring of perfusion, the summed stress score (SSS)

was 25 (37% of myocardium), the summed rest score (SRS) was 4 (6%

of myocardium), and the summed difference score (SDS) was 21 (31% of

myocardium).
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Figure 3.13 Rest thallium-201 MPS images are displayed for a patient

presenting to the emergency department with chest pain. A 12-lead ECG

was normal, as was the troponin level (<0.1). A stress ECG 2 years earlier

was reportedly normal. Since the patient’s chest pain had resolved, a stress

myocardial perfusion study was ordered. On rest thallium-201 imaging the

patient was found to have a large severe resting perfusion defect (18%

The prone study is performed with the detectors employed
for an additional acquisition, with image acquisition from
under the patient lying prone. Prone imaging alone, how-
ever, may be associated with artifactual anteroseptal de-
fects due to the more pronounced sternal attenuation in
this position. As a consequence, taking advantage of the
lack of redistribution of technetium-99m sestamibi, we
perform both supine and prone technetium-99m sestamibi
imaging on our patients (Fig. 3.14), and have employed
this as our standard clinical practice for approximately 10
years. In our laboratories, the nongated prone images are
performed for 40% shorter time than are the gated supine
images. Approximately 90% of our patients are able to
have both supine and prone imaging. Hayes et al. have
recently reported that patients with inferior wall defects
on supine MPS but normal prone MPS have a low risk
of subsequent cardiac events, similar to that of patients
with normal supine-only studies [98]. A patient example

Tl-201
3–4.5 mCi

Gated
TI-201
SPECT

Tc-MIBI/TETRO
25–40 mCi

Gated
Tc-MIBI/TETRO SPECT

Supine Prone

90 min75604530150

TM or ADENO

Figure 3.14 Combined supine and prone, separate acquisition

dual-isotope SPECT protocol.

of myocardium) in the left anterior descending coronary artery distribution.

The resting perfusion defects were presumed to be acute and therefore stress

testing was canceled and the patient admitted. His subsequent troponin level

12 hours later was elevated at 28 (normal, <0.4) and coronary angiography

demonstrated an 80% stenosis in the mid left anterior descending coronary

artery.

illustrating the advantage of this approach is shown in
Fig. 3.15. We have recently reported the development,
validation, and application of a quantitative method for
computer-based interpretation of combined supine and
prone sestamibi SPECT images [99]. With this approach,
supine and prone images are compared to their respective
normal databases and only regions found concordantly
abnormal by both positions are considered abnormal. The
combined quantitation has demonstrated an increase in
the normalcy rate without a loss of specificity. In daily
practice, we have found that the addition of prone imag-
ing greatly enhances observer confidence in overall scan
interpretation (see Chapter 5).

Attenuation correction

All the major scintillation camera manufacturers now pro-
vide hardware and software implementation of attenu-
ation correction protocols, which have undergone var-
ious degrees of validation [100–105]. In general, these
attenuation corrections are imperfect, reducing but not
eliminating apparent perfusion defects due to soft tissue
attenuation in normal patients. At times, true perfusion
defects might be obscured or eliminated by application
of these approaches. The artifactual elimination of perfu-
sion defects is usually due to filtering or due to scatter
from adjacent organs, which becomes more apparent af-
ter attenuation correction. Because of these limitations, it is
prudent that attenuation-corrected tomographic data sets
be visualized simultaneously with noncorrected data sets.
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(a)

(b)

Figure 3.15 Supine (top) and prone (bottom) exercise technetium-99m

sestamibi SPECT images (a), with rest thallium-201 images in the middle, in

a patient who had a prior study demonstrating reversible inferior wall defects.

He was referred to a cardiologist who referred the patient to Cedars-Sinai

for a repeat study specifically with prone imaging. The supine images again

demonstrate a large stress perfusion defect in the inferior wall (17% of my-

ocardium), which is not seen on the prone images that are entirely normal.

On the basis of the combined images, the MPS examination was interpreted

as normal. The quantitative perfusion analysis of the supine and prone stress

images is displayed in part (b).
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The interpreter should be aware that because of the imper-
fection in present-day attenuation correction algorithms, a
uniform distribution of radioactivity throughout the my-
ocardium cannot be expected. Furthermore, the normal re-
gional distribution of counts on a segment-by-segment ba-
sis may be different in attenuation-corrected images than
in non-attenuation-corrected images. Thus, the normal re-
gional distribution of counts in the attenuation-corrected
images should be taken into account prior to segmental
scoring.

Bateman et al. recently reported preliminary data on 494
rest/stress technetium-99m sestamibi MPS studies [106].
All studies were read twice: once with attenuation cor-
rected images and once with non-attenuation-corrected
images and ECG gating. Attenuation correction led to im-
proved specificity (86% vs. 64%, p < 0.001) and no change
in sensitivity, thus suggesting that attenuation correction
could reduce the frequency of unnecessary angiograms.

Heller et al. also recently reported a study in which
10 experienced nuclear cardiologists independently in-
terpreted 90 stress-only ECG-gated technetium-99m ses-
tamibi images in a sequential fashion: MPS alone, MPS
plus ECG-gated data, and attenuation-corrected MPS with
ECG-gated data [107]. With stress MPS data alone, only
37% of studies were interpreted as definitely normal or ab-
normal, with a very high perceived need for rest imaging
(77%). Attenuation-corrected data significantly increased
the number of studies characterized as definitely normal
or abnormal (84%, p < 0.005) and significantly reduced
the perceived need for rest imaging (43%, p < 0.005). If
confirmed, these findings may lead to improved labora-
tory efficiency and diagnostic accuracy. In the future, it is
likely that attenuation correction will become routine, and
that the principal method utilized for generating the atten-
uation maps will be CT with hybrid SPECT/CT systems.
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Introduction

Operator independent, quantitative assessment of re-
gional myocardial perfusion is a principal competitive ad-
vantage of nuclear cardiology over other modalities [1,2].
This assessment is now nearly fully automated using a
variety of approaches. The potential of such automated
processing is reliable reader-independent and laboratory-
independent results, which would improve accuracy of a
single assessment and facilitate assessment of the interval
change.

This chapter will review various computational tech-
niques designed for quantification of parameters related
to myocardial perfusion. It will also review the valida-
tions performed for these measurements, and will dis-
cuss the remaining limitations of quantification. We will
also describe recent developments and improvements in
the quantification of myocardial perfusion. Since clinically
applied myocardial perfusion SPECT quantification tech-
niques do not perform “absolute’’quantification of counts,
the term “quantification’’ in this chapter is used to describe
“relative quantification’’ of perfusion.

Basic techniques

Overview of the quantification process

A block diagram representing typical computing steps
needed for the extraction of the quantitative perfusion
parameters from projection acquisition data is shown
in Fig. 4.1. Ideally, all these steps are performed in a
fully automated fashion and most current computer sys-
tems provide this facility; however, manual interaction
may be required in some cases. For example, manual
interaction may be required to assist the computer pro-
gram in defining the region for left ventricle (LV) recon-
struction and in selecting angles for reorientation. In this

section, we will describe specific steps in this process. In
a subsequent section, we will discuss other approaches
in myocardial perfusion quantification in which some
of the steps presented in the diagram are combined or
eliminated.

Obviously, the quantification program depends on the
quality of the raw projection data. The quantification may
be inaccurate due to the inadequate number of counts, im-
proper peaking, improper positioning of the rotating cam-
era, or excessive motion of the patient (see Chapter 7). The
performance of the quantification program also depends
on preprocessing steps during image reconstruction or re-
orientation, whether automatic or manual. Manual steps
in the processing introduce inter- and intraobserver vari-
ability to the results, and by definition prohibit fully au-
tomated analysis of the data [3]. Therefore efforts have
been undertaken to automate the whole image process-
ing chain starting from the reconstruction of the data and
ultimately objectify the interpretation of myocardial per-
fusion images.

LV reconstruction

As noted above, LV reconstruction can be performed in
a fully automatic fashion. Acquired projection images are
reconstructed by filtered backprojection or by iterative re-
construction techniques into a series of transaxial planes
[4]. Separate optimization of reconstruction parameters for
stress and rest studies may be required because of the dif-
ference in count statistics [5]. In general, unless attenua-
tion maps are available [5], no attenuation correction is
performed. Often image reconstruction is limited in the
Z-axis only to the LV cardiac region to exclude extracar-
diac activity. This cardiac region can be selected automat-
ically [6], or it can be adjusted manually by selecting the
appropriate transaxial slice range. Performance of subse-
quent image processing steps (LV segmentation and reori-
entation) may depend on the selection of these slice limits.
During this step it is important to review the projection
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Figure 4.1 Overview of the quantification process.

data with respect to patient motion, and apply correction
if needed [7]. Motion artifacts often affect the quantifica-
tion of myocardial perfusion, since the relative count dis-
tribution in the myocardium is altered. Without motion
correction, comparison to normal limits (generated from
data without motion) may produce false-positive results
[7,8].

Automatic LV reorientation

LV reorientation is not strictly required for the automatic
extraction of the perfusion parameters from the recon-
structed data, but it is convenient to represent LV images as
short-axis data and reoriented images have become stan-
dard for data display. Most computer approaches use as
input reoriented short-axis data. This reorientation can
be performed automatically. Incorrect alignment of the
myocardium during quantification procedures may intro-
duce discrepancies in the perfusion quantification results
[8].

In efforts to automate image alignment, geometric
methods were developed for reorienting the skeleton rep-
resentation of the LV [9–11]. In this early approach, no
significant difference was demonstrated between manual
and automatic alignment [10]. Another approach, using
principal-axis transformation, was originally proposed by
Faber et al. [12]. Mullick et al. proposed a method that
uses three-dimensional (3D) polygonal representation of
the ventricular surface to compute the orientation parame-
ters [13]. Germano et al. developed an automatic technique
based on fitting the ellipsoid to the segmented left ventricle
and validated performance of the technique in 400 patients

with a success rate of 98.5% [14]. Three-dimensional
registration techniques accomplish this step intrinsically
during alignment of transverse data with the templates
[15–17].

LV segmentation

In imaging, segmentation refers to the separation of a
region or a structure of interest from the remainder of
an image. Automatic segmentation of the left ventricular
myocardium – the structure of interest for assessment of
myocardial perfusion – is typically performed using short-
axis image slices. This segmentation is to some extent de-
pendent on the “correctness’’ of the reorientation of the
short-axis images. The boundaries that are used for my-
ocardial perfusion assessment can be based on various
computational techniques, many of which were initially
applied and validated for measurement of the ejection
fraction [18–22]. When applied to ungated “summed’’ im-
ages, these techniques are used to provide boundaries of
the left ventricular myocardium. For example, the Quan-
titative Perfusion SPECT (QPS) program from Cedars-
Sinai applies an identical LV segmentation algorithm for
gated studies of left ventricular function and the ungated
studies for myocardial perfusion [23]. It should be noted
that the segmentation of gated and ungated data may
be independent of each other; therefore, the detection of
contours should be verified visually for both gated and
ungated data. Errors in LV segmentation may lead to sig-
nificantly erroneous results in myocardial perfusion quan-
tification. In most cases, these will be false-positive results.
Figure 4.2 presents an example of spurious quantification
defect caused by incorrect definition of myocardial con-
tours in the base.

Most commercially available software packages will al-
low manual override of the automatic segmentation. An
example of the manual override page for the QPS program
is shown in Fig. 4.3. If manual override has been exercised
by the user, the quantitative results will be associated with
operator variability even if derived in an otherwise fully
automated manner. In the case of the QPS program, the
manual override allows the user to define the mask and
constrain the LV region to a specific geometrical shape.
The contour detection, however, is always performed au-
tomatically. In practice, fully manual 3D contour definition
is usually not attempted (or offered as an option) due to
large number of slices and contours that would need to
be adjusted and the errors associated with the multiple
interactions.

Polar sampling

Most quantitative schemes (not 3D voxel methods) utilize
some sort of polar sampling or circumferential sampling
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Figure 4.2 An example of improper contour

definition on the quantification results. Note

spurious defect in the septal wall and a

summed stress score of 8. After correction of

the contours the defect disappears and the

summed stress score is 2.

in order to extract a limited number of perfusion samples
from the myocardium [24,25]. In short-axis image orien-
tation, these samples are performed using a base geomet-
rical shape, for example, hybrid spherical-cylindrical [26],
by the CEqual application or ellipsoidal model by QPS
[23]. 3D/4DMSPECT from University of Michigan utilizes

equidistant sampling of the myocardium based on the
length of the myocardium from base to apex, with an-
gular sampling adjusted for the smaller radii in the distal
to apical regions [27].

As an example, the QPS program from Cedars-Sinai
extracts raw myocardial counts from profiles normal to the

Figure 4.3 A manual adjustment of the LV

mask and constrain in the QPS software. The

user can interactively adjust a smooth 3D

boundary around the LV. Contour detection

will be limited to this 3D region. In addition,

the position of the apex and base can be

“locked” to a given location.
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Figure 4.4 The polar perfusion samples have different corresponding

areas, depending on the location in the myocardium. Mid-ventricular

samples (red) are generally bigger than the apical samples (green). This

effect needs to be accounted for during the computation of the defect size.

LV surfaces and average count densities between epi- and
endocardial surfaces obtained for each profile individu-
ally [23]. The number of profiles and the angular samples
is standardized for all patients and is 20 and 36, respec-
tively, in the QPS program. Thus all the myocardial per-
fusion information is contained in a 20 × 36 matrix (720
samples). In Fig. 4.4, the epicardial surface of the LV is
shown as a quadrilateral grid, where each quadrilateral
corresponds to one perfusion sample. In QPS, each sam-
ple is obtained as the average of the counts between the
epi- and endocardial contours for a given ray perpendic-
ular to the LV surface. In other applications, maximum
counts on the ray perpendicular to the LV surface are used
[26], which is shown to correlate to the average counts in
phantoms due to partial volume effects [28]. Note that due
to such geometrical approach, a given myocardial sample
may have different myocardial volume associated with it
than another. For example, in Fig. 4.4, the apical samples

Max value

Short axis Vertical long axis

Base

Apex Apex

Inferior

Base

Superior

Base

Figure 4.5 Polar map sampling of perfusion

data.

(green) have smaller volumes than the mid-ventricular
samples (red). Therefore the geometric volumes associated
with each perfusion samples must be computed and used
by the quantification program for calculation of quantita-
tive parameters such as extent of the perfusion defect.

In order to simplify the display of perfusion information
extracted in this manner a polar map display has been de-
veloped for graphical presentation to the user (Fig. 4.5)
[29]. This kind of display is used extensively in clinical
practice. Polar maps create a bull’s eye plot based on the
extracted samples mapped on the circle. Note that as with
any polar map, these polar map plots of myocardial per-
fusion distort the relative sizes of various regions and are
therefore used for qualitative analysis only, allowing the
observer a quick review of perfusion information on one
image. In order to present this information in a less dis-
torted manner, 3D methods have been utilized [30]. An
example of polar maps and corresponding 3D surface dis-
play with color-coded perfusion defect from the Cedars-
Sinai QPS program is shown in Fig. 4.6.

Although polar or circumferential resampling is the
most popular scheme, other approaches have been im-
plemented utilizing 3D voxel analysis, which considers
all voxels within the left ventricular myocardium without
polar sampling [15,16] or sampling of vertical long-axis
images [31]. In some other applications, average segmental
perfusion counts have been computed directly in a small
number of segments without using individual perfusion
samples [21].

Comparison to normal limits

Most quantitative techniques for myocardial perfusion
rely on the comparison to normal limits. In such methods
a normal database of gender-matched patients is stored
in the form of polar map samples. Gender-matched limits
are required in non attenuation-corrected SPECT since the
normal distribution of males and females is significantly
different (Fig. 4.7). Subsequently, polar maps of a given
abnormal patient are compared to the normal distribution
and the differences visualized on the polar map display
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Figure 4.6 Polar map (top right) and 3D

shape-preserving representation of the perfusion

information. Note the apparent deformation of the defect

on the polar map display to geometrical sampling.

Corresponding horizontal long-axis (HLA) and vertical

long-axis (VLA) slices with superimposed contours are

shown in the bottom panel.

as color-coded images (colors corresponding to the num-
ber of standard deviations below the normal average) and
blackout maps [24]. Several types of comparisons to nor-
mal ranges can be obtained [26].

Most existing software applications used in clinical
practice, such as 4D-MSPECT from University of Michigan

Figure 4.7 Short-axis and vertical long-axis image slices derived from

composite 3D templates created from stress Tc-99m sestamibi SPECT

normal studies of females (n = 15) (top) and males (n = 23) (bottom).

Note the evident inferior wall artifact in the male template. Abbreviations:

SA, short axis; VLA, vertical long axis. (Reproduced with permission from

[16].)

[32], Perfit from Nuclear Diagnostics/University of
Western Ontario [33], Emory Toolbox from Emory Univer-
sity [19]), and QPS software from Cedars-Sinai [23], apply
normal-limit methods to derive defect size. An example
of the blackout map derived by comparison to gender-
matched normal limits by the QPS quantification [34] is
shown in Fig. 4.8.

In the normal-limit-based systems, the number of perfu-
sion samples for each test-patient needs to be equalized to
the standard number of samples in the normal database.
In this way, the individual patient perfusion data have the
same number of perfusion samples as each of the patients
in the normal file. Thus a form of spatial normalization
is typically performed resampling the raw patient polar
maps results to standardized dimensions of polar samples
[26].

Attenuation-corrected normal limits

Normal-limit quantification can be utilized for the data re-
constructed with attenuation correction (AC) but require
the use of separate attenuation-corrected normal limits.
Normal limits still need to be applied, rather than thresh-
olding technique, since images with AC do not have per-
fectly uniform distribution within the myocardium. For
example, after AC a 10–15% decrease in activity in the
apex has been observed relative to the uniform activity
distribution in the distal and proximal regions of the my-
ocardium of due to partial volume effects [35,36]. In addi-
tion, extracardiac activity can spill over into left ventricular
region [37], creating an apparent nonuniformity of count
distribution.
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Figure 4.8 Short-axis stress and rest images

and corresponding stress (top right) and rest

(bottom right) blackout maps derived by the

quantitative software obtained by masking the

polar map pixels below normal limits.

If the AC algorithm is sufficiently robust, the normal lim-
its can be simplified after AC by combining genders since
the differences between males and females may no longer
be statistically significant [35,38] (Fig. 4.9). In relatively
small studies, improved diagnostic performance of auto-
matic quantification with the aid of attenuation-corrected
normal limits has been shown, and may be particularly
useful in obese population and in patients with left main
disease [38,39].

Combined prone and supine quantification

In order to improve specificity, we have routinely per-
formed combined supine and prone imaging at Cedars-
Sinai for over 10 years (see Chapter 6). Until recently,
this practice reduced our reliance on quantification, since
the quantitative method had been applied only to the
supine images. In a recent study, a combined automatic
image quantification using images acquired in prone and
supine orientation was shown to improve the diagnos-
tic performance (increased specificity) in a manner simi-
lar to what had been reported with attenuation-corrected
studies [40] (Fig. 4.10). In fact, the combined prone/supine
quantification was superior to the expert visual reader in-
terpretation, despite the influence of the patient’s clinical
state on the visual reading as described in Chapter 6. We
now routinely employ this approach in our image analysis

and have found that the combined supine prone analysis
(“prone plus’’) has resulted in increased reliance of our
expert interpreters on the quantitative computer output.
Of interest, we have preliminary data showing that the
combined supine/prone assessment is also useful in elim-
inating artifact due to breast attenuation [41].

Count normalization

All of the techniques described in this chapter quantify rel-
ative decrease of perfusion in a portion of the LV as com-
pared to the rest of the myocardium (which is assumed to
be normal). Therefore when comparing a given patient’s
data to the normal limits, some form of count normaliza-
tion (patient to normal limits) must be performed. Simple
normalization schemes are typically not effective since nor-
malization to total counts in the myocardium would over
normalize studies with large defects and normalization to
maximum counts may be skewed by occasional hot spots
or heterogeneous distribution of normal counts in the my-
ocardium (hot lateral wall).

Previously, uniform standard deviation thresholds were
deemed not optimal due to the non-Gaussian distribution
of normalized counts [25] and regional modifications of
standard deviation thresholds (ranging from 1.75 to 3.75)
were derived by receiver operator characteristics (ROC)
analysis [42]. However, this compensation was required
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Figure 4.9 Segmental comparison of gender-matched uncorrected (left

two columns) and gender-independent attenuation corrected (right two

columns) normal myocardial perfusion distributions (mean and correspond-

ing SD) (results for women are shown in the top row and those for men

are shown in the bottom row). Segmental comparisons are expressed as

percentage of maximum regional uptake. Segments highlighted in gray are

statistically significantly different between genders (p < 0.01). (Reproduced

with permission from [38].)

Figure 4.10 Example of supine and prone image quantification using

appropriate supine and prone normal limits in a normal Tc-99m stress study

of a 69-year-old male with atypical angina (confirmed by angiography).

Supine quantification (S-TPD) shows defect of 10% due to significant AC.

Prone quantification (P-TPD) shows no defect. Combined (C-TPD)

prone–supine quantification shows no defect [40].

due to non-Gaussian count distribution caused by the nor-
malization of intersubject profiles to the maximum [25]
or a given percentile [43]. Recent techniques apply more
complex normalization schemes which allow the use of
uniform standard deviation threshold (typically 2.5 SD or
equivalent 3.0 average deviations) and therefore would
not require the per segment or per region optimization of
the abnormality thresholds [34]. Williams et al. found sig-
nificant differences in quantification results due to normal-
ization effects [44]. The count normalization techniques
have a significant effect on the final results and may pre-
clude direct comparison of the results between various
methods.

Quantitative perfusion parameters

Various quantitative parameters related to perfusion can
be derived from myocardial perfusion scans. They are
summarized in Table 4.1. In general, there are global pa-
rameters and regional parameters that allow automated
localization of the defects. These parameters are most
commonly obtained by the comparison to normal limits
[23,24,26,34,42].
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Table 4.1 Quantitative measures of myocardial perfusion.

Typical abnormal
Global Regional Description threshold

X Percentage of the LV surface or volume where perfusion counts are below normal limit. Can

also be expressed in absolute units (ml) [23,34,42].

3–5%

X Average number of standard deviation below normal limits within the area of the defect

[34,35,45]

2.5

X Perfusion deficit in the myocardium obtained by integrating severity values in all polar map

pixels belonging to the defect [34,45]

3–5%

X X Quantitative segmental scores in 17- or 20-segment model. When summed they provide

global measure [23,34]

Score 4

X Percentage of the defect within a defined vascular territory. Vascular territories can be defined

by empirical maps or geometrical models [23,34,35,42]

3–10%

X A relative measure of change in counts between stress and rest or serial stress estimated by

direct pixel-by-pixel comparison of serial or sequential images [46–48]

2–10%

We have recently described a perfusion deficit measure
that combines defect extent and severity in one variable,
and thus represents a measure of missing counts. This
approach was adopted based on prior work from this lab-
oratory documenting that both the extent and the severity
of perfusion defects influence the prognostic power of
myocardial perfusion imaging [49]. For example in the
Cedars-Sinai QPS module, the variable total perfusion
deficit (TPD) is defined in the following manner:

TPD = 100% ×
a<A∑

a=0

p<P∑

p=0

score(a , p)
4AP

(4.1)

where a , p are the radial coordinates of the polar map, A, P
are the maximum number of samples in each dimension,
and score(a , p) is the pixel score at the polar map location

Figure 4.11 Principle of quantification of

myocardial perfusion defect size from

circumferential profiles applied by Liu et al.

[45].

(a , p). The theoretical maximum value for TPD is 100% for
a case with no visible uptake (less than 70%) [34]. A similar
concept has been used by other quantification packages.
For example, Fig. 4.11 demonstrates the measure of
hypoperfusion derived from circumferential profiles by
Liu et al. [45] used in their Wackers-Liu quantification
software, which is similar in concept to the total perfusion
deficit.

Some techniques allow derivation of certain perfusion
parameters without the use of normal limits. For exam-
ple, in the Mayo Clinic approach, the determination of
the defect size is performed using the threshold-based
method [50,51]. This technique has been extensively val-
idated for clinical trial endpoints [52,53]. The method as-
sumes that the myocardium can be considered as a sum
of cylinders. Five representative slices are chosen (basal,
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mid-ventricle, apical, and two more between base and
mid-ventricle and between mid-ventricle and apex). For
each slice, a circumferential count profile is generated and
the fraction of counts that drop below 60% of the maxi-
mum counts in the profile is considered to represent the
fraction of that slice that is infarcted. The percentage of
infarcted myocardium is then calculated knowing the vol-
ume and the infarcted fraction of each slice. One problem
with the threshold approach is that it does not take into
account the regional variation in counts associated with
non attenuation-corrected data. Recently, methods for di-
rect stress–rest or serial change measures have been de-
scribed that obtain regional perfusion parameters without
the need for inter-patient normal databases [46]; however,
this technique requires a reference baseline scan (see Re-
cent Developments in Perfusion Quantification section in
this chapter).

The abnormal threshold for each of the quantitative per-
fusion measures is specific to a particular definition and
implementation. Typical reported ranges for several vari-
ables are shown in Table 4.1.

Regional quantification and localization
of defects

From a clinical perspective, it is frequently important to
assign a perfusion defect to a given vascular territory. This
task can be performed automatically by the quantification
software. One approach is to utilize predefined vascular
territory maps defined in polar map [42] or voxel coordi-
nates [54]. Subsequently, the extent of the perfusion defect
within a given territory can be computed and thresholds of
the disease in a given territory can be established. Another
approach is to use segmental definition and dynamically
apply a set of rules which will assign a segment to a vas-
cular territory based on the pattern of the perfusion scores
[43], creating dynamic vascular maps. An example of such
a dynamically created territory based on the 17-segment
model is shown in Fig. 4.12.

Performance of the automatic assignment of the defect
to the correct vascular territory is reduced in comparison
to the overall detection of coronary artery disease (CAD)
in most reported studies [34,35,43,55] due in part to vari-
able vessel anatomy and imprecise territory maps. Ulti-
mately, methods that would include patient-specific coro-
nary anatomy maps could prove more accurate [56]. Such
maps could become available routinely with emerging
SPECT/CT or PET/CT systems, allowing for improved
localization of the perfusion defects [57].

Segmental scoring models

Although accurate automatic quantification of perfusion
is the preferred goal, it is often required for the observer

Figure 4.12 Example of dynamic territory maps in a case with 100%

proximal LAD stenosis (confirmed by coronary angiography). Stress

Tc-99m-sestamibi HLA and VLA images are shown on the left. Default

segmental assignment to territories is shown in top-right panel

(brown-LAD, green-LCX, blue-RCA). Dynamic assignment based on the

segmental perfusion scores is shown at the bottom right. Note that two

lateral segments changed the assignment from LCX to LAD; the dynamic

assignment allowed correct identification of LAD single vessel disease.

to visually rate the perfusion deficit of the LV on a global
or regional basis. As described in Chapter 7, a convenient
segmental scoring system has been designed for this pur-
pose [58], dividing the polar maps into arbitrary segmental
definitions. Subsequently, users can score perfusion on a
per-segment basis on a given scale (for example, 0 (normal)
to 4 (absent uptake)). Such segmental scoring has been
described with the number of segments ranging from 9
to 400. For purposes of standardizing the approach, the
17-segment model is now recommended [59]. Segmental
scores can be summed to provide a global visual measure
of the perfusion deficit combining extent and severity such
as summed stress score (SSS) or summed rest score (SRS)
[58].

Computer quantification can be utilized to provide the
“first guess’’ of the visual scores for the user [60]. Such
computer-derived scores can then be further adjusted by
the user if required. The computer-generated scores can be
obtained by comparison of perfusion samples to the low-
likelihood normal limits and generating an average sever-
ity score per segment [32,34] on a given scale resembling
user scoring. In some approaches, segmental scores have
been derived automatically by training the system with a
large number of user-defined scores and maximizing the
agreement between the user- and computer-derived scores
[23].

Computer-derived segmental scores are rounded off to
integer values and use coarse segment boundaries, un-
like continuous variables such as defect extent or perfu-
sion deficit. Therefore they may be inaccurate for small
defects that are located between two segments. However,
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Figure 4.13 An example of a 17-segment and 20-segment quantification

of stress Tc-99m-sestamibi scan in a 74-year-old male with triple vessel dis-

ease (confirmed by coronary angiography). Summed stress score for this

patient was 23 with the 20-segment model and 20 with the 17-segment

model. TPD is 27%. Seventeen-segment quantification results are presented

in the top row and 20-segment results are presented in the bottom row. In

each row, segment maps are superimposed on original slices, polar maps,

3D surfaces, and scores.

the advantage of scoring approach is that it provides the
interpreter a manner for interacting with or correcting the
quantitative, computer-derived data. For example, a quan-
titative polar map may show a perfusion defect in a re-
gion of obvious breast attenuation. The interpreter gener-
ally has difficulty in “correcting’’ the standard quantitative
display. The computer-based segmental scoring approach
provides a convenient manner by which the reader can
adjust the automatically generated scores. Such computer-
aided scoring is commonly used in clinical practice [61,62].
Figure 4.13 shows an example of perfusion defect scored
automatically in 17- and 20-segment models. Segments can
be displayed as a 2D grid or superimposed on image slices
and/or on a 3D surface. Algorithms have been devised to
convert visually or automatically defined scores between
the 17- and 20-segment models [63].

Validation

Validation by coronary angiography

Validation of quantitative myocardial perfusion is chal-
lenging since there is no widely available equivalent “gold
standard’’ to which the results can be compared. The most
commonly used comparison made is to coronary angiog-
raphy [34,43,54,55]. The angiographic test accurately de-
fines vessel morphology in the assessment of CAD; it
also forms a basis for treatment of CAD [64]. Although
coronary angiography has been shown to be limited in
demonstrating the effect of the lesion in the artery on
the perfusion of the myocardial tissue [65], it remains
the most commonly employed standard for validation of
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Table 4.2 Sensitivity and specificity for detection of CAD (≥70% stenosis)

by stress SPECT Tc-99m without AC, by automatic quantification methods.

Author Sensitivity Specificity No. of patients

Van Train [55] 87% 36% 161

Sharir [43] 88% 88% 93

Ficaro [35] 72% 71% 60

Slomka [34] 93% 79% 256

Rubello [67] 93% 61% 120

myocardial perfusion SPECT assessments. The results of
the test can be presented as an ROC curve for the detection
of angiographic disease, expressing sensitivity/specificity
for using a particular quantitative threshold.

One difficulty with angiographic validation is referral
bias [66]. Regarding test specificity, since the results of
nuclear testing are now used to determine whether pa-
tients go to coronary angiography, there is a paucity of
normal patients with normal SPECT referred for the
catherization. Since these patients typically present with
clinical symptoms, often there can be underlying abnor-
mality even without a significant stenosis. Consequently,
specificity performance defined by this “gold standard’’
may be substantially lower than the actual clinical speci-
ficity. Therefore, our laboratory previously described the
use of the “normalcy rate’’ as a proxy for specificity by
using an additional population with low likelihood of the
disease (based on age, sex, symptoms, and the results of
stress ECG testing, but not based on the nuclear test re-
sults), but in whom angiography is not performed [55].
Furthermore, while angiography can be used as a “gold
standard’’ only for the task of detection of coronary dis-
ease, it is generally not considered an accurate standard
for perfusion defect sizing.

Figure 4.14 An example of delayed

enhancement MRI with a small defect. Defect

quantification results were 0.8% by MRI , 6%

by EXT SPECT, and 5.7% by SPECT TPD . In the

top row, we show MRI slice with the defect

with marked infarct region (red) (a),

corresponding slice from delayed Tl-201 rest

SPECT (b), and fused MRI-SPECT image (c). In

the bottom row, we show the vertical long

axis of DE-MRI with the same defect (d),

corresponding vertical long axis SPECT image

(e), and results of polar map quantification (f).

Arrows point to the defect location on panels

(a), (b), (d), and (e). (Reproduced with

permission from [75].)

Some of the results of the automated quantitative anal-
ysis (no visual analysis) of stress Tc-99m sestamibi stud-
ies without AC validated by coronary angiography are
presented in Table 4.2.

Validation by cardiac magnetic
resonance imaging

While rest/stress assessment of myocardial perfusion by
magnetic resonance imaging (MRI) is not yet considered a
standard, delayed-enhancement MRI (DE-MRI) has been
shown to be a highly accurate method for the noninva-
sive estimation of infarct size and location, in the setting
of either acute [68,69] or chronic myocardial infarction
[70,71]. DE-MRI is now widely accepted as the gold stan-
dard for the quantitative estimation of infarct size and thus
could be used for validation of the perfusion defect size
measurement by SPECT. In one recent study, quantitative
normal-limit analysis (4D-MSPECT; University of Michi-
gan, Ann Arbor) [32] was applied to compare defect sizes
in patients with acute infarcts measured by 4-hour delayed
201Tl with defect sizes obtained by DE-MRI [72]. Infarct
sizes have also been measured by the QPS software on rest-
ing Tc-99m SPECT and compared to DE-MRI [73,74]. In a
recent study, we validated the performance of simplified
normal-limit quantification in QPS for the detection and
sizing of infarcts by resting Tl-201 imaging using DE-MRI
as a gold standard in 82 patients [75]. We found correlation
(r ) of size to be 0.85 and ROC area under curve for the de-
tection to be 0.90. Figure 4.14 shows a comparison between
a defect size on SPECT and DE-MRI. The threshold-based
quantification technique was also found to correlate well
with DE-MRI data [76]. Discrepancies between SPECT and
DE-MRI are attributed to partial volume effects in case of
nontransmural defects [77].

79



Clinical Gated Cardiac SPECT

Figure 4.15 ROC curves for detection of

CAD (≥50% and ≥70% stenosis cutoff) for

total perfusion deficit (TPD) and visual scoring

(VIS) for the overall test population (n = 256)

[34]. The difference between TPD and VIS is

statistically significant for a 50% stenosis

cutoff. (Reproduced with permission from

[34].)

The size of the hypoperfusion region can be obtained
at stress and rest with MRI [78,79] and can be compared
to SPECT [80,81]. However, since perfusion MRI is a first-
pass technique and has limitations, including incomplete
coverage of the ventricle, it is not yet the best validator
for SPECT quantification. The agreement between SPECT
quantification and MRI perfusion findings has been found
to be only moderate [82].

Other validation approaches

Validation of myocardial perfusion SPECT quantification
for defect sizing has also been performed in animal models
[83,84] and in phantom studies [45,85]. These approaches,
however, are of limited use in the evaluation of quanti-
tative software tools as applied to patient studies, when
images are compared with the database of normal scans
to derive measures of perfusion defect extent and severity.
In a unique study, validation of infarct size measurements
by Tc-99m-sestamibi SPECT was performed histologically
in 15 patients undergoing heart transplants [86], which is
perhaps the ultimate validation method.

Other methods for validation can utilize the compari-
son to visual reading of segmental scores and the agree-
ment of the quantification with the human experts [43].
However, it is possible that visual experts could actually
underperform in comparison to a well-tuned algorithm.
For example, our group has recently shown that the de-
tection of coronary disease defined as greater than or equal
to 50% stenosis was actually better by the quantitative soft-
ware than by visual analysis [34] (Fig. 4.15). In an indirect
approach, the relationship of automatic quantitative per-
fusion defect size and severity to functional parameters
can be evaluated assuming that good correlation should
be obtained [87]. Some studies suggest variability in the
measurements obtained by different quantitative SPECT
techniques [88–90], which is most likely due to differ-
ent assumptions and different mathematical models used
by these techniques. In the future, it is likely that such

inter-software differences will be resolved by the use of
the external gold standards for calibration.

Table 4.3 summarizes various approaches to the valida-
tion of myocardial perfusion quantification results with
references, and lists the specific limitations of each ap-
proach.

Limitations

Instrumentation limitations

Due to inhomogeneous attenuation properties of the tho-
rax, the effect of scatter and attenuation may cause artifacts
in myocardial SPECT [92]. The presence of scatter reduces
spatial resolution in the images, resulting in image blur-
ring and spillover of extracardiac activity to the left ven-
tricular region. Attenuation of photons causes a relative
decrease of the observed activity in regions located deeper
in the body. The amount of attenuation depends also on
the character of the surrounding tissue. Scatter and atten-
uation contribution increases from the apex to the base of
the heart. Thus, hypoperfused regions in basal areas can be
more difficult to detect. Moreover, depth-dependent spa-
tial resolution of projection images may cause reconstruc-
tion artifacts, especially with 180◦ and noncircular orbits
[93]. Since photon absorption is greater for lower energies,
the effect of scatter and attenuation is more severe with Tl-
201 than with Tc-99m based agents. Attenuation artifacts
in women are caused also by breast tissue, which reduces
the activity in the anterior region [94].

Although several approaches proposed to reduce the
degrading effects of attenuation and scatter are being im-
plemented in clinical practice [95,96], there are remaining
controversies [97–99] and significant variability in char-
acteristics of various implementations [100]. There have
been only few studies evaluating the effects and perfor-
mance of fully automatic quantification algorithms with
and without such correction methods [35].
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Table 4.3 Summary of validation approaches for quantitative myocardial perfusion SPECT.

Gold standard What can be validated Description and references Limitations

Coronary

angiography

Detection of CAD Compare the presence of significant

stenosis (≥50% or ≥70%) to the

quantitative results [34,43,46,54,55]

Referral bias. Paucity of suitable normal population

Interobserver variability of coronary angiography.

Severity of stenosis not related to defect size

DE-MRI Detection and size of

infarcts

Use presence and size of infarct on delayed

enhancement MRI as a gold standard for

resting perfusion data [75]

Delayed enhancement MRI only applicable to infarct

size Quantitation of perfusion MRI is not yet widely

established

Limited sampling by MRI Manual definition of infarct

size on MRI Applicable to rest scans only

Pathology Detection and size of

infarcts

Use pathological quantification of the

extent and severity of scarred and normal

myocardium as a reference [83,84,86]

Usually limited to animal models or transplant

patients

Not applicable to stress perfusion. Technically

challenging

Physical Phantoms Detection, size, and

severity of defects

Place physical defects of varying size in

phantom [27,45,52,85]

Not possible to validate normal-limit-based

techniques

No realistic anatomical variations, no cardiac motion

Other

quantitative

packages

Reproducibility Compare results between different

quantitative methods [88,89]

Different mathematical models and definitions of

quantitative parameters, Lack of gold standard PET

suffers from some of the same limitations as SPECT

(e.g., relative rather than absolute measurements

in routine clinical practice)

PET Detection of CAD,

extent of defects

Compare quantitative SPECT and PET

parameters [91]

Comparison of relative perfusion SPECT to absolute

blood flow measurements by PET not yet

reported

Motion artifacts

SPECT acquisition requires that a patient remain still dur-
ing the scan; motion results in artifacts on the recon-
structed images, which can often lead to false-positive re-
sults. Image quantification algorithms are very sensitive
to motion artifacts [8]. Analysis of raw projection images
is recommended to reveal such errors [101,102]. Shorter
acquisition times and specialized devices providing good
arm support for patients reduce chances of patient motion
during the procedure. It is possible to detect and com-
pensate for the patient movement after the acquisition, by
applying motion correction algorithms [7,103,104]. Respi-
ratory motion can be another reason for motion artifacts,
especially after exercise. SPECT acquisition, which can last
up to 20 minutes, is performed over many cardiac cycles.
Heart motion, another source of artifacts, can be reduced
by utilizing the motion-frozen technique [105]. An exam-
ple of erroneous image quantification due to patient mo-
tion artifacts is shown in Fig. 4.16.

Physiological limitations

Even if the imaging of the radiotracer distribution in the
heart was perfect, a false-positive or false-negative diag-
nosis and quantification results can occur due to various

Figure 4.16 An example of false-positive quantification results due to

patient motion. Uncorrected and corrected images, polar maps, and scores

are shown. Polar map with the differences between study with and

without motion is also shown, illustrating the effect of motion on the

count distribution.
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physiological factors. Patients may not be stressed ade-
quately and therefore the expected effect on myocardial
perfusion may not occur. Superimposed radioactivity in
the abdomen may degrade the image quality and elevate
counts in the inferior region [36]. If such a spurious in-
crease in uptake is observed on the rest study and com-
pared to the normal stress study, it can imitate a relative
decrease of uptake under stress. Alternatively, it can mask
a defect on either a rest or stress study. Other reasons for
abnormal studies are noncoronary diseases of the heart
such as left bundle branch block [106], or myocardial hy-
pertrophy [107]. An unusual contraction of the heart can
also lead to the misinterpretation of defects on both rest
and stress studies [108]. Balanced ischemia due to triple
vessel disease can lead to entirely false-negative findings.
More commonly in triple vessel disease, there is substan-
tial underestimation of the size of the ischemic zone as
zone supplied by the least stenoses artery or arteries may
be the most normally perfused and might appear normal
[1,109] (see Chapter 6).

Recent developments in perfusion
quantification

Voxel-based quantification

An alternative approach to quantification of myocardial
perfusion is voxel-based analysis of counts and registra-
tion of patient images to 3D templates created from studies
of normal patients [15,16] (Fig. 4.17). A general-purpose
algorithm is applied to perform automatic segmentation
and realignment of the myocardial image to the template
and subsequent voxel-based comparison to normal limits.
Image voxels are marked directly on the image slices with-
out using polar map sampling. Typical steps performed in
the 3D quantification process are illustrated in Fig. 4.18.
The results of 3D voxel quantification and corresponding
standard polar map quantification are shown in Fig. 4.19.
Potential advantages of the 3D approach are (1) direct

Figure 4.17 The principle of 3D voxel-based quantification. Registered

and resized patient study is compared to 3D templates (3D mean and

variation maps). Hypoperfused voxels below normal limits are marked

directly on image slices.

Figure 4.18 Overview of the steps in 3D voxel-based quantification.

visualization of defects on image slices, (2) no need for
arbitrary geometrical models, and (3) integration of 3D
alignment and quantification. This 3D voxel-based reg-
istration method was also recently applied in the direct
quantification of ischemia [46].

Motion-frozen quantification

Myocardial perfusion SPECT images are blurred due to
movement of cardiac walls. However, the gated SPECT
technique permits the acquisition of separate 3D images
corresponding to several portions of the cardiac cycle. If
gated SPECT acquisition is performed, each view is di-
vided into a number of images (usually 8 to 16) containing
counts corresponding to particular segments of the aver-
age cycle based on the ECG signal. Although each gated

Figure 4.19 Example of the voxel-based and equivalent polar map

disease quantification in a case with stress Tc-99m-sestamibi scan with LAD

[33].
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Figure 4.20 Diagram illustrating generation of source and target

equivalent points, which can be used to warp gated image frames to one

common position (for example, end-diastolic). Both endo- and epi-cardial

surfaces are used to create two “displacement vectors” for each normal

profile. (Reproduced with permission from [105].)

segment contains fewer counts than conventional SPECT
images, the blur due to heart motion is reduced. Most my-
ocardial perfusion imaging protocols utilize gating during
image acquisition as recommended by the American So-
ciety of Nuclear Cardiology [110]. It has been previously
suggested that analysis of gated end-diastole (ED) frames
only, can improve the detection of CAD in females [111].
However, ED images are not suitable for reliable computer
quantification, since they contain counts from a limited
portion of the cardiac cycle. Therefore, image quantifica-
tion and analysis of perfusion has been most commonly
performed on summed (added) image frames from all car-
diac cycles, without consideration for cardiac motion.

Recently, a novel “motion-frozen’’ display and quantifi-
cation technique for gated myocardial perfusion imag-
ing has been proposed to address this issue [105]. The
“motion-frozen’’ technique utilizes all gated frames for
perfusion quantification, taking into account cardiac mo-
tion. This technique eliminates image blurring due to car-
diac motion, with noticeable improvement in image qual-
ity. “Motion-freezing’’ of perfusion data is accomplished
by detection and subsequent motion tracking of the LV
endo- and epicardial borders, with an established LV my-
ocardial contour extraction algorithm such as QGS [18].
Subsequently, 3D nonlinear image warping is applied to
all phases of the gated data, deforming each image phase
to match the position of the ED phase (Fig. 4.20). In Fig.
4.21, we show the extent of cardiac motion on a typical
gated myocardial perfusion scan by displaying the end-
systolic to end-diastolic displacement vectors. The warped
images can be summed, forming “motion-frozen’’ perfu-
sion images. Such “motion-frozen’’perfusion images have
the visual appearance similar to the ED frames but are less
noisy since they contain counts from all or most cardiac
cycles (Fig. 4.22).

Image quantification algorithms can use the motion
information in polar map coordinates to derive cardiac

Figure 4.21 Illustration of the “displacement vectors” used in image

warping, indicating the amount of cardiac motion between the

end-diastolic and end-systolic frames. End-systolic epicardial surface is

shown with perfusion data represented in color. “Displacement vectors”

(white) show the local motion between the end-systolic and end-diastolic

positions. The end-diastolic position of the epicardial surface is marked

with red points. (Reproduced with permission from [105].)

motion-corrected polar maps. “Motion-frozen’’ quantifi-
cation can be performed using polar maps that are created
from individual polar map samples for each portion of
the cardiac cycle, as defined by the gated 3D contours.
Nonlinear image warping does not need to be performed
for quantification in polar map coordinates. Such “motion-
frozen’’quantification technique has been demonstrated to
improve the diagnostic performance in a selected group of
patients [112]. The improvement in image quality is more
likely to resolve borderline findings in patients with high
ejection fractions, in which cardiac motion significantly re-
duces the image resolution. Furthermore, cardiac motion
becomes the dominant degrading effect as the image reso-
lution increases. Therefore, this technique may become of
great importance in PET imaging or future high-resolution
SPECT imaging.

Direct quantification of ischemia

Myocardial ischemia is detected by comparing stress per-
fusion images to images obtained at rest. Hypoperfusion
defects that are larger at stress than at rest indicate the
presence of ischemia. In typical quantification protocols,
the stress and rest data are fitted separately to a geomet-
rical polar map model. Subsequently, polar maps are cre-
ated independently for stress and rest patient data and
are compared to the respective stress and rest normal lim-
its. Alternatively, separate reversibility limits can be es-
tablished as applied to delayed Tl-201 imaging [113]. A
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Figure 4.22 “Motion-frozen” perfusion

images compared to the summed perfusion

images in the case of double vessel disease

confirmed by angiography (100% LAD

occlusion and 80% LCX occlusion). Both

standard quantification technique and visual

analysis of summed data identified only the

LAD lesion; the additional LCX lesion was

identified only by the “motion-frozen”

quantification. (Reproduced with permission

from [105].)

semiquantitative visual segmental scoring system is also
used to assess the extent and severity of ischemia by the
summed difference score (SDS), derived as the difference
between summed stress score (SSS) and summed rest score
(SRS) [114].

One limitation of such indirect approach for the estima-
tion of ischemia is that the orientation and position differ-
ences between stress and rest images can occur since no
direct stress–rest alignment is performed. Such misalign-
ment can confound the quantitative results. Furthermore,
the normal limits are based on inter-patient comparisons;
therefore these may not accurately reflect normal limits
of intra-patient changes, such as those observed between
rest and stress. Thus, a change might not be significant
on stress when compared to the normal population stress
scans using the standard database approach, but there still
may be a detectable stress–rest count change for a given
patient. Moreover, separate stress and rest count normal-
ization factors are calculated for paired scans when these
scans are compared to their normal limits, compounding
quantification errors.

Recently, a new quantification method for direct mea-
sure of ischemia derived from paired rest–stress scans
was introduced by our group [46]. This quantification
is accomplished by 3D image coregistration of rest and
stress images and voxel-by-voxel estimation of differences
in 3D without utilizing normal limits for stress and rest.
After image registration and normalization, the stress–rest
count difference is derived from the voxels contained only
within the 3D left ventricular volume. Only stress con-
tours are used since rest scans have been spatially aligned
to the stress scans in 3D. Image registration allows for the
anisotropic adjustment in size to compensate for the possi-
ble Transient Ischemic Dilation (TID) effects [46]. Since the
same contours are used for stress and rest quantification,
the errors due to possible differences in the definition of
the valve plane are eliminated. The voxel count differences
are then divided by the total rest counts, resulting in a rel-

ative count change measure, given by the equation below:

CHANGE = 100% × { ∑

x,y,z
[R(x, y, z) × NF − S(x, y, z)]/

×
∑

x,y,z
R(x, y, z)

}

where R(x, y, z) and S(x, y, z) are counts in rest and stress
images at voxel position x, y, z, and NF is the global
stress–rest count normalization factor. Changes between
stress and rest images can be overlaid on raw stress slices
and are rendered using a separate continuous color table
and transparency function similar to the techniques used
in image fusion, highlighting the rest–stress changes
(Fig. 4.23). This technique allows direct localization of
significant changes detected by the computer on image
slices.

When such direct quantification technique was applied
and tested for detection of CAD in patients without known
infarcts, it performed equivalent to or better than the stan-
dard normal-limit-based technique. When compared for
prediction of stenosis, the area under the ROC curve was
significantly better for the new change measure than for
standard measures such as SSS or defect extent obtained
by existing quantitative approaches, which utilize normal
databases [34]. These findings suggest that the quantifica-
tion of ischemia could potentially be simplified for labo-
ratories that do not have the capabilities and/or resources
to derive their own normal databases, and are not able
to use the standard sets of normal limits typically avail-
able with the quantification software due to their use of
“unsupported’’ protocols or equipment.

Quantification of serial changes

Similar registration techniques can be applied to the anal-
ysis of serial changes. Analysis of serial changes by tra-
ditional techniques requires two separate comparisons
to the normal database, which is not optimal due to
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Figure 4.23 3D visualization of the ischemic

stress–rest change of 4.5%. (Reproduced with

permission from [46].)

possible contour mispositioning, multiple normalization
procedures, and intersubject variability [115]. Sensitive
methods for detection and estimation of changes in my-
ocardial perfusion over time could improve confidence in
using myocardial perfusion SPECT for these applications
[47, 62, 116–118].

De Kemp et al. have devised a serial perfusion quan-
tification method in which direct serial comparisons were
applied [119]. They estimated the precision of SPECT per-
fusion and wall-thickening measurements from the gated
residuals, after fitting the count data sector by sector to a
modified sinusoid [48]. The resulting standard errors are
used to create polar maps of the T-statistic, showing sig-
nificant differences between serial scans (Fig. 4.24). When
two scans are different, the distribution of T-statistics devi-
ates from the theoretical t-distribution. Regional changes
are localized after adjustment of the p value for test-retest
repeatability and image smoothness.

Serial changes in paired stress scans have been also de-
termined in a preliminary study by a technique based
on 3D image registration [121]. It has been found that in
patients with normal perfusion, the average positive or
negative changes determined by the new approach were
smaller than changes obtained by an existing quantitative
scheme (changes in visual or quantitative SSS scores). At
the same time, the new measure has detected a higher
number of patients with improved perfusion in the revas-
cularization group.

Another voxel-based technique for the quantification of
serial changes was recently presented and uniquely vali-
dated in measuring reperfusion after the revascularization
procedure using serial coronary angiography results as a
gold standard [122]. Patient images were automatically
registered to the 3D reference templates, which were used

instead of 2D polar maps. Subsequently, the perfusion
changes were considered only within the volume of the
significant hypoperfusion detected in the first study. Us-
ing such approach, it has been established that the voxel-
based technique was able to distinguish between patient
groups with patent versus reoccluded coronary arteries
when standard visual segmental scoring was not able to
achieve that goal. The voxel-based quantification was also
the only technique able to distinguish patients with patent

Figure 4.24 An example of serial quantification approach. Significant

perfusion increases (red) are detected after coronary bypass surgery

(p < 0.05). (Reproduced with permission from [120].)
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arteries, when analysis was restricted to the volume of the
initial ischemic defect.

These results suggest that the measurements of serial
perfusion changes in SPECT using direct comparisons
may be more sensitive than standard quantitative or visual
approaches. These findings are significant because many
of the previously published clinical trials evaluating my-
ocardial perfusion changes after various therapies have
used global measures such as visual SSS [58] or quantita-
tive defect extents [123]. The improved new quantification
techniques may be able to detect more subtle perfusion
changes occurring over time.

Computer-aided interpretation of
quantitative results

Expert systems for the final interpretation of the quan-
titative data have been proposed [124,125]. In such sys-
tems, polar map samples are typically used as input to a
set of rules. The expert system can suggest which areas of
the myocardium are hypoperfused and potentially help to
avoid false-positive findings due to well-known artifacts.
Performance of such system was shown to be comparable
to human readers [126]. Others applied artificial neural
network analysis to the bull’s eye quantification [127–130]
or segmental quantification results [131] and combined
the perfusion data with clinical results [132]. In one study,
the values of pixels on the polar map were used as in-
put weights to the network. The results suggested that
the neural network system scored better than an average
radiology resident but slightly worse than an experienced
radiologist [129]. Such techniques have the potential to fur-
ther reduce the variability and subjectivity of the myocar-
dial perfusion test, providing a consistently high level of
diagnosis. However, the “black-box’’ character of the algo-
rithms based on neural networks will remain problematic
from the regulatory point of view.
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5 Quantification of ventricular function

Guido Germano
Daniel S. Berman

Introduction

Concomitant with the increased adoption of gated perfu-
sion SPECT protocols (see Chapter 2), the past 10 years
have witnessed a substantial increase in the development
and use of algorithms for the quantitation of global and re-
gional ventricular function, using gated SPECT. In fact, it
is now estimated that essentially all gamma cameras used
for cardiac SPECT are directly connected to a computer
or workstation running gated SPECT software for func-
tion quantitation, at least in the United States. Table 5.1
presents a synopsis of published data on commercially
available quantitative gated SPECT algorithms, includ-
ing their principles of operation and the validation of
parameters they quantitate [1–87]. The aim of this chapter
is to describe the available algorithms for quantitation
and the accuracy and reproducibility of the quantitative
measurements.

Review of available algorithms

Several software approaches for the analysis of ventricular
function from gated SPECT are currently commercially
available. Although their operation is more thoroughly
described in the references quoted in Table 5.1, it is useful
to briefly summarize the main concepts behind each class
of algorithms.

Cedars-Sinai’s QGSTM

The Cedars-Sinai Quantitative Gated SPECT (QGSTM)
software [1] operates in the three-dimensional space and
utilizes the gated short-axis data sets after stacking them
together to form a three-dimensional image volume. All
aspects of this algorithm operate automatically, with the
option for manual interaction. The software’s first step

involves the automatic segmentation of the left ventricular
(LV) myocardium, based on initial heuristic thresholding,
binarization, and clusterification of the three-dimensional
image, followed by iterative cluster refinement using
pixel erosion and pixel growing. The iterative process is
terminated when a mask consistent with the expected size,
shape, and location of the LV is obtained. Once the LV has
been isolated, its center of mass is automatically deter-
mined and rays are drawn from it according to a spherical
sampling model. The local maxima along all rays define
a first estimate of the three-dimensional midmyocardial
surface, which is then fitted to an ellipsoid. The best-
fit ellipsoid can be used to estimate the LV’s sphericity
[88], and also defines a new sampling coordinate system,
along which new rays are drawn and count profiles mea-
sured normally to the myocardium. These count profiles
are fitted to asymmetric Gaussian curves. The Gaussian’
maxima represent the final estimate of the midmyocardial
surface, while the endocardial and epicardial surfaces are
determined on the basis of the Gaussians standard de-
viations, and the valve plane is determined by fitting a
plane to the most basal myocardial points (Fig. 5.1). The
constraint of preservation of myocardial mass throughout
the cardiac cycle is imposed and further refines the en-
docardial and epicardial surfaces. Surfaces can usually be
accurately determined even in the apparent absence of per-
fusion (Fig. 5.2) because (1) Gaussian fitting operates on
the segmented but nonthresholded image, and is thus able
to “pick up’’ very low levels of perfusion that are visually
hidden in the darkest portions of the gray or color scale
used, and (2) the algorithm seeks to preserve the continu-
ity of the three-dimensional myocardial surface gradients
by extrapolating those points that are immediately adja-
cent to the nonperfused area. Endocardium, epicardium,
and valve plane are calculated for each gating interval. LV
cavity volumes are calculated by multiplying the individ-
ual voxel volume by the number of voxels contained in
the three-dimensional space bound by the endocardium
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CHAPTER 5 Quantification of ventricular function

Figure 5.1 (top) Apical, mid, and basal short-axis slices and (bottom)

horizontal (left) and vertical (right) long-axis slices with overlayed

endocardial and epicardial contours for a normal patient, as determined by

QGS. Crosshair lines indicate the short-axis and long-axis sections

considered.

and the valve plane. The largest and the smallest LV cav-
ity volumes correspond to end-diastole and end-systole,
from which the ejection fraction is derived. All volumes
can also be graphed in a “time–volume curve,’’ from
whose derivative it is possible to quantify various pa-
rameters of diastolic function [32]. The algorithm further
measures regional motion as the excursion of the three-
dimensional endocardial surface from end-diastole to end-
systole, using a modification of the centerline method
[89]. Segmental thickening is calculated using both geo-
metric (distance between epicardium and endocardium)
and count considerations (apparent count increase from
end-diastole to end-systole, due to the partial volume
effect) [2].

Figure 5.2 Short- and long-axis slices with QGS-overlayed contours in a

patient with a severe and extensive perfusion defect in the left anterior

descending coronary artery territory.

Emory University’s EGSTM

The Emory Gated SPECT (EGSTM) software [4] oper-
ates on a volumetric set of short-axis slices. The LV is
automatically isolated by iterative threshold adjustment
of candidate objects near the middle of the volume. Quan-
titative parameters (center, radius, apex, and base) are
automatically determined using iterative refinement that
reduces the possibility of errors caused by extracardiac
activity or large perfusion defects. Additional processing
is performed to define an LV base consisting of two
intersecting planes: a flat base plane in the lateral half of
the LV and an angled base fit to the septal valve plane. The
LV is then sampled using a hybrid coordinate system [90].
The center of the coordinate system is the LV long axis,
and the search space is limited by the LV radius, apex, and
base. In the basal and medial portion of the LV, samples
are taken 9◦ apart by using cylindrical coordinates. The
apical hemisphere is sampled using spherical coordinates,
approximately every 12◦. The sample at each angle is
the detected maximal count value, assumed to occur at
the center of the imaged myocardium, and this set of
sampled points is used to create the LV model. Since the
myocardium is usually thinner than the reconstructed
“full width half maximum’’ (FWHM) – typically 1.2–1.5
cm – and the partial volume effect is a concern [91]; the
endocardial and epicardial boundary points are estimated
by subtracting and adding 5 mm to all radii in the end-
diastolic frame. In other words, an assumption is made
that the myocardium is approximately 10 mm thick at end-
diastole [92–94]. Wall thickening throughout the cardiac
cycle is computed using a Fourier analysis of the size–
intensity relationship [3]. For each quantitative perfusion
sample, a time–intensity curve is created, and its Fourier
transform is computed to replace the discrete temporal
samples by a continuous curve, thus promoting temporal
resolution. The phase and amplitude of the first harmonic
of the transform are used to calculate percent thickening
(with respect to the end-diastolic frame) for all frames
in the cardiac cycle. Since the myocardial thickness at
end-diastole is presumed to be uniformly 10 mm, the per-
cent thickening information can be used to approximate
“absolute’’ myocardial thickness at each sampled point in
the LV, at every gated frame. For each gating interval, en-
docardial and epicardial boundary points are determined
by the same process of subtracting and adding one half
of the myocardial thickness to the myocardial center. The
surface points are connected into a contiguous triangle
mesh defining the endocardial and epicardial surfaces.
The volume enclosed by the endocardial surface points is
the endocardial chamber volume. The difference between
epicardial volume and endocardial volume is the myocar-
dial volume; myocardial mass is obtained by multiplying
the volume by a density of 1.05 g/ml. Finally, ejection
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fraction is calculated from the end-diastolic and end-
systolic volumes.

University of Michigan’s 4D-MSPECTTM

The University of Michigan’s 4D-MSPECTTMsoftware [68]
provides an automated algorithm for estimating the LV
endocardial and epicardial surfaces for myocardial per-
fusion tomographic images. The algorithm, operating on
the three-dimensional time-varying image volume, uti-
lizes gradient operators in conjunction with segmented
images and a contiguity constraint to provide the initial
surface estimate for the endocardial and epicardial sur-
faces. Using a cylindrical/spherical sampling system [85],
weights are assigned on the basis of the measured intensity
profiles within the initial surface boundaries. Using these
weights and the estimated curvature of the heart, two-
dimensional and one-dimensional weighted splines are
utilized to fill in missing data (i.e., perfusion defects) while
minimizing the inclusion of splanchnic activity. Using the
intensity profiles bounded by these new surfaces, a Gaus-
sian fit is used to find the peak activity and an estimate
of the myocardial thickness. To compensate for the lim-
ited resolution of emission tomography, the myocardial
thickness at end-diastole (corresponding to the maximal
endocardial volume) is scaled to provide an average thick-
ness of 10 mm. This scale factor, in conjunction with a my-
ocardial mass constraint, is used to adjust the myocardial
thickness throughout the cardiac cycle. Using these endo-
cardial surface contours, the deviation of the image vol-
ume from the optimal LV center and long-axis orientation
is computed. If the LV center position is in error (i.e., >0.1
pixels), the sampling coordinate system is adjusted and
the surface algorithm is restarted. If the long axis of the LV
is found to deviate more than 0.1◦ from the optimal orthog-
onal axis, the LV image volume is rotated, the sampling
coordinate system is adjusted, and the surface algorithm
is restarted. This iterative procedure is capped at five iter-
ations, but usually converges with two to three iterations.
The automatic realignment and centering algorithm has
been found to significantly improve the reproducibility of
global and regional quantitative measures of the LV per-
fusion and function [95]. From the final endocardial sur-
faces, the LV chamber volume curve through the cardiac
cycle is defined. LV ejection fraction (LVEF) and volumes
at end-diastole and end-systole are calculated and cardiac
output is computed on the basis of the end-diastolic vol-
ume (EDV) and end-systolic volume (ESV) and heart rate.
If the study was acquired with sufficient temporal resolu-
tion (≥16 frames), diastolic function parameters, such as
peak filling and peak emptying rates and the time position
to these peak rates, are computed from harmonic anal-
ysis of the time–volume curve. Myocardial volume and

mass are computed from the volume defined between the
endocardial and epicardial surfaces. Regional wall motion
is estimated from the change between the end-systolic and
end-diastolic endocardial surface positions, using a three-
dimensional modification of the centerline method [96].
The algorithm for estimating regional wall thickening uti-
lizes the partial volume effect inherent to current emission
tomographic imaging systems where the relative change
in peak myocardial intensity from end-diastole to end-
systole is related to the change in myocardial thickness.

Stanford University’s MultiDimTM

The Stanford University algorithm underlying the Multi-
DimTMsoftware [7,8] is based on the three-dimensional
analysis of count distribution moments in the short-axis
image volume. The software starts by requiring manual
placement of an ellipsoidal mask around the myocardium
in the operator-determined end-diastolic frame, with the
goal of eliminating extracardiac structures containing ac-
tivity. This masking is followed by the thresholding of
the pixels inside the ellipsoid to 35% of the maximal
pixel count throughout the cardiac cycle. Then, short-
axis images in each time interval are shifted upward or
downward, so as to ensure that the image plane divid-
ing the image volume in 90–10% count proportions is the
same for all time intervals. The stacked short-axis images
form a three-dimensional image volume, which is sam-
pled (along equally spaced longitudinal and latitudinal
angles) using rays originating at the center of the LV cav-
ity. For each ray-associated count profile, the following
three parameters are calculated: (1) the maximum in the
profile; (2) the first moment of the count distribution along
the ray, representative of the average location of the my-
ocardial wall; and (3) the second moment of the count
distribution along the ray (the standard deviation of the
count distribution around the mean), representative of the
myocardial wall thickness. All the samples corresponding
to a specific parameter and time frame are collected in a
bidimensional vector similar to the commonly used polar
(Bulls eye) map. Then, the evolution in time of each given
point (myocardial segment) is assessed in terms of the
phase and amplitude of the first harmonic of the Fourier
series describing the sequential values of a parameter at
the point during the cardiac cycle. In particular, regional
wall motion is derived from the phase and amplitude of
the cyclic wave representing the temporal variation of the
first moment of the count distribution, while wall thicken-
ing is derived from phase and amplitude of the cyclic wave
representing the temporal variation of the product of the
maximum perfusion and the second moment of the count
distribution.
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Yale University’s GSCQTM

Yale University’s GSCQTMsoftware [9] performs an initial
smoothing of the gated SPECT images by pixel-by-pixel
convolution in the temporal domain, using a digital fil-
ter with kernel values of (1, 2, 1). An estimate of the LV’s
“mid-wall’’ is determined from the ungated short and hor-
izontal long-axis SPECT images using a maximal count
search scheme and a hybrid cylindrical–spherical sam-
pling model. Then, that estimate is refined by a median
count search applied to images from all gated SPECT in-
tervals. A myocardial thickness of 12 mm is assumed for
the gated sector in which the median count is detected.
Myocardial thickness for the remaining gated intervals in
the corresponding sector is calculated as the median thick-
ness (12 mm) weighted by the ratio of the sector count to
the median count. The thickness calculation is performed
on all sectors of all gated SPECT slices, with endocardial
and epicardial edges determined by expanding the mid-
wall edge inward and outward, respectively, based upon
the total counts within the predefined endocardial and
epicardial areas in each sector. LV cavity volumes are cal-
culated as the individual voxel’s volume multiplied by the
total number of voxels enclosed in the endocardial edges,
with the LVEF being derived from the EDV and ESV.

The GSCQTMalgorithm quantifies regional wall thicken-
ing by generating circumferential maximal count profiles
consisting of 128 sectors (short-axis slices) or 64 sectors
(horizontal long-axis slices) from each frame of gated
SPECT slices, then measuring count changes in each sec-
tor (i) from the end-diastolic to the end-systolic interval
as [ES(i)−ED(i)]/ED(i) × 100% [97]. ED is defined as the
first frame following the R-wave trigger, and ES is de-
fined as the frame with maximal sectorial count density.
Gated circumferential count profiles are first normalized
to the maximal value of all 128 sectors (64 for the api-
cal cap) during a cardiac cycle. The changes in regional
function are subsequently normalized to the end-diastolic
counts in each sector, to better appreciate wall thickening
independent of regional myocardial radiotracer uptake.
Ultimately, the normalized maximal thickening profile is
displayed in conjunction with the lower limit of normal
wall thickening (mean thickening in normal subjects –
2SD). The severity and extent of abnormal thickening is
expressed as minimal wall thickening in a given anatomic
zone (anterior, septal, inferior, lateral) and as percent of
the circumferential profile.

Other approaches

Partial volume-based methods

The partial volume effect was initially described by
Hoffman et al. with regard to positron emission tomo-

graphy (PET) [98], and expresses the fact that, in nuclear
medicine imaging, the average counts measured in a struc-
ture or an organ are proportional not only to the amount of
activity contained in this structure but also to the size of the
structure itself, this latter dependence being particularly
strong for structures less than twice the FWHM resolution
of the imaging system. The result of this phenomenon is
that a “recovery coefficient curve’’ can be built that links
the average counts contained in a region of interest (ROI)
centered on various sections of the myocardium and the
thickness of that section, as shown in Fig. 5.3. Quantitative
algorithms based on the partial volume effect, like those
by Smith et al. [11] and Mochizuchi et al. [12], assume a lin-
ear relationship between the increase in maximal counts
in a myocardial segment from diastole to systole and the
physical thickening of this segment in the same time in-
terval. The LVEF can then be calculated by modeling the
LV as an ellipsoid with constant myocardial volume, and
measuring an average “index of myocardial thickening’’
[11]. A variation on the partial volume approach has been
described by Buvat et al. [13]. This algorithm uses the seg-
mental count increase from diastole to systole as a proxy
for wall thickening and integrates it with a geometric es-
timate of the actual wall thickness at diastole and systole
(hybrid method).

Threshold-based methods

One algorithm, proposed by DePuey and Nichols [14,15],
utilizes a pair of operator-selected, gated vertical long-axis
(VLA) and horizontal long-axis (HLA) midventricular im-
ages, and determines the midmyocardial and endocardial
borders in these images at end-diastole and end-systole,
by radial sampling originating from the LV cavity cen-
ter and bound by empirically determined percent thresh-
olds (a function of the minimum LV cavity counts and the
maximum myocardial counts). For each short-axis slice
that contains part of the VLA and HLA contours, a short
cylinder is built that has an ellipsoidal section defined
by the “height’’ of the VLA and the “width’’ of the HLA
in that short-axis plane. End-diastolic and end-systolic
LV cavity volumes are derived by summing all ellipsoid
cylinders at end-diastole and end-systole, as commonly
done in biplanar echocardiography [99]. A recent enhance-
ment to this algorithm involves transforming the gated
SPECT images to allow better visualization of myocardial
thickening (“brightening-mapping’’) and motion (“motion
mapping’’) in severely hypoperfused myocardial regions
[14].

A different threshold-based algorithm described by
Yang and Chen [100] defines the end-diastolic myocar-
dial contours as the isocount curves corresponding to
60% of the maximal myocardial pixel counts, while the
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Figure 5.3 Partial volume effect: (top left) section of

an asymmetrical phantom containing a uniform

concentration of 99mTc, and (top right) transaxial

SPECT image of the phantom obtained using a

standard gamma camera: the thinner regions of the

phantom appear to contain a lower concentration of

activity. The relationship between “wall thickness” and

corresponding maximum count value is shown in the

graph, and has been previously referred to as the

“recovery coefficient curve” [98]. (Reproduced with

permission from [11].)

end-systolic contours are empirically and iteratively de-
termined from the percent threshold that causes the LV
mass at end-systole to be within 5% of that at end-diastole.
The ejection fraction is then calculated from the LV cavity
areas of three midventricular short-axis images, while re-
gional thickening is estimated from their end-diastolic and
end-systolic epicardium-endocardium distances. A refine-
ment of this algorithm uses count gradients to help define
the isocount levels for the end-diastolic and end-systolic
contours [84].

In another algorithm, proposed by Nakata et al. [16], a
spline curve with a threshold of 30% of peak activity is ini-
tially used in horizontal and vertical long-axis images to
isolate the myocardium from extracardiac activity. Then,
count profile curves are drawn across the myocardium,
with the epicardium’s location estimated to correspond
to 50% of each profile’s maximum count. The endocar-
dial location is determined instead using a mathemati-
cal formula that depends on the size of the LV cavity,
thus accounting for the possible marked asymmetry of
the count profile in small ventricles and/or at end-systole.
Myocardial wall thickening can be either derived from the
end-diastolic and end-systolic epicardium-endocardium

distances, or estimated from the partial volume-related
regional count density increases from end-diastole to end-
systole [101].

The elastic surface and image
inversion methods

In the algorithm proposed by Stegger et al. [17], the
midmyocardial surface of the LV is represented by an
elastic surface over which the myocardial activity dis-
tribution exerts an attracting force proportional to the
regional count uptake. The shape of the midmyocardial
surface is modeled as the solution to a second-order par-
tial differential equation, and various constraints and local
“weights’’ are employed to minimize the influence of ex-
tracardiac activity. In a manner similar to that used in the
QGSTMalgorithm, the elastic surface approach “patches
up’’ areas of reduced or absent perfusion by promot-
ing the continuity of count gradients calculated from
adjacent areas of preserved perfusion. The endocardial
and epicardial surfaces are postulated to be equidistant
from the midmyocardium and are determined follow-
ing the calculation of the regional myocardial thickness,
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during which process the added constraint of constant
myocardial volume throughout the cardiac cycle can be
applied.

The image inversion method described by Williams
and Taillon [18] exploits the fact that the contrast be-
tween the perfused myocardium and the LV cavity is
preserved when one horizontal and one vertical long-
axis images per gating interval are digitally inverted. In
essence, with this technique, counts are produced within
the LV chamber, and the change in these counts reflects
the volumetric alterations occurring in the LV during sys-
tole. If a master ROI is manually placed around the LV
chamber counts at end-diastole, ROIs can be automati-
cally generated for each frame of the cardiac cycle, us-
ing a center of mass and the combination derivative-
threshold border detection technique. The ejection fraction
is then calculated for each long-axis data set as the end-
diastolic counts minus the end-systolic counts, divided by
the end-diastolic counts. This method of edge detection
and ejection fraction determination is the same as that
commonly employed for gated planar blood pool equi-
librium analysis, except that no background correction is
utilized.

Function parameters that can be
quantified from gated perfusion SPECT

A wide variety of global and regional function variables
can be measured from gated SPECT. Quantifiable global
parameters of function from gated perfusion SPECT in-
clude LVEF, end-diastolic and end-systolic LV cavity vol-
umes, mass, and transient ischemic dilation (TID) of the
LV based on gated or ungated volumes. Diastolic func-
tion assessment was initially not thought to be possible
with gated SPECT, but recent research shows it is feasi-
ble if a sufficient number of gating intervals are acquired
[32,33,38,102–104]. Right ventricular (RV) quantitation is
generally not performed with gated SPECT except in very
special cases [105]. In the absence of RV hypertrophy, RV
quantitation is difficult because the RV myocardium is
thinner and on a per-gram basis has lower blood flow than
the LV, hence taking up much less radioactivity than the
LV. Because of these factors, the RV is frequently poorly
visualized. In addition, the geometric shape of the RV is
less straightforward to model than that of the LV. Con-
sequently, when it is performed, the RV assessment is
based on selected two-dimensional slices and cannot be
applied to all imaged patients. Regional parameters of
function quantitated from gated perfusion SPECT images
include LV myocardial wall motion and thickening. This
section will review the published validations of quanti-
tative measurements of global and regional LV function
parameters.

LVEF

Quantitative measurements of LVEF using gated perfu-
sion SPECT are usually volume-based methods rather
than count-based methods. In particular, the time–volume
curve allows to identify the end-diastolic and end-systolic
LV cavity volumes (Fig. 5.4), from which the ejection frac-
tion is calculated as

%LVEF = (EDV − ESV)/EDV × 100

Virtually all published validation studies of gated perfu-
sion SPECT LVEF measurements by commercially avail-
able algorithms are presented in Table 5.2, along with
details about the studies [1,4,6,8,9,19–50,52–71]. It is ap-
parent that the agreement between gated SPECT and gold
standard measurements of LVEF is generally very good
to excellent. Indeed, it has been pointed out that the two-
dimensional gold standards may be intrinsically less accu-
rate than gated SPECT algorithms operating in the three-
dimensional space, because of geometric assumptions
required by the former [1].

Arrhythmias and gating errors

At the outset, it should be noted that premature ventric-
ular contractions (PVCs) have a much greater effect on
function measurements with gated SPECT than premature
atrial contractions (PACs), due to the known effects of the
PVCs on contractility – in both the PVC and the post-PVC
beat – that are not associated with the PACs. As the ulti-
mate example of this phenomenon, the EF measurements
in patients with atrial fibrillation are generally considered
to be relatively accurate except in circumstances where it
is marked beat length variability.

The effect of cardiac arrhythmias on LVEF quantification
must be discussed in the context of the particular cardiac
beat length acceptance strategy employed. If counts from
rejected beats can be accumulated in an “extra frame’’with
a particular camera/computer system, a narrow accep-
tance window is preferred (as seen in Chapter 2). This ap-
proach allows accurate binning of only the data acquired
in a regular rhythm for the assessment of ventricular func-
tion, and then summation of counts from all of the beats for
the assessment of myocardial perfusion. While with this
approach arrhythmias would still be expected to compro-
mise the overall count statistics of the gated images, this
compromise would affect all frames equally. The extent of
the problem can be easily gauged from the relative num-
ber of counts in the extra frame, as well as the appearance
of the number of counts in the gated images. Overall, little
published data exists on the effect of arrhythmias on quan-
titative LVEF measurements in conjunction with narrow
acceptance windows.
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Figure 5.4 The volumes bound by the endocardium and

the valve plane at end-diastole (left column) and

end-systole (middle column) are the highest and lowest

point on the black time–volume curve (in this patient,

frames 1 and 7, respectively), from which the LVEF is

calculated. The red curve is the derivative of the

time–volume curve, from which parameters of diastolic

function can be quantified.

When a wide acceptance window is used during acqui-
sition because the extra frame is not available, on the other
hand, greater problems and risks exist. For starters, count
losses may occur even when a 100% acceptance window is
used, if a substantial proportion of the heartbeats occurs at
less than 50% or at more than 150% of their expected dura-
tion. In these cases, the gating software may also wait one
or more additional beats before resuming triggering and
binning after a rejected event. Such count loss can not only
affect function measurements but also result in artifactual
perfusion defects [106]. A practical rule of thumb has been
proposed, on the basis of which gated SPECT acquisitions
would be reported only if at least 80% of a patient’s car-
diac beats follow a regular rhythm [107]. It should also
be recognized that a patient with a regular rhythm at the
inception of the study may develop an arrhythmia during
the acquisition.

In a patient with arrhythmia, it is important to under-
stand to what extent quantitative measurement of LVEF,
volumes, and regional function are affected by such ar-
rhythmias so that a postacquisition decision can be made
as to whether the gated component of the study should
be reported. A comprehensive analysis of the influence
of arrhythmias on quantitative gated SPECT assessment
by the QGSTMand EGSTMalgorithms has been performed

by Nichols et al., through computer simulation of “consis-
tently variable’’heart rate, transient tachycardia, and atrial
fibrillation in conjunction with a 100% acceptance win-
dow [108,109]. By paired t−test analysis these investiga-
tors found that substantial changes could be demonstrated
in LVEF, EDV, and ESV, which could lead to misclassifi-
cation of individual patients with respect to abnormal-
ity. In general, regional myocardial thickening assessment
was deemed to be compromised more by the presence
of arrhythmias than global function measurements were
[109]. A more recent report by Kasai et al. [110] points out
that both arrhythmias and various gating errors are ca-
pable of causing severe deformations of the time–volume
curve from which EDV, ESV, and LVEF are calculated, nat-
urally resulting in quantitative errors (Fig. 5.5). Finally, it
has been reported that simulated T wave triggering in a
portion of the cardiac beats in a gated SPECT acquisition
causes a decrease in the quantitatively measured LVEF; the
decrease is linearly proportional to the percentage of erro-
neous triggers, and has a summative effect with decreases
related to simulated patient motion [111].

The above considerations stress the importance of rou-
tinely reviewing the time–volume curve for the purpose
of quality-controlling the quantitative results. This topic
will be examined in detail in Chapters 6 and 7. Suffice it to
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Table 5.2 Validations of quantitative measurements of LVEF from gated perfusion SPECT.

Method Gold standard No. of patients Spearman’s r (LVEF) Isotope References

QGSTM First pass 65 0.91 99mTc sestamibi [1]

QGSTM First pass 44 0.92 I-123 BMIPP [19]

QGSTM First pass 63 0.85 99mTc sestamibi [20]

QGSTM First pass 63 0.84 201Tl [20]

QGSTM First pass 365 0.74 99mTc sestamibi, 99mTc tetrofosmin [21]

QGSTM First pass 117 0.74 99mTc sestamibi [22]

QGSTM MUGA 50 0.92 99mTc sestamibi [23]

QGSTM MUGA 36 0.87–0.92 201Tl [24]

QGSTM MUGA 40 0.93 99mTc tetrofosmin [25]

QGSTM MUGA 40 0.93 201Tl [26]

QGSTM MUGA 21 0.7 201Tl [27]

QGSTM MUGA 21 0.87 99mTc tetrofosmin [28]

QGSTM MUGA 55 0.94 201Tl [29]

QGSTM MUGA 62 0.94 99mTc sestamibi, 99mTc tetrofosmin [30]

QGSTM MUGA 25 0.89 99mTc sestamibi [31]

QGSTM MUGA 24 0.95 99mTc tetrofosmin [32]

QGSTM MUGA 48 0.91–0.94 99mTc tetrofosmin [33]

QGSTM MUGA 24 0.85 99mTc sestamibi [22] (22)

QGSTM MUGA 30 0.82 99mTc sestamibi [34]

QGSTM MUGA 52 0.90 99mTc sestamibi [35]

QGSTM MUGA 36 0.93 99mTc tetrofosmin [36]

QGSTM MUGA 36 0.91 I-123 BMIPP [36]

QGSTM 3-D MUGA 10 0.97 99mTc tetrofosmin [37]

QGSTM 3-D MUGA 25 0.93 99mTc sestamibi [38]

QGSTM MRI 17 0.93 99mTc tetrofosmin [39]

QGSTM MRI 15 0.88 99mTc tetrofosmin [40]

QGSTM MRI 25 0.93 99mTc tetrofosmin [41]

QGSTM MRI 20 0.94 99mTc sestamibi [42]

QGSTM MRI 20 0.92 201Tl [42]

QGSTM MRI 31 0.85 99mTc sestamibi [43]

QGSTM MRI 16 0.89 99mTc sestamibi [44]

QGSTM MRI 22 0.90 99mTc tetrofosmin [45]

QGSTM MRI 21 0.85 99mTc tetrofosmin [46]

QGSTM MRI 30 0.72 99mTc sestamibi [47]

QGSTM MRI 15 0.89–0.90 unknown [48]

QGSTM MRI 50 0.82 99mTc tetrofosmin [49]

QGSTM MRI 54 0.90 99mTc sestamibi [50]

QGSTM 2-D echo 35 0.79 99mTcsestamibi [52]

QGSTM 2-D echo 57 0.85 99mTc tetrofosmin [53]

QGSTM 2-D echo 52 0.82 201Tl [54]

QGSTM 2-D echo 50 0.90 99mTc sestamibi [55]

QGSTM 2-D echo 180 0.72–0.79 99mTc sestamibi, 201Tl [56]

QGSTM 2-D echo 72 0.76–0.86 201Tl [57]

QGSTM 2-D echo 33 0.75 99mTc sestamibi [58]

QGSTM 2-D echo 30 0.77–0.86 99mTc tetrofosmin [59]

QGSTM 2-D echo 32 0.83 99mTc tetrofosmin [60]

QGSTM 3-D echo 18 0.80 201Tl [61]

QGSTM Contrast ventriculography 12 0.85 99mTc tetrofosmin [53]

QGSTM Contrast ventriculography 10 0.97 99mTc tetrofosmin [37]

QGSTM Contrast ventriculography 229 0.78 99mTc tetrofosmin [62]

QGSTM Contrast ventriculography 74 0.92 99mTc tetrofosmin [63]

QGSTM Contrast ventriculography 56 0.78–0.89 99mTc sestamibi [63]

QGSTM EBCT 10 0.94 99mTc sestamibi [64]

QGSTM Thermodilution 21 0.84 99mTc sestamibi [65]

(continued )
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Table 5.2 (Continued )

Method Gold standard No. of patients Spearman’s r (LVEF) Isotope References

EGSTM First pass 79 0.82 99mTc sestamibi [4]

EGSTM MUGA 25 0.88 99mTc sestamibi [31]

EGSTM MUGA 30 0.78 99mTc sestamibi [34]

EGSTM MRI 10 0.88 99mTc sestamibi [4]

EGSTM MRI 31 0.81 99mTc sestamibi [43]

EGSTM MRI 30 0.70 99mTc sestamibi [47]

EGSTM 2-D echo 33 0.72 99mTc sestamibi [58]

4D-MSPECTTM MUGA 25 0.82 99mTc sestamibi [31]

4D-MSPECTTM MUGA 30 0.69 99mTc sestamibi [34]

4D-MSPECTTM 2-D echo 30 0.84–0.86 99mTc tetrofosmin [59]

4D-MSPECTTM MRI 26 0.97 99mTc sestamibi [66]

4D-MSPECTTM MRI 22 0.93 unknown [67]

4D-MSPECTTM MRI 54 0.89 99mTc sestamibi [50]

4D-MSPECTTM Contrast ventriculography 90 0.81 99mTc sestamibi [68]

4D-MSPECTTM Contrast ventriculography 97 0.87 unspecified [6]

MultiDimTM First pass 20 0.86 99mTc sestamibi [69]

MultiDimTM MUGA 50 0.93 99mTc tetrofosmin [8]

MultiDimTM MUGA 40 0.94 99mTc tetrofosmin [25]

MultiDimTM MUGA 19 0.7 201Tl [27]

MultiDimTM MUGA 32 0.75–0.88 201Tl [70]

MultiDimTM 2-D echo 49 0.73 99mTc sestamibi [71]

GSCQTM First pass 117 0.78 99mTc sestamibi [22]

GSCQTM MUGA 24 0.88 99mTc sestamibi [22]

GSCQTM MUGA 30 0.90 99mTc sestamibi [9]

Total 3652 0.86

Figure 5.5 Potential errors in

electrocardiographic (ECG) gating. If the ECG

gate senses the R–R interval incorrectly, an

erroneous time–volume curve will be

produced. (a) Both T and R waves trigger the

ECG gate. (b) The original R waves are sensed

for B-1 and the ventricular premature beats are

sensed for B-2. Two entire cardiac cycles are

involved in the sensed R–R interval for B-1 and

B-2. (c) The T waves are sensed instead of R

waves. R–T, T–R, R–R, R–V, V–R, and V–V each

represent an interval, respectively.

Abbreviation: V, ventricular premature beat;

square, trigger for gating. (Reproduced with

permission from [110].)
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CHAPTER 5 Quantification of ventricular function

say that if the time–volume curve is obviously deformed,
or if the frequency of PVCs is more than 20%, great caution
should be exercised regarding whether to report cardiac
function assessments.

Number of gating intervals

While most gated SPECT measurements of LVEF in the
literature have been derived from images acquired us-
ing 8-frame gating, 16-frame gating is becoming increas-
ingly popular (see Chapters 2 and 3). Sixteen-frame gat-
ing requires additional data storage and processing time
and could result in images with unacceptably low counts.
However, it can also provide more accurate estimates of
LVEF, since there is more precise end-systolic imaging.
We recommend 16-frame gating in centers using multi-
detector cameras. At least 16-frame acquisition is consid-
ered essential for diastolic function assessment. The rela-
tionship between 8-frame and 16-frame measurements of
gated SPECT LVEF has been quantitatively investigated
for Cedars-Sinai’s QGSTMalgorithm [1,29,32,33,48,112–
115] and for Yale’s GSCQTMalgorithm [72]. As expected,
8-frame gating was found to underestimate LVEF by 2–
4.5 (QGSTM) to 6 (WLCQTM) percentage points, due to
the undersampling of the time–volume curve (Figs. 5.6
and 5.7). However, the degree of underestimation is re-
markably uniform over a wide range of ejection fractions,
with no apparent trend demonstrated by Bland–Altman
analysis (Fig. 5.8). In other words, 8-frame gating has
been shown to lead to an average LVEF underestimation
of 3.7–4 LVEF percentage points in comparison with 16-
frame gating. It is, therefore, possible to derive a proxy
for “16-frame LVEF’’ by adding 4% points to the LVEFs
measured by QGSTM from 8-frame gated data. Obviously,

Figure 5.6 Eight-frame gating “smooths” the time–volume curve

compared to 16-frame gating, yielding slightly lower EDVs, higher ESVs,

and lower LVEF, principally due to imprecise definition of true end-systole.

Figure 5.7 LVEFs measured by QGS, on 65 patients, using 16-frame

and 8-frame gated 99mTc-sestamibi SPECT, showing that the latter

underestimates LVEF [1]. The correlation between the two measurements

is excellent and the standard error of the estimate (SEE) low, making their

relationship quite predictable.

although generally true, this relationship will not apply
to all the patients. While 8-frame gated SPECT imaging
does not allow for meaningful measurement of diastolic
function [116], it has been suggested that 12-frame imag-
ing may be adequate [102] and that 16-frame imaging is
quite effective [103]. Thirty-two-frame imaging is also fea-
sible and results in an excellent agreement with a MUGA
standard [32,33,35,38,104] (Table 5.3).

Count statistics and choice of radioisotopes

Quantitative measurements of LVEF, EDV, and ESV have
been reported to be quite independent of count statistics,

Figure 5.8 Bland–Altman analysis of the data in Fig. 5.7 shows essentially

no trend in the underestimation of LVEF across LVEF ranges by 8-frame

gating, with the average decrease being 3.7 LVEF percentage points [1].
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Table 5.3 Validations of quantitative measurements of diastolic function from gated perfusion SPECT.

Method Gold standard No. of patients Parameter Spearman’s r Isotope References

QGSTM MUGA 24 PER 0.87 99mTc tetrofosmin [32]

QGSTM MUGA 24 TPER 0.84 99mTc tetrofosmin [32]

QGSTM MUGA 24 1/3 FF 0.87 99mTc tetrofosmin [32]

QGSTM MUGA 24 PFR 0.92 99mTc tetrofosmin [32]

QGSTM MUGA 24 TPFR 0.89 99mTc tetrofosmin [32]

QGSTM MUGA 48 PFR 0.51–0.75 99mTc tetrofosmin [33]

QGSTM MUGA 25 PER 0.90 99mTc sestamibi [38]

QGSTM MUGA 25 PFR 0.68 99mTc sestamibi [38]

QGSTM MUGA 25 1/3 FF 0.83 99mTc sestamibi [38]

QGSTM MUGA 52 PER 0.88 99mTc sestamibi [35]

QGSTM MUGA 52 PFR 0.80 99mTc sestamibi [35]

QGSTM MUGA 52 1/3 FF 0.82 99mTc sestamibi [35]

Total 149 0.83

Abbreviations: 1/3 FF, 1/3 filling fraction; PER, peak ejection rate; PFR, peak filling rate; TPER, time to peak ejection rate; TPFR, time to

peak filling rate

and accurate even when calculated from low-count
(high-noise) images acquired using the “fast’’gated SPECT
technique [117–120], as well as simulated noisy acquisi-
tions [121]. While this finding would be expected to also
apply to gated SPECT images acquired following low-
dose and high-dose radionuclide injections [122], it has
been reported that small differences may exist [114], and
further investigation of this issue is warranted. In the au-
thors’ opinion, it is likely that differences between quanti-
tative results in high-count and low-count images will be
at least in part related to the quantitative algorithms’ dif-
ficulties in identifying the location of the valve plane with
the latter images.

Quantitative measurements may also depend on the
type of radionuclide used. As it was originally suggested
with respect to nongated dual isotope SPECT imaging
(rest 201Tl/poststress 99mTc sestamibi), resolution dif-
ferences should be minimized by employing the same
low-energy-high-resolution collimator for the 201Tl and
99mTc acquisitions [123]. This approach is also advocated
for gated SPECT imaging. Nevertheless, it is to be
expected that 201Tl images will be more “blurred’’ than
99mTc sestamibi or 99mTc tetrofosmin images, due both
to the increased amount of Compton scatter associated
with 201Tl and the use of a smoother pre-reconstruction
filter. This would translate into a mild overestimation
of 201Tl LVEF and moderate underestimation of 201Tl
EDV and ESV compared to 99mTc-based LVEF, EDV, and
ESV, respectively, as reported for the QGSTMalgorithm
[42,124–126] and shown in Fig. 5.9 with respect to LVEF.
Given the many published validations of quantitative
gated 201Tl SPECT measurements against various gold
standards [24,26,27,29,42,43,54,57,61,70,125,127,128], it is
unlikely that major quantitative discrepancies exist

between 201Tl- and 99mTc-based gated SPECT, as long as
the studies are properly acquired and processed. This
was also demonstrated in direct comparisons between
separate [124,125] and simultaneous dual isotope gated
SPECT acquisitions [20, 129].

Finally, it is reasonable to expect that the use of 201Tl
will exacerbate the overestimation of LVEF in small ventri-
cles; the use of zoomed acquisition and/or reconstruction
strategies may be able to counter that phenomenon, as will
be discussed later in this chapter. While there are lower
count rates associated with clinical doses of thallium-201
than with the 99mTc agents, we still use and recommend
the use of 16-frame gating when multidetector cameras
are employed.

Figure 5.9 Relationship between the LVEF measured by QGS in a

nonischemic 64-patient population studied with gated 99mTc sestamibi and
201Tl SPECT [124].
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Collimators, filter cutoffs, and reconstruction
techniques

The known dependency of gated SPECT image resolution
on the type of collimator used should not be of excessive
concern, as long as a high-resolution parallel hole collima-
tor is used for all patients. However, the effect of special-
ized collimators (fan beam, cone beam, etc.) on the quan-
titative measurements of LVEF has not been investigated
in great detail, and the results are not clear. Some stud-
ies comparing the QGSTM algorithm in the same patient
population using both a parallel hole and a “cardio focal’’
collimator have reported almost identical results [119,130]
as well as substantially different results [131].

To the extent that pre- or post-reconstruction filtering
changes the resolution of the gated SPECT images, it can
also affect the quantitative LVEF measured, most likely
in a manner dependent on the particular algorithm used.
Figure 5.10 shows the quantitative LVEF, measured by
QGSTM, as a function of the critical or cutoff frequency
of the Butterworth pre-reconstruction filter, for a normal
patient and an abnormal patient undergoing gated 99mTc-
sestamibi SPECT imaging. The algorithm was found to be
relatively insensitive to the level of filtering of the projec-
tion images, as long as the cutoff is greater than about 0.15
on the 0–0.5 scale, as also confirmed by other investigators
[132–134]. An even lesser degree of variability is expected
to be associated with the use of different filters having the
same cutoff [132,135]. Of course, image resolution is not
exclusively determined by filtering, being also a function
of radio pharmaceutical choice and LV size – dependency
on the latter will be discussed in detail later in the chapter.

Figure 5.10 LVEF measured by QGS in a normal (top) and an abnormal

patient (bottom) undergoing gated 99mTc-sestamibi SPECT, as a function of

the pre-reconstruction filter cutoff. Values ≤ 0.15 (on a 0–0.5 scale) or ≤
0.30 (on a 0–1 scale) can lead to overestimation of the LVEF, due to “LV

cavity obliteration.”

Finally, it has been reported that filtered back projection
and iterative reconstruction result in statistically equiva-
lent measurements of LVEF, EDV, ESV, and regional wall
motion [136–140], particularly if the number of iterations
has been optimized [141]. Iterative reconstruction may
help reduce artifacts in the inferoseptal myocardium [142],
with consequent improvement in the success rate of the
quantitative algorithm as well as its quantitative accuracy,
and has been found to yield marginally better correlation
with a planar blood pool standard than filtered back pro-
jection did [143].

Influence of perfusion defects on function
measurements

The dependency of gated SPECT LVEF, EDV, and ESV
measurements on the presence and size of perfusion de-
fects is, to some extent, a function of the specific quan-
titative algorithm used [144]. However, it is remarkable
that a large number of published reports have shown the
absence of major discrepancies between true LVEF and
measured LVEF in patients with large perfusion defects
and/or low LVEFs [6,9,20,25,29,30,39,45,48,57,59,63,68,71,
74,75,77,115, 120,145–153]. With algorithms not operating
on thresholded images, a possible reason for these find-
ings is that low levels of perfusion often exist that are
detected by the algorithm but are not visible because of
the particular gray or color scale used. This phenomenon
can be verified by saturating the scale, that is, allocating
all colors or gray levels to the low-count portion of the
image (Fig. 5.11). Nevertheless, most quantitative gated
SPECT algorithms will be unable to track edges in large
aneurysms, because quantitation generally proceeds from
an approach based on the assumption of a regular or
“smooth’’ LV shape. While this approach is quite help-
ful in ensuring that the areas of extracardiac uptake be not
erroneously considered as myocardium, it may frequently
cause the aneurysm to be “cut off’’ (excluded), with conse-
quent underestimation of the ESV and overestimation of
the LVEF.

Small LVs and myocardial hypertrophy

The accuracy of quantitative LVEF measurements de-
pends on the actual size of the LV as well as on its re-
constructed size. It has been shown that the relatively low
resolution of nuclear cardiology images can lead to the
apparent shrinkage or even obliteration of the LV cav-
ity in patients with small ventricles, particularly at end-
systole, the end result being an overestimation of the
LVEF [134,155–159]. It should be clear that this is not so
much a limitation of the various quantitative gated SPECT
algorithms, but one of nuclear cardiology itself (a human
operator would be just as likely to have difficulty
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Figure 5.11 “Saturating” the gray or color

scale by allocating all its values to the

low-count portion of the image (bottom row)

allows to verify the general accuracy of

contours derived by the quantitative algorithm

in areas of apparent “absent” perfusion (top

row). (Reproduced with permission from

[154].)

identifying the ESV in Fig. 5.12). It is reasonable to pre-
sume that if the LV is magnified, preferably in acquisi-
tion (by employing a larger acquisition zoom) or, less ide-
ally, in reconstruction (by employing zoomed centered or
zoomed off-axis reconstruction, as shown in Fig. 2.19), the
amount of LVEF overestimation would decrease [156,160–
165]. This is equivalent to using a larger image matrix size
(1002 or 1282 pixels instead of the conventional 642), since
each pixel would then correspond to a smaller portion
of the myocardium [134]. A refinement of imaging tech-
nique, therefore, might include a brief planar acquisition
followed by the choice of zoom (or matrix size) most ap-
propriate for a given patient, based on the observed heart
size [166]. Alternatively, it has been proposed that nu-
merical modeling and compensation of blurring be used
in patients with small hearts [167,168]. We do not favor

Figure 5.12 End-diastolic (top) and end-systolic (bottom) midventricular

short (left) and horizontal (middle) and vertical (right) long-axis images for a

gated 99mTc-sestamibi SPECT patient with a small LV.

customization of gated SPECT acquisition and/or process-
ing parameters based on individual patients’ characteris-
tics, and prefer to report LVEFs as being “in the normal
range’’ or “higher than 75%’’ whenever overestimation of
quantitative LVEF occurs due to small LV size.

The thickness of the myocardium is also an issue, since
nuclear cardiology techniques do not have sufficient reso-
lution to measure it with extreme accuracy [2]. Most quan-
titative gated SPECT algorithms are either calibrated for
the range of thicknesses most typically encountered in
clinical practice [1], or assume a fixed myocardial thick-
ness [4,72]; consequently, the endocardial and epicardial
contours will be incorrectly positioned in patients with
LV hypertrophy, and quantitative gated SPECT LVEFs are
likely to be underestimated [169,170].

Motion

While it has long been known that patient or organ mo-
tion during nongated myocardial perfusion SPECT acqui-
sitions may cause artifactual perfusion defects [171–173],
and the relationship between various types and degrees
of motion and quantitative perfusion assessment has been
characterized for single- and dual-detector camera sys-
tems [174], less data exists on the effect of motion on
quantitative LVEF assessment in gated SPECT imaging. A
recent report by Matsumoto et al., on the basis of the sim-
ulation of nine different patterns of motion during dual-
detector acquisitions in clinical patients, suggests that
LVEF measurements by QGSTMare relatively independent
of motion in larger hearts (EDV > 60 ml) whereas progres-
sive overestimation of LVEF occurs in smaller hearts (EDV
<50 ml). Patient motion was generally found to cause
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underestimation of EDV and ESV, mostly related to appar-
ent shrinkage of the LV cavity, with artifactual myocardial
wall motion abnormalities reported in larger hearts [175].
Furthermore, it has been suggested that gated myocardial
perfusion SPECT may be more sensitive to patient mo-
tion than planar [111] and gated blood pool SPECT [176],
with simulated motion of as little as 6.7 mm resulting in
decrease of quantitatively measured gated SPECT LVEF
[111].

Attenuation, scatter, and resolution
compensation

Attenuation correction of gated SPECT images does not
appear to greatly affect quantitative measurements of
LVEF, as demonstrated by the fact that differences less than
5% between LVEFs from attenuation-corrected and stan-
dard gated SPECT were reported for two different quan-
titative algorithms [177], and small, not clinically signifi-
cant, differences in LVEFs and volumes were found with
a third algorithm [178].

LVEFs were found to be quite comparable in a large pop-
ulation of patients undergoing back-to-back supine and
prone gated SPECT acquisitions, despite the different at-
tenuation characteristics of the two settings [179,180], and
similarly good agreement was found for gated SPECT ac-
quisitions performed with the patient in the supine and
upright positions [181]. A more recent report confirms the
statistical equivalence for quantitative LVEFs and ESVs
derived from consecutive supine and prone rest gated
SPECT acquisitions – however, differences were found
for the EDVs, stroke volumes (SVs), and heart rates. The
authors of this report suggest that the effects seen were
mostly physiological as opposed to technical or algorithm-
related.

The use of resolution recovery approaches has been re-
ported to have little effect on LVEF [138]. Quantitative dif-
ferences in LVEF, EDV, and ESV found in images before
and after correction for attenuation, scatter, and variable
resolution are likely to be related to changes in the ap-
parent LV cavity size caused by the correction algorithm
itself, and, in the authors’opinion, their possible artifactual
nature ought to be carefully considered.

Normal limits

It is generally accepted in cardiology that the cutoff be-
tween a normal LVEF and an abnormal LVEF is 50%
[182,183], and some may be tempted to consider that num-
ber as an absolute threshold. However, we have seen that
quantitative measurements of LVEF from gated SPECT
images depend on a number of factors – as an example,
a patient’s LVEF could be measured as 48 or 52%, de-
pending on whether an 8-frame or 16-frame acquisition

Table 5.4 Normal limits for quantitative measurements of global LV

function from 8-frame gated perfusion SPECT images, using the

QGSTMalgorithm.

LVEF EDV ESV EDV ESV
References Gender (%) (ml) (ml) (ml/m2) (ml/m2)

[187] M + F 45 120 70

[189] F 50 91 40

M 43 119 5

[190] F 50 100 42 56 25

M 45 142 65 70 32

protocol was employed. It is therefore essential to think
of limits of normality for gated SPECT measurements
of global cardiac function in the context of the specific
imaging approach used. Normal limits for LVEF and LV
volumes have been reported mostly for 8-frame gating
[9,184–190], and appear to be gender-specific [126,188–
196] and possibly age-specific [194], but independent of
the type of camera used [189]. Conflicting reports exist
on normal limits’ dependence on the specific radioiso-
tope used [126,189]. Table 5.4 presents some published
data relative to QGSTMand 8-frame gating: with respect to
that setting, it may be prudent to consider LVEFs greater
than 50% as definitely normal and LVEFs lower than 40%
as definitely abnormal, with clinical judgment and inte-
gration of additional data needed in the 40–50% range
(see also Chapters 6 and 8). It is extremely important to
realize that normal limits for parameters of global cardiac
function will likely be different for different quantifica-
tion algorithms [9,50,188,193,197–199], despite the gener-
ally good cross-algorithm reproducibility.

Gated PET

Of note, it has recently been suggested that algorithms
developed for gated SPECT quantitation may be directly
applicable to gated PET quantitation, despite differences
in isotope energy and image resolution: radioisotopes of
interest in this regard would be 18-FDG [153,210–225],
13-N [226–228], 15-O [229], and 82-Rb [230–234]. Even
though most validations have proved satisfactory (see also
Chapter 12), it is likely that improvements can be achieved
by modifying the gated SPECT algorithms in such a way
as to take advantage of the superior resolution of the
gated PET images (G. Germano, personal communication,
2005).

Volumes

It should be appreciated that one can usually more accu-
rately measure ratios of the LV cavity volumes, such as
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the LVEF or the TID ratio [235], than the volumes them-
selves – for example, errors in the determination of end-
diastolic and end-systolic volumes would be expected to
occur in the same general direction, and therefore would
at least partially cancel out when the ratio of the volumes
is calculated for LVEF calculation purposes [1]. Conse-
quently, validation of quantitative LVEF measurements
does not necessarily imply validation of the end-diastolic
and end-systolic volume measurements from which the
LVEF is derived. Errors in the absolute measurement of
LV cavity volumes can be attributed, in part, to the same
factors that affect the measurement of LVEF. Specifically,
(a) in comparison with 16-frame gating, the use of
8-frame gating will artificially increase ESVs and have little
effect on EDVs, as shown in Fig. 5.6, and (b) both EDV and
ESV will be underestimated when quantitative analysis is
performed on unzoomed images of small ventricles, es-
pecially with lower resolution radioisotopes. In addition,
absolute volume measurements can be adversely affected
by incorrect listing of the pixel size in the image header.
Pixel size is usually automatically calculated by modern
cameras, on the basis of knowledge of field of view and
zoom information. However, older cameras or “hybrid’’
systems (where one manufacturer’s camera is interfaced
to another manufacturer’s computer) may not be set up to
transfer pixel size information from the gantry, and may
assume a “standard’’ value (i.e., 1 cm) as default. When-
ever in doubt, the accuracy of the pixel size stored in the
image header should be checked by imaging a test pat-
tern (e.g., 2-point sources separated by a known distance),
and counting the number of pixels between the points’
centroids in the reconstructed image.

Above considerations notwithstanding, a large body of
published evidence suggests that quantitative measure-
ments of absolute LV cavity volumes from gated perfusion
SPECT images agree well with established standards, as
summarized in Table 5.5 [4,27,28,30,34,36,37,39–50,52,54–
56,58,60–62,65,66,69,70,78–81].

As it is reasonable to expect given the frequent associa-
tion of ventricular enlargement and compromised cardiac
function, there is an inverse relationship between quan-
titative measurements of LVEF and LV cavity volumes
[204,236]. With respect to the QGSTMalgorithm, Figs. 5.13,
5.14, and 5.15 show the relationships between quantitative
LVEF and end-diastolic, end-systolic, and summed gated
(ungated) LV cavity volumes measured in 926 patients
who underwent 8-frame gated 99mTc-sestamibi SPECT.
The best fit to the data is provided in all cases by a negative
exponential model, although linear regression also yields
very good correlation. Interestingly, displaying the same
data in a table format (Tables 5.6, 5.7, and 5.8) demonstrate
that, no matter whether the end-diastolic, end-systolic, or
ungated LV cavity volume is considered, thresholds ex-
ist which allow to identify the study to be considered

likely to be associated with a normal (>50%) or abnormal
(≤40%) LVEF based on the volume measurement alone,
with relatively high accuracy. The relationship between
the summed gated LV cavity volume and the EDV and
ESV measured by QGSTMwas investigated in the same 926-
patient population described above. As Fig. 5.16 shows,
LV cavity volumes from ungated or summed gated im-
ages are more similar to ESVs than to EDVs. This finding
suggests that the effect on perceived myocardial counts of
the apparent increase caused by myocardial thickening at
systole (partial volume effect [98]) is stronger than that of
the relatively longer duration of the diastolic phase of the
cardiac cycle.

Regional myocardial wall motion and thickening

Regional function assessment plays an important role
in the clinical application of gated myocardial perfusion
SPECT. Often the presence of a regional function abnor-
mality with a normal LVEF provides the necessary evi-
dence by which to consider an overall SPECT study or a
vascular territory abnormal. There is no agreement as to
whether the focus should be on quantifying myocardial
wall motion or thickening: the former has tradition-
ally been evaluated by nuclear cardiologists in conjunc-
tion with blood pool studies (and is found by many as
being easier to categorize visually – see Chapter 6), while
the latter is uniquely suited to take advantage of the
partial volume effect and its effect on gated perfusion
SPECT images. Many think that the two measurements are
essentially equivalent, because in order to thicken the my-
ocardium must necessarily move (and vice versa). While
this is generally true, there are exceptions. For instance,
small infarcted portions of the myocardium can be
“tethered’’ by surrounding healthy cardiac muscle, thus
appearing as having normal motion but absent thickening.
On the other hand, it is well known that typically postcar-
diac surgery patients appear to exhibit septal dyskinesia
(paradoxical septal motion) in the presence of normal sep-
tal thickening, with possible concomitant overestimation
of motion in the lateral myocardial wall [237–241]. While
the above phenomena suggest that thickening is poten-
tially a more accurate parameter of myocardial function
than motion, the authors believe that it is important to
evaluate both regional motion and thickening, whether
the assessment is done visually or quantitatively.

Technical considerations

Quantitation and validation of regional myocardial func-
tion measurements from gated perfusion SPECT are more
challenging, compared to global function.

With respect to thickening, it has been pointed out earlier
in this chapter that nuclear cardiology images do not have
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Table 5.5 Validations of quantitative measurements of volumes from gated perfusion SPECT.

Method Gold standard # Patients Spearman’s r (EDV) Spearman’s r (ESV) Isotope References

QGSTM MUGA 21 0.7 0.7 201Tl [27]

QGSTM MUGA 21 0.73 0.83 99mTc tetrofosmin [28]

QGSTM MUGA 62 0.88 0.95 99mTc sestamibi, 99mTc tetrofosmin [30]

QGSTM MUGA 30 0.88 – 99mTc sestamibi [34]

QGSTM MUGA 36 0.85 0.82 99mTc tetrofosmin [36]

QGSTM MUGA 36 0.85 0.75 I-123 BMIPP [36]

QGSTM 3-D MUGA 10 0.95 0.97 99mTc tetrofosmin [37]

QGSTM 3-D MUGA 16 0.98 0.93 99mTc sestamibi [78]

QGSTM MRI 17 0.81 0.90 99mTc tetrofosmin [39]

QGSTM MRI 15 0.95 0.94 99mTc tetrofosmin [40]

QGSTM MRI 25 0.81 0.92 99mTc tetrofosmin [41]

QGSTM MRI 20 0.92 0.97 99mTc sestamibi [42]

QGSTM MRI 20 0.85 0.94 201Tl [42]

QGSTM MRI 31 0.91 0.92 99mTc sestamibi [43]

QGSTM MRI 16 0.89 0.93 99mTc sestamibi [44]

QGSTM MRI 22 0.84 0.87 99mTc tetrofosmin [45]

QGSTM MRI 21 0.94 0.95 99mTc tetrofosmin [46]

QGSTM MRI 30 0.91 0.92 99mTc sestamibi [47]

QGSTM MRI 15 0.94 0.96–0.97 99mTc sestamibi [48]

QGSTM MRI 50 0.90 – 99mTc tetrofosmin [49]

QGSTM MRI 54 0.92 0.96 99mTc sestamibi [50]

QGSTM 2-D echo 35 0.88 0.91 99mTc sestamibi [52]

QGSTM 2-D echo 52 0.70 0.71 201Tl [54]

QGSTM 2-D echo 180 0.87–0.89 0.86–0.90 99mTc sestamibi, 201Tl [56]

QGSTM 2-D echo 50 0.87 0.90 99mTc sestamibi [55]

QGSTM 2-D echo 33 0.90 0.94 99mTc sestamibi [58]

QGSTM 2-D echo 49 0.86 0.86 99mTc tetrofosmin [79]

QGSTM 2-D echo 32 0.94 0.96 99mTc tetrofosmin [60]

QGSTM 3-D echo 18 0.94 0.97 201Tl [61]

QGSTM 3-D echo 8 0.99 0.99 99mTc sestamibi [80]

QGSTM Contrast ventriculography 10 0.93 0.97 99mTc tetrofosmin [37]

QGSTM Contrast ventriculography 229 0.67 0.79 99mTc tetrofosmin [62]

QGSTM Contrast ventriculography 16 0.92 – 99mTc sestamibi [78]

QGSTM Thermodilution 21 0.86 0.94 99mTc sestamibi [65]

QGSTM Thermodilution 24 0.89 0.94 99mTc sestamibi [81]

EGSTM First pass 79 0.85 0.91 99mTc sestamibi [4]

EGSTM MUGA 30 0.89 – 99mTc sestamibi [34]

EGSTM MRI 10 0.97 0.99 99mTc sestamibi [4]

EGSTM MRI 31 0.90 0.91 99mTc sestamibi [43]

EGSTM MRI 30 0.90 0.92 99mTc sestamibi [47]

EGSTM 2-D echo 33 0.90 0.94 99mTc sestamibi [58]

4D-MSPECTTM MUGA 30 0.85 – 99mTc sestamibi [34]

4D-MSPECTTM MRI 26 0.95 0.98 99mTc sestamibi [66]

4D-MSPECTTM MRI 54 0.89 0.96 99mTc sestamibi [50]

MultiDimTM First pass 20 0.93 0.92 99mTc sestamibi [69]

MultiDimTM MUGA 19 0.7 0.7 201Tl [27]

MultiDimTM Contrast ventricular 32 0.87–0.93 0.90–0.94 201Tl [70]

Total 1719 0.88 0.91

sufficient resolution for myocardial thickness to be accu-
rately measurable [2] – consequently, thickening cannot be
accurately derived solely on the basis of the change in mea-
sured myocardial thickness from diastole to systole. Most

quantification approaches rely, to some degree, on the par-
tial volume effect, which relates the increase in apparent
myocardial count density from diastole to systole to the
underlying increase in myocardial thickness. The curve

109



Clinical Gated Cardiac SPECT

Figure 5.13 Relationship between ejection fractions and ESVs. (Modified

and reproduced with permission from [204].)

Figure 5.14 Relationship between ejection fractions and EDVs. (Modified

and reproduced with permission from [204].)

Figure 5.15 Relationship between ejection fractions and summed gated

volumes. (Modified and reproduced with permission from [204].)

Table 5.6 Relationship between end-diastolic volume and left ventricular

ejection fraction (LVEF) calculated from the same gated SPECT study*.

End-diastolic volumes

LVEF >155 ml 50–155 ml <50 ml

≤ 40% 61 128 0

40–50% 2 191 1

>50% 0 437 106

*Patients in Tables 5.6–5.8 are the same as in [204]. These data, however,

were not reported.

that describes this relationship is assumed to be linear for
the range of myocardial thicknesses most commonly en-
countered in clinical practice (Figure 5.3) [11], but of course
that is only an approximation.

Other technical challenges associated with the measure-
ment of regional function from gated perfusion SPECT
are related to the rotation and translation of the heart,
as well as to the choice of an appropriate reference sys-
tem. The very nature of cardiac motion causes areas of the
myocardium to move between image slices from diastole
to systole, thus requiring accurate evaluation of regional
function to be performed in the three-dimensional space
and with a number of samples that are constant across
gating intervals [1,2]. Even three-dimensional quantita-
tive algorithms, however, do not account for the rotation
of the heart during systole [242]. Methods for the quan-
tification and correction of myocardial rotation have been

Table 5.7 Relationship between end-systolic volume and left ventricular

ejection fraction (LVEF) calculated from the same gated SPECT study.

End-systolic volumes

LVEF >90 ml 25–90 ml <25 ml

≤ 40% 93 111 0

40–50% 0 197 1

>50% 0 282 242

Table 5.8 Relationship between “ungated” (summed) volume and left

ventricular ejection fraction (LVEF) calculated from the same gated SPECT

study.

Ungated (summed) volumes

LVEF >125 ml 38–125 ml <38 ml

≤ 40% 86 127 0

40–50% 0 188 2

> 50% 0 331 192
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Figure 5.16 Histogram of the ungated (summed) LV cavity volume within

the (ESV to EDV) range, as determined by QGS in 926 patients [204].

proposed for nonnuclear modalities [243] and more re-
cently for gated SPECT [244,245], but these solutions are
not widely implemented and are likely to be problematic,
mainly because of the insufficient resolution of the gated
SPECT image set. Incidentally, it has been demonstrated
that correction for myocardial rotation has very little effect
in the assessment of the basal two-thirds of the LV [99,246],
and its clinical relevance in assessing the distal one third
of the LV is uncertain [99]. The authors believe that the
adoption of the three-dimensional, coordinateless “cen-
terline’’ approach utilized by our and other algorithms to
quantify myocardial motion [2,85,89] avoids the inaccura-
cies deriving from the use of a fixed or floating reference
system [99], albeit without specifically addressing cardiac
rotation and translation.

Validation of absolute measurements
of regional function

One would ideally want to validate the absolute quan-
titative measurements of regional wall motion and

thickening, generated by a three-dimensional algorithm
applied to gated perfusion SPECT images, against a three-
dimensional gold standard. Quantitative gated MRI is the
natural candidate for that purpose, given its high spatial
and temporal resolution, but several concerns exist with
respect to its three-dimensional nature. With current pro-
tocols, and unlike gated SPECT, the various MRI slices that
compose a three-dimensional volume are not acquired si-
multaneously, but during a series of breathholds. Even if a
“navigator’’ technique is used, this approach is associated
with some degree of misalignment within the image vol-
ume. Also, the reliance on short-axis images characteristic
of MRI protocols makes it difficult to precisely identify the
location of the valve planes, which is sometimes not even
covered by the MRI acquisition, especially in patients with
larger hearts. Despite these drawbacks, MRI is accepted as
the gold standard for function assessments at the present
time. It is surprising that only a few validations of gated
SPECT measurements by MRI exist.

Importantly, even if a larger number of published
reports existed comparing absolute quantitative measure-
ments of regional wall motion and thickening by gated
SPECT and other reference techniques in the same patient
populations, validation would be difficult. Some method
for precise registration of images from different techniques
would be needed.

It has been reported by several investigators using dif-
ferent algorithms that regional function quantitatively as-
sessed from gated SPECT images of normal patients is
markedly nonuniform [247–253], as shown in Figs. 5.17
and 5.18. On the other hand, the nonnuclear literature
comprises both findings of substantial regional hetero-
geneity of thickening [254–259] and findings of reason-
able thickening uniformity [260,261], as discussed by Cor-
bett et al. [262]. The nonuniformity of quantitative gated
SPECT regional function is probably due to a combination

Figure 5.17 Circumferential variations in

normal LV myocardium’s segmental motion at

distal, mid, and basal ventricular levels.

(Reproduced with permission from [252].)
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Figure 5.18 Circumferential variations in

normal left ventricular (LV) myocardium’s

segmental thickening at distal, mid, and basal

ventricular levels. (Reproduced with permission

from [252].)

of physiology (the septal wall of the LV moves less than
the lateral wall, since it is attached to the RV) and partial
volume effects specific to nuclear cardiology (the apex of
the LV, being thinner than other areas, appears to move
and thicken more because it lies in a steeper region of the
count density recovery curve [98]). At any rate, normal
gated SPECT regional LV function displayed using the
traditional two-dimensional polar map (Bulls eye) format
will result in a darker area at the septum for the motion
map, and a brighter area at the apex for the thickening map
(see Figs. 5.19 and 5.20), making it virtually impossible to
visually assess function normalcy from polar maps.

Figure 5.19 Polar maps showing average myocardial wall motion in 30

normal men and 30 normal women imaged using Cedars’ rest 201Tl/stress
99mTc-sestamibi separate dual isotope protocol. Note that “normal” motion

is usually less at the septum compared to the lateral wall, a finding

independent of patient gender and radioisotope used. (Modified and

reproduced with permission from [263].)

In addition to the heterogeneity of regional function in
a given patient, the clinical significance of absolute re-
gional function quantification is hampered by the rather
large variations in “normal’’ regional function across pa-
tients; as summarized by Katz et al. for echocardiography,
normal segmental cavity shrinkage has been reported to vary
from 0 (i.e., akynesis) to 100% and segmental wall thickening
to vary from 0 to 150% [99], and magnetic resonance imag-
ing (MRI) studies have also reported a normal thickening
range of 18–100% [257]. Nonetheless, as with SPECT perfu-
sion quantification, quantitative thresholds defining gated
SPECT LV wall motion and thickening abnormality can

Figure 5.20 Polar maps showing average myocardial wall thickening in

30 normal males and 30 normal females imaged using Cedars’ rest
201Tl/stress 99mTc-sestamibi separate dual isotope protocol. Note that

“normal” thickening is usually higher at the apex than at the base, a

finding independent of patient gender and radioisotope used. (Modified

and reproduced with permission from [263].)
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be derived on the basis of the mean and standard devi-
ation of these parameters in a normal patient population
[264–267]. With respect to specific implementations, inves-
tigators using the EGSTMalgorithm have found a gender
dependency of thickening, although its effect was muted
when small LV patients were purged from the analysis
[268]. The QGSTMalgorithm uses one set of normal limits
for wall motion and one for wall thickening [252], on the
basis of the authors’ experience that normal patterns of
regional function are reasonably independent of patient
gender and choice of radioisotope (Figs. 5.19 and 5.20).

Semiquantitative assessment

As a practical alternative to the absolute quantification
of regional LV function parameters from gated SPECT
images, semiquantitative classifications that are based on
segmental visual assessment have been proposed. A pop-
ular model divides the LV myocardium into 20 or 17
segments, and assigns to each of them a score varying
from 0 to 5 for motion, and from 0 to 3 for thickening, as
discussed in detail in Chapter 6. Underlying this class of
approaches is the assumption that visual assessment of
regional function from gated perfusion SPECT and other
reference imaging modalities will correlate well, despite
the possible modality-dependent differences described in
the previous section. This assumption has been verified
by several investigators with respect to regional myocar-
dial wall motion and thickening, as shown in Table 5.9
[41,42,44,269,270].

Categorical scoring of segmental myocardial wall
motion and thickening can also be accomplished auto-
matically, by defining ranges for the absolute measure-
ments obtained by a quantitative gated SPECT algorithm.
A simplified approach assigning scores of 0, 1–2, 3, 4, and
5 to quantitative motion of more than 5, 3–5, 1–3, 0–1, and
less than 0 mm in any myocardial segment (regardless of
location) resulted in exact agreement 72.6% and kappa =
0.433 between expert visual scores and QGSTM-generated

scores, in a population of 79 clinical patients with a wide
range of LVEFs [2]. In the same patients, assigning scores
of 0, 1–2, 3, and 4 to quantitative thickening of more than
30%, 15–30%, 5–15%, and less than 5% in any myocar-
dial segment (again, regardless of location) resulted in
exact agreement 74.7% and kappa = 0.408. When the re-
gional heterogeneity of normal function was taken into ac-
count by making the QGSTMquantitative ranges segment-
specific, exact agreement improved to 80% for motion
(kappa=0.71) and 86% for thickening (kappa=0.68) [252].
In this latter approach, scoring thresholds were automat-
ically determined by an iterative process aimed at max-
imizing the agreement between computer-generated and
expert scores. Results obtained for the 4D-MSPECTTM al-
gorithm [271] confirm the above findings. While it has
been pointed out that visual scores represent a suboptimal
gold standard by which to validate gated SPECT measure-
ments of quantitative wall motion and thickening [262], it
has been shown that quantitative measurements are ex-
tremely reproducible [202], being directly related to the
high degree of automation of the algorithm that generated
them, and can potentially be very useful in serial imaging
for the assessment of medical therapy or surgical interven-
tion [241]. The reproducibility of quantitative gated SPECT
measurements will be examined in more detail in the next
section.

As discussed in Chapter 6 with respect to perfusion
scores, segmental wall motion and thickening scores can
also be summed to produce a “summed motion score’’and
a “summed thickening score.’’ Whether these semiquanti-
tative measures of global LV function contain incremental
diagnostic and prognostic value over the LVEF is currently
unclear.

As previously mentioned, displays of quantitative re-
gional myocardial wall motion and thickening can be im-
plemented using the traditional two-dimensional polar
map (Bull’s eye) format, as demonstrated in Fig. 5.21, or
overlayed onto the three-dimensional epicardial or endo-
cardial surface, as commonly done for gated blood pool

Table 5.9 Validations of quantitative measurements of regional myocardial wall motion and thickening from gated perfusion SPECT.

Parameter Gold standard No. of patients No. of segments Classification Exact agreement Kappa References

Motion MRI 25 13 5-point 92% 0.82 [41]

Motion MRI 20 9 4-point 82–84% 0.70–0.73 [42]

Motion MRI 28 9 6-point 78% 0.66 [269]

Motion 2-D echo 43 16 6-point 91% 0.68 [270]

Thickening MRI 20 9 4-point 84–87% 0.71–0.76 [42]

Thickening MRI 16 13 4-point 76% 0.62 [44]

Thickening MRI 28 9 5-point 78% 0.62 [269]

Thickening 2-D echo 43 16 4-point 90% 0.62 [270]

TOTAL 223 84% 0.69
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Figure 5.21 Polar or “Bulls eye” maps displaying (a) regional myocardial

wall motion and thickening patterns, and their average quantitative values

for (b) the 20-segment model, (c) the 17-segment model, (d) the

three-coronary territories model, and (e) a wall-based model.

SPECT (Fig. 5.22). It has been reported that global myocar-
dial contractility can be calculated using the time–volume
curve from gated perfusion SPECT, and expressed via a
normalized elastance curve [272].

Reproducibility of global and regional
quantitative function measurements

Reproducibility vs. repeatability

In the authors’ opinion, there is inconsistency in the usage
of the term reproducibility. For the purposes of our dis-
cussion, we shall distinguish between reproducibility and
repeatability as follows.

Repeatability assessment involves applying a quantita-
tive gated SPECT algorithm to two separately acquired
image sets belonging to the same patient (images ideally
acquired without changes in the acquisition protocol or pa-
tient condition), and measuring the difference between the
quantitative results. Low repeatability can be due to either
(a) changes in the acquisition setup (the patient moved, the
radiopharmaceutical uptake pattern changed, gating ab-
normalities occurred); (b) changes in the reconstruction
and reorientation parameters used to generate the tomo-
graphic images input to the algorithm; (c) changes in the
way the quantitative algorithm operated, or was applied
to the data; and/or (d) true physiological variation in the
patient’s state at imaging. In other words, repeatability is a
measure of the combined “stability’’ of the quantitative al-
gorithm, the gated SPECT acquisition protocol itself, and
the patient. Image registration strategies [273] can be ap-
plied prior to the use of a quantitative algorithm in order
to improve its repeatability [274], as explained in detail in
Chapter 4.

We consider reproducibility of measurements of global
and regional function from gated SPECT images to refer to
applying a quantitative algorithm twice to the same image
set, and therefore to be proportional to the degree to which
the algorithm is automated. Measurements from auto-
matic, “push-button’’ algorithms that operate in a deter-
ministic manner are, by definition, perfectly reproducible
[1] – published reports suggesting otherwise reflect the in-
corporation, in the reproducibility calculations, of either
(a) operator-performed reconstruction and reorientation
or (b) manual override of algorithm-generated contours
in some of the patients. Semiautomatic algorithms that
systematically require some sort of operator intervention
(slice selection, manual isolation of the LV, manual iden-
tification of the LV cavity center, etc.) can be evaluated in
terms of their interobserver reproducibility (agreement be-
tween measurements by two different individuals using
the same algorithm on the same patient) and intraobserver
reproducibility (agreement between measurements by the
same individual using the same algorithm on the same pa-
tient). As a general rule, one would expect intraobserver
reproducibility to be at least as high as interobserver re-
producibility, and reproducibility to be at least as high
as repeatability. Of note, an algorithm can be perfectly
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Figure 5.22 Three-dimensional representation of the

endocardial surface with superimposed color-coded

quantitative wall motion, for a patient with low LVEF and

marked hypokinesis in the LAD coronary artery territory

(courtesy of Edward J. Ficaro, PhD).

reproducible in general but require (in a small percent-
age of the studies processed) adjustments to compensate
for inaccuracies in the identification or outlining of the
myocardium: it is customary to address this situation by
reporting the success rate of the algorithm, or the percent-
age of cases in which no modifications were required [1].
Modifications can be effected using various degrees of
human interaction, from simply “masking out’’ portions
of the image set and reapplying the automatic algorithm
(Fig. 5.23) to constraining the location of the apex and
basal plane, or manually drawing or altering myocardial
contours, and will typically result in intra- and interob-
server reproducibilities that are very high but less than
100%.

The published results concerning the reproducibility
and repeatability of measurements of quantitative func-
tion parameters from gated perfusion SPECT for commer-
cially available algorithms (Table 5.10) demonstrate very
good to excellent agreement between independent mea-
surements [1,2,8,19,28,30–32,34,36,48,56,69,119,124,125,
128,153,179,200–209]. Even semiautomatic algorithms
that require minor operator intervention (slice selection,
manual isolation of the LV, manual identification of the
LV cavity center, etc.) generally enjoy equal or greater
reproducibility than conventional nuclear or nonnuclear

techniques used for LV function assessment [275]. As
quantitative gated perfusion SPECT becomes an in-
creasingly important tool in the sequential evaluation of
patients with progressing disease or undergoing medical
or surgical therapy [241,276–285], it is obvious that the
reproducibility and repeatability of a particular algorithm
must be known to correctly identify significant changes
in a patient [274].

Stunning

An admittedly extreme, worst-case example of nonre-
peatability is the finding of differences in quantitative
gated SPECT measurements of LVEF (or regional wall mo-
tion) at rest compared to poststress. While no one would
consider this to be a fair test of repeatability, historically
many validations of poststress gated SPECT quantitation
have used as reference a planar study acquired at rest,
implicitly assuming that LV function 1-hour after exercise
is equal to resting function. Indeed, that is often not the
case, and “nonrepeatabilities’’ found in this context have
important clinical meaning.

Johnson et al. first reported in 1997 that of 61 patients
with reversible ischemia imaged using a 2-day, treadmill
stress and rest gated 99mTc-sestamibi SPECT protocol, 22
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Figure 5.23 “Manual” processing option in QGSTM. If the automatic algorithm did not produce satisfactory endocardial/epicardial contours (most

commonly due to high extracardiac activity), a mask can be used to redefine the portion of the image volume on which the algorithm is to operate.

(36%) had significantly lower poststress LVEF than the
rest LVEF [201]. The threshold of ±5.2% (2SD) for statis-
tically significant differences had been determined from a
separate group of 15 patients undergoing serial rest gated
SPECT on consecutive days. The authors attributed the re-
duction in LVEF in those 22 patients to postischemic my-
ocardial stunning persisting 30 minutes poststress, noting
that all 20 patients in yet another group without reversible
ischemia demonstrated excellent agreement between the
poststress and rest quantitative LVEF measurements.

The association between reversible ischemia and a
decrease in the poststress LVEF has been successively
reported by a large number of investigators for exer-
cise stress [286–296] and even for pharmacological stress
[286,297–304]. It has been suggested that subendocardial
ischemia rather than stunning might be the main causing
factor for the apparent LVEF decrease, because quanti-
tative algorithms might fail to adequately trace the en-
docardium in regions with the greatest ischemia and
thus underestimate LVEF [305]; however, studies designed

around sequential poststress gated SPECT acquisitions
using 99mTc-based (nonredistributing) radiopharmaceu-
ticals have shown that systolic dysfunction tends to re-
solve over time in spite of persisting stress perfusion
defects, implying that true stunning is at least a partial
cause of the observed phenomenon [303,306–308]. Inter-
estingly, poststress decreases in LVEF have been reported
even in the patients with normal perfusion [298,309] and
are associated with significant CAD [310] and adverse
prognosis.

In addition to poststress decreases in global LV function,
regional wall motion abnormalities present poststress
have been described [300,311–313], and may be easier to
detect than abnormalities in global poststress function
[295,300,311,314,315]. Poststress diastolic dysfunction has
also been found associated with systolic dysfunction in
patients with angina [316].

While myocardial stunning is a well-recognized phe-
nomenon in conjunction with both treadmill stress
[317,318] and adenosine vasodilator stress [319–321], there
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Table 5.10 Reproducibility and repeatability of quantitative gated SPECT measurements.

Method Type of analysis Parameter Agreement No. of patients References

QGSTM Reproducibility LVEF r = 1, SEE = 0% 65 [1]

QGSTM Reproducibility EDV r = 1, SEE = 0 ml 65 [1]

QGSTM Reproducibility ESV r = 1, SEE = 0 ml 65 [1]

QGSTM Reproducibility WM % Agreement = 100% 79 [2]

QGSTM Reproducibility WT % Agreement = 100% 79 [2]

QGSTM Reproducibility (intraobserver)∗ LVEF r = 0.99, SEE = 2.4% 21 [28]

QGSTM Reproducibility (intraobserver)∗ EDV r = 0.99, SEE = 3.2 ml 21 [28]

QGSTM Reproducibility (intraobserver)∗ ESV r = 0.99, SEE = 3.2 ml 21 [28]

QGSTM Reproducibility (intraobserver)∗ LVEF r = 0.99 25 [31]

QGSTM Reproducibility (intraobserver)∗ LVEF r = 0.99 30 [34]

QGSTM Reproducibility (interobserver)∗ LVEF r = 0.99, SEE = 2.2% 25 [31]

QGSTM Reproducibility (interobserver)∗ EDV r = 0.99, SEE = 3.3 ml 25 [31]

QGSTM Reproducibility (interobserver)∗ ESV r = 0.99, SEE = 2.7 ml 25 [31]

QGSTM Reproducibility (interobserver)∗ LVEF r = 1 25 [31]

QGSTM Reproducibility (interobserver)∗ LVEF r = 0.99, SEE = 1.8% 20 [30]

QGSTM Reproducibility (interobserver)∗ EDV r = 1, SEE = 5.2 ml 20 [30]

QGSTM Reproducibility (interobserver)∗ ESV r = 1, SEE = 5.0 ml 20 [30]

QGSTM Reproducibility (interobserver)∗ LVEF/EDV/ESV r = 0.99 (201Tl) 30 [200]

QGSTM Reproducibility (interobserver)∗ “ r = 0.99–1.00 (99mTc) 26 [200]

QGSTM Reproducibility (interobserver)∗ LVEF r = 1.00 30 [34]

QGSTM Reproducibility (interobserver)∗ LVEF r = 0.99 36 [36]

QGSTM Reproducibility (interobserver)∗ EDV r = 0.97 36 [36]

QGSTM Reproducibility (interobserver)∗ ESV r = 0.98 36 [36]

QGSTM Repeatability LVEF r = 0.98, SD = 2.6% 15 [201]

QGSTM Repeatability LVEF r = 0.92, SD = 5.5% 26 [128]

QGSTM Repeatability EDV r = 0.98, SD = 12 ml 26 [128]

QGSTM Repeatability ESV r = 0.98, SD = 9.5 ml 26 [128]

QGSTM Repeatability LVEF r = 0.98, SD = 3% 25 [128]

QGSTM Repeatability EDV r = 0.98, SD = 8 ml 25 [128]

QGSTM Repeatability ESV r = 0.99, SD = 5 ml 25 [128]

QGSTM Repeatability WM r = 0.95, kappa = 0.81 31 [202]

QGSTM Repeatability WT r = 0.88, kappa = 0.71 31 [202]

QGSTM Repeatability (8-frame vs. 16-frame) LVEF r = 0.99, SEE = 2.65% 65 [1]

QGSTM Repeatability (8-frame vs. 16-frame) LVEF r = 0.99 15 [48]

QGSTM Repeatability (8- frame vs. 32-frame) EDV r = 0.99 24 [32]

QGSTM Repeatability (8- frame vs. 32-frame) ESV r = 0.99 24 [32]

QGSTM Repeatability (16- frame vs. 32-frame) EDV r = 1.00 24 [32]

QGSTM Repeatability (16- frame vs. 32-frame) ESV r = 1.00 24 [32]

QGSTM Repeatability (180◦ vs. 360◦) LVEF r = 0.98, SEE = 3.4% 30 [203]

QGSTM Repeatability (180◦ vs. 360◦) EDV + ESV r = 0.99, SEE = 5.6 ml 30 [203]

QGSTM Repeatability (prone/supine) LVEF r = 0.93, SD = 3.2% 180 [179]

QGSTM Repeatability (prone/supine) EDV r = 0.97, SD = 6.2 ml 180 [179]

QGSTM Repeatability (prone/supine) ESV r = 0.98, SD = 4.8 ml 180 [179]

QGSTM Repeatability (gated/non-gated) V r = 0.99, SEE = 5.1 ml 926 [204]

QGSTM Repeatability (standard/fast) LVEF r = 0.97, SD = 3.4% 20 [119]

QGSTM Repeatability (standard/fast) EDV r = 0.99, SD = 7.1 ml 20 [119]

QGSTM Repeatability (standard/fast) ESV r = 0.99 , SD = 6.3 ml 20 [119]

QGSTM Repeatability (standard/fast) LVEF r = 0.98, SEE = 3.4% 25 [205]

QGSTM Repeatability (standard/fast) EDV r = 0.98 25 [205]

QGSTM Repeatability (different cameras) LVEF r = 0.88 79 [206]

QGSTM Repeatability (follow-up) LVEF r = 0.87 1880 [207]

QGSTM Repeatability (201Tl/99mTc) LVEF r = 0.92, SEE = 6.3% 121 [124]

QGSTM Repeatability (201Tl/99mTc) LVEF r = 0.87, SD = 6% 40 [125]

QGSTM Repeatability (201Tl/99mTc) EDV r = 0.96, SD = 15.5 ml 40 [125]

(continued )
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Table 5.10 (Continued )

Method Type of analysis Parameter Agreement No. of patients References

QGSTM Repeatability (201Tl/99mTc) ESV r = 0.97, SD = 11.5 ml 40 [125]

QGSTM Repeatability (18FDG/99mTc) LVEF r = 0.85–0.94 101 [153]

QGSTM Repeatability (123I/99mTc) LVEF r = 0.95, SEE = 5% 44 [19]

QGSTM Repeatability (123I/99mTc) LVEF r = 0.94 36 [36]

QGSTM Repeatability (123I/99mTc) EDV r = 0.93 36 [36]

QGSTM Repeatability (123I/99mTc) ESV r = 0.95 36 [36]

QGSTM Repeatability (123I/201Tl) LVEF r = 0.84 20 [208]

QGSTM Repeatability (rest/poststress, 99mTc) LVEF r = 0.90, SEE = 6.1% 31 [56]

QGSTM Repeatability (rest/poststress, 99mTc) EDV r = 0.97, SEE = 13.0 ml 31 [56]

QGSTM Repeatability (rest/poststress, 99mTc) ESV r = 0.98, SEE = 9.6 ml 31 [56]

QGSTM Repeatability (sequential poststress, 99mTc) LVEF r = 0.98, 2SD = 5.5% 26 [200]

QGSTM Repeatability (sequential poststress, 99mTc) EDV r = 0.99, 2SD = 14.1 ml 26 [200]

QGSTM Repeatability (sequential poststress, 99mTc) ESV r = 1.00, 2SD = 9.4 ml 26 [200]

QGSTM Repeatability (rest/poststress, 201Tl) LVEF r = 0.89, SEE = 6.8% 29 [56]

QGSTM Repeatability (rest/poststress, 201Tl) EDV r = 0.97, SEE = 9.7 ml 29 [56]

QGSTM Repeatability (rest/poststress, 201Tl) ESV r = 0.98, SEE = 8.3 ml 29 [56]

QGSTM Repeatability (sequential rest, 201Tl) LVEF r = 0.92, SD = 6% 20 [125]

QGSTM Repeatability (sequential rest, 201Tl) EDV r = 0.95, SD = 14.5 ml 20 [125]

QGSTM Repeatability (sequential rest, 201Tl) ESV r = 0.97, SD = 9.5 ml 20 [125]

QGSTM Repeatability (sequential rest, 201Tl) LVEF r = 0.93, 2SD = 10.3% 30 [200]

QGSTM Repeatability (sequential rest, 201Tl) EDV r = 0.98, 2SD = 24.1 ml 30 [200]

QGSTM Repeatability (sequential rest, 201Tl) ESV r = 0.99, 2SD = 18.6 ml 30 [200]

QGSTM Repeatability (sequential rest, 201Tl) LVEF r = 0.94 55 [209]

QGSTM Repeatability (sequential rest, 201Tl) EDV r = 0.99 55 [209]

QGSTM Repeatability (sequential rest, 201Tl) ESV r = 0.99 55 [209]

EGSTM Reproducibility (intraobserver)* LVEF r = 0.98 25 [31]

EGSTM Reproducibility (interobserver)* LVEF r = 0.98 25 [31]

EGSTM Reproducibility (intraobserver)* LVEF r = 0.98 30 [34]

EGSTM Reproducibility (interobserver)* LVEF r = 0.98 30 [34]

4D-MSPECTTM Reproducibility (intraobserver)* LVEF r = 0.96 25 [31]

4D-MSPECTTM Reproducibility (interobserver)* LVEF r = 0.96 25 [31]

4D-MSPECTTM Reproducibility (intraobserver)* LVEF r = 0.98 30 [34]

4D-MSPECTTM Reproducibility (interobserver)* LVEF r = 0.98 30 [34]

4D-MSPECTTM Repeatability (different cameras) LVEF r = 0.89 79 [206]

MultiDimTM Reproducibility (intraobserver) LVEF r = 0.97, SD = 4.5% 50 [8]

MultiDimTM Reproducibility (interobserver) LVEF r = 0.88, SD = 4.7% 50 [8]

MultiDimTM Reproducibility LVEF r = 0.97, SEE = 3.7% 49 [69]

Abbreviations: r , Spearman’s correlation coefficient; SEE, standard error of the estimate; SD = standard deviation of the paired absolute difference between

measurements; V, ungated (summed) volume; WM, wall motion; WT, wall thickening
∗ Includes reproducibility of reconstruction/reorientation process and/or manual override of algorithmic results in some of the patients.

is less agreement on its duration. With respect to quan-
titative gated SPECT imaging, published reports range
from less than 30 minutes [307] to 1 hour or more
with exercise stress [288,322] or pharmacologic stress
[297,300]. The frequency with which poststress decreases
in LV function are encountered in a clinical laboratory
will likely depend, to a large extent, on the type of
patients imaged, with published data ranging from 5
to 10% [56,57,323,324] to as many as 44% of patients
[298]. In general, the finding is considered to be due
to severe ischemia occurring during stress, and is usu-

ally associated with a critical (>90%) coronary stenosis
(see Chapter 6).

Cross-algorithm reproducibility

Cross-algorithm reproducibility is defined as the agree-
ment between quantitative measurements performed by
two different algorithms on the same patient. If the
two algorithms are completely automatic, cross-algorithm
reproducibility less than 100% will reflect only the
different manner in which the algorithms operate; if not,
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Table 5.11 Cross-algorithm reproducibility for commercially available quantitative gated SPECT software.

Method No. of patients Parameter Agreement References

QGSTMvs. EGSTM 33 EDV, ESV r > 0.94 [83]

QGSTMvs. EGSTM 97 LVEF r = 0.72 [325]

QGSTMvs. EGSTM 246 LVEF r = 0.90 [326]

QGSTMvs. EGSTM 246 EDV r = 0.91 [326]

QGSTMvs. EGSTM 246 ESV r = 0.95 [326]

QGSTMvs. EGSTM 246 LVEF r = 0.90 [327]

QGSTMvs. EGSTM 246 EDV r = 0.91 [327]

QGSTMvs. EGSTM 246 ESV r = 0.94 [327]

QGSTMvs. EGSTM 1006 LVEF r = 0.93 [328]

QGSTMvs. EGSTM 1006 EDV r = 0.93 [328]

QGSTMvs. EGSTM 1006 ESV r = 0.80 [328]

QGSTMvs. EGSTM 50 LVEF r = 0.87 [197]

QGSTMvs. EGSTM 50 EDV r = 0.89 [197]

QGSTMvs. EGSTM 50 ESV r = 0.92 [197]

QGSTMvs. EGSTM 122 LVEF r = 0.89, SEE = 6.4% [198]

QGSTMvs. EGSTM 30 LVEF r = 0.95 [34]

QGSTMvs. EGSTM 30 EDV r = 0.98 [34]

QGSTMvs. EGSTM 30 LVEF r = 0.95, SEE = 3.9% [47]

QGSTMvs. 4D-MSPECTTM 30 LVEF r = 0.91 [34]

QGSTMvs. 4D-MSPECTTM 30 EDV r = 0.98 [34]

QGSTMvs. 4D-MSPECTTM 129 LVEF r = 0.94 [329]

QGSTMvs. 4D-MSPECTTM 129 EDV r = 0.97 [329]

QGSTMvs. 4D-MSPECTTM 129 ESV r = 0.98 [329]

QGSTMvs. 4D-MSPECTTM 54 LVEF r = 0.92 [50]

QGSTMvs. 4D-MSPECTTM 54 EDV r = 0.96 [50]

QGSTMvs. 4D-MSPECTTM 54 ESV r = 0.96 [50]

QGSTMvs. MultiDimTM 40 LVEF r = 0.93, SEE = 6.8% [25]

QGSTMvs. MultiDimTM 40 EDV r = 0.97, SEE = 20 ml [25]

QGSTMvs. MultiDimTM 40 ESV r = 0.98, SEE = 20 ml [25]

QGSTMvs. MultiDimTM 43 LVEF r = 0.86 [144]

QGSTMvs. MultiDimTM 43 EDV r = 0.96 [144]

QGSTMvs. MultiDimTM 43 ESV r = 0.97 [144]

QGSTMvs. MultiDimTM 122 LVEF r = 0.42, SEE = 10.9% [198]

QGSTMvs. GSCQTM 110 LVEF r = 0.87 [330]

QGSTMvs. GSCQTM 110 EDV r = 0.90 [330]

QGSTMvs. GSCQTM 110 ESV r = 0.90 [330]

QGSTMvs. GSCQTM 158 LVEF r = 0.89 [22]

QGSTMvs. GSCQTM 122 LVEF r = 0.82, SEE = 10.2% [198]

EGSTMvs. 4D-MSPECTTM 30 LVEF r = 0.94 [34]

EGSTMvs. 4D-MSPECTTM 30 EDV r = 0.96 [34]

EGSTMvs. MultiDimTM 122 LVEF r = 0.38, SEE = 10.6% [198]

EGSTMvs. GSCQTM 122 LVEF r = 0.71, SEE = 9.3% [198]

MultiDimTMvs. GSCQTM 122 LVEF r = 0.19, SEE = 12.4% [198]

intra- and interobserver variabilities will also detract from
the agreement.

Most studies analyzing cross-algorithm reproducibility
have shown strong linear correlation between measure-
ments of the same parameters by different algorithms, as
demonstrated by the high Spearman r values in Table 5.11
[22,25,34,47,50,83,144,197,198,325–330]. However, it has
also been demonstrated that systematic differences and

biases between the algorithms’ measurements do exist, as
reflected in the fact that the slope of the correlation lines
is in many cases substantially different from 1. In practi-
cal terms, this necessitates the use of algorithm-specific
diagnostic and prognostic thresholds and prevents the
direct merging of differently analyzed data in the
context of multicenter trials [50,58,122,134,326,328,329,
331].
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Figure 5.24 Quantitative

parameters derivable from a

rest/stress gated perfusion

SPECT protocol.

Reporting of quantitative perfusion
and data

Quantitative gated perfusion SPECT imaging greatly
increases the number of important parameters that can
be objectively and reproducibly measured using nuclear
cardiology. As described in Chapter 3, at Cedars-Sinai
our patients undergo a “separate dual-isotope’’ protocol
[123], using 16-frame gated SPECT at rest (3–4.5 mCi
of 201Tl) and 15–60 minutes after stress (25–40 mCi of
99mTc sestamibi). The projection data and short-axis
gated and ungated data are routinely, simultaneously,
and automatically analyzed as shown in Fig. 5.24, and
the following quantitative parameters extracted: (a)
percent hypoperfused myocardium and percent ischemic
myocardium [266,332]; (b) summed stress, summed
rest, and summed difference scores, both model-specific
[333,334] and model-independent (normalized to the
worst possible score in a particular model) [335]; (c)
rest and poststress LVEF [1]; (d) percent dysfunctional
myocardium and regional myocardial wall motion
and thickening scores [2,252], with model-specific and
model-independent (normalized) summed wall motion
(SWM) and wall thickening (SWT) scores; (e) rest and
stress LV cavity volumes, both gated and ungated
[204]; (f) TID ratio based on the ungated LV cavity
volumes [235,303]; (g) rest and stress lung/heart ratios
(LHRs) [336]; (h) LV mass [337,338]; and (i) LV sphericity
[88].

Quantitative information related to perfusion can be
presented as shown in Fig. 5.25, with (a) side-by-side
display of representative short- and long-axis images for
the rest and stress portion of the study; (b) 17-segment (or
20-segment if desired), territory-based or myocardial wall-
based demarcation lines overlayed onto the images them-
selves, the two-dimensional polar maps and the three-
dimensional perfusion maps (the latter two expressing in
parametric format raw values, extent, or severity); and (c)
a graphical and numeric assessment of defect extent and
reversibility, including summed severity scores and TID.
Quantitative information related to function can be pre-
sented, in similar fashion, as shown in Fig. 5.26, where
(a) the side-by-side short- and long-axis images now rep-
resent the end-diastolic and end-systolic gating frames;
(b) two-dimensional polar maps for regional perfusion,
myocardial wall motion, and wall thickening are dis-
played together with three-dimensional “surface maps’’;
and (c) the time–volume curve accompanies numeric de-
terminations of EDV, ESV, SV, and LVEF. To achieve mean-
ingful correlation of the regional quantitative perfusion
and function measurements, it is essential that the seg-
ments to which such measurements refer be intrinsically
aligned. To this end, current generation quantitative algo-
rithms follow an “integrated’’ software approach focusing
on a common coordinate system and sampling scheme for
the assessment of the perfusion and function components
of a gated SPECT acquisition [4,339]. Some brief obser-
vations regarding quantitation of parameters other than
perfusion and function are presented below.
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Figure 5.25 Cedars-Sinai’s Quantitative Perfusion SPECT (QPSTM): display of quantitative perfusion information for a patient with ischemia in the mid left

anterior descending territory.

Lung/heart ratio

While the LHR was initially measured from anterior pla-
nar images, this ratio can also be assessed from the raw
data acquired during SPECT. Several projection images
from a SPECT acquisition can be summed to improve
count statistics for the purposes of LHR calculation [339].
The LV is isolated in this composite image by manually
or automatically generating an ROI that encompasses it,
and a similar ROI is placed on the adjacent lung. The LHR
is then computed as the simple ratio of the maximal or
average pixel count in the LV and lung ROIs. In patients
with coronary artery disease (CAD), it has long been re-
ported that the LHR is a moderately sensitive and spe-
cific marker of severe and extensive CAD when used in
conjunction with 201Tl, with its threshold for abnormal-
ity being approximately 0.5 [340]. It has also been shown
to be of prognostic significance, adding to the assessment
of perfusion defects. Later experience with 99mTc sestamibi

suggests that the LHR has a similar role at somewhat lower
values (0.44) with 99mTc-based radioisotopes, provided
that imaging is performed closely following injection
[336].

TID ratio

The TID ratio is simply the ratio of the ungated LV
cavity volume poststress and at rest. As previously dis-
cussed, the TID ratio measured by SPECT may reflect true
stress-induced stunning of the LV, extensive subendocar-
dial ischemia, or a combination of the two mechanisms.
Nevertheless, this parameter has been demonstrated to be
a moderately sensitive and highly specific marker of se-
vere and extensive CAD [235], with higher specificity than
the LHR. Of note, multiple investigators have reported
that TID ratio and LHR are not correlated (i.e., it is quite
unlikely to find them both to be abnormal in any given
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Figure 5.26 Cedars-Sinai’s QGS: display of quantitative function information for the same patient as in Fig. 5.25.

patient [341,342]), which makes them ideal complemen-
tary measurements.

The threshold for TID ratio abnormality depends on
the choice of rest and poststress radioisotopes, method of
stress, and possibly patient gender [343,344], but appears
to be relatively independent of the particular quantita-
tive algorithm used; published values range from 1.14
for a same-day postexercise/rest 99mTc-sestamibi proto-
col [344] to 1.22–1.23 for a rest 201Tl/postexercise 99mTc-
sestamibi protocol [235,344], with pharmacologic stress
producing somewhat higher thresholds, as high as 1.36
with adenosine stress and dual isotope myocardial perfu-
sion SPECT [345,346]. It is also possible to derive the TID
ratio from end-diastolic or end-systolic LV cavity volumes
[347], although the implications and potential advantages
of this approach have not been studied in depth.

Myocardial mass
This parameter is also conceptually easy to measure,
being derived as the volume bound by the epicardial
surface, endocardial surface, and valve plane multi-
plied by the myocardial density. One could think of the
myocardial volume as the area of the midmyocardial sur-
face (between the epicardial and endocardial surfaces)
multiplied by the myocardial thickness. As previously dis-
cussed, since it is difficult to accurately measure the latter
due to the relatively low resolution of SPECT images [2],
myocardial mass is not assessed with as high accuracy by
SPECT as are volumes and ejection fraction [337,348–351],
although both reproducibility and stress/rest repeatabil-
ity of LV mass measurements by SPECT can be expected
to be very high [348,349,352]. Of note, some investiga-
tors have reported very good agreement of reference and
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SPECT LV mass measurements on the basis of the as-
sumption of uniform thickness for the myocardial wall
[4,66,353], which should translate into the possibility of
using the SPECT midmyocardial LV surface area as a good
proxy for the LV volume.

LV shape

The LV can be reasonably approximated by a prolate ellip-
soid [1], and consequently it is easy to estimate its shape
using the major and minor axes of the ellipsoid that best
fits it. The closer the axes in size, the closer the ellipsoid
becomes to a sphere, a case consistent with LV remodeling
associated with congestive heart failure or other patholo-
gies. A potentially more accurate algorithm for shape as-
sessment has also been proposed that is based on the re-
gional search for the maximal distance between endocar-
dial surface points [88].
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MA. Elastic surface contour detection for the measurement
of ejection fraction in myocardial perfusion SPET. European
Journal of Nuclear Medicine 2001;28(1):48–55.

18. Williams KA, Taillon LA. Left ventricular function in pa-
tients with coronary artery disease assessed by gated to-
mographic myocardial perfusion images. Comparison with
assessment by contrast ventriculography and first-pass ra-
dionuclide angiography. Journal of the American College of
Cardiology 1996;27(1):173–181.

19. Inubushi M, Tadamura E, Kudoh T, et al. Simultaneous as-
sessment of myocardial free fatty acid utilization and left
ventricular function using 123I-BMIPP-gated SPECT. Jour-
nal of Nuclear Medicine 1999;40(11):1840–1847.

20. He ZX, Cwajg E, Preslar JS, Mahmarian JJ, Verani MS. Ac-
curacy of left ventricular ejection fraction determined by
gated myocardial perfusion SPECT with Tl-201 and Tc-99m
sestamibi: comparison with first-pass radionuclide angiog-
raphy. Journal of Nuclear Cardiology 1999;6(4):412–417.

123



Clinical Gated Cardiac SPECT

21. Vallejo E, Dione DP, Sinusas AJ, Wackers FJ. Assess-
ment of left ventricular ejection fraction with quantita-
tive gated SPECT: accuracy and correlation with first-pass
radionuclide angiography. Journal of Nuclear Cardiology
2000;7(5):461–470.

22. Lam PT, Wackers FJT, Liu YH. Validation of a new
method for quantification of left ventricular function from
ECG-gated SPECT [abstract]. Journal of Nuclear Medicine
2001;42(5):93P–94P.

23. Moriel M, Germano G, Kiat H, et al. Automatic measurement
of left ventricular ejection fraction by gated SPECT Tc-99m
sestamibi: a comparison with radionuclide ventriculogra-
phy [abstract]. Circulation 1993;88(4):I–486.

24. Bateman T, Case J, Saunders M, et al. Gated SPECT
LVEF measurements using a dual-detector camera and a
weight-adjusted dosage of thallium-201 [abstract]. Journal
of the American College of Cardiology 1997;29(2, Suppl A):
263A.

25. Everaert H, Bossuyt A, Franken PR. Left ventricular ejec-
tion fraction and volumes from gated single photon emis-
sion tomographic myocardial perfusion images: compari-
son between two algorithms working in three-dimensional
space. Journal of Nuclear Cardiology 1997;4(6):472–
476.

26. Carpentier P, Benticha H, Gautier P, Sulman C. Thallium 201
gated SPECT for simultaneous assessment of myocardial
perfusion, left ventricular ejection fraction and qualitative
regional function [abstract]. Journal of Nuclear Cardiology
1999;6(1, Pt 2):S39.

27. Daou D, Helal B, Colin P, et al. Are LV ejection fraction
(EF), end diastolic (EDV) and end systolic volumes (ESV)
measured with rest Tl-201 gated SPECT accurate [abstract]?
Journal of Nuclear Cardiology 1999;6(1, Pt 2):S31.

28. Yoshioka J, Hasegawa S, Yamaguchi H, et al. Left ven-
tricular volumes and ejection fraction calculated from
quantitative electrocardiographic-gated 99mTc-tetrofosmin
myocardial SPECT. Journal of Nuclear Medicine 1999;40(10):
1693–1698.

29. Manrique A, Koning R, Cribier A, Véra P. Effect of temporal
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6 Interpretation and reporting of gated
myocardial perfusion SPECT

Daniel S. Berman
Guido Germano

Introduction

A systematic approach to the interpretation of gated
SPECT is essential to the optimal utilization of this modal-
ity. Since the assessments of perfusion and function are
intimately related, this chapter will address the interpre-
tation and reporting of the combination of perfusion and
function in gated myocardial perfusion SPECT (MPS). The
reader is directed to three key references in this regard: the
Imaging Guidelines for Nuclear Cardiology Procedures
Part 2 from the American Society of Nuclear Cardiology
(ASNC) [1], the American Heart Association (AHA) Scien-
tific Statement on Standardized Myocardial Segmentation
and Nomenclature for Tomographic Imaging of the Heart
[2], and the ASNC Consensus Statement: Reporting of Ra-
dionuclide Myocardial Perfusion Imaging Studies [3]. As
with MPS in general, careful attention to all aspects of
camera–computer system quality control is essential to
ensure the adequacy of gated MPS studies. These quality
control measures include verification of camera peaking,
detector(s) uniformity, alignment, center of rotation, and
closeness to the patient. With regard to the injected ra-
diopharmaceuticals, care must be taken to document that
the radiopharmaceutical tagging was appropriate, an ad-
equate dose was injected, and no infiltration of radioac-
tivity occurred. Although the routine technical aspects of
quality control are often delegated to a technologist, the
physician interpreting the studies must be aware of the
quality control procedures in effect in the laboratory, so as
to ensure the adequacy of those procedures.

Initial patient information

Due to the subjective nature of a scan interpretation, it is
generally recommended that all scans first be interpreted
without the knowledge of the patient’s clinical state. It is
important, however, to know the patient’s height, weight,

gender, and if female, bra size, in order to be able to best
recognize possible soft tissue artifacts (see also Chapter 7).
If the study is an exercise study, the exercise heart rate
achieved (expressed both in beats per minute and as per-
cent of the maximal predicted rate) and the exercise dura-
tion should be known. These factors are of particular help
in avoiding overstatement of clinical interpretations based
on normal results; for example, if the patient’s achieved
heart rate is less than 80% of the maximal predicted rate, a
“normal’’study must be interpreted as nondiagnostic with
respect to the presence of coronary artery disease (CAD) or
risk stratification [4]. In this regard, it should be noted that
the most important heart rate is that achieved at the time
of injection. Care should be taken to appropriately identify
patients whose peak heart rate was adequate but in whom
the radiopharmaceutical was injected at a premature point
during exercise; for example, if a patient achieves 100% of
maximal predicated heart rate (MPHR), but the tracer was
injected at 70% of MPHR, a normal MPS study would be
considered “nondiagnostic’’ for purposes of diagnosis or
risk stratification of CAD.

Inspection of the raw projection data

The most important step in quality control of SPECT is
the review of the raw data, consisting of the projection im-
ages prior to filtering and reconstruction. The most use-
ful method for such a review is the endless loop “cine-
matic” display of the rotating projection images. Although
the study has been acquired as a gated SPECT study, the
summed or “ungated’’projection images are displayed for
this purpose (see Chapter 2).

General observations

The raw projection images should be inspected to ensure
they were acquired over the appropriate acquisition arc
(generally RAO 45◦ to LPO 45◦) and to be certain that the
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heart was completely within the field of view throughout
the acquisition. Truncation, referring to having a part of the
heart outside of the field of view, often results in artifactual
perfusion defects. The raw images also provide useful in-
formation regarding count statistics. Studies in which the
raw projection data reveal a subjectively poor count rate
must be interpreted with caution, since inadequate count
statistics can be a source of artifactual defects. In addition
to overall assessment of count statistics, the reader should
be considering the apparent count density in the individ-
ual projection images. Major variation in the count density
of the images manifests itself as “flashing’’ of the cine dis-
play and is often related to gating error (see Chapter 2).
When severe dropout or absence of counts is noted in one
or more images resulting in marked “flashing,’’ the acqui-
sition should be repeated, if possible. If repeat imaging
is not possible, interpretation should be made with great
caution, since gating artifacts frequently result in under-
estimation of regional and global function and can even
be a source of artifactual perfusion defects.

Patient motion

Inspection of the rotating projection images in a cine
display provides a convenient and accurate method for
detecting patient motion or “upward creep’’ of the heart
[5]. Careful attention should be paid to patient motion
in the vertical (craniocaudal) and lateral (horizontal) di-
rection, since either can be associated with an artifac-
tual defect that may go undetected by simple inspec-
tion of the tomographic slices. We employ a three-point
score for motion, with 0 = no motion, 1 = slight mo-
tion, and 2 = moderate to severe motion [6]. In gen-
eral, a score of 1 is insufficient to cause an artifactual
defect, while a score of 2 is frequently associated with
an artifactual defect [6]. Immediately after the image ac-
quisition, the technologist should assess the raw data
for motion and if moderate to severe motion is noted,
the acquisition should be repeated. When slight (score
of 1) motion is observed, the images might first be re-
constructed. If a perfusion defect is present, consider-
ation should be given to repeating the image acquisi-
tion. When acquisition is repeated, it is often preferable
to perform it in the prone position, since this position
is associated with less patient motion than the supine
position [7] (see Chapter 3). Figure 6.1a illustrates an
apparent perfusion defect in typical SPECT images re-
constructed from projection images, corresponding to
moderate (two-pixel, score = 2) motion on visual in-
spection. Figure 6.1b represents the reconstructed SPECT
images from this same patient’s study when the acqui-
sition was repeated in the prone position. No motion
was associated with the second acquisition, and the re-
constructed images demonstrate no perfusion defect. If

a validated motion correction algorithm is available, it
could be applied to projection data sets in which motion
is observed [8]. It should be noted, however, that motion
correction does not work adequately with severe motion
and frequently fails in lateral motion [8]. If motion cor-
rection is applied, both the uncorrected and the motion-
corrected tomograms should be presented to the reading
physician for interpretation. Importantly, the routine ap-
plication of motion correction algorithms and presenta-
tion to the reader of only motion-corrected images is not
recommended, since in unusual circumstances the appli-
cation of the motion correction process could produce an
artifactual defect.

Dual-detector 90◦ cameras

It is worthy of note that while most efficient from the stand-
point of acquisition time [9], the dual-detector 90◦ config-
uration accentuates the problems associated with patient
motion. In a 64-projection acquisition with a dual-detector
90◦ camera, 32 projections would be obtained by each de-
tector. With most types of motion, the greatest difference
between projections is noted between the first and last (1
and 32 for the first detector). Since the first projection of
the first detector (projection 1) and the first of the second
detector (projection 33) are acquired at the same time and
with the patient in exactly the same position, if the patient
moved at any time during the acquisition, the motion is
usually most evident between projections 32 and 33. Un-
fortunately, this greatest discrepancy between data sets
occurs in a portion of the acquisition which is highly sen-
sitive to motion – at approximately a 45◦ LAO view of the
heart, a view generally associated with relatively high my-
ocardial count rates. Because of this problem, cameras with
dual detectors oriented at 90◦ are more subject to motion
artifacts than cameras with single detector or triple detec-
tors, and require a higher degree of vigilance for motion
(and perhaps a lower threshold for repeating the acquisi-
tion) than the other types of cameras. The accentuation of
patient motion between frames 32 and 33 was responsible
for the artifactual defect in the patient study presented in
Fig. 6.1a.

Attenuation

As explained in detail in Chapter 7, inspection of the rotat-
ing projection images provides an opportunity for detect-
ing sources of attenuation artifacts. In female patients, for
example, the degree of breast attenuation can be estimated
with reasonable accuracy by an experienced observer
looking at the projection data. Special attention should be
paid when comparing differing data sets (e.g., stress/rest,
stress/redistribution, supine/prone) side by side in order
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Figure 6.1 (a) Exercise Tc-99m sestamibi/rest

thallium-201 MPS images in a 69-year-old

female with multiple risk factors for CAD and

an abnormal stress ECG, but no chest

discomfort. An apparent perfusion defect is

noted in the anterior and inferolateral left

ventricular walls, suggestive of disease in the

diagonal branch of the LAD coronary artery

and the left circumflex coronary artery.

Inspection of raw projection images, however,

revealed evidence of marked patient motion

(see part (b)). (b) Exercise Tc-99m

sestamibi/rest thallium-201 MPS images

obtained in the prone position at stress, in the

same patient whose supine images were

illustrated in part (a). In the prone position

there was no evidence of motion on the raw

projection images, and the study was deemed

to be normal. The overall report of this study,

based on the combined images, was that the

scan was normal. The false suggestion of

disease in the diagonal branch of the LAD and

left circumflex was avoided by the use of

prone imaging. (c) Polar map display of the

five-point semiquantititave score assignment

at stress (left) and rest (right) of the patient

shown in parts (a) and (b). The score of zero in

all segments defines a completely normal

study. For the remainder of the chapter, these

semiquantitative polar maps will be illustrated

only when an abnormality is present.
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to determine whether the position of the attenuating struc-
ture changed between acquisitions. Although artifactual
attenuation perfusion defects are usually nonreversible on
inspection of the tomographic slices, breast or other atten-
uation artifacts may appear to be reversible if the attenuat-
ing breast or other body part (e.g., arm) was in a different
location on the two acquisitions. Other sources of attenua-
tion artifacts observed with the help of the rotating image
display include subdiaphragmatic structures and general
body fat. Many of the attenuation artifacts can be appreci-
ated by repeating the acquisition in the prone position [7]
(Fig. 6.1b), since the location of the attenuating structure

frequently shifts. Prone acquisition is particularly useful
to minimize diaphragmatic attenuation, but also can be of
help with general soft tissue attenuation and breast at-
tenuation [35]. An example of supine/prone imaging’s
ability to clarify breast attenuation is also shown in
Fig. 6.2.

Extra cardiac uptake

The raw projection data should also be examined for evi-
dence of extra cardiac radioactivity uptake, perhaps the
most important example of this occurring with occult

Figure 6.2 (a) Adenosine stress Tc-99m

sestamibi/rest thallium-201 MPS images in an

asymptomatic 69-year-old female with

ischemic stress ECG. A small perfusion defect

is noted in the anterior left ventricular walls on

supine stress image. (b) Images obtained in

the prone position after stress in the same

patient whose supine stress images were

illustrated in part (a). No defect was found.

Based on the combined images, the scan

result was normal. Instead of being consistent

with disease in the diagonal branch of the

LAD, the study was interpreted as normal and

simply manifesting breast attenuation.
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cancer. Given the reduced reliance on standard chest x-
rays as routine procedures, it is not uncommon for the
first evidence of cancer in the thorax to come from an in-
cidental observation at the time of myocardial perfusion
scintigraphy. Indeed, Tc-99m sestamibi and Tl-201 have
been utilized for cancer detection as well as for myocardial
perfusion imaging [10,11]. An example of a patient with
previously undiagnosed cancer detected by the rotating
projection images of a MPS study is shown in Fig. 6.3.
Lung cancer, lymphoma, and breast cancer are the most
common kinds of cancers detected through this approach.
Often thyroid tissue, the liver, gall bladder, spleen, and
kidneys are in the field of view, and should be inspected
for possible abnormality.

Lung uptake

The degree of lung uptake of myocardial perfusion trac-
ers should be noted from visual inspection of the raw
projection images. Additionally, the lung/heart ratio can
be quantified automatically or manually. Quantification
is performed by placing two regions of interest over the
most normal cardiac zone and a representative pulmonary
region of an anterior or LAO 45◦ projection image, and de-
termining the lung/heart ratio from the mean pixel counts
in selected regions. Quantitative lung/heart ratios for Tl-
201 have been reported to have an upper limit of normal
of 0.54 [12–14], while for Tc-99m sestamibi, we have re-
ported the upper limit of normal to be 0.44 [15]. Given the
similar biodistributions of tetrofosmin and sestamibi, it is

Figure 6.3 Adenosine stress Tc-99m sestamibi/rest

thallium-201 MPS images in an 82-year-old female

patient with breast cancer. The myocardial images are

normal (a). Selected anterior view projection images from

the rest thallium-201 (left) and stress sestamibi (right)

study illustrated in part (b). The presence of focal

increased uptake in the right breast is observed. Patient

underwent mastectomy after diagnosis.
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likely that the 0.44 ratio would also apply to tetrofosmin
[16]. From a visual analysis standpoint, a four-point scale
is recommended, with 0 = no lung uptake, 1 = mild (and
probably insignificant) lung uptake, 2 = moderate lung
uptake (clearly evident but not equal to that of the heart),
and 3 = severe lung uptake (equal to or greater than car-
diac uptake). In general, there is a strong linear correlation
relationship between the degree of lung uptake and the
pulmonary capillary wedge pressure at the time of injec-
tion [17,18]. Thus, increase in lung on rest scans uptake
implies increased resting wedge pressure, and increased
uptake on poststress scans suggests increased wedge pres-
sure during stress. Diffuse inflammation of the lungs can
cause increased lung uptake of the myocardial perfusion
tracers without increase in wedge pressure, as might be
seen in conditions such as sarcoidosis, pulmonary fibro-
sis, or even chronic smoking.

Hepatic/gastrointestinal uptake

The scan reader should be aware of the importance of the
degree of tracer uptake in the liver and the gastrointestinal
tract adjacent to the heart. If excessive, consideration
should be given to repeating image acquisition after a
delay of 1 hour (if Tc-99m sestamibi or tetrofosmin is
used), or after having the patient drink a large amount of
water to distend the stomach and displace the liver and
bowel. As explained in Chapter 7, increased radioactivity
in structures adjacent to the heart can be a source of
artifacts on the reconstructed tomograms. In particular,
either artifactual decrease in severity of true perfusion
defects may occur (due to scatter from the adjacent “hot’’
source) or an artifactual myocardial perfusion defect
may be created by the mathematics of the reconstruction
process (cancellation of counts in regions immediately
adjacent to “hot’’ objects) [19].

Assessment of myocardial perfusion
from SPECT images

Display

Committees of the American Heart Association, American
College of Cardiology, and Society of Nuclear Medicine
have agreed to a uniform approach to SPECT image
display, based on the reorientation of images (slices)
relative to the axis of orientation of the heart in the chest
[20]. The reoriented slices are termed the short-axis, ver-
tical long-axis, and horizontal long-axis images. We rec-
ommend that the display used for analysis, whether on
computer screen or transparency film, include all of these
images. It is also recommended that images from dif-

ferent acquisitions (e.g. stress/rest, rest/redistribution,
stress/redistribution) be appropriately aligned and dis-
played simultaneously in interleaved fashion. As for im-
age normalization, there are two widely used approaches.
Each series (short-axis, vertical long-axis, and horizontal
long-axis images) can be normalized to the pixel with
the highest count in the entire series (series normaliza-
tion). This approach provides the most intuitively accurate
assessment of the presence, extent, and severity of perfu-
sion defects, although it presents the drawbacks of lack
of ideal display for each individual slice, sensitivity to fo-
cal hot spots, and insensitivity to basal perfusion defects.
Alternatively, each tomographic slice can be normalized
to the brightest pixel within that slice (“frame normal-
ization’’). This approach provides ideal display of each
individual slice, is less sensitive to the problem of basal
attenuation, and is the approach that has been utilized for
the last 15 years at Cedars-Sinai Medical Center. Compari-
son of frame normalization and series normalization for a
normal stress/rest study is illustrated in Figs. 6.4 and 6.5.

Quality control

The short-and long-axis images should first be inspected
for overall adequacy of counts, appropriateness of the axis
chosen for reorientation, and slice selection. If the wrong
axis of reorientation is chosen or slices are misaligned,
artifactual defects (frequently reversible) can result. It is
also important to note at this time whether all the slices
are visualized. Although important, this step of the quality
control is clearly secondary to the essential step of raw
data review described above. We recommend including a
comment regarding the overall quality of a study in the
report. (e.g. 5 = excellent; 4 = good; 3 = fair; 2 = poor; 1 =
uninterpretable)

Segmentation, nomenclature, and scoring

Segmentation

A writing group of AHA, with representation from the
American College of Cardiology, ASNC, the American
Society of Echocardiography, the Society for Cardiac
Angiography and Intervention, and the North Ameri-
can Society of Cardiac Imaging – the principal North
American societies dealing with cardiac imaging, has rec-
ommended the use of a standardized approach to seg-
mentation and nomenclature for all tomographic cardiac
imaging modalities [2]. Division of the heart into 17 seg-
ments for assessment of the left ventricular myocardium
and the left ventricular cavity was recommended [2]. The
17-segment system was chosen over the 20-segment sys-
tem, since it most closely represented the proportions of
the left ventricle observed on autopsy examination. The
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Figure 6.4 Example of normal dual-isotope

MPS using frame normalization in a

50-year-old male with atypical chest pain.

20-segment system divides the basal, mid, and apical
short-axis slices into 6 segments each and assigned 2 seg-
ments to the apex. As such, it overweighted the smaller
apical short axis and the apex. By reducing the number of
segments in the apical short axis to 4 and considering the
apex as a single segment, these segments comprise 30%
of the left ventricle compared to 40% with the 20-segment
system, more closely corresponding to autopsy data in

which these segments comprised 21% of the left ventricle
[21]. We now routinely use the 17-segment approach in
our interpretation and reporting.

Nomenclature

The AHA writing group also recommended that each of
the 17 segments have a distinct name (as well as a number),

Figure 6.5 Normal dual-isotope MPS study

demonstrating the use of the series

normalization display. The patient is the same

as is illustrated in Fig. 6.4. Note the differences

in the appearance of the more basal short-axis

slices, as well as the apical short-axis slices,

with the series normalization approach.
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Figure 6.6 Assignment of the 17 myocardial segments to

the territories of the left anterior descending (LAD), right

coronary artery (RCA), and the left circumflex coronary artery

(LCX). (Adapted with permission from [2].)

as indicated in Fig. 6.6. The short axis contains 16 segments
in three representative slices termed basal, mid, and api-
cal. The vertical long axis contains the 17th segment – the
apex. The nomenclature is simple and based on anatomic
orientation. The short-axis slices are divided into anterior,
inferior, lateral (the term posterior has been discarded),
and septal segments. These four terms without modi-
fiers are used for the apical short-axis slice. The mid and
basal short-axis slices are divided into 6 segments, and
the respective septal and lateral walls are divided into an-
teroseptal and inferoseptal and anterolateral and infero-
lateral segments (Fig. 6.6).

Segmental scoring

Each segment is scored using a five-point system
(Table 6.1). The score of 0 is used for normal and 4 for vi-
sually absent uptake. Severe reduction of uptake is scored
as 3. The score of 2 is used for a moderate defect, but one in
which the reader is quite confident that the defect is real.
The score of 1 implies a mild or “equivocal’’ reduction in
uptake. The principal function of this score is to express
that there is a possibility that the region could be abnormal,
but it also could represent a normal variant due to atten-
uation or artifactual cause. The score of 1 should be used
sparingly as a mean of conveying a degree of uncertainty
in segmental interpretation.

Of note, it is essential that the observer take into account
the normal regional variation of count distribution typi-
cal of myocardial perfusion scintigraphy before assigning

Table 6.1 Segmental scoring: each segment is scored using a

five-point system.

0 = normal

1 = slight (equivocal) reduction of uptake

2 = moderate reduction of uptake (usually implies a significant

abnormality)

3 = severe reduction of uptake

4 = absence of radioactive uptake [1,22]

a perfusion score. For example, the basal interventricular
septum (membranous septum) has reduced blood flow
and (because of its depth) is subject to greater attenuation
than other portions of the myocardium. This “normal sep-
tal dropout,’’ frequently observed as an apparent defect
on the basal septal slices, should be assigned a score of 0
rather than a score suggesting the presence of abnormality.
Similarly, if an apparent defect is considered to represent
an attenuation artifact, it would be appropriate to score
the involved segments with “0’’ or “1,’’ depending on the
confidence with which the finding can be attributed to at-
tenuation rather than to a true decrease in perfusion.

Since perfusion defects imply a severe reduction in my-
ocardial perfusion, it is not surprising that scores of 3 or 4
usually signify the presence of a critical (≥90%) coronary
stenosis. We previously observed that approximately 90%
of the time, these severe perfusion defects were associated
with critical stenoses [23,24]. We routinely include a state-
ment that a 90% or greater coronary stenosis is likely when
reporting severe perfusion defects. Importantly, however,
for the more common perfusion defect with a score of 2, no
comment is made regarding the severity of the associated
coronary stenosis, since multiple factors may reduce
the apparent severity of a perfusion defect even in the
presence of a critical stenosis (e.g., low heart rate at the time
of tracer injection, balanced reduction in flow throughout
the myocardium, well functioning collateral vessels).

Summed scores

The segmental scoring systems lend themselves to the
derivation of summed scores, initially described in our
laboratery which can be considered global indices of per-
fusion [25]. The summed stress score (SSS) is defined as
the sum of the stress scores for all of the segments. The
summed rest score (SRS) is defined as the sum of the rest
scores or redistribution scores, and the summed difference
score (SDS), measuring the degree of reversibility, is de-
fined as the difference between the SSS and the SRS. These
summed scores are to perfusion what the ejection fraction

146



CHAPTER 6 Interpretation and reporting

index is to ventricular function – single parameters reflect-
ing overall perfusion defects. Specifically, the SSS is the
perfusion analog of the peak exercise ejection fraction, the
SRS is the perfusion analog of the resting ejection frac-
tion, and the SDS is the perfusion analog of the change in
ejection fraction with stress.

While in general these scores are simple summations of
the scores given to the 17 segments, there are situations
in which this is not the case. For example, we “ignore’’
the score of 1 for purposes of generating the summed
scores, if the region showed this mild l finding on both
rest and stress images. Therefore, multiple segments with
stress/rest scores of 1,1 would be considered 0,0 for pur-
poses of deriving summed scores. Similarly, if the rest
score is higher than the rest score when sestamibi or tetro-
fosmin is used for stress, this difference is ignored in
summed scoring – i.e., a score of 2, 3 would be converted
to a 2, 2 for summed scoring, so that it does not detract
from the SDS.

Based on our previous prognostic work, with the 20-
segment model [26,27], summed stress scores of less than
4 are considered normal or nearly normal, summed stress
scores of 4–8 are considered mildly abnormal, summed
stress scores of 9–13 moderately abnormal, and summed
stress scores of greater than 13 severely abnormal. An
example of a patient with a mildly abnormal scan (SSS
of 6) is illustrated in Figs. 6.7a–6.7c. When a 17-segment
system is applied, the absolute cutoffs for defining these
degrees of abnormality need to be slightly altered. This
need would be even more apparent if the number of seg-
ments were even more disparate, e.g., 14 segments as used
by the Mayo Clinic for years and the 12 segments em-
ployed at Duke University. Since large databases from
multiple centers have been developed based on segmen-
tal scoring with multiple different systems, it has become
apparent that a system which can express the degree of ab-
normality in a consistent manner with varying numbers of
segments would be preferable to simple summed scores
(see % myocardium abnormal, below).

% myocardium abnormal

In order to express the extent and severity of MPS perfu-
sion defects in a more intuitive manner, and in order to
employ a system that could be applied with a segmental
scoring system using any number of segments, we have
recently proposed that the extent of myocardial perfusion
abnormality is more effectively expressed as a percent
of the myocardium abnormal rather than as a simple
summed score [28]. The % myocardium abnormal is de-
rived from the summed stress, summed rest, and summed
difference scores by normalizing them to the maximal
score for a particular scoring model – i.e., by dividing by
the maximum score and multiplying by 100. For example,

in a 0–4 score/20-segment system, the maximum score
would be 80, and in a 0–4 score/17-segment system, the
maximum score is 68. Figure 6.8 illustrates the manner in
which this assessment is effective with 17- or 20-segment
scoring systems in prediction of cardiac mortality in
a population of 16,020 patients from the Cedars-Sinai
nuclear cardiology database, who were followed up for
a mean of 2.1 years. The cardiac mortality rate is seen to
rise steadily as a function of the % myocardium abnormal
at stress with either segmental approach, and there were
no significant differences between the 17- and 20-segment
systems when analyzed in this normalized manner [29].

We now routinely report the % myocardium with stress,
rest, and reversible defects, both in our daily clinical prac-
tice and in publications. Consistent with our previous ter-
minology for defects by SSS and the 20-segment system
(noted above), we consider < 5% to be normal (corre-
sponding to a score of < 4 with either the 20- or 17-segment
system). Defects between 5 and 9% are termed mild, those
between 10 and 14% moderate, and ≥ greater than or equal
to 15% are called severe.

Ascribing abnormalities to coronary
vascular territories

As illustrated in Fig. 6.6, the 17 myocardial segments can
be ascribed to individual coronary territories [2,24,30] and
the distribution of SPECT abnormalities provides infor-
mation regarding the location of coronary artery stenoses.
Representative examples of SPECT defect locations asso-
ciated with various individual coronary artery stenoses
are shown in Figs. 6.9a and 6.9b and the corresponding
polar maps of these examples are shown in Fig. 6.10.
The coronary assignment is variously assigned border
between specific vessels territories, depending on the
pattern of perfusion defect abnormality in the adjacent
segments. This pertains most commonly to the inferosep-
tal and inferolateral walls, but also applies to the antero-
lateral wall. Regarding the septum, if an inferoseptal
or anteroseptal segment, but not both, were present
(excluding the basal inferoseptal segment, which is gen-
erally a right coronary artery territory), the septal abnor-
malities would be assigned to the left anterior descending
(LAD) or right coronary artery, depending on which of
these vessels had a perfusion defect. Similarly, if an infer-
olateral or anterolateral defect, but not both, were present
in patients with adjacent defects in either the anterior or
inferior wall, the lateral wall defect would be assigned
to the vessel attributed to the neighboring defect and not
considered to be indicative of multi-vessel disease. These
are general associations, which may vary in an individual
patient based on variations in coronary anatomy.

For purposes of reporting (see section on Likelihood
of angiographically significant CAD below), ascribing a
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Figure 6.7 Exercise/rest dual-isotope MPS

images of a 67-year-old male with typical

angina. Supine sestamibi images are illustrated

in part (a), and prone sestamibi images in part

(b). In both figures, the rest thallium-201

images are the same and were obtained in the

supine position. A small reversible defect is

noted in the inferior wall. The SSS, derived

from the prone images, is 6 (8.8%

myocardium), constituting a mild abnormality,

while the SRS is 0 (c). Subsequent coronary

angiography was performed, and revealed an

80% stenosis of the posterior-descending

branch of the right coronary artery. The

patient was successfully treated with medical

therapy. This case illustrates the persistence of

an inferior wall defect in the prone position,

allowing the study to be confidently

interpreted as definitely abnormal and not

mistaken as showing only diaphragmatic

artifact (for comparison, see Fig. 1.2).
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Figure 6.8 Annual rate of cardiac death as a function of % stress defect

by 17- vs. 20-segment scoring system. Note the similarity of death rates

using the 17- and 20-segment systems when expressed as % myocardium.
∗ p < 0.001 across the groups. Abbreviation: % Myo stress: % myocardium

abnormal at stress. (Adapted with permission from [29].)

segmental perfusion defect to a specific coronary artery
is influenced by the pattern of abnormality observed
in other segments, and, of course, by the specifics of
a patient’s coronary anatomy, if known. For example,
in Figs. 6.9 and 6.10, the patient with diagonal branch
abnormality shows a lateral wall abnormality in the api-
cal short-axis slice, but only anterior wall abnormali-
ties in the mid and basal short-axis slices. Rather than
consider the apical lateral wall abnormality as repre-
senting involvement of the left circumflex, this isolated
lateral wall finding, contiguous with a more extensive ab-
normality in the diagonal territory, is attributed to the
diagonal vessel disease. In determining the overall in-
terpretation (from definitely normal to definitely abnor-
mal), the degree to which an apparent perfusion defect
corresponds to a known coronary vascular territory is
taken into account. Perfusion defects that fail to corre-
spond to a standard vascular territory are more likely to
be artifacts than those corresponding to typical vascular
distributions.

Figure 6.9 (a) Examples of typical stress perfusion patterns

corresponding to normal (top) and various single territory

abnormalities. Coronary angiographic findings in these

patients were as follows: LAD coronary artery proximal 95%

stenosis; diagonal (occluded proximal first diagonal artery);

left circumflex (LCX) coronary artery: occluded first marginal

artery branch; right coronary artery (RCA): mid 95% stenosis.

All patients had no evidence of myocardial infarction and

normal MPS at rest. From left to right, the images represent

distal short axis, mid short axis, basal short axis, mid vertical

long axis, and mid horizontal long axis. These patients

showed the typical distributions of perfusion defects

associated with the specific coronary arteries involved

(adapted with permission from [31]). (b) Stress MPS images

demonstrating more complex patterns associated with known

coronary lesions in patients with normal resting perfusion

images and no history of prior myocardial infarction. Septal:

trapped septal perforator coronary artery (ischemia in the

territory of the first septal coronary artery in a patient with

critical LAD coronary artery stenoses proximal and distal to

the septal perforator take off and patent right posterior

descending coronary artery, vein grafts to the left circumflex

marginal coronary artery and patent LAD internal mammary

graft); LCX plus RCA: occlusion of proximal left circumflex

and proximal right coronary arteries; LM: subtotal left main

coronary artery stenosis. (Adapted with permission from [31].)
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Figure 6.10 Quantitative polar maps (QPS) of the studies illustrated in

Fig. 6.9. The abnormally perfused zones are shown by the areas in black.

(Adapted with permission from [31].)

Attenuation corrected images

Recently, several camera manufacturers have provided
commercially available implementation of attenuation
correction protocols [32,33]. In general, these attenuation
corrections are imperfect, usually reducing but not
eliminating apparent perfusion defects due to soft tissue
attenuation in normal patients. In addition, at times, true
perfusion defects might be obscured or eliminated by
application of these approaches. The artifactual elim-
ination of perfusion defects is usually due to filtering
or due to scatter from adjacent organs, which becomes
more apparent after attenuation correction. The latter is
frequently observed when there is a moderate or greater
amount of radioactivity in the liver or bowel, in which case
an inferior wall defect might be missed with application
of attenuation correction. Because of these limitations,
it is currently recommended that attenuation-corrected
tomographic data sets be visualized simultaneously

with noncorrected data sets. The interpreter should be
aware that because of the imperfection in present-day
attenuation correction algorithms, a uniform distribution
of radioactivity throughout the myocardium cannot be
expected. Furthermore, the normal regional distribution
of counts on a segment-by-segment basis may be different
in attenuation-corrected images than in non-attenuation-
corrected images. Thus, the normal regional distribution
of counts in the attenuation-corrected images should be
taken into account prior to segmental scoring. Preliminary
data have suggested that robust attenuation correction
may be possible when SPECT/CT systems are employed,
due to the vastly improved quality of the attenuation map
provided by recent generation CT scanners. An example of
a patient in whom attenuation correction allowed a study
with an attenuation artifact to be called normal is shown in
Fig. 6.11.

Semiquantitative scoring of multiple images

Not uncommonly, the interpreter has more than one
data set available for scoring (attenuation corrected/
nonattenuation corrected, supine/prone). In these cases,
all data sets should be taken into account prior to assign-
ing the segmental scores or categorizing the overall study
from normal to abnormal. In combined supine and prone
imaging, for example, a segment is generally scored ac-
cording to the most normal uptake shown. If a defect is
seen in the inferior wall in supine imaging but not in
prone imaging, for example, the inferior wall segments are
scored as “0.’’ Conversely, if the anteroseptal wall is nor-
mal in supine imaging but demonstrates a defect in prone

Figure 6.11 Example of attenuation

correction (AC) of stress MPS in a 46-year-old

obese female with body mass index 37 and a

low likelihood of CAD. Apparent anterior and

lateral perfusion defects are shown in stress

without attenuation-corrected image, which

are not seen in the attenuation-corrected

image.
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imaging (a common artifact with prone acquisition), seg-
ments in that region would also be scored as “0.’’

Quantitative analysis

It is recommended that semiquantitative visual analysis
and quantitative analysis be assessed simultaneously. As
described in Chapters 4 and 5, a variety of quantitative
approaches have been developed, most of which com-
pute myocardial counts in the various myocardial seg-
ments and display these counts using a two-dimensional
or three-dimensional polar map. Most commonly, abnor-
malities are then defined by comparison of a patient’s po-
lar map to the polar maps derived from gender-matched
normal patients. Due to the objective nature of the analy-
ses, quantitative assessments are more reproducible than
visual assessments and are particularly useful in assessing
interval change when patients are evaluated serially,
particularly when extensive abnormalities are observed.
Examples of this application of serial quantitative analy-
ses are illustrated in Figs. 6.12 and 6.13. Recent advances
offer promise of greatly increasing the clinical utility of
quantitative analysis. Examples of these improvements
are the assessment of change following precise image reg-
istration [34], which may be of particular use in assessing
ischemia. Most recently, we have found that an automatic
method to incorporate both supine and prone imaging
in the quantitative analysis has become of great value
in our laboratories in which combined supine/prone
imaging is routine [35]. A similar recent development
incorporating attenuation-corrected images and non-
attenuation-corrected images into a single quantitation is
also highly useful.

Visual analysis remains the final step in clinical inter-
pretation of MPS. Currently, our method of reading has
evolved into an automatic quantitative computer analy-
sis with visual overread. Prior to modifying the computer
scores, the interpreter should look at the perfusion im-
ages with “contours on’’ and “contours off.’’ This is an es-
sential quality control step to ensure that the computer-
selected myocardial regions have been correctly selected.
If necessary, manual resetting of the limits of the com-
puter search is performed at this time, and the study is
reprocessed for quantitative assessment. Of note, the “con-
tours on’’ and “contours off’’ steps should be repeated
separately for the perfusion and function portions of the
study.

After this initial quality control step, the computer-
derived 17-segment scores are modified by the expert
interpreter based on visual interpretation. Visual modi-
fication is essential in accounting for a variety of artifac-
tual patterns that can be recognized by visual inspection
(e.g., breast attenuation, motion artifact, noncoronary pat-
terns) and not yet by computer analysis. The most fre-

quent alteration changes segmental scores to 0 or 1 in ar-
eas considered visually to represent attenuation artifact,
and changes “borderline’’ computer segmental scores of 1
(mild/equivocal) to 2 (moderate, definite) or 0 (normal).
Since the incorporation of combined supine/prone normal
limits [35], the proportion of cases and segments in which
the scores are altered by visual analysis in our laboratories
has been markedly reduced.

Assessment of myocardial viability

Questions of myocardial viability arise when there is ab-
normally contracting myocardium without clear evidence
of myocardial infarction. In such myocardial segments,
viability is implied with the myocardial perfusion tracers
if the degree of uptake at rest, redistribution, or following
nitrate-augmented rest injection is normal or nearly
normal. If a region has severely reduced or absent uptake
of radioactivity in these settings, it is considered to be non-
viable. Areas with moderate reduction of counts in these
conditions (score 2 at redistribution or nitrate-augmented
rest) are usually partially viable, and patients in this
group have a variable response in terms of postoperative
improvement. Although some have suggested that a
single cutoff point (chosen as a percentage of maximal
counts in the myocardium) is predictive of viability in
a region in question [36,37], we recommend the use
of the number of standard deviations below normal,
since the latter takes into account the rather marked
normal reduction in counts that occurs in the inferior
wall and non-attenuation-corrected MPS images. Of note,
a growing body of evidence suggests that fluorine-18-
deoxyglucose positron emission tomography (F-18 FDG
PET) not uncommonly demonstrates viability in regions
considered nonviable by even optimally performed
SPECT. When decisions regarding proceeding with
myocardial revascularization are being made on the basis
of the SPECT findings, we now frequently recommend
FDG PET or late enhancement imaging with cardiac MRI
in further assessment of patients with SPECT evidence
of extensive scarring and no or only minimal viable
myocardium.

Figure 6.14 shows an example of a patient with a large
nonreversible defect on stress sestamibi and 24-hour rest
thallium SPECT in whom clear evidence of viability was
shown by rest F-18 FDG PET.

“Nonperfusion” abnormalities

In addition to perfusion defects, several nonperfusion
abnormalities should be observed and, when present,
described. They include size of the left ventricle, transient
ischemic dilation (TID) of the left ventricle [38–41], right
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Figure 6.12 Adenosine stress sestamibi/rest thallium-201 MPS images

(a) in a 76-year-old diabetic male with prior myocardial infarction. The type

and distribution of the scintigraphic abnormalities are consistent with a large

prior myocardial infarction in the anterior wall, septum, inferior wall, and

apex. An extensive nonreversible defect by quantitative perfusion SPECT

(QPS) is noted throughout the LAD coronary artery territory (b).
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ventricle myocardial uptake pattern, and right ventricular
size. As noted before, a note should also be made of
abnormalities of lung uptake or other abnormal extra-
cardiac activity.

TID is considered present when the left ventricular
cavity appears to be significantly larger in the post-
stress images than in the resting images. The degree
of enlargement needed depends on the imaging proto-
col used. For example, with dual-isotope protocols, the
greater Compton scatter associated with Tl-201 causes
the myocardial walls to appear intrinsically thicker
(and the cavity smaller) in Tl-201 rest images compared
to poststress Tc-99m sestamibi images [39]. Therefore, a
greater degree of transient enlargement must be evident
for a dual-isotope study to be considered to demonstrate
transient ischemic dilation. The ventricular size can eas-
ily be measured by slight modifications of the quantita-
tive gated SPECT algorithms described in Chapter 4. We
have found that the upper limit of normal for transient is-
chemic dilation with exercise dual-isotope imaging is 1.22
(Table 6.2). Patients who have transient ischemic dilation
of the left ventricle (transient ischemic dilation >1.22) are
likely to have severe and extensive CAD (>90% steno-
sis of the proximal LAD coronary artery, or of multiple
vessels) [39]. With adenosine stress, for unknown reasons,
the upper limit of normal for transient ischemic dilation
is higher – being 1.36 with dual-isotope SPECT [40]. For
single-isotope studies, the upper normal is likely to be
lower, and would be lowest when 2-day protocols are
employed, since the images would have similar myocar-
dial counts and would be generated using identical fil-
ters. Upper normal in this setting is likely to be approx-
imately 1.1 [42]. Since different filters are used with low
dose rest/high dose stress 1-day protocols, the upper nor-
mal. It should be noted that the term “transient ischemic
dilation’’ is imprecise. What is referred to as transient
ischemic dilation may at times be caused by an appar-
ent cavity dilation secondary to diffuse subendocardial
ischemia (obscuring the endocardial border). This phe-
nomenon is likely to explain why “transient ischemic di-
lation’’ may be seen for several hours following stress,
when true cavity dilation is probably no longer present.
The pattern of transient ischemic dilation of the left ven-
tricle has similar clinical implications whether it is ob-
served on exercise or pharmacologic stress studies [40,42].
Examples of patients illustrating transient ischemic dila-
tion of the left ventricle are shown in Figs. 6.7, 6.15, and
6.16.

Overall assessment of myocardial perfusion

An overall interpretation of the myocardial perfusion scan
is recommended, prior to incorporation of the clinical in-

Table 6.2 Suggested thresholds for TID.

Pharmacologic
Exercise Stress

Dual isotope rest T1-201/stress 1.22 1.36

Tc-99 m

Same day low dose/high dose 1.15 1.20

Tc-99 m

2 day Tc-99 m or stress/redistribution 1.1 1.15

T1-201

formation. To minimize the use of an equivocal category,
we advocate using a five-point scoring system (normal,
probably normal, equivocal, probably abnormal, abnor-
mal) predominantly based on the segmental score but
also on other considerations including the degree to which
the scan abnormality conforms to a known vascular coro-
nary territory, the presence of transient ischemic dilation
or lung uptake, and the heart rate achieved (on exercise
studies). This overall interpretation is subjective, but guid-
ance is provided by the criteria for abnormality listed in
Table 6.3.

Assessment of ventricular function from
gated SPECT images

As with the assessment of myocardial perfusion, a sys-
tematic approach to the assessment of ventricular func-
tion from the gated SPECT portion of the study is rec-
ommended, which is based on a combination of review
of automatic quantitative measurements (as described in
Chapter 5) and visual assessment. Careful attention to re-
gional function assessment is particularly helpful in iden-
tifying patients with extensive CAD, since in multives-
sel disease with balanced reduction in flow, perfusion
defects may underestimate this extent. It is also help-
ful in deciding whether borderline perfusion defects are
due to soft tissue attenuation or due to true perfusion
abnormalities.

Quality control

As with myocardial perfusion, assessment of adequacy
of the technical quality of the data is, of course, an in-
tegral part of the interpretation of gated SPECT. Inspec-
tion of the rotating “summed’’ raw projection images is
frequently a source of information regarding inadequacy
of the data. As previously noted, observation of “flash-
ing’’ usually indicates that a gating error has occurred,
resulting in the acquisition of a widely different number
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Figure 6.13 Adenosine stress sestamibi/rest thallium-201 MPS performed

3.5 years later in the same patient as in Fig. 6.12. The extensive nonreversible

defect revealed a little change in myocardial perfusion images (a) and quan-

titative perfusion SPECT (b). By visual analysis, a great deal of time is required

to determine the absence of change, while by quantitative analysis the ab-

sence of significant change is quickly apparent.
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Figure 6.13 (Continued )

of cardiac cycles at different angles along the acquisition
arc. As with multiple gated equilibrium blood pool stud-
ies, quality control would be enhanced through evaluation
of a heart-rate histogram providing objective documenta-

tion of the adequacy of gating, as explained in detail in
Chapter 2; however, most manufacturers do not supply
this heart-rate histogram for gated SPECT at the present
time.

Figure 6.14 Exercise stress sestamibi (left),

and 24-hour redistribution (after rest injection)

thallium-201 (middle) MPS and glucose loaded

F-18 FDG PET (right) from Cedars-Sinai Medical

Center in a 73-year-old female with prior

myocardial infarction and recent atypical

angina. A large nonreversible defect was

apparent by SPECT. FDG PET revealed only a

small defect in the anterior wall, with almost

the entire myocardium being viable. The polar

maps show abnormal zones on stress (top) and

redistribution thallium (middle) MPS and the

area of mismatch (bottom) by quantitative PET

analysis. Based on the PET documentation of

viability, the patient underwent PCI with a

stent to the LAD.

155



Clinical Gated Cardiac SPECT

Figure 6.15 Exercise sestamibi/rest

thallium-201 MPS in a 43-year-old diabetic

male with typical angina. A severe reversible

defect is seen throughout the LAD coronary

artery territory (a). (b). There is also transient

ischemic dilation of the left ventricle. The

distribution of the findings and their severity

allowed the report to state: “The distribution

of scintigraphic abnormalities and their type

indicate the presence of at least a critical

(greater than 90%) stenosis of the proximal

LAD coronary artery.” Subsequent coronary

angiography revealed a proximal to mid 95%

stenosis in LAD coronary artery and no other

vessel disease.
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Figure 6.16 Adenosine stress sestamibi/rest

thallium-201 MPS images in an asymptomatic

77-year-old male. The myocardial perfusion

images are normal. Resting and

post-adenosine ejection fraction are 38 and

32%, and there was adenosine-induced wall

motion abnormality in the anterior wall. The

transient ischemic dilation ratio is elevated at

1.44. Coronary angiography revealed a >90%

stenosis in the proximal segment of the LAD

coronary artery.
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Table 6.3 Visual criteria for abnormality (exercise or phamacologic

testing)∗.

Normal All segments = 0

Probable normal Few segments = 1

Equivocal Multiple reversible = 1

1 segment = 2

Probably abnormal 2 segments = 2

Definitely abnormal ≥3 segments = 2

≥1 segments ≥3

Note: Weighing toward abnormal if defects are reversible, conform to a

standard coronary territory, are associated with transient ischemic dilation or

lung uptake.
∗Overall interpretation of myocardial perfusion SPECT.

Time–volume curve

Overall inadequacy of the gating process can frequently
be detected by inspection of the time–volume curve.
This curve is derived from quantitative gated SPECT
algorithms [9], and provides an assessment of the left ven-

tricular cavity site at various phases of the cardiac cycle.
Figure 6.17 illustrates an example of quantitative gated
SPECT results, including the time–volume curve. Note
that the frame with the largest volume is the first frame,
corresponding to end-diastole, and that the overall curve
has a characteristic U shape. An example of faulty gating
resulting in an incorrect time–volume curve is illustrated
in Fig. 6.18. When the time–activity curve is clearly in-
appropriately timed, the gated SPECT data are generally
considered nondiagnostic. The rotating summed projec-
tion images should also be evaluated for count statistics;
at times, the count density in the overall summed images
may be adequate for the interpretation of perfusion SPECT
data, but is inadequate for the assessment of wall motion
and wall thickening from the individual gated frames.

Display

Because each image is now displayed over 8 or prefer-
ably 16 frames of the cardiac cycle, we have found that

Figure 6.17 Quantitative adenosine stress gated SPECT (QGS) analysis of an 83-year-old female following stenting of the proximal LAD coronary artery.

Left ventricular ejection fraction is 57%, with normal left ventricular wall motion and volumes.
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Figure 6.18 Quantitative gated SPECT (QGS) analysis of a patient with a

gating artifact. The gating artifact is evident by the nonphysiologic shape of

the volume curve (lower right). In the presence of this type of gating artifact,

the study should be repeated. If repeating is not possible, the ventricular

function parts of the gated SPECT study should not be reported.

displaying all myocardial slices simultaneously results in
too much information to interpret easily. We therefore rec-
ommend a five-slice display in which three representa-
tive short-axis slices (apical, mid-ventricular, and basal)
as well as one vertical long-axis and one horizontal long-
axis mid-ventricular tomogram are displayed. The appro-
priate slices are automatically selected by computer soft-
ware [9], and the five-slice display is viewed in a “cine’’
format, alternating between the “contours on’’ and the
“contours off ” mode. This alternation is one of the most
important quality control measure to verify that the en-
docardial and epicardial surfaces determined by the algo-
rithm were appropriate for computation of left ventricu-
lar ejection fraction and left ventricular volumes, and also
provides necessary quality control information if the de-
rived three-dimensional representation of contours are to
be used in the assessment of regional function.

17-segment wall motion analysis

We recommend that the same 17 segments utilized for per-
fusion assessment be used for the visual assessment of re-
gional ventricular function. A diagrammatic representa-
tion of the five slices chosen for analysis and the six-point
motion scoring system (0 = normal, 1 = mild (equivo-
cal) hypokinesis, 2 = moderate hypokinesis, 3 = severe
hypokinesis, 4 = akinesis, 5 = dyskinesis) is illustrated
in Fig. 6.19. As noted, the assignment of the segmental re-
gional wall motion scores is based on what is “normal’’ for
a given region. This approach assumes that the observer
is familiar with the range of motion that is normal for a
given segment, just as he or she would be expected to be
familiar with the range of “normal’’ perfusion in a given
segment. Wall motion analysis is performed by visualiz-
ing the endocardial edge of the left ventricle, a process
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Figure 6.19 Illustration of the method for

semiquantitative visual assessment of gated MPS.
∗Scores are based on the “normal” motion or

thickening for a region.

that is also aided by the alternation between “contours
on’’ and “contours off.’’ As a general rule, most experts
suggest the use of a gray scale for the interpretation of re-
gional wall motion. Once the contours have been verified
as being correct, many readers utilize a three-dimensional
representation of the function data (“views’’ in the QGS
application), which provides three-dimensional contours
in three different interactive perspectives.

17-segment wall thickening analysis

Visual assessment of wall thickening takes advantage of
the direct relationship between the increase in the appar-
ent brightness of a wall during the cardiac cycle (partial
volume effect) [59] and the actual increase in its thickness.
For purposes of wall thickening evaluation, many investi-
gators recommend the use of a 10-step or other multiple-
color scales as opposed to a gray or other monochromatic
scale. The degree of all thickening is similarly scored with
a 4-point system (0 = normal to 3 = absent thickening). In
general, for a given short-axis slice, there is greater uni-
formity of “absolute’’ thickening than there is of wall mo-
tion, due to the greater effect of translational motion of the
heart’s long axis during systole on perceived regional wall
motion than on thickening. With a 10-point color scale,
there is usually at least a 2-color change from diastole to
systole in normal zones. Figure 6.19 also illustrates our ap-
proach to visual assessment of segmental wall motion and
wall thickening. In general, in the mid and distal short-
axis slices, as well as in the apical slices, the mean nor-
mal thickening is approximately 40%. Given some vari-
ability, thickening of 20–30% would be considered mild
(equivocal) reduction in thickening, thickening of 10–20%

moderate to severe reduction in thickening, and less than
10% absent thickening. Thus, in these regions, no change
in color on the 10-point color scale would be scored as 3
(absent thickening), a change of 1 color scale unit would
be scored as 2 (moderate to severe definite reduction in
thickening), and a color change of 2 grades would
be considered mild (equivocal) reduction in thickening.
Anything showing over 2 grades of thickening would be
considered normal. In the basal short-axis slices, the mean
degree of thickening observed is only 20%. In these re-
gions, scores of 1 are generally not used. A score of 2 would
be used for a single color scale change, suggesting the pres-
ence of hypokinesis, and no change in color scale would be
scored as 3. These color differences appear to be applicable
whether or not a perfusion defect is noted to be present;
i.e., the changes scored are based on the starting point for a
given segment, as illustrated by the color during diastole.

Discordance between wall motion
and wall thickening

In general, regional wall motion and wall thickening ab-
normalities accompany each other. Due to this marked
agreement, we have found it most convenient to score
function in combined fashion for the 17 segments, only
making note of whether wall motion and wall thickening
are found to be discordant. The most common cause of
discordance between wall motion and wall thickening is
found in patients who have undergone bypass surgery;
in these cases, “abnormal’’ wall motion with preserved
thickening of the interventricular septum is an expected
normal variant. Similar discordance between wall motion
and wall thickening can also occur in left bundle branch
block, where preserved thickening with abnormal motion
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of the interventricular septum is also a common variant.
At the edges of a large infarct, normal thickening with
minimal or absent motion may be observed in the peri-
infarction zone, with reduced motion being due to the ad-
jacent infarct. The presence of thickening is considered to
be indicative of viable myocardium; conversely, “normal’’
wall motion of an abnormally perfused segment that does
not thicken could be associated with passive inward mo-
tion of a nonviable myocardial region (tethering) due to
hypercontractility of adjacent noninfarcted segments.

Combined rest/poststress regional
function analysis

When available, the rest and poststress gated images
should be compared to identify the development of new
wall motion abnormality. Wall motion abnormalities that
occur on poststress images but are not seen on resting im-
ages imply the presence of ventricular stunning, and are
highly specific for the presence of CAD [44,45]. If resting
gated SPECT studies are not available, a note should still
be made of discrete regional wall motion or wall thicken-
ing abnormalities, since these can often be indicators of
the presence of a severe coronary stenosis (≥90% diame-
ter narrowing). This finding might be missed by perfusion
defect assessment alone, particularly in patients with a
greater degree of ischemia in a region other than that
demonstrating the wall motion abnormality [45]. It is im-
portant to routinely report the patient’s state at the time of
gated SPECT acquisition, i.e., rest, 30-minute poststress,
1-hour poststress, etc. Of interest in protocol design, the
earlier this acquisition is performed after stress, the more
likely that the poststress wall motion abnormality will be
observed.

Quantitative wall motion/wall thickening
assessment

Ideally, quantitative methods for comparing the degree of
wall motion and wall thickening of each segment of the
left ventricle to the lower limit of normal would be avail-
able, and would augment the visual analysis of ventric-
ular function from gated SPECT data. Algorithms for the
automatic quantitative measurement of absolute endocar-
dial motion and relative myocardial thickening between
end-diastole and end-systole have been developed and
validated [46,47].

Left ventricular volume

It has recently been demonstrated that quantitative assess-
ments of absolute left ventricular cavity volumes correlate
well with a variety of “gold standards’’ (see Table 5.3). We
have also found the absolute measurement of left ven-

tricular volume to be perfectly reproducible (repeated as-
sessment in a given data set) [48] and highly repeatable
(repeated data acquisition) [49,50] (see Table 5.5). If a val-
idated method for measuring left ventricular volumes is
available on a particular camera–computer system, it is
recommended that this measurement be reported as a
standard component of gated SPECT analysis. Volume
measurements are helpful in prognostication [51], as well
as in guiding the use of angiotensin-converting enzyme
inhibitors [52]. Absolute left ventricular volumes tend to
be underestimated in patients with very small hearts, as
discussed in Chapter 5.

Overall interpretation of ventricular function

An overall interpretation of the ventricular function com-
ponent of the gated SPECT examination is recommended,
as it is for assessment of myocardial perfusion, and can be
accomplished using the same scale with five gradations
(from definitely normal to definitely abnormal). This over-
all interpretation is subjective, but guidance is provided
by the criteria for abnormality listed in Table 6.3. In gen-
eral, a study would be considered as showing abnormal
function if a severe wall motion abnormality is present. If
only a moderate wall motion abnormality is present, the
determination as to whether the ventricular function por-
tion of the study should be considered abnormal depends
on the ejection fraction.

Modification of the interpretation of
perfusion and function based on clinical
information

The observer has now analyzed the perfusion and func-
tion portions of the gated perfusion SPECT examination
without knowledge of the patient’s clinical state. The final
report, however, should be based on all clinically relevant
data, including symptoms, risk factors, the results of ex-
ercise testing, the results of pharmacologic stress testing,
and, when available, other information such as the results
of coronary angiography. By convention, endorsed by the
ASNC guidelines (1), this modification of the interpreta-
tion based on clinical information should not change the
initial assessment by more than one category of abnormal-
ity, using the five-point scale for abnormality (Fig. 6.20).
For example, if the initial interpretation was equivocal,
the study could be considered probably normal in a pa-
tient with a low prescan likelihood of CAD; conversely, the
equivocal study could be reported as probably abnormal
in a high prescan likelihood setting (e.g., typical angina
pectoris with multiple risk factors and an abnormal tread-
mill test). This modification has the effect of improving
the overall concordance of information sent to clinicians (a
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Figure 6.20 Interpretation of gated MPS showing convention for

modification by a maximum of 1◦ based on clinical information.

type of “smoothing’’function). It is of critical importance to
exercise restraint, so that the maximal shift is one category
in the five-point scale. Shifting by a greater extent would
be confusing, in that it would no longer provide data rep-
resentative of the scintigraphic study. If there is a clear
discordance between clinical and scintigraphic data, this
should be directly expressed in the “Comments’’ portion
of the report, rather than being buried in the interpretation
of the nuclear study per se.

Integration of information: reporting of
gated MPS

Table 6.4 lists the items of information that an ideal nu-
clear cardiology report would contain, in addition to the
scintigraphic information. The final report should repre-
sent a synthesis of nuclear and nonnuclear information.
An example report is shown in Figs. 6.21a–c.

Likelihood of angiographically significant CAD

By convention, CAD is based on the presence of an hemo-
dynamically significant coronary atherosclerotic plaque,
as determined by coronary angiography or more recently
by intravascular ultrasound or fractional flow reserve
measurements. Coronary atherosclerosis is the term used
for coronary plaques that do not demonstrate this degree
of functional significance. Clinicians have learned to guide
their management of patients in part by their assessment
of this likelihood. When incorporating this likelihood into

Table 6.4 Overall interpretation of function on gated MPS.

Criteria for global abnormality (16-frame gating)∗

Normal ≥50 All segments = 0

Probable normal 45–49 or Few segments = 1

Equivocal 45–49 or Multiple reversible = 1

1 segment = 2

Probably abnormal 41–45 or 2 segments = 2

Definitely abnormal <40 or ≥1 segments ≥3

∗Overall interpretation of ventricular function on gated myocardial perfusion

SPECT.

the final report, the interpreter assesses the prescan like-
lihood of CAD based on age, sex, symptoms, risk factors,
and the results of the nonnuclear components of the stress
testing. The postscan likelihood is then reported by incor-
porating the nuclear test results.

Likelihood of a cardiac event

Since one of the principal applications of gated MPS is
risk assessment, it is recommended that the interpreter
consider incorporation of risk assessment in the final re-
port. This complex subject is also covered in Chapter 8. For
decades it has been recognized that the ejection fraction is
a strong—if not the strongest—predictor of cardiac mor-
tality. What the rest/stress myocardial perfusion studies
add uniquely to this assessment is the extent and severity
of ischemia. Recent data from Cedars-Sinai Medical Cen-
ter have shown that the extent of ischemia is related to
the likelihood of benefit from revascularization, adding a
new dimension to risk assessment. After risk adjustment,
Hachamovitch et al. [28] have reported that when no is-
chemia is present, patients in general have a lower mor-
tality rate with medical management and when ≥greater
than or equal to 10% ischemia is present, revascularization
is associated with a lower mortality rate with revascular-
ization than with medical therapy. Further analysis has
demonstrated that this relationship holds up in patients
with reduced ejection fraction. Thus, while patients with a
very low ejection fraction have a high mortality rate, those
who benefit from revascularization in terms of lowering
this mortality rate appear to be identified by having ex-
tensive myocardial ischemia. Given these considerations,
we now frequently incorporate a statement regarding the
likelihood of survival benefit from revascularization in our
reports. Examples of a study with extensive ischemia and
a study with infarction but with no ischemia are illustrated
in Figs. 6.21d and 6.22.

In patients undergoing exercise stress, the interpreter
or the clinician is often comfortable in combining clinical
and nuclear test results in assessing risk. For example, it
is well known that factors such as brief exercise duration,
abnormal % heart rate reserve achieved, exercise hypoten-
sion, and exercise-induced angina are high-risk markers.
In contrast, in patients undergoing vasodilator stress, the
clinician frequently finds it more difficult to make an over-
all assessment of risk, since exercise duration does not ap-
ply, symptoms during the stress are nonspecific, and less
is known about heart rate and blood pressure responses.
We have recently observed that abnormal heart rate and
blood pressure responses during adenosine stress are of
prognostic importance [53]. However, the clinician is still
faced with a complex task in attempting to incorporate
all findings in the risk assessment of patients undergoing
adenosine perfusion SPECT.
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Figure 6.21 (a)–(c) Example standardized report from Cedars-Sinai Medical Center of patient RM whose images are in Fig. 6.15. Catheterization revealed a

95% LAD stenosis after the takeoff of the first diagonal.
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Figure 6.21 (b)
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Figure 6.21 (c)
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Figure 6.21 (d) Example of extensive

reversible defect and low ejection fraction.

Exercise MPS of an asymptomatic 54-year-old

male with no history of CAD. Stress MPS

shows a large reversible defect in the inferior,

lateral, and basal inferoseptal walls.

Postexericse gated MPS revealed 33% left

ventricular ejection fraction with end-diastolic

volume of 162 ml. The transient ischemic

dilation ratio is elevated at 1.52. Coronary

angiography revealed both occlusions of the

left circumflex and the right coronary arteries.

After bypass surgery, the SPECT study became

normal as did the rest and poststress ejection

fractions (images not shown).
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In 2005, Hachamovitch et al. [54] described an adeno-
sine score that takes into account the patients age, % my-
ocardium ischemic, % myocardium “fixed,’’ dyspnea as
a presenting symptom (worse prognosis), the rest and
peak heart rate during adenosine stress, the rest ECG, and
whether the patient was able to perform low-level tread-
mill exercise along with the adenosine infusion. With this
score, we now incorporate the likelihood of cardiac death
with early revascularization or medical therapy as part of
our routine reports. We are currently developing a similar

score for exercise testing. The degree to which this form
of risk reporting will be incorporated into final reports
remains to be seen.

Components of the final report

Technical details

The final report should contain the patient’s age, identifi-
cation number, age, gender, height, weight, and the type
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Figure 6.22 Example of extensive

nonreversible defect and low ejection fraction.

Exercise MPS of an 85-year-old male with

history of myocardial infarction and symptom

of shortness of breath. Stress MPS shows a

large defect in the anterior and apical walls.

Twenty-four-hour resting Tl-201 image shows

no redistribution. Resting gated MPS revealed

29% left ventricular ejection fraction with

end-diastolic volume of 184 ml. Poststress

gated MPS showed a 28% ejection fraction

with end-diastolic volume of 219 ml. There

was no evidence of stress-induced ischemia in

this patient (the % reversible was 0). Of note,

at the present time, if the assessment of

viability is critical to patient management, we

would recommend either F-18 FDG or late

enhancement MRI to further evaluate the

likelihood of viable myocardium in the region

with the fixed perfusion defect.
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of study performed, and the reason for testing. With the
exception of coronary angiography and other imaging test
results, the information listed on Table 6.5 should be in-
cluded in the descriptive portion of the report. The report
should also contain the result of the assessments of my-
ocardial perfusion and myocardial function, ideally em-
ploying both the semiquantitative multisegment analy-
sis described above and quantitative analysis. As noted
above, when describing the ventricular function portion of
the study, the patient’s state at the time of imaging should
be reported (e.g., poststress, rest). As noted above, it is
also recommended that a statement regarding the techni-
cal quality of the examination be made, so that studies of
only marginal quality will be given appropriate weight by
the referring physician. Also as noted above, if the level
of stress achieved on an exercise study was suboptimal,
a qualifying statement regarding the diagnostic or prog-
nostic implications of the absence of ischemia should be
provided.

Table 6.5 Interpretation of gated MPS showing convention

for modification based on clinical information.

Clinical information and other test results that should be
incorporated into the final report

• Risk factors

• Demographic information

• Reason for test

• Presenting symptoms

• Non-nuclear stress test results

Duration

Rest and peak heart rate

Rest and peak blood pressure

Symptoms

ST response

• Coronary angiography

• Other imaging tests
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Table 6.6 Likelihood of angiographically significant CAD (≥50%).

<5–14% Low

15–29% Low intermediate

30–69% Intermediate

70–85% High intermediate

85–94% High

95–98% Very high

≥99% Virtually diagnostic

Nuclear and nonnuclear information
in the final report

We recommend that several summary statements be in-
cluded as components of the final report, including the
following:
1 In patients who are not known to have CAD, the

postscan likelihood of angiographically significant CAD
should be expressed. This likelihood can be calculated
by using commercially available programs such as
Cadenza [55], or look-up tables [56,57]. Table 6.6 lists the
adjectives that we associate with the various postscan
likelihoods of angiographically significant CAD.

2 In patients with known disease (post-angiography,
post-myocardial infarction, post-coronary artery by-
pass grafting (CABG), post-percutaneous coronary in-
tervention (PCI)) who are undergoing exercise studies,
the postscan likelihood is referred to as the “like-
lihood of exercised-induced ischemia.’’ In patients
with known disease who are undergoing vasodilator
stress, a more precise term the “likelihood of jeop-
ardized myocardium’’ may be used. This distinction
between “exercised-induced ischemia’’ and “jeopar-
dized myocardium’’ is preferred since a large major-
ity of patients demonstrating reversible defects (evi-
dence of jeopardized myocardium) with vasodilator
stress (dypridamole/adenosine) develop a perfusion
imbalance during stress but do not actually develop
“ischemia’’ [58]. From a practical standpoint, however,
the attribution of the reversible perfusion defects seen
with vasodilator stress to “ischemia’’ may be more
clearly understood by the clinician than “jeopardized
myocardium.’’

3 The extent, severity, and location of reversible defects
should be reported and related to the likely coronary
anatomy. As noted above, we now recommend that
these variables be reported as % myocardium, by nor-
malizing the patients summed perfusion scores to the
maximum scores possible.

4 The extent and location of fixed defects (which might
be referred to as “apparent scarring’’ or “prior my-
ocardial infarction’’) should be described. In gen-
eral, the terms “myocardial infarction’’ or “scarring’’

should be avoided unless late redistribution imaging is
performed, since, as noted above, nonreversible defects
may still be seen in areas with hibernating, viable
myocardium.

5 The final summation should answer the specific ques-
tion being asked by the referring physician. For example,
if a patient postangioplasty is being referred for the eval-
uation of possible restenosis, the likelihood of resteno-
sis should be directly addressed. If a patient is being
referred with chest discomfort from the emergency de-
partment, the likelihood of an acute ischemic syndrome
should be expressed.

6 Using the combined clinical information and scinti-
graphic scores, consideration should be given to incor-
poration of a statement regarding the patient’s risk of
subsequent cardiac event into the final report. Based on
recent reports [28,54] the mortality risk with medical vs.
revascularization therapy is also frequently included in
our current reports.

7 If myocardial viability is being questioned, specific state-
ments regarding the viability of abnormally contracting
segments should be included.

‘‘Automatic’’ report generation

Several commercially available packages are available to
help automate the reporting process. With these systems
the various components of the report can be automati-
cally incorporated into the report after they have been
input at various times during testing. For example, the
demographic data, the historical information (e.g., history
of prior CAD events or procedures, symptoms, risks fac-
tors), and the clinical observations at rest and stress (e.g.,
heart rates, blood pressures, clinical responses, exercise
duration, ST segment changes) can all be entered into the
system at the time of stress testing, and then sent electroni-
cally to the computer with which the final interpretation is
being performed. Furthermore, such systems can provide
a template for the interpreter by presenting the perfusion
and function scores, left ventricular ejection fraction, and
volume measurements assessed by computer algorithms
as the starting place for the interpreter’s subjective final
interpretation. One of the principal advantages of this ap-
proach is that the detail of the elements of the report is
all checked by the algorithm for internal consistency, so
that errors in reporting are minimized. Additionally, the
approach allows the interpreter to generate and fax the
final report immediately at the time of final interpreta-
tion. We have routinely utilized this approach to report
generation in our laboratory for approximately 7 years.
A study with extensive ischemia, and a study with in-
farction but with no ischemia are illustrated in Figs. 6.21
and 6.22.
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How to integrate information of perfusion
and function from gated SPECT

As noted above, usually data relative to perfusion and
function are similar. The classic examples of discordance
that occur in the interventricular septum in patients who
have undergone bypass surgery or in patients with left
bundle branch block are expected, but should still be
reported.

Unexpected discordance of data should be accompanied
by a specific description of the discordance at the end of
the final report. In our experience, the most common oc-
currences of discordance are in patients with cardiomy-
opathy. For example, if a patient has a very reduced left
ventricular ejection fraction, a large left ventricle and no
perfusion defect (the MPS study is normal, but its gated
SPECT component is abnormal), we categorize this type of
study as “abnormal, with left ventricular enlargement, but
no perfusion defects.’’We would then add a statement such
as “the findings of severe left ventricular enlargement and
severe depression of left ventricular ejection fraction with
no associated perfusion defect are most consistent with a
dilated nonischemic cardiomyopathic process.’’In our lab-
oratory, many patients with a report such as this will not
undergo subsequent cardiac catherization. Further non-
invasive confirmation of the absence of ischemic heart
disease is, however, often recommended in our reports
by suggesting coronary calcium testing, CT coronary an-
giography, or delayed enhancement cardiac magnetic res-
onance imaging. A somewhat less common but important
additional source of discordance between perfusion and
function data occurs in patients with ventricular remod-
eling following myocardial infarction. These patients will
typically have large nonreversible perfusion defects with
no reversible perfusion defects, but marked left ventricular
enlargement and reduction of left ventricular ejection frac-
tion and regional ventricular function out of proportion
to the size of the perfusion defect. In those circumstances,
a statement such as this is included in the final summa-
tion: “The left ventricular enlargement and marked left
abnormality of ventricular function are out of propor-
tion to the size of the perfusion defect. These findings are
most compatible with ventricular remodeling.’’ Depend-
ing on the clinical situation, we may add, “less likely, but
still possible, is the possibility that the patient has an is-
chemic cardiomyopathic process with balanced reduction
in flow.’’ To make the latter statement, we would usu-
ally like to have further evidence of exercise-induced is-
chemia or jeopardized myocardium, such as marked chest
discomfort, ST segment depression or unexpected akine-
sis/dyskinesis in zones with normal resting motion or nor-
mal resting perfusion. We often include in our reporting of
these patients a recommendation that FDG PET or cardiac
magnetic resonance be considered for further noninva-

sive confirmation of the absence of extensive jeopardized
myocardium.

In dilated nonischemic cardiomyopathic processes and
in ventricular remodeling, the portions of the left ventricle
demonstrating normal perfusion but abnormal function
are usually hypokinetic. When frank akinesis or dyskine-
sis is noted in zones that appear to have normal perfusion,
the final report is weighed toward the possibility of an
ischemic cardiomyopathy with balanced reduction in
flow, since stress-induced stunning would be more likely
to be associated with akinesis or dyskinesis than with
ventricular remodeling or nonischemic cardiomyopathic
processes.

The overall interpretation of gated MPS remains an art.
Following the systematic approach recommended in this
chapter allows this art to be refined and makes the results
more reproducible from observer to observer and from
center to center.
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7 Artifacts caused by and clarified by
gated myocardial perfusion SPECT

E. Gordon DePuey

Introduction

One of the most important aspects of gated SPECT inter-
pretation is the appropriate recognition of artifacts. This
chapter deals with various SPECT artifacts and the way
in which the interpretation of regional function can help
identify the artifacts as well as the way in which ECG gat-
ing can actually contribute to artifacts. The reader is also
referred to Chapter 6 for further consideration of these
issues.

Soft tissue attenuation artifacts

Soft tissue attenuation artifacts are a common cause of
false-positive myocardial perfusion SPECT [1]. Soft tissue
attenuators such as the breast, the left hemidiaphragm,
and lateral chest wall fat may mimic true perfusion de-
fects. These artifacts usually appear as fixed defects and
could be mistaken for myocardial scarring. However, if
there is a shift in the position of the soft tissue attenuator
from rest to stress, artifactual perfusion defects may show
“reverse distribution” mimicking subendocardial infarc-
tion with a patent vessel [2–4], or reversible defects mim-
icking myocardial ischemia [2]. Gated perfusion SPECT
has been demonstrated to be very helpful to differenti-
ate soft tissue attenuation versus scar as a cause of fixed
perfusion defects [1–3,5–7]. Whereas myocardial scarring
usually demonstrates regional left ventricular dysfunction
and decreased wall thickening, defects secondary to soft
tissue attenuation would show normal motion and thick-
ening. The principal exception to this would be a true
moderate nonreversible defect in a region with partial
thickness infarction, in which case the wall motion might
be normal (see Chapter 6). Of note, however, in the set-
ting of apparently reversible defects due to shifting soft
tissue attenuation, gating is less helpful since normal re-
gional function might be seen in ischemic regions as well as

in regions with artifacts. Guidelines to incorporate gated
SPECT to differentiate specific attenuation artifacts from
scar are discussed below.

Breast attenuation

Breast attenuation is a common source of artifactual de-
fects on SPECT. To detect this source, the planar projection
images displayed in endless-loop cinematic format should
be inspected carefully. These should be displayed in a lin-
ear gray scale (or a similar linear color scale) in order to
accentuate the soft tissues. The position of the left breast
should be ascertained. Usually a curvilinear “shadow” can
be observed corresponding to the inferior and inferopos-
terior margins of the left breast. The breast shadow may
lie over the anterior/anterolateral portion of the heart, or
when pendulous, may be positioned posterolaterally, or
even predominantly over the inferior wall of the heart.
By determining the position of the breast soft tissue at-
tenuation, the observer can anticipate the location of the
corresponding myocardial perfusion SPECT attenuation
artifact. Similarly, the thickness or density of the breast
can be approximated by the degree of photopenia associ-
ated with the breast “shadow.” For example, a small breast
that is difficult to localize in the cine planar projection im-
ages is unlikely to create a significant attenuation artifact.
In contrast, a large, dense breast that “eclipses” the heart
in the cine planar projection images may create a severe,
discrete attenuation artifact.

In the reconstructed tomographic slices the breast at-
tenuation artifact will appear as a fixed defect, assuming
that the breast has not shifted in position from the rest to
stress images. If a single-day low-dose/high-dose Tc-99m
agent protocol is employed, the attenuation artifact may
appear more severe in the low count density resting im-
ages [8]. The location of the fixed or “reverse distribution”
defect should correspond approximately to the location of
the overlying breast “shadow” previously observed in the
cine planar projection images.

173



Clinical Gated Cardiac SPECT

Figure 7.1 (a) Stress (top) and rest (bottom) planar projection images

demonstrate a large, “circular,” photopenic “shadow” overlying the en-

tire heart in the left anterior oblique view. This breast “shadow” appears to

“eclipse” the entire heart. (b) Stress and rest tomographic images demon-

strate a moderately extensive, moderately severe, fixed decrease in tracer

concentration in the apex and distal portion of the left ventricle. Quantitative

perfusion polar plots wherein patient data are compared to female gender-

matched normal files (Emory Toolbox® software) identify an “abnormal”

decrease in tracer concentration in the apex and distal anterior wall. Gated

post-stress tomograms demonstrate normal left ventricular wall motion and

wall thickening, including that of the apex. Quantitative analysis of left ven-

tricular wall thickening in polar plot format confirms the presence of normal

left ventricular wall thickening. The combination of perfusion and functional

findings favor breast attenuation rather than scar as the cause of the fixed

apical perfusion defect.

Gated tomographic images will demonstrate normal
regional wall motion and wall thickening in the distri-
bution of the fixed defect if it is due to breast attenua-
tion artifact. Inspection of regional wall motion in gated
tomographic slices is particularly advantageous in deter-
mining if there is normal regional left ventricular func-
tion precisely in the distribution of the fixed perfusion
defect. In three-dimensional gated displays it is usually
more difficult to correlate regional function with the pre-
cise perfusion defect. Regional wall motion is best eval-
uated using a black and white display with some degree
of thresholding (approximately 8–10% background sub-
traction) to enhance the endocardial border in order to
evaluate regional wall motion. Wall thickening is usually
better evaluated using a color scale because changes in in-
tensity, proportional to wall thickening, may be evaluated
with greater sensitivity in color than in black and white.
Quantitative polar map displays of wall thickening may
also be useful in differentiating normal versus abnormal
wall thickening. Whereas determining changes in inten-
sity from end-diastole to end-systole of a perfusion defect
as compared to that of “normal’’ myocardium may be dif-
ficult by visual inspection alone, the quantitative displays
can provide the percent change in count density of each
pixel from end-diastole to end-systole and thereby help
to objectify the analysis of wall thickening. However, each

individual observer should choose the display with which
he or she is best able to appreciate these parameters of wall
motion and wall thickening. A case example of a patient
with an anterior wall breast attenuation artifact is shown
in Fig. 7.1.

Diaphragmatic attenuation

Diaphragmatic attenuation is also a common source of
artifactual perfusion defects, particularly in men. As
with identifying breast attenuation, a stepwise, system-
atic approach in image interpretation, incorporating gated
SPECT images is advantageous in differentiating di-
aphragmatic attenuation artifact from scar as a cause of
fixed inferior perfusion defects [9]. The planar projection
images should be inspected in endless-loop cinematic for-
mat using a linear gray scale to ascertain the position of
the left hemidiaphragm. Usually a photopenic “shadow”
(albeit often indistinct) can be detected corresponding to
air or fluid in the fundus of the stomach or under the left
hemidiaphragm itself. If the shadow lies entirely below
the inferior wall of the left ventricle in the planar pro-
jection images, diaphragmatic attenuation artifact is very
unlikely. However, if the “shadow” overlies the inferior
wall, particularly in the left lateral projection images, di-
aphragmatic attenuation artifact is more likely.
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Figure 7.2 (a) In the planar projection images the location of the left

hemidiaphragm can be identified as a curvilinear photopenic shadow. In this

case example of a male patient the left hemidiaphragm is relatively high, and

so diaphragmatic attenuation of the inferior wall of the left ventricle may be

anticipated. (b) Stress and rest tomographic images demonstrate an exten-

sive, moderately severe fixed defect in the inferior wall of the left ventricle.

Quantitative perfusion polar plots wherein patient data are compared to male

gender-matched normal files (Emory Toolbox® software). Gated tomograms

demonstrate normal left ventricular wall motion and wall thickening. Quan-

titative analysis of wall thickening displayed in polar plot format similarly

demonstrates normal inferior wall thickening, favoring inferior attenuation

artifact rather than scar.

Tomographic images demonstrate a fixed inferior per-
fusion defect either with myocardial scarring or with
diaphragmatic attenuation artifact. As noted above for
breast attenuation, if a single-day rest/stress Tc-99m la-
beled imaging protocol is used, diaphragmatic attenua-
tion artifacts may appear somewhat more marked in the
low count density resting tomograms. In vertical long-axis
tomograms, with diaphragmatic attenuation the inferior
wall often appears to “taper” from apex to base, whereas
with myocardial scarring the inferior perfusion defect of-
ten appears more discrete with an abrupt decrease in count
density.

Gated perfusion tomograms will demonstrate normal
wall motion and wall thickening if the fixed inferior defect
is secondary to diaphragmatic attenuation. In contrast, in-
ferior myocardial scarring usually exhibits decreased wall
motion and wall thickening. Suggestions offered for evalu-
ating wall motion and wall thickening in patients with sus-
pected breast attenuation (see above) are equally helpful
in evaluating the inferior myocardial wall. A case exam-
ple of a patient with a diaphragmatic attenuation artifact
is shown in Fig. 7.2 and a patient with a true inferior wall
defect due to myocardial scarring is shown in Fig. 7.3.

Lateral chest wall attenuation

In obese individuals, lateral chest wall fat not only atten-
uates photons emanating from the myocardium but also

increases the distance between the heart and the scintil-
lation detector. Thereby, in such individuals, lateral chest
wall fat may result in lateral wall attenuation artifacts that
may mimic true perfusion defects. As for other soft tissue
attenuators, inspection of the planar projection images in
endless-loop cinematic format is of considerable value. A
photopenic defect overlying the posterolateral wall of the
left ventricle may be observed corresponding to a large,
dense fat fold. Alternately, the attenuation effect may be
diffuse, whereby the heart seems to “disappear” in the left
lateral and left posterior oblique planar projections.

Either the discrete or diffuse attenuation effects of lateral
chest wall soft tissue may create lateral wall myocardial
attenuation artifacts that may simulate true perfusion de-
fects in the circumflex coronary artery territory. Although
these abnormalities may not be readily apparent by vi-
sual inspection of the perfusion tomograms, because the
lateral wall may be less intense than the septum, abnor-
malities are accentuated when patient data are compared
to gender-matched normal files (in which the lateral wall
is “anticipated’’ to be more intense than the septum).

Gated tomograms will demonstrate normal wall motion
and thickening of the lateral wall if the fixed defect is due
to attenuation artifact, whereas abnormal wall motion and
wall thickening may be observed in the presence of lateral
myocardial scarring. A case example of a patient demon-
strating lateral chest wall attenuation artifact is shown in
Fig. 7.4.
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Figure 7.3 Stress and rest tomographic

images demonstrate an extensive fixed defect

in the inferior wall of the left ventricle. Gated

tomograms demonstrate absent wall

thickening. Count density is decreased to such

a degree that in this color display inferior wall

thickening cannot be adequately assessed.

Quantitative analysis of wall thickening

displayed in polar plot format demonstrates

markedly decreased to absent inferior wall

thickening, favoring inferior myocardial

scarring rather than attenuation artifact as a

cause of the fixed inferior defect.

In the case of lateral wall defects, gated imaging may be
more difficult to interpret than in the case of anterior or
inferior defects (as described above). During systole there
is rotational and anterior translational motion of the heart.
This motion tends to counterbalance the posterior, inward
motion of the septum and accentuates the anterior mo-
tion of the posterolateral wall [10]. Therefore, even in the
presence of myocardial scarring, there may appear to be

preserved motion of the posterolateral wall. For this rea-
son, it is important to evaluate not only wall motion but
also wall thickening. Whereas a posterolateral scar may
demonstrate relatively normal wall motion, abnormal wall
thickening will be manifest as a failure to increase count
density during systole. A case example of true posterolat-
eral scan with preserved wall motion but abnormal wall
thickening is shown in Fig. 7.5.

Figure 7.4 (a) In planar projection images it is apparent that this female

patient is very obese, with a considerable distance between the lateral border

of the left ventricle and the left lateral chest wall. (b) Stress and rest tomo-

graphic images demonstrate a moderate decrease in tracer concentration in

the basal half of the posterolateral wall of the left ventricle. As compared

to the septum, the lateral wall is less intense. This is an abnormal scan find-

ing, since the lateral wall should normally be more intense than the septum.

Gated tomograms demonstrate normal wall motion and wall thickening of

the entire left ventricle, including that of the posterolateral wall. Quantitative

analysis of wall thickening displayed in polar plot format similarly demon-

strates normal posterolateral wall thickening, favoring lateral wall soft tissue

attenuation artifact rather than scar as a cause of the fixed posterolateral

defect.
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Figure 7.5 Stress and rest tomographic

images demonstrate a marked fixed defect

involving the basal half of the posterolateral

wall of the left ventricle. Gated tomographic

images demonstrate markedly decreased wall

thickening of the fixed defect. However,

posterolateral wall motion is relatively well

preserved, most likely accounted for by the

anterior translational motion of the heart

during systole. Quantitative analysis of wall

thickening displayed in polar plot format

demonstrates markedly decreased

posterolateral wall thickening, consistent with

myocardial scarring rather than attenuation

artifact as a cause of the fixed posterolateral

defect.

Left arm attenuation

Although it is much preferred to image patients with both
arms, or at least the left arm, raised above the head, in
some patients, particularly those who are early postoper-
ative or in those with arthritis, elevation of the left arm is
sometimes not possible. Under such circumstances gated
SPECT may be performed with the left arm by the patient’s
side [11]. The arm should be positioned as posteriorly
as possible to minimize attenuation of the myocardium
in the 180◦ SPECT imaging arc. Nevertheless, even with
these precautions, lateral wall attenuation artifacts are fre-
quently encountered when patients are imaged with the
left arm down. These attenuation artifacts may be partic-
ularly severe because not only soft tissue but also bone
attenuates photons emanating from the myocardium.

In the planar projection images viewed in a endless-loop
cinematic format the position of the arm should be ascer-
tained, particularly the position of the humerus in relation
to the lateral/posterolateral wall of the left ventricle. It is
particularly important to determine that the position of the
arm is identical in the stress and rest images. Otherwise,
variable attenuation in the stress and rest tomograms may
be present, mimicking a reversible, i.e. ischemic, perfusion
defect.

Unlike patients with lateral chest wall fat attenuation,
because of the severity of attenuation caused by the
humerus, localized attenuation encountered in patients
imaged with the left arm down may be particularly
marked. Therefore, in tomographic images left arm atten-
uation artifacts may appear relatively severe and discrete.

Gated tomographic images will exhibit normal wall
motion and wall thickening in the case of left arm at-
tenuation artifacts, whereas wall thickening and usually

wall motion abnormalities will be expected in patients
with posterolateral myocardial scars. As for patients with
lateral chest wall fat attenuation artifacts, the observer
should evaluate both wall motion and wall thickening
since physiological anterior cardiac translational motion
during systole may minimize wall motion abnormalities
in patients with posterolateral scars.

Normal anatomic variants mimicking
perfusion defects

Apical thinning

Variants in myocardial anatomy may mimic fixed perfu-
sion defects. A fixed apical defect may be present due to
“physiological apical thinning.” The etiology of this scan
finding is not precisely known, but it is postulated that a
localized decrease in count density at the left ventricular
apex may be secondary to actual anatomic thinning of the
apex as compared to the remainder of the left ventricular
myocardium. Alternately, the apex may appear thinner
because spatial resolution of the apex is greatest since it
is closest to the scintillation detector. Moreover, in most
patients the apex is not attenuated by soft tissue. Of note,
such apical defects may be accentuated with attenuation
correction, presumably by “eliminating’’ soft tissue atten-
uation. Being closer to the collimator, the resolution of the
apex is further enhanced, thereby making it appear even
thinner [12]. Finally, SPECT artifacts due to center of rota-
tion error, camera head misalignment, and patient motion
are usually more marked at the left ventricular apex [2].

Because the apical defects described above are usu-
ally small and discrete, inspection of planar projection
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Figure 7.6 Stress and rest tomographic

images demonstrate a small, moderately

severe “cleft-like” defect at the apex of the

left ventricle. Gated tomographic images

clearly demonstrate normal wall motion and

wall thickening of the apex. Quantitative

analysis of wall thickening displayed in polar

plot format similarly demonstrates normal

myocardial wall thickening, including that of

the apex, favoring “normal physiological

apical thinning” rather than localized scarring

as a cause of the fixed apical defect.

images is seldom of value in identifying such abnormali-
ties. However, inspection of the planar projection images
in endless-loop cinematic format is critical in identifying
patient motion as a cause of such defects.

In horizontal long-axis and vertical long-axis tomo-
grams “apical thinning” usually appears as a discrete,
linear defect at the very apex of the left ventricle. True
perfusion abnormalities due to coronary artery disease
are usually larger, extending to the anterior or inferior
walls.

Gated perfusion tomograms will exhibit normal wall
motion and thickening in patients with “physiological api-
cal thinning” or in those in whom the apical defects are due
to patient motion or center of rotation error. Discrete api-
cal myocardial scarring frequently produces a localized
wall motion abnormality. A case example of physiological
apical thinning is shown in Fig. 7.6.

The “11 o’clock” defect

Frequently discrete, linear defects extending through the
myocardium are noted at approximately 11 o’clock and 7
o’clock in the short-axis tomograms. The precise cause of
these defects is not known. However, because they are al-
most invariably located adjacent to the insertion points of
the right ventricular myocardium as it joins the septum,
they are most likely either anatomic variants or related
to attenuation by the right ventricle myocardium and/or
blood pool. An experienced observer generally has no dif-
ficulty in identifying these defects as artifacts/variants.
However, gated perfusion SPECT may be of additional
value in differentiating such artifacts from actual localized
anteroseptal and inferoseptal myocardial scars. Regional

wall motion and wall thickening will be entirely normal
at the site of these septal artifacts/variants.

Artifacts associated with SPECT image
normalization

When regions of the myocardium are increased in inten-
sity due to image normalization to 100% of maximal my-
ocardial count density, such areas will appear normal and
other, remote areas may exhibit relatively decreased count
density. These remote areas of relatively decreased count
density may mimic true perfusion abnormalities. This phe-
nomenon is called by some a “hot spot’’ artifact. If the
erroneous normalization is equivalent at both stress and
rest, defects will appear fixed, mimicking myocardial scar.
However, if the source of increased myocardial count den-
sity is inconsistent from stress to rest, the normalization
effect will be variable, and defects may appear reversible,
or there may appear to be “reverse distribution.” In the
case of fixed defects, gated perfusion SPECT may be of
considerable value in differentiating scar from normaliza-
tion artifact.

Left ventricular hypertrophy

In patients with left ventricular hypertrophy there may
be a diffuse increase in count density throughout the my-
ocardium. Alternately, there may be a localized increase
in count density, most often in the septum, papillary mus-
cle, or apex [13]. Increased septal count density may be
present in patients with idiopathic hypertrophic subaor-
tic stenosis (IHSS), but may also be noted in patients with
concentric myocardial hypertrophy because the septum
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Figure 7.7 Stress and rest tomographic images in this woman with long-

standing hypertension demonstrate a relative increase in tracer concentration

and the septum and consequently a relative decrease in tracer concentration

throughout the remainder of the left ventricular myocardium. Quantitative

polar maps, comparing patient data to gender-matched normal limits, accen-

tuate the relative decrease in tracer concentration in regions of myocardium

apart from the septum. Gated tomographic images demonstrate normal

left ventricular wall motion and wall thickening, including the areas of rel-

atively decreased tracer concentration. Quantitative analysis of myocardial

wall thickening displayed in polar plot format similarly demonstrates normal

global left ventricular wall thickening. Scarring of the entire left ventricular

myocardium, sparing only the septum, would be highly unlikely in the pres-

ence of such normal ventricular function. Therefore, combined perfusion and

function findings favor increased septal count density secondary to left ven-

tricular hypertrophy rather than myocardial scarring sparing only the septum

as a cause of the fixed defects demonstrated by quantitative analysis.

hypertrophies to a slightly greater degree than the re-
mainder of the left ventricle. Papillary muscle hypertro-
phy occurs commonly in patients with concentric myocar-
dial hypertrophy, producing a localized “hot spot” in the
lateral wall of the left ventricle. Localized apical hypertro-
phy, a variant of hypertrophic cardiomyopathy, frequently
produces a localized increase in tracer concentration in
the apex. Because of the process of SPECT image normal-
ization, regions of myocardium remote from the septum,
papillary muscle, or apex may exhibit relatively decreased
count density.

Standard visual inspection of tomographic slices in
these patients is often problematic because of this image
normalization process. Often it is necessary for the inter-
preting physician to manually increase count density so
that the localized septal, papillary muscle, or apex ap-
pears “hot,” with remote areas of myocardium appearing
“normal.” However, interpreting physicians must be cau-
tioned regarding the subjectivity of such manual image
manipulation.

Gated perfusion imaging may be quite useful in differ-
entiating an extensive area of myocardial scarring from
a localized area of relatively increased tracer concentra-
tion. If the regions of decreased count density move and
thicken normally, it is unlikely that they represent exten-

sive myocardial scarring. Figure 7.7 illustrates a patient
with increased septal count density due to left ventricular
hypertrophy, and Fig. 7.8 shows a patient with relatively
decreased inferior count density due to anterior papillary
muscle hypertrophy.

Compton scatter

Compton scattered radiation from subdiaphragmatic
structures such as the liver, stomach, or bowel may ar-
tifactually increase the count density of the inferior wall
of the left ventricle. As described above for regions of rela-
tive myocardial hypertrophy, due to the process of image
normalization, the artifactually increased count density of
the inferior wall may appear “normal” (100% of maximal
activity) and remote areas with relatively decreased activ-
ity may be misinterpreted as true perfusion defects. If the
scatter artifact is identical in rest and stress tomograms,
gating may be helpful in differentiating artifact from scar
as a cause of the localized decreased in count density in
areas remote from the inferior wall. However, in most in-
stances the degree of scatter from subdiaphragmatic ac-
tivity is variable from stress to rest, and therefore the pro-
cess of image normalization creates variable artifacts in
remote walls, mimicking ischemia rather than scar. For
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Figure 7.8 Stress and rest tomographic images in this man with long-

standing hypertension demonstrate a relative increase in tracer concentra-

tion localized into the anterior wall of the left ventricle and the region of

the anterior papillary muscle and consequently a relative decrease in tracer

concentration throughout the remainder of the left ventricular myocardium,

particularly the inferior wall. Quantitative polar maps, comparing patient

data to gender-matched normal limits, accentuate the relative decrease in

tracer concentration in regions of myocardium apart from the “hot” ante-

rior papillary muscle. Gated tomographic images demonstrate normal left

ventricular wall motion and wall thickening, including areas of relatively de-

creased tracer concentration. Quantitative analysis of myocardial wall thick-

ening displayed in polar plot format similarly demonstrates normal global

left ventricular wall thickening. These findings favor a localized anterior “hot

spot” to which myocardial counts are normalized rather than scarring of the

inferior wall.

this reason, gating is usually of relatively limited value in
differentiating scatter artifacts from true perfusion defects.

Limitations of gated perfusion SPECT in
differentiating artifacts from true
perfusion defects

Myocardial ischemia

Gated perfusion imaging is of very limited value in dif-
ferentiating stress-induced ischemia from a perfusion ar-
tifact that is present in the stress SPECT image only but
not present at rest. Because the gated acquisition is per-
formed poststress, usually 20–30 minutes postexercise or
30–45 minutes postpharmacologic stress, the post-stress
gated images generally reflect resting left ventricular func-
tion. Only in the presence of post-stress myocardial stun-
ning will a functional abnormality occur in the presence
of a reversible perfusion defect [14] (see Chapters 5 and 6).
The great majority of stress-induced perfusion abnormal-
ities will demonstrate normal left ventricular function at
the time of delayed SPECT image acquisition. Artifacts
present in stress tomograms but not at rest will simi-
larly demonstrate normal left ventricular function in post-
stress gated images. Therefore, observation of ventricular

function on gated perfusion SPECT is usually not helpful
in differentiating stress-induced ischemia from artifacts
present only in stress images.

Hibernating myocardium

In the presence of resting myocardial hypoperfusion,
there is a down-regulation of left ventricular function,
a mechanism useful to decrease myocardial oxygen de-
mand in the face of diminished oxygen supply. Such a
decrease in resting regional ventricular function has been
termed “hibernating myocardium.” While areas of hiber-
nation are typically supplied by critical coronary stenoses,
there is usually a perceptible worsening of myocardial
perfusion on stress images in patients with hibernation.
In many instances, however, the resting perfusion will
be severely enough reduced so that additional stress-
induced ischemia is not apparent. Therefore, gated perfu-
sion SPECT may demonstrate a localized, fixed perfusion
defect with an associated regional wall motion abnormal-
ity. The appearance of such an abnormality is identical to
that of a myocardial scar with an associated regional wall
motion abnormality. Therefore, gated perfusion SPECT is
of limited value in differentiating viable, hibernating my-
ocardium from myocardial scar [15,16] unless additional
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Figure 7.9 Stress tomographic images demonstrate a mild decrease in

tracer concentration in the anterior wall of the left ventricle. In resting to-

mographic images the anterior defect is considerably more marked and ex-

tensive, findings consistent with “reverse distribution.” These findings are

corroborated in quantitative polar plots. Gated tomographic images demon-

strate normal left ventricular wall motion and wall thickening, including that

of the anterior wall. Quantitative analysis of myocardial wall thickening dis-

played in polar plot format similarly demonstrates normal global left ventric-

ular wall thickening. This constellation of “reverse distribution” with normal

regional wall motion and thickening may be observed either in a patient with

soft tissue attenuation artifacts undergoing a single-day rest/stress Tc-99m

protocol or in a patient with a nontransmural myocardial infarct with a patent

proximal coronary artery. In this case example the severity and discrete nature

of the anterior defect would favor the latter. The patient in this case exam-

ple is a female who presented to the emergency department with an acute

myocardial infarction and was sent immediately for percutaneous coronary

angioplasty (PTCA) of the left anterior descending coronary artery. Post-PTCA

coronary angiography demonstrated a patent left anterior descending, and

cardiac enzymes suggested only a small degree of myocardial damage asso-

ciated with the acute infarct.

gated SPECT imaging is performed after nitroglycerin or
during low-dose dobutamine stress [17,18].

Nontransmural myocardial infarction

Nontransmural myocardial infarcts, i.e. subendocardial
infarcts, with no additional stress-induced ischemia may
produce fixed myocardial perfusion defects or defects
demonstrating a “reverse distribution” [4]. However, re-
gional left ventricular function may be preserved in the
distribution of the infarct. Therefore, gated perfusion
SPECT may demonstrate a fixed perfusion abnormal-
ity with normal left ventricular wall motion and, often,
normal left ventricular wall thickening. This pattern is
identical to that of a soft tissue attenuation artifact (see
above). Therefore, a significant limitation of gated perfu-
sion SPECT is the inability to differentiate nontransmural
scarring with preserved regional function from soft tis-
sue attenuation artifact. A potential advantage of attenua-
tion correction is the ability to provide this differentiation.
However, it should be cautioned that attenuation correc-
tion does not always completely compensate for soft tis-
sue attenuation, and the differentiation of subendocardial
scar from artifact may be suboptimal. Figure 7.9 illustrates

a case example of subendocardial infarct with normal re-
gional wall motion and wall thickening.

Nonischemic, dilated cardiomyopathy

In some patients with symptoms prompting gated SPECT
imaging as an initial test, gated SPECT may provide the
first diagnosis of a nonischemic dilated cardiomyopathy.
Scans in such patients are typically characterized by biven-
tricular dilation with global, biventricular dysfunction and
the absence of perfusion defects or only minimal defects.
However, when defects are seen in these patients that may
be due to soft tissue attenuation, gated imaging is of lim-
ited value in differentiating myocardial scarring versus
attenuation artifact because there is characteristically a
marked, generalized decrease in regional wall motion and
wall thickening. In patients with dilated cardiomyopathy,
differentiation of diaphragmatic attenuation and inferior
scarring is particularly problematic. In such patients di-
aphragmatic attenuation may be accentuated because the
dilated heart lies low in the thorax. Moreover, blood within
the dilated left ventricular cavity attenuates the inferior
and inferoposterior walls, which lie most distant from the
scintillation detector. Therefore, in such patients either
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Figure 7.10 Stress and rest tomographic images in this male patient with

a known cardiomyopathy demonstrate a markedly dilated, “globular” left

ventricle. There is an extensive, moderate decrease in tracer concentration

throughout the inferior wall. Quantitative perfusion polar plots identify the

inferior defect as a moderately extensive, moderately severe abnormality.

Gated tomographic images demonstrate marked, diffuse left ventricular hy-

pokinesis. Left ventricular ejection fraction is 10%. There is a marked, diffuse

decrease in myocardial wall thickening during systole. Quantitative analysis

of myocardial wall thickening displayed in polar plot format similarly demon-

strates a marked, diffuse decrease in wall thickening. Because of the diffuse

left ventricular dysfunction, in this patient it is not possible to incorporate

functional data to differentiate diaphragmatic attenuation versus inferior

myocardial scarring as a cause of the fixed inferior perfusion defect. The

etiology of this patient’s cardiomyopathy was unknown. However, he had

no prior history or electrocardiographic evidence of myocardial infarction.

Therefore, based upon clinical information, the cause of the fixed inferior

defect was most likely attributable to diaphragmatic attenuation.

prone imaging or attenuation correction is preferable to
gated perfusion imaging to differentiate attenuation ar-
tifact from inferior scar [19]. A case example of dilated
nonischemic cardiomyopathy with diaphragmatic atten-
uation artifact is illustrated in Fig. 7.10.

Artifacts Variable in Location and/or
Severity in Stress Versus Rest SPECT
Images

As mentioned previously, gated perfusion SPECT is of
greatest value in differentiating fixed perfusion defects
from localized myocardial scar. If the location and/or
severity of an artifact differs in stress and rest images,
the resultant apparent perfusion defect will likewise vary
in location and severity, thus mimicking myocardial is-
chemia and/or “reverse distribution.” Therefore, gated
perfusion SPECT is of limited value in differentiating my-
ocardial ischemia from artifact. Among the many exam-
ples of causes such variable artifacts are the following:
� Patient motion
� Flood field nonuniformity (The patient is usually posi-

tioned at different locations under the detector during
stress and rest SPECT acquisitions.)

� Shifting breast position (The position of the left breast
may shift under tight-fitting clothing, binders, with the

bra on versus off, or with different degrees of elevation
of the left arm.)

� Compton scattered radiation (The location and intensity
of subdiaphragmatic tracer location usually varies from
rest to stress, creating variable scatter artifacts.)

Instances in which interpretation of
gated perfusion SPECT is problematic

Low count density

If gated perfusion SPECT images are count poor, they
may be suboptimal to evaluate regional wall motion and
wall thickening. While additional spatial and/or temporal
smoothing may help define the endocardial borders and
to determine temporal changes in count density propor-
tional to wall thickening, there is no substitute for ade-
quate count density, and caution should be exercised in
interpreting regional function on count-poor images. A
case example of low count density gated perfusion tomo-
grams without and with additional spatial and temporal
smoothing is shown in Fig. 7.11.

Inappropriate filtering

As described in Chapter 5, correct processing of gated per-
fusion tomograms is essential for their appropriate clinical
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Figure 7.11 In this obese patient, gated post-stress tomograms were of

low count density. (a) End-diastolic post-stress gated tomograms displayed

in black and white, filtered according to the standard processing protocol

(low count density resting filter applied to each of the eight frames of the

post-stress gated tomograms). (b) End-diastolic post-stress gated tomograms

displayed in color, filtered according to the standard processing protocol

(low count density resting filter applied to each of the eight frames of the

post-stress gated tomograms). (c) End-diastolic post-stress gated tomograms

displayed in black and white, with additional spatial and temporal smooth-

ing. (d) End-diastolic post-stress gated tomograms displayed in color, with

additional spatial and temporal smoothing.

application. Similarly, to apply gated tomograms to help
differentiate artifact versus myocardial scar, if gated im-
ages are count poor and if endocardial borders are not well
defined, the assessment of wall motion and wall thicken-
ing may be suboptimal. Therefore, the interpreting physi-
cian cannot optimally apply gated perfusion SPECT to dif-
ferentiate scar from artifact. A common error in processing
gated SPECT tomograms is to use the same filter for the
individual 8- or 16-frame-per-cardiac cycle images that is
used for the summed tomograms. If the higher critical fre-
quency filter used for the summed tomograms is applied
to the lower count density gated tomograms, the latter will
be “noisy” with suboptimal information.

Errors and artifacts caused by ECG gating

Incorrect gating

For appropriate gating of myocardial perfusion SPECT,
the R-wave of each cardiac cycle must be identified. Elec-
trocardiographic leads should be positioned to maximize

R-wave amplitude. In patients with low R-wave voltage
(anteroseptal myocardial infarction, for example) or in
those with increased T-wave voltage (hyperkalemia, for
example), the T-wave may trigger the gate instead of, or
in addition to, the R-wave. Similar inappropriate trigger-
ing can occur in patients with paced rhythms, with gating
on the pacing spike rather than the R wave. These gat-
ing errors often result in marked degradation of the gated
SPECT tomograms. Less commonly tall, peaked P-waves
will result in gating errors [20]. An example of erroneous
gating on the R-wave and T-wave is shown in Fig. 7.12.

To prevent T-wave gating, the technologist should verify
that the heart rate sensed by the ECG trigger corresponds
to the patient’s actual heart rate. Likewise, if possible, the
position of the ECG trigger should be verified on the ac-
quisition computer console or an ECG rhythm strip.

Arrhythmias

As discussed in Chapter 5, in order to maintain the in-
tegrity of the calculated left ventricular volume curve, it
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T–R R–T

+ =

Figure 7.12 Low-voltage R-waves and tall T-waves may result in

erroneous electrocardiographic gating. In this example both the R-wave

and the T-wave are sensed by the electrocardiographic gate. As a result,

one cardiac “cycle,” the R–T interval, consists of only left ventricular systolic

emptying, whereas the next “cycle,” the T–R interval, consists of only left

ventricular diastole. When these two consecutive “cycles” are summed,

counts from each are averaged, resulting in an apparent marked decrease

in left ventricular function.

is recommended that gated perfusion SPECT scans be ac-
quired using some degree of arrhythmia rejection. Most
commonly a “100%” window is selected, allowing cardiac
cycle lengths up to 50% greater than and 50% shorter than

the mean R–R interval to be accepted. Selection of a nar-
rower window will improve the integrity of the left ven-
tricular volume curve and theoretically result in a more
accurate left ventricular ejection fraction. However, more
cardiac cycles will be rejected, and the resulting count den-
sity of the summed perfusion tomograms will decrease. In
contrast, increasing the arrhythmia acceptance window
will result in fewer rejected beats. Count density of the
summed perfusion tomograms will increase, but the in-
tegrity of the resulting left ventricular volume curve will
suffer because cardiac cycles of greatly varying lengths
will be averaged.

Also as discussed in Chapter 5, it has been demonstrated
that due to the averaging of cardiac cycles of varying
lengths, error may be introduced into quantification of re-
gional myocardial wall thickening due to the disruption
of the usual linear relationship between myocardial wall
thickness and observed counts, associated with partial vol-
ume effects [21–24]. Nichols et al. reported that when ar-
rhythmic rejection of irregular cardiac cycles (atrial fib-
rillation) occurred, in 28% of cases there was an artifac-
tual increase in apparent wall thickening and in 40% of
cases wall thickening artifactually decreased [23]. How-
ever, because individual gated frames are normalized to
themselves throughout the heart cycle, functional values,
including diastolic and systolic volume, are less affected
by arrhythmias. These authors demonstrated that using ei-
ther QGS r© or Emory Toolbox r© software such computer-
simulated arrhythmias resulted in errors in ejection
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Figure 7.13 Quantitative analysis of planar projection cardiac count den-

sity in a patient with (a) no arrhythmia (GE Medical Systems®), (b) varying

cardiac cycle length and “dropout” of data only in the eighth cardiac gating

bin, (c) arrhythmia throughout the gated SPECT acquisition and resulting

“dropout” of data in various cardiac gating bins, and (d) atrial fibrillation.

Progressive “dropout” of data is observed in the diastolic gated frames.
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fraction, end-diastolic volume, and end-systolic volume of
less than 5% [23].

With arrhythmia (“bad-beat’’) rejection, the overall
count density of the summed tomographic images
decreases. In low count density images there is greater
statistical variation among pixels and thus a greater proba-
bility that artifactual regional perfusion abnormalities will
be identified by either visual image inspection or quan-
titative analysis. Using computer-simulated arrhythmias
(atrial fibrillation), Nichols et al. reported that by subjec-
tive visual analysis perfusion defects appeared to increase
in severity in 33% of cases and decrease in severity in 12%
of cases [23]. However, it was uncommon (fewer than 4%
of cases) that such changes had an impact on visual scan in-
terpretation. Nonetheless, the quality of tomograms, polar
plots, and three-dimensional representation of myocardial
perfusion degrades with decreasing image count density
due to rejected arrhythmic cardiac cycles.

Software vendors have now introduced displays of
cardiac image count density in individual planar projec-
tion images. Inspection of these quality control images is
of value in determining the degree of arrhythmia and its
effect on tomographic image count density (Fig. 7.13).
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8 Clinical value of combined perfusion and
function imaging in the diagnosis,
prognosis, and management of patients
with suspected or known coronary
artery disease

Rory Hachamovitch

Introduction

The introduction of widely available, validated software
permitting reproducible measurements of gated SPECT
ejection fraction and wall motion to be routinely per-
formed as a part of clinical testing has generated con-
siderable excitement and interest upon its release. Since
the first edition of this text, gated SPECT functional mea-
sures have become a ubiquitous component of stress
myocardial perfusion scintigraphy (MPS) studies and in-
creasing evidence supports the use of gated MPS with
respect to both diagnostic and prognostic endpoints. How-
ever, like many new additions to cardiologists’ diag-
nostic armamentarium, the economic realities of today’s
medical marketplace dictate that all diagnostic modal-
ities undergo rigorous evaluation particularly with re-
spect to their clinical- and cost-effectiveness [1,2]. These
data are necessary not only for gaining clinical accep-
tance for this modality among practicing physicians, but
also for justifying reimbursement for this modality among
payers.

Health care reform has forced a rethinking of the med-
ical applications of testing modalities, their role, and
the appropriate populations in which they should be
applied. The evaluation of coronary artery disease (CAD),
a widespread condition associated with significant mor-
bidity and mortality that exist at epidemic levels in
Western society, utilizes a number of testing modalities.
Justification and ultimate validation of gated SPECT as
one of these modalities will depend upon its ability to
provide relevant clinical data over and above that avail-
able from the patient’s clinical profile, cardiac history, and
conventional stress SPECT imaging. Moreover, these data
must be readily convertible to information that can be
applied in patient care settings. This implies not only
that a statistically significant gain in information need

be measured, but that this information can be shown to
enhance presently available patient care algorithms. Fi-
nally, and most importantly, it is the ultimate goal of stress
imaging modalities to provide referring physicians with
information that would permit them to identify which pa-
tients will accrue a survival benefit from various thera-
peutic options (e.g., medical therapy versus revascular-
ization). Ideally, in the future, this will take the form of
estimates of risk based on clinical, historical stress test,
and imaging data that can be provided by a software
package.

The goal of this chapter is to introduce the reader to
the potential limitations of studies in this field, and to re-
view the basic concept underlying the prognostic and di-
agnostic literature of this field, with a special emphasis on
gated SPECT techniques. It is not the goal of this chap-
ter to definitively review this area of the prognostic and
diagnostic literature.

Epidemiological and statistical considerations in
the measurement of test performance

Before evaluating the available literature appraising the
performance characteristics of stress myocardial perfusion
imaging using gated SPECT, an understanding of the pit-
falls and limitations of the existing approaches is neces-
sary. Unlike the case of therapeutic modalities, in which
the success of treatment is readily measured by a reduction
in morbidity or mortality, the efficacy of noninvasive test-
ing is more difficult to determine. With the incorporation of
stress imaging results in key decision-making steps, new
and powerful referral biases have been introduced. These
have amplified with the increased use of stress imaging. In
order to make sense of counterintuitive, and even contra-
dictory, results in the published literature, it is important
to be aware of these biases, their causes, and whether they
can be overcome.
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Figure 8.1 Assessment of diagnostic testing: outline of observed

sensitivity (Sens) and specificity (Spec) determinations for a population with

prevalence (Prev) of CAD of 50%, true sensitivity of 90%, and true

specificity of 90%.

Referral bias

The fundamental flaw underlying an anatomy-based
approach to defining the efficacy of noninvasive test-
ing is the bias introduced by the necessity of referral to
catheterization. As has been previously shown [1–5], the
amount of ischemia present on the SPECT study is the
best predictor of referral to catheterization. This results
in a far greater number of patients with “positive’’ scans
(either true or false positive) being referred to catheteriza-

Figure 8.2 Assessment of diagnostic testing: outline of sensitivity and

specificity determinations for a population with prevalence of CAD of

50%, true sensitivity of 90%, true specificity of 90%, and catheterization

rates of 5% in normal scans and 70% in abnormal scans. Based on

literature catheterization rates, ∗<5% following normal SPECT results

[1,2,5,7] and ∗∗25–80% following abnormal SPECT results [2,5,7].

tion, compared to the number of patients with “negative’’
scans (true or false negative). Thus, the measured sensitivity
of the nuclear testing (true positives divided by true posi-
tives plus false negatives) will be falsely raised by a small
amount (since few false negatives are referred to catheter-
ization). Similarly, the measured specificity of nuclear test-
ing (true negatives divided by true negatives plus false
positives) will be falsely lowered, since false positives will
be referred to catheterization more frequently than true
negatives. This phenomenon of test referral bias was first
described by Rozanski and colleagues [6], using exercise
wall motion studies.

The extent by which test specificity will be lowered is de-
pendent upon the referral rates to catheterization as a func-
tion of the SPECT results. A number of studies have shown
that the referral rate to catheterization is very low (<5%) in
the setting of a normal scan, and increases significantly as a
function of scan abnormality – the presence of a markedly
abnormal scan is associated with catheterization referral
rates exceeding 60% [2–5,7–9]. A paradox is thus created
in that, as nuclear testing evolves to greater levels of re-
finement and accuracy, and physicians base their decisions
for subsequent treatment (and referral to a gold standard)
upon the results of the SPECT study, the specificity of nu-
clear testing will decline in proportion to its incorporation into
clinical practice. Furthermore, as appropriateness of care
increases (catheterization in proportion to risk, expressed
by scan abnormality), the performance characteristics of
the test will decline. An example of this phenomenon is
shown in Figs. 8.1 through 8.3. If a test is assumed to have
positive and negative predictive values of 90%, and the
population tested has a prevalence of CAD of 50%, sensi-
tivity and specificity values of 90% will emerge if all pa-
tients are catheterized. However, if not all patients are re-
ferred to catheterization, and catheterization rates of 5 and
70% are assumed for normal and abnormal scans, respec-
tively, sensitivity will increase to 99% and specificity will
decrease to 39% (Fig. 8.2). Finally, if all abnormal SPECT
are catheterized, but no normal SPECT are catheterized,
the sensitivity will increase to 100% and specificity will de-
crease to 0% (Fig. 8.3). Hence, the observed sensitivity and
specificity are inherently susceptible to the rates of post-
SPECT catheterization in the cohort tested. Please note that
the actual performance of the test is unchanged, but the
population considered in the measurement of test perfor-
mance has been altered. Unless the study design mandates
catheterization in all patients (including patients with nor-
mal tests), the sensitivity and specificity values found may
misrepresent the true predictive value of the test result.

Posttest referral bias in prognostic studies

The impact of posttest referral bias on the observed prog-
nostic characteristics of stress SPECT is being increasingly
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Figure 8.3 Assessment of diagnostic testing: outline of

sensitivity and specificity determinations for a population with

prevalence of CAD of 50%, true sensitivity of 90%, true

specificity of 90%, and catheterization rates of 0% in normal

scans and 100% in abnormal scans.

appreciated [10,11]. With respect to stress SPECT, posttest
referral bias is usually thought of in the context of diag-
nostic testing, as outlined above. It has long been recog-
nized that because of preferential referral of abnormal
stress SPECT to catheterization and subsequent revas-
cularization, and the relatively low referral rates after
normal stress SPECT, a significant referral bias occurs.
As we have described, this tends to lower specificity
and slightly raise sensitivity, again due to the low refer-
ral rate of normal stress SPECT to catheterization. This
phenomenon also impacts the observed prognostic value
of stress SPECT. Since referral to revascularization af-
ter stress SPECT occurs in proportion to the extent and
severity of ischemia present, and this revascularization
alters the natural history of CAD, these patients have
almost always been removed from prognostic analyses.
Since increased use of, and trust in, stress SPECT re-
sults in increased revascularization rates, the impact of
removing these high-risk patients reduces the number of
patients found to have events after stress SPECT. Fig-
ure 8.4 shows event rates (observed and predicted, the
latter based on a logistic regression model) in a sub-
group of patients with moderate to severely abnormal
stress SPECT (>10% of the total % myocardium abnor-
mal) from a study of 1270 patients with pre-ETT (elec-
trocardiographic exercise testing) likelihood greater than
0.85 and no prior myocardial infarction or revascular-
ization who were followed up for 2.2 ± 1.2 years [9].
On the left side of the figure is shown the revealing
high event rates for the medically treated patients in this
study. On the right side is the event rates for the patients
treated with early revascularization. The observed event
rate is quite low (4.4%), due to the revascularization pro-
cedure and its impact on survival. Using a logistic re-
gression model derived in the medically treated patients,

the revascularized patients’ event rates were estimated
based on the assumption that they would not have undergone
revascularization. This result is shown (10.9%) and is not
dissimilar from the medically treated group on the left.
Hence, the difference between the 14.6% and the 4.4%
event rates (observed rates) reflects a treatment effect
and a posttest referral bias. Had revascularization not
been performed in 46% of these patients with marked
abnormalities, the total number of events that occurred
in the medically treated patients would have been greater,
and the predictive value of stress SPECT improved. Of
note, the vast majority of the MPS prognostic studies pub-
lished to date are limited by this referral bias, both with
respect to underestimation of event rates as well as in that

Figure 8.4 Impact of posttest referral bias on the observed prognostic
characteristics of stress MPS. The figure (with permission from [9]) shows

event rates (observed and predicted, the latter based on a logistic regression

model) in a subgroup of patients with moderate to severely abnormal MPS

(>10% of the total % myocardium abnormal) from a study of 1270

patients with pre-ETT likelihood greater than 0.85 and no prior myocardial

infarction or revascularization who were followed up for 2.2 ± 1.2 years.
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Figure 8.5 Multivariable, risk-adjusted relationship between gated

ejection fraction and % myocardium ischemic with respect to prediction of

likelihood of referral to revascularization based on a logistic regression

model. Increase in likelihood p < 0.0001. Abbreviations: EF, ejection

fraction; Lk, likelihood.

only patients treated medically after MPS are considered
and analyzed.

A variety of other biases with respect to post-MPS refer-
ral to catheterization and revascularization are probably
present as well. On the one hand, referral biases with re-
spect to age, sex, and type of stress are probably not present
[3,4,12]. On the other hand, a recent study showed that
although physicians’poststress SPECT referral to catheter-
ization and revascularization is strongly influenced by the
extent and severity of inducible ischemia in patients with-
out prior CAD presenting to stress SPECT, left ventricular
ejection fraction (LVEF) does not influence this referral
pattern [8] (Fig. 8.5). While this may be an appropriate
referral pattern if inducible ischemia but not ejection frac-
tion predicts patient benefit from revascularization, the
impact of this referral pattern must be considered. Con-
sidering this in the context of the prognostic referral bias
described above, this referral pattern would result in un-
derestimation of risk as a function of inducible ischemia
(since patients are being revascularized and their natural
history altered in proportion to the amount of ischemia
present) but a relatively stable and accurate estimation of
risk relative to their LVEF (since ejection fraction is not
impacting the referral to revascularization, their natural
history relative to their ejection fraction is not altered).

Endpoints

An important question one must ask when either reading a
study or planning a study is what is the endpoint in which
we are interested? In general, the endpoints of noninvasive
testing can be categorized as either anatomy-based (e.g.,
indicative of the presence of significant coronary artery
stenoses) or outcomes-based (e.g., predictive of outcomes
of interest, such as cardiac death, myocardial infarction).

The endpoints considered in this type of analysis usually
include cardiac death and myocardial infarction. Other
potential outcomes include clinical worsening late after
testing (referral to revascularization is used as a surro-
gate for this outcome), hospitalization for cardiac causes,
anginal status, or emergency room visits for chest pain
[13]. By focusing on outcomes rather than anatomy, one
can study the factors predictive of adverse events that
patients experience, rather than anatomic patterns of dis-
ease that may (or may not) be associated with adverse
events.

When applied to a population of patients with no his-
tory of CAD, the endpoint of interest is often the presence
of anatomically significant CAD. The defining standard
for the presence of this disease varies between studies. To
date, most studies evaluating noninvasive testing toward
an anatomic endpoint consider either 50 or 70% steno-
sis in one or more coronary arteries as the minimum le-
sion threshold for the presence of CAD. An alternative
anatomic endpoint is the presence of CAD (defined at
the time of catheterization) of a category shown to ben-
efit from revascularization. This is the case for patients
with three-vessel CAD, left main disease, and two-vessel
disease with proximal left anterior descending artery in-
volvement. Since patients with these anatomic patterns of
CAD are more likely to undergo intervention, adjusting
the criteria for abnormality will cause fewer patients with
milder CAD (not in need of revascularization) to be iden-
tified as “positive.’’

The outcome of interest may vary considerably depend-
ing upon the question being asked in the study. Moreover,
the variable that is most predictive may vary depending
on the outcome of interest. In studying stress perfusion
SPECT, for example, nonreversible defects may be the
most important marker if cardiac death is used as an end-
point. Alternatively, ischemia by perfusion imaging may
become a more important factor than nonreversible de-
fects for outcomes related to unstable syndromes and pro-
gression of CAD (e.g., myocardial infarction, readmission
with chest pain, late revascularization). For further discus-
sion of statistical techniques, please refer to the Appendix.

Diagnostic testing

Nuclear testing for the diagnostic
evaluation of CAD

Despite the limitations described above, stress myocardial
perfusion imaging has been shown by numerous authors
to have an outstanding accuracy for the detection of CAD
(for reviews of this topic see [14–16]). Briefly, a number
of authors have shown sensitivities for detection of CAD
(≥70% stenosis) exceeding 80%, or even exceeding 90%
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if Tc-99m sestamibi was used. As stated earlier, multiple
studies in literature are difficult to compare or evaluate,
due to the presence of both referral bias and variation
in patient characteristics. To date, few studies have per-
formed risk-adjusted analyses to better assess the accu-
racy of the nuclear modality. Furthermore, the specificity
of SPECT has varied enormously, as explained earlier, due
to the increase in referral bias over time. Although early
studies using thallium-201 reported specificities exceed-
ing 90% [16], the declining specificity of nuclear testing
led to the development of the “normalcy rate’’concept [17]
in the attempt to correct for referral bias [18]. Normalcy
is used as a surrogate for test specificity, and is expressed
by the rate of normal studies in patients with a low likeli-
hood of CAD. Indeed, the normalcy rate of stress SPECT
has exceeded 80–90% in the hands of some investigators,
particularly with Tc-99m sestamibi [14].

These values vary as a function of the number of dis-
eased vessels present. The sensitivity of stress SPECT to
detect disease (abnormal scan, irrespective of the num-
ber or size of defects present) has been reported as 79, 88,
and 92% (thallium-201 planar), and 83, 93, and 95% (stress
thallium-201 SPECT) for single-, double-, and triple-vessel
CAD, respectively [16]. Although only 7% of patients with
left main/three-vessel CAD have normal stress SPECT
studies, only 69% have multivessel perfusion abnormal-
ities by SPECT imaging [16]. This number can be en-
hanced by the use of adjunct markers, such as lung
uptake, transient ischemic dilation of the left ventricle
poststress, and, with thallium-201 imaging, thallium-201
washout rates [14,16]. While this increase in sensitivity
could be real, the temporal relationships of these technical
improvements raise the possibility that the increase be-
tween these approaches is due to the increasing reliance
on test results in determining who undergoes coronary
angiography.

What can gated SPECT add to the
identification of CAD?

Given the relatively high accuracy rates associated with
SPECT imaging, is there further information that can be
gained by the use of gating as an adjunct? Taillefer and
colleagues reported the results of a study comparing the
accuracy of Tl-201 and Tc-99m sestamibi in a cohort of 115
women (85 with suspected CAD, 30 normal volunteers)
[19]. Although no significant differences between the ra-
diopharmaceuticals were found with respect to test sensi-
tivity, test specificity was greater using Tc-99m sestamibi
than Tl-201, predominantly due to a difference in those
patients undergoing exercise stress. As shown in Fig. 8.6,
imaging with Tc-99m sestamibi SPECT (both with and
without gating) resulted in significantly greater speci-
ficity than with Tl-201 SPECT. The findings were far more

Figure 8.6 Specificities for detection of CAD using Tl-201 SPECT, Tc-99m

sestamibi SPECT, and Tc-99m sestamibi SPECT with gating, and a 50%

definition (black bars) or 70% definition (crosshatched bars) of CAD [19].

significant with gated Tc-99m SPECT studies than with un-
gated studies. Although the absolute differences between
gated and ungated Tc-99m studies were striking, the study
was underpowered to detect a statistically significant dif-
ference.

These findings supported previous work by DePuey
and Rozanski [20], suggesting that the ability to observe
myocardial contraction, in segments with fixed perfusion
defects, would permit the nuclear reader to discern atten-
uation artifacts from true perfusion abnormalities. Choi et
al. confirmed this finding and extended it to include gated
SPECT studies performed using Tc-99m tetrofosmin [21].
In this study of 105 patients who underwent stress Tc-
99m tetrofosmin gated SPECT, the probability of correctly
identifying true disease was significantly increased with
the addition of gated SPECT images.

The ability to discern between fixed defects associated
with normal contraction and those accompanied by re-
gional wall motion abnormalities suggests that the use of
gated SPECT images may serve as an inexpensive alterna-
tive to attenuation correction software. DePuey and col-
leagues [22] reported that, with currently available tech-
nology, gated Tc-99m SPECT was superior to attenuation
correction in differentiating scar from artifactual fixed de-
fects. In a series of 110 patients, 53 (48%) of whom had fixed
defects (75 total defects), attenuation correction failed to
eliminate 26 of 51 fixed defects associated with normal
wall motion. Furthermore, attenuation correction overcor-
rected counts in 11 of 24 defects that manifested normal
wall motion. The overall reported sensitivity for identi-
fying true defects as scar was 54% for attenuation cor-
rection and 92% for gated SPECT, while specificity was
49 and 98% for attenuation correction and gated SPECT,
respectively.

The use of gating may thus result in an improvement
in reader confidence in the interpretation rendered. Al-
though this phenomenon is difficult to verify and quan-
titate, it is reasonable to expect that it would result in a

193



Clinical Gated Cardiac SPECT

reduction in the number of “equivocal’’ scans reported.
This hypothesis was examined by Smanio and colleagues
[23]. In 285 consecutive patients (143 women, 142 men)
who underwent stress SPECT imaging with Tc-99m ses-
tamibi, all studies were initially interpreted and scored
without viewing the gated SPECT images. Subsequently,
the studies were rescored, allowing the readers to view
the gated images. As a result, the number of “borderline’’
studies (borderline normal or borderline abnormal) was
dramatically reduced from 89 to 29 (from 31 to 10% of the
total). Furthermore, the addition of the gated images re-
sulted in a significant increase in the number of patients
with a ≤10% or less likelihood of CAD who were inter-
preted as normal (from 74 to 93%, p < 0.0001). A similar
trend that did not reach statistical significance was found,
in the sense that patients with documented CAD were re-
classified as abnormal. Thus, physician confidence in scan
interpretation does appear to increase following the addi-
tion of gated information, as documented by a reduction
in equivocation regarding the results of perfusion studies.

The results of the studies discussed above are further en-
hanced by a study reported by Holly et al. [24]. This report
was based on perfusion studies performed in 22 patients
with low likelihood of CAD and 33 patients with known
CAD, all of which were interpreted on two separate blind
readings, once using gated SPECT and once using attenua-
tion correction. In the patients with low likelihood of CAD,
there was no difference in the overall scan interpretation
or in the normalcy rate obtained using either attenuation
correction or gated SPECT. In the patients with known
CAD, there was a borderline significant (p = 0.06) trend
in favor of a higher sensitivity for gated SPECT (83%) over
attenuation correction (64%), and a significantly greater
categorization toward an abnormal category with the use
of gated SPECT compared to attenuation correction. Thus,
as in the studies discussed above, a greater level of confi-
dence was attained by the use of gated SPECT as an adjunct
to conventional SPECT perfusion imaging.

Although a number of advantages are associated
with the conversion from Tl-201 to Tc-99m-based agents
(among which is the fact that the latter are better suited
for gated SPECT), a potential detriment is that T1-201
lung uptake and myocardial washout rates have been
demonstrated to be able to detect the presence of multives-
sel CAD. The potentials of the technetium-99m perfusion
agents to assess lung uptake have not been fully explored.
The use of gated SPECT, on the other hand, may help detect
the presence of severe and/or extensive CAD by identify-
ing poststress wall motion abnormalities in the presence of
normal resting perfusion, or a lowering of ejection fraction
poststress compared to rest.

In 1997, Johnson and colleagues [25] investigated
whether ejection fraction values measured from poststress
gated SPECT were similar to those obtained at rest as

part of a 2-day gated sestamibi protocol. Of the 81 pa-
tients examined, 36% of those with reversible perfusion
abnormalities had a poststress gated SPECT LVEF lower
by 5% or more, compared to that obtained from rest
Tc-99m sestamibi gated SPECT. This reduction in ejec-
tion fraction was also accompanied by significant eleva-
tion of both end-systolic and end-diastolic volumes, not
present in those patients who did not demonstrate a stress-
induced reduction in tracer uptake. In addition, a seven-
fold greater reduction in chordal shortening was present
in the patients with ischemia, compared to the remaining
cohort. In all, this work suggests the possibility that stress-
induced stunning may be a factor in stress SPECT imag-
ing, and can be assessed using gated SPECT. Such a finding
would naturally suggest the presence of severe underlying
CAD.

Bateman and colleagues [26] extended these findings in
their recent report on 763 patients who underwent stress-
redistribution Tl-201 gated SPECT. They found that al-
though few patients had a greater than 10% reduction in
gated SPECT ejection fraction poststress relative to rest
(3.5% of the initial cohort), these patients more frequently
had lung uptake of Tl-201 (33% vs. 14%, p < 0.05), tran-
sient ischemic dilation of the left ventricle (89% vs. 24%,
p < 0.05), and severe and extensive perfusion abnormal-
ities (78% vs. 33%, p < 0.05). Most importantly, these pa-
tients also had a far greater frequency of multivessel CAD
at the time of catheterization (37% vs. 8%). Further inves-
tigations are needed to determine the anatomic substrate
responsible for the phenomenon of lowered ejection frac-
tion poststress, as well as whether it represents persisting
ischemia or true stress-induced stunning.

A well-recognized drawback of the use of SPECT tech-
niques is the underestimation of the extent and severity of
inducible ischemia due to balanced reduction, and hence,
an underestimation of CAD extent and frequent misdiag-
nosis of patients with multivessel CAD. The role of gated
SPECT in this situation was examined by Lima and col-
leagues from the University of Virginia [27]. To investigate
whether the combined approach of perfusion and func-
tion with gated SPECT would enhance identification of
these patients, a cohort of 143 patients with angiographic
three-vessel CAD was identified and compared to a con-
trol group of 112 patients without three-vessel CAD. Stress
SPECT was interpreted in a stepwise fashion – initially
considering only perfusion data, and then interpreted us-
ing both perfusion and function data. In the cohort of pa-
tients with three-vessel CAD, significantly more abnormal
segments per patient (6.2 ± 4.7 vs. 4.1 ± 2.8, p < 0.001) and
more defects in multiple vascular territories (60% vs. 46%,
p < 0.05) were identified by the combination of perfu-
sion and function data compared to perfusion data alone.
This was not found to be the case in the control group.
Multivariable modeling revealed that patient age and the
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number of vascular territories abnormal by either perfu-
sion or function analysis are the most powerful predic-
tors of three-vessel CAD and that functional data yielded
incremental information over and above that yielded by
pre-MPS and perfusion data for predicting the presence
of three-vessel CAD. These results suggest that the use
of gated data in conjuncture with stress perfusion can
enhance the identification of multivessel CAD by stress
SPECT.

Prognostic testing

Outcomes or risk-based assessment of testing

Although the various types of stress testing with or with-
out imaging have long been considered in the context of
anatomic endpoints – sensitivity, specificity, and accuracy
for detection of significant epicardial stenoses – currently,
they are more often considered in the context of a risk-
based approach to patient management. This approach
has become the accepted framework for considering both
patient testing and management in the current era. Several
basic principles underlie this approach and permit under-
standing of its application.

Our expanding understanding of the biochemical and
structural basis of the pathophysiology of atherosclerosis
has revealed that CAD is a dynamic process. Further, there
is increasing evidence that the majority of cardiovascu-
lar events occur independent of fixed epicardial coronary
stenoses as conventionally measured [28,29]. In contrast,
there is evidence that abnormalities of coronary flow re-
serve are predictive of CAD events. It has long been rec-
ognized that a wide variation in flow reserve exists for
any epicardial lesion, particularly in the setting of mild
to moderate stenoses [30–33]. While flow reserve per se
is not yet measured by SPECT, recent data suggest that
assessment of regional myocardial perfusion defects us-
ing SPECT as the modality is more accurate and more
cost-effective for identification of risk of cardiac event than
identification of the presence and extent of anatomic CAD
[34].

Whether assessing a patient or a modality, from a clinical
perspective predicting patient survival or well being goes
hand in hand with many preventive approaches to patient
care [35]. By identifying the patient at risk, the so-called
vulnerable patient, we can efficiently allocate more aggres-
sive, expensive therapies targeting patients who will max-
imally derive a benefit from a given treatment. Hence, by
focusing on outcomes rather than anatomy, one can eval-
uate gated SPECT with respect to factors predictive of ad-
verse events that patients experience, rather than anatomic
patterns of disease that may (or may not) be associated
with adverse events.

Prognostic value of nuclear testing

A wealth of clinical research has shown that the extent
and severity of stress perfusion defects are the predom-
inant predictors of most post-MPS outcomes (for a re-
view of this subject see [11,36,37]). This has been found
to be the case irrespective of radiopharmaceutical, stress,
and imaging protocol, as well as patient age, sex, history
of previous CAD, or history of previous myocardial in-
farction [2,11,36,38,39]. Importantly, prognosis is indepen-
dently predicted in these patients by both perfusion defect
severity (a correlate of stenosis magnitude) and extent (a
correlate of the amount of myocardium supplied by ves-
sels with significant disease) [40]. It is important to note
that metrics of perfusion incorporating extent and sever-
ity measures are more powerful predictors than those as-
sessing defect extent or severity alone. This concept has
been refined over time with respect to prediction of vari-
ous endpoints, the differential prognostic implications of
scar as opposed to reversible defects, and the relationship
between defect extent and severity and risk. In addition
to the assessment of regional myocardial perfusion, other
indices from gated SPECT have been found to yield signif-
icant prognostic information. Lung uptake of thallium on
stress images has been found to be a powerful predictor of
outcome by Cox proportional hazards analysis, providing
more information than perfusion variables [41]. Similarly,
enlarged cardiac size and transient ischemic dilation have
been found to be markers of higher risk [42–45]. With the
advent of gated SPECT, several indices need to be consid-
ered as well, including left ventricular volumes, ejection
fraction, and measures of potential stunning. The latter can
be identified as the presence of poststress wall motion ab-
normality in the absence of rest defect if only stress SPECT
is gated, or new poststress wall motion abnormality or
decrease in ejection fraction if both rest and poststress im-
ages are gated. Finally, clinical information derived from
the nonimaging stress portion of the examination should
not be ignored, as it contains important predictors of ad-
verse outcomes that add incremental value over conven-
tional perfusion markers, as will be discussed later in this
chapter.

Incremental prognostic value: conceptual basis

The determination of incremental prognostic value has
become central to the evaluation of noninvasive testing
[46,47]. The basic concept underlying incremental prog-
nostic value is that a stress modality can add informa-
tion over that provided by all information known about
the patient prior to testing. Analytically, we assume that
quantitative estimates of patient risk of adverse outcomes
can be derived, and thus compared, usually by means of
multivariable modeling. Since a finite number of factors
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Figure 8.7 Schematic example of the concept of incremental value. The

area of the puzzle shown at the top of the figure represents the amount of

information known after ETT. A portion of this information is derived from

patient age, and a portion from patient symptoms, yet more from ST

segment change, exercise time, and blood pressure. The addition of SPECT

information may result in an increase in the total amount of information

known (lower left), with the white larger rectangle representing SPECT

information. On the other hand, the addition of SPECT information may

result in the additional information being redundant (nonincremental),

despite being a greater source of information than any other source of

information (e.g., any other piece of the puzzle), as shown on the lower

right by the gray rectangle.

influence clinical patient risk, it is possible that a clini-
cal domain or type of information may be conveyed by
multiple variables (see Fig. 8.7 for example). One exam-
ple of this potential information overlap is represented by
the variables “history of previous myocardial infarction,’’
“myocardial infarction by electrocardiographic criteria,’’
“left ventricular ejection fraction,’’ “left ventricular vol-
ume,’’ and “resting left ventricular wall motion abnormal-
ities.’’ Although each of these variables is prognostically
meaningful, there is considerable overlap between them
from the perspective of information.

Significant correlation and overlap of information ex-
ists between these four variables. Similar (but less obvi-
ous) redundancy of information may also occur for other
sources of risk estimation (clinical history, cardiac risk fac-
tors, results of exercise treadmill testing, results of stress
perfusion testing, left ventricular function data). The mea-
surement of incremental prognostic value addresses the
question of whether the information provided by a par-
ticular test is unique, relative to the information already
known based upon other tests or clinical sources.

In an era of cost containment in health care, this ap-
proach to the evaluation of testing becomes vital. The tra-
ditional questions of “Does nuclear testing predict risk?’’
or “Does nuclear testing risk stratify patients?’’ are refor-
mulated as “Are the results of nuclear testing predictive
of patient outcome, after known clinical information is

considered (e.g., clinical risk factors and history, results
of ETT)?’’ and “Does the application of the nuclear test
result effectively risk stratify the cohort in question, after
initial stratification by factors already known about the
patient?’’ These issues are addressed by measuring:
1 the incremental statistical prognostic value of nu-

clear testing, that is, the prognostic information pro-
vided by the results of nuclear testing after previously
known information (e.g., clinical data, exercise ECG) is
considered.

2 the incremental clinical prognostic value of nuclear test-
ing. In other words, after patients are risk stratified by
clinical and/or exercise information, can nuclear testing
further stratify patients into low- and high-risk groups
such that the low-risk group will need no further testing
and the high-risk cohort will require more aggressive
treatment?

3 the incremental economic prognostic value of nuclear
testing; that is, does the use of myocardial perfusion
imaging result in greater cost–benefit or cost–utility
when used as part of an overall patient strategy? This
approach leads to the development of patient strategies
that minimize the expense of testing, by referring to test-
ing only those patients not at low or very high risk based
on previous information. This cost-based perspective
will be addressed in detail in Chapter 10.
These analyses are based upon an approach different

from what was often used in the past. First, patient in-
formation must now be considered in a hierarchical fash-
ion, beginning with clinical patient characteristics (very
inexpensive) followed by exercise treadmill testing (ETT)
(inexpensive), and only then considering data from nu-
clear testing (moderately expensive) and cardiac catheter-
ization (more expensive). Second, the endpoints of the
new approach are prognostic (e.g., occurrence of cardiac
death and nonfatal myocardial infarction) rather than di-
agnostic (presence of significant coronary artery obstruc-
tions). Finally, this approach is pragmatic. Ready applica-
tion to clinical scenarios and conversion of nuclear data
to clinically relevant information become the focus of the
analysis.

Incremental prognostic value of nuclear testing

The first published manuscript demonstrating the incre-
mental prognostic value of nuclear testing was by Laden-
heim and colleagues in 1987 [48]. In that study, the incre-
mental prognostic value of perfusion data over clinical,
historical, and ETT information was shown using a com-
parison of receiver operating characteristic (ROC) curves
generated from logistic regression models [48]. Incremen-
tal value was clearly demonstrated in patients with ab-
normal resting ECGs, as well as in two-patient subgroups
with normal rest ECGs – those with intermediate pretest
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likelihood of CAD and ST depression on stress ECG and
those with high pretest likelihood of CAD and discordant
results.

Subsequently, these findings were extended to SPECT
imaging. Using a Cox proportional hazards model after
adjusting for clinical history and exercise results, the ad-
dition of stress perfusion SPECT information resulted in a
dramatic and statistically significant increase in global χ2

for the prediction of hard events, in a cohort of 2200 pa-
tients with no previously known catheterization, myocar-
dial infarction, or revascularization (χ2 increased from
31 to 169, p < 0.001) [2]. This demonstration of statistical
incremental value by Hachamovitch and colleagues sup-
ported the use of a prognostic endpoint, even in a patient
population in whom SPECT is usually thought of as a diag-
nostic test. This analytic approach has since been extended
to a variety of other patient subsets. The same authors also
assessed the incremental prognostic value of exercise my-
ocardial SPECT in men versus women [39], finding that
SPECT added incremental prognostic value in both sexes.
Interestingly, the overall prognostic value of SPECT, and
the efficiency of stratification provided by it, was greater in
women than in men. Numerous other cohorts have been
assessed in this manner (for overview, refer to [11,37]).

An alternative approach to this statistical approach to
incremental value is one based on risk stratification. In
this approach, a cohort is initially stratified, much as it
would as a part of an initial clinical evaluation into low,
intermediate, and high clinical risk groups (these strata
are defined on the basis of pre-SPECT data). This was first
shown by Berman and colleagues [1] (Fig. 8.8), who found
that enhanced risk stratification was achieved by the addi-
tion of stress SPECT results in both patients with normal
and abnormal resting ECGs. These findings have been ex-
tended to women [39], the elderly [38], patients without
known prior CAD [2] (Fig. 8.9), and patients undergo-
ing adenosine stress [49]. In all these studies, even after
stratifying patients into low-, intermediate-, and high-risk
groups based upon their prescan risk grouping, normal
scans resulted in low risk in all subgroups, and the rate of
hard events increased significantly with worsening scan
results, a demonstration of clinical incremental value.

Risk stratification

Of the approaches described above, clearly that of en-
hanced risk stratification is clinically the most intuitive.
Indeed, demonstration of clinically relevant risk stratifi-
cation is the most useful approach for clinicians and has
become the preferred manner in which to show the utility
of stress imaging. In light of this, it is important to more
rigorously evaluate and define what is meant by risk strat-
ification, as well as what is clinically acceptable risk strat-
ification.

Figure 8.8 Outcomes, clinical-effectiveness, and cost-effectiveness after

stress MPS (with permission modified from [1]) in a subset of 1282 patients

who presented to MPS with rest ECG interpretable for ETT. These patients

had a 2.1% hard event rate (cardiac death or nonfatal myocardial

infarction) over a (20 ± 5)-month follow-up. As described in Figs. 8.1 and

8.2, the first stratification is based on clinical information, separating this

cohort into low and intermediate-to-high risk groups (hard event rates: low

pre-ETT likelihood – 0.5% versus intermediate-to-high likelihood – 3.3%).

The latter group can be further stratified by ETT into low versus

intermediate-to-high post-ETT likelihood of CAD (1.7% vs. 4.0% hard

event rate, respectively). At this juncture, the results of MPS are applied to

the three groups created: (1) low pre-ETT likelihood of CAD, (2) low

post-ETT likelihood of CAD, and (3) intermediate-to-high post-ETT

likelihood of CAD. In all three groups, normal MPS is associated, with low

risk (0, 0, and 7.9% hard event rates, respectively). Significant risk

stratification is also achieved in all three groups with the hard event rates

greater in the setting of a normal versus abnormal MPS result. The

cost-effectiveness ratios, expressed as cost per hard event detected, are in

large yellow numbers at bottom. Despite significant risk stratification in all

three groups, MPS only reached a reasonable level of cost-effectiveness in

patients with intermediate-to-high post-ETT likelihood of CAD.

Figure 8.9 Frequency of hard events (over a follow-up of mean of 566 ±
142 days, 97% complete) in patients at low, intermediate, and high clinical

risk as a function of the stress SPECT result (normal, mild, and moderately

to severely abnormal) in a cohort of 2200 patients with no prior CAD

referred to stress SPECT. Significant risk stratification is achieved in all

clinical risk groups as a function of the scan result (p < 0.05). (From [2].)
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Figure 8.10 Scheme of the effectiveness of stratification. Abbreviation:

HE, hard events.

Optimization of risk stratification

Based upon the prognostic studies performed to date, a
number of requirements for optimal risk stratification by
a noninvasive modality can be described.
1 A “negative’’ study should be associated with a very

low event rate. The criteria generally referred to are a
hard event rate (cardiac death or nonfatal myocardial
infarction rate of <1% per year).

2 The event rate associated with an abnormal study
should be greater than that associated with a normal
study, and the relative risk and its associated confidence
interval for an abnormal study relative to a normal study
should exceed 1.0.

This relative risk defines the effectiveness of the strat-
ification. The threshold for optimal risk stratification is
specific to the particular endpoint of interest (e.g., car-
diac death versus nonfatal myocardial infarction), and
the effectiveness of stratification varies with the end-
point, as well. This finding significantly affects the ap-
plication of nuclear testing as part of a testing strategy
(Fig. 8.10).
With this in mind, it is important to consider that of the

aggregate total number of events that occur in the overall
cohort examined during the follow-up period, a significant
proportion (>80–90%) should occur in the patient subset
with abnormal scans. If more than 10–20% of all the events
occur in the normal scan group, then it is feasible that
either the event rate for normal scans in this group is too
high (e.g., for testing to be efficient in this cohort, an event
rate after normal studies far less than 1% is needed) or
the overall population tested is at sufficiently low risk that
noninvasive testing is inherently inefficient.

Normal scans

In the context of the above definitions, the pivotal role of
normal scans must be appreciated. Clinically effective risk
stratification is achieved because of the large number of
patients identified as low risk by normal scans. Further, the
cost-effectiveness of MPS risk stratification is attained by
reclassifying large numbers of patients at low risk, hence

not needing further testing. To date, extensive data exist
defining the characteristics of normal scans.

Risk in general terms

In general, the event rate associated with a normal perfu-
sion scan has been shown by numerous investigators to
be less than 1% per year of follow-up. The most recent
ACC/AHA/ASNC guidelines for the clinical use of car-
diac radionuclide imaging [50] report that in 16 nonover-
lapping studies, more than 27,000 patients with normal
SPECT were followed for a mean of 26.8 months and were
found to have a hard event rate of 0.6% per year. This
rate has been found to be independent of radiopharma-
ceutical used (thallium-201 or Tc-99m) or type of stress
(exercise or pharmacologic) [11,47,51]. This uniformly low
event rate is also unaffected by pre- or post-ETT likeli-
hood of CAD, presenting symptoms or patient sex, and is
therefore crucial in applying nuclear testing to risk stratifi-
cation. Based on the above data, any patient with a normal
perfusion scan is at low risk; thus, in a prognosis-based ap-
proach to testing, these patients would appropriately not
be referred to further invasive testing (i.e., catheterization).
Similarly, an ASNC position paper on normal SPECT [52]
states that both risk and subsequent resource utilization is
very low after normal MPS, and that this finding is clini-
cally appropriate in light of the risk associated with these
studies.

Predictors of risk and its temporal component

While, in general, the overwhelming majority of patients
with normal MPS are low risk and not in need of further
evaluation for CAD, it is important to point out that the
precise level of risk after normal MPS varies widely and,
in many situations, exceeds the traditionally accepted less
than 1% threshold. Studies in patients undergoing phar-
macologic stress, a population at higher risk and more
comorbidities than patients undergoing exercise, have re-
ported hard event rates of 1.3–2.7% per year [3,53–56], sug-
gesting that underlying clinical risk and prior CAD may
influence event rates after a normal MPS. Although this
concept is clinically sound, a significant number of pa-
tients with normal MPS and follow-up would be needed
to demonstrate this point.

With this in mind, a recent study followed up 7300 pa-
tients with normal exercise or adenosine stress MPS for a
mean period of 1.8 years, finding a cumulative event rate
of 1.1% or 0.6% per year [57]. Analyses performed by the
authors in this large cohort revealed several novel find-
ings. First, despite the low overall rate of adverse events,
consistent with previous studies, unadjusted rates of hard
events (cardiac death or nonfatal myocardial infarction)
were greater in certain patient subgroups. For example,
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while patients without prior CAD had an event rate of
0.4% per year, those with known prior CAD had an event
rate of 1.4%. Considering type of stress in combination
with history of CAD revealed that in patients with prior
CAD, hard event rates exceeded 1% per year irrespective
of type of stress. However, even in the absence of prior
CAD, although risk was very low in patients undergo-
ing exercise stress (0.2% per year), risk was considerably
greater in patients referred for adenosine stress (1.1% per
year). An interrelationship was also found between the
presence of diabetes mellitus and patient sex. Both men
and women without diabetes mellitus were at very low
risk after a normal study (0.3 and 0.5% per year, respec-
tively), but this risk increased considerably in the setting
of diabetes mellitus (1.0 and 1.8% per year, respectively).
Survival modeling in this cohort revealed that several fac-
tors, including age, type of stress performed (exercise ver-
sus pharmacologic), patient sex, diabetes mellitus, and a
history of prior CAD, were predictive of a higher risk of
adverse events after a normal MPS. Not only were some
patients at greater risk than others after a normal MPS, but
a temporally dynamic component to this risk was present
as well, such that patients with prior CAD had increas-
ing risk with time after the normal MPS (e.g., they were
at greater risk in their second year of follow-up compared
to their first year) (Fig. 8.11a). These findings suggest the
presence of a “warranty period’’ after a normal MPS such
that the low risk associated with this scan result is tem-
porally limited, thus potentially identifying a time point
at which retesting after a normal study may be indicated
for prognostic reasons. Finally, with respect to exercise
stress, it appeared that risk was greater than 1% per year
in patients who were unable to achieve greater than 80%
predicted maximum heart rate (Fig. 8.11b). The important
lesson is that while most patients are at low risk after a nor-
mal MPS, patients with normal MPS are a heterogeneous
group and observed risk will vary according to their clin-
ical and historical characteristics.

Elhendy and colleagues [58] also attempted to address
the issue of the warranty period of a normal scan. On ex-
amining a cohort of 218 patients who had normal bicy-
cle exercise stress Tc-99m sestamibi SPECT and were fol-
lowed up for 7.4 ± 1.8 years, 10 myocardial infarction and
1 cardiac death occurred, with the annual mortality rate
of 0.6% in the first five years and 1.8% between the sixth
and eighth years. The annual hard cardiac event rate was
0.7% in the first five years and 1.5% between the sixth and
eighth years. Although this study was underpowered to
define the “warranty period’’of a normal scan, they clearly
brought to attention several of the more important issues
involved.

In addition to the findings above, it is increasingly
appreciated that in the setting of a normal pharma-
cologic stress SPECT study, the ECG response is also

Figure 8.11 (a) Examples of predicted event rates in the first and second

years after the index SPECT study [57]. The top pair of bars represents first

and second year event rates in a 50-year-old male with no known CAD

undergoing exercise stress. In comparison, an 80-year-old male with no

known CAD undergoing adenosine stress would have significantly greater

first and second year event rates. Of note, although the risk increases, the

rates in the first and second years are not different. On the other hand, the

counterparts of these two patients with CAD, as shown in the bottom two

pairs of bars, would have significantly greater risk, the rate in the second

year would exceed that in the first year and the change in risk between

years one and two would increase as a function of age in the setting of

known CAD. (b) Observed hard event rates per year in patients with normal

exercise stress SPECT (n = 5333) as a function of predicted maximum heart

rate achieved (<70%, 70–80%, 80–85%, or >85% of predicted

maximum heart rate). (Based on [57].)

prognostically important, despite the presence of a nor-
mal SPECT. For example, the group from Yale Univer-
sity identified 228 patients who developed ischemic ECG
changes during adenosine stress despite normal MPS [59]
and were followed for over a 29-month period. These pa-
tients had more frequent adverse outcomes compared to
age- and sex-matched controls who had normal adeno-
sine stress MPS without the development of ischemic ECG
changes. Studying a similar cohort, Klodas and colleagues
from the Mayo Clinic reported that albeit an uncommon
finding, the presence of an ischemic ECG response in the
setting of a normal vasodilator stress SPECT was associ-
ated with increased risk of adverse events and multivessel
CAD [60].
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Challenging patients after normal stress MPS:
are all normal MPS created equal?
Although most patients with normal MPS are low risk
and can be managed conservatively, many challenging sit-
uations arise in this patient group during the course of
daily clinical activities. As most readers are aware, it is
possible for patients with significant epicardial CAD, par-
ticularly those with multivessel CAD, to have normal or
near-normal MPS due to “normalization’’ of images. Be-
cause of this, there is a need to carefully examine MPS
studies for ancillary markers suggestive of high risk. As
noted above, these include transient ischemic dilation
(either change in left ventricular shape or an increase in
left ventricular size on stress versus rest), lung uptake of
tracer, or evidence of left ventricular stunning poststress.
In addition, the presence of an ischemic ECG response to
stress, particularly in the setting of pharmacologic stress,
or high-risk stress findings (ventricular ectopy or high de-
gree block, abnormal hemodynamic response to exercise,
severe, limiting symptoms, etc.) may raise suspicions of
severe and/or extensive underlying CAD despite normal
stress perfusion.

In a different category is the finding of significant left
ventricular dysfunction (and possible enlargement) in the
setting of normal perfusion. Although this may represent
balanced reduction of stress flow, it may often represent
nonischemic cardiomyopathy; nonetheless, the finding of
transient ischemic dilation of the left ventricle in patients
with otherwise completely normal perfusion scans has
been shown to be associated with significantly higher risk
than normal scans without this finding [45]. The clini-
cal challenge in these settings is to determine whether
the patient has a normal MPS or either significant epi-
cardial CAD or nonischemic cardiomyopathy is present.
This is an important differentiation since the former is
at low risk and needs no further evaluation, while the
latter may require further evaluation. In the past the
only means to make a determination would be to re-
fer the patient to catheterization and define the coronary
anatomy. Currently, there are alternative noninvasive ap-
proaches that are particularly useful in patients who ei-
ther prefer not to have invasive procedures or the pro-
cedure would present undue risk (e.g., abnormal renal
function, poor access, peripheral vascular disease). The
approaches that can be taken in these patients include
the use of cardiac MRI with late contrast enhancement
(see Chapter 13). The finding of late enhancement – the
uptake of contrast on late imaging – is consistent with
the presence of myocardial scar, suggesting CAD rather
than nonischemic cardiomyopathy. Rest/stress cardiac
MRI perfusion assessment can also be employed as this ap-
proach is able to define diffuse subendocardial ischemia.
The absence of coronary calcium by CT would imply the
presence of a nonischemic cardiomypathy. CT coronary

angiography may also be useful in these patients, but fur-
ther data are needed to substantiate this approach. Fi-
nally, the use of positron emission tomography (PET) in
these patients with quantification of coronary flow reserve
may also aid the evaluation of these patients. The limi-
tation of PET in these circumstances is that many non-
CAD processes – including cardiomyopathies – may also
present with abnormal flow reserve. Combined PET/CT
or SPECT/CT approaches may also prove useful in these
patients, but data are currently lacking in this regard.

Decision making in patients with normal MPS
On the whole, patients with normal MPS can be man-
aged conservatively. It must be noted that in a num-
ber of circumstances, particularly in the setting of left
ventricular dysfunction and possible ischemic cardiomy-
opathy, the presence of ancillary finds suggestive of possi-
ble CAD or abnormal findings on the stress portion of
the test, additional testing may be indicated to resolve
discordance. Finally, there are many who believe that
atherosclerosis testing may have a role in patients with
normal MPS. If knowledge of whether atherosclerosis is
present or not would influence subsequent management
or direct the level of aggressiveness of preventive mea-
sures, atherosclerosis testing would have a role in these
patients. At the current time, as described previously, there
is, unfortunately, a lack of data to direct this approach.

Prognostic characteristics of abnormal scans

Event risk with abnormal scans. The prognostic character-
istics of abnormal scans have been well described by an
extensive literature. As illustrated conceptually in Fig. 8.12

R
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k

Extent/severity of perfusion defects

Figure 8.12 Relationship between extent and severity of stress perfusion

defects on MPS and subsequent patient risk of adverse events on follow-up

(from [61]). The generalized relationship shown in this figure is

hypothetical, but representative of virtually all published studies. The shape

of this curve stays fairly constant – risk increases with both extent and

severity on stress MPS – but the overall curve can be shifted up or down by

a number of factors that will be discussed later in this chapter.
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[61], a close relationship exists between increasing extent
and severity of scan abnormality and increasing patient
risk of hard events or cardiac mortality [2,34,44,48,54,62–
71]. The shape of this relationship holds true irrespective of
the type of stress performed, the patient cohort examined
(with respect to clinical characteristics or history of CAD),
the type of isotope used, etc. Similarly, the risk of both
cardiac death and nonfatal myocardial infarction increase
as a function of scan abnormality. The flattened slope of
this relationship (increase in mortality with increasing ex-
tent/severity of perfusion defect) is primarily related to
the referral of the most ischemic patients to revasculariza-
tion, resulting in their being censored from the prognostic
publications. This referral bias was discussed above and
will be discussed subsequently in more detail as well.

Mildly abnormal perfusion scans

The concept of risk stratification was advanced a step fur-
ther by the demonstration that stress SPECT may be able to
differentiate those patients at risk of cardiac death versus
those at risk of myocardial infarction.

As shown in Fig. 8.13, patients with moderately and
severely abnormal scans were found to be at intermediate
risk for both cardiac death and myocardial infarction [64].
However, patients with mildly abnormal perfusion stud-
ies (defined as <10% myocardium abnormal) with either
exercise or vasodilator stress were at intermediate risk for

Figure 8.13 Annualized frequencies of cardiac death (red bars) and

nonfatal myocardial infarction (white bars) in the setting of normal and

mildly, moderately, and severely abnormal MPS (from [64]). This study

followed 5183 patients both with and without prior CAD who underwent

exercise or adenosine stress MPS. The frequencies of both cardiac death and

nonfatal myocardial infarction increase significantly with increasing extent

and severity of MPS abnormality. Importantly, the risk of cardiac death in

the setting of a mildly abnormal scan (5–10% of the total % myocardium

abnormal) is low (0.8% per year), while the risk of nonfatal myocardial

infarction in this scan category is intermediate (2.7% per year). Given that

myocardial infarction can be prevented by aggressive medical therapy, but

not by revascularization, and that revascularization can only lower the risk

of cardiac death (which is already low in this scan category), this study

suggests the possibility that these patients should be treated with medical

therapy rather than referral to catheterization unless issues pertaining to

quality of life, functional status, or symptoms cannot be resolved.

Table 8.1 Results of a meta-analysis of clinical trials comparing

percutaneous revascularization to medical therapy.

Endpoint Risk ratio (95% CI) Strategy favored

Angina 0.70 (0.50–0.98) percutaneous transluminal

coronary angioplasty

(PTCA)

Myocardial infarction

(fatal and nonfatal)

1.42 (0.90–2.25) Neither (trend to medical

reaction)

Death 1.32 (0.65–2.70) Neither

Need for PTCA 1.29 (0.71–3.36) Neither

Need for coronary

artery bypass

surgery (CABG)

1.59 (1.09–2.32) Medical reaction

myocardial infarction but at low risk for subsequent mor-
tality (2.7 vs. 0.8 percent risk per year). Hence, patients
with mildly abnormal scans were considered as having
“flow-limiting’’ CAD, but unlikely to die from this disease
over the next 2–3 years. A shown in Table 8.1, a recent meta-
analysis of randomized clinical trials comparing medical
therapy to medical therapy plus revascularization in pa-
tients defined angiographically to have mild CAD found
that there were no differences between these approaches
with respect to the endpoints of cardiac death, myocardial
infarction, or need for downstream percutaneous coro-
nary intervention (PCI). Medical therapy without revascu-
larization was superior with respect to the need for down-
stream CABG. Of importance, however, is the fact that
revascularization in these patients was a superior strategy
with respect to relief of symptoms, as is widely known
clinically. Extrapolating these results to noninvasive test-
ing, it would appear that in general, patients with lim-
ited amounts of inducible ischemia, i.e., mildly abnormal
SPECT, are unlikely to benefit from revascularization un-
less refractory symptoms are present. Thus, these patients
may, despite their high likelihood of epicardial CAD, be
candidates for medical therapy initially, and may be con-
sidered for revascularization only if they are refractory to
medical therapy with respect to quality of life, functional
status, anginal symptoms, or activity of daily living.

While these findings still generally hold, several sub-
groups of patients with mildly abnormal perfusion scans
and nonlimiting symptoms who have ancillary findings
or comorbidities suggesting that SPECT might be under-
estimating risk have recently been described in whom
coronary angiography would be appropriate to determine
the need for revascularization as discussed below.

Moderately to severely abnormal perfusion scans

As risk of adverse events increases with the extent
and severity of SPECT abnormalities, patients in these
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categories of scan results are at greatest risk. Although
both reversible and fixed stress perfusion defects are pre-
dictors of prognosis, those at highest risk of cardiac events
are patients with extensive stress abnormalities. Multiple
studies have described the highest event rates to be present
in patients with moderate to severely abnormal with mod-
erate to severely abnormal perfusion defects. These results
extend to Tl-201 [48,69], Tc-99m sestamibi [54,68], and,
more recently, Tc-99m tetrofosmin [72], as well as dual-
isotope approaches [1,2,34,64,65,70].

Incremental value of non-SPECT data over
SPECT information

More recently, an appreciation has been gained for factors
that modulate the level of risk associated with any specific
level of extent and severity found on MPS. In the section
above on the prognostic implications of normal MPS, we
discussed the variation in risk after a normal MPS with
varying clinical and historical patient characteristics. An-
other important lesson learned from this finding is that
pre-MPS data yield incremental value over MPS data for
prediction of patient risk. This phenomenon was present
in previous studies, but unappreciated. It was first pointed
out by Berman and colleagues in a study evaluating the re-
lationship between patient sex, diabetes mellitus, and risk
after MPS [62]. As shown in Fig. 8.14, for any stress MPS
defect size, patient risk varies as a function of whether the
patient had diabetes mellitus, and what type of diabetes
mellitus is present. This same relationship was previously
shown, but not appreciated, in the study previously men-
tioned from Cedars-Sinai in 2200 patients without prior
CAD who underwent stress MPS and had follow-up [2].

Figure 8.14 Predicted risk based on Cox proportional hazards model

regression in a study of 6173 patients (2656 women and 2677 men)

followed-up over 27.0 ± 8.8 months for cardiac death. Relationship

between summed stress score (based on five point, 20-segment scoring)

and log (natural) relative hazard from Cox proportional hazards modeling

in patients with insulin-dependent diabetes mellitus, patients with

non-insulin-dependent diabetes mellitus, and nondiabetic patients.

Differences between curves are significant (p < 0.0001). (From [62].)

As seen in Fig. 8.9, if we focus on outcomes in the pa-
tients with mild scan abnormality, we find that the rate
of hard events doubles at each increasing level of clini-
cal risk, going from low to intermediate to high pre-MPS
likelihood of CAD. Hence, not only does scan data provide
incremental prognostic information over prescan informa-
tion, but prescan data also yield incremental prognostic
information over MPS results [2,3,57,62]. Thus, while pa-
tients with mildly abnormal MPS results generally are at
low risk of cardiac death, this is not the case in the pres-
ence of significant comorbidities (e.g., advanced age [73],
prior CAD [64], diabetes mellitus [62], atrial fibrillation
[74], pharmacologic stress [64]). This phenomenon holds
true not only for mildly abnormal SPECT results, but for
normal SPECT, as discussed above, as well [57].

Nonperfusion/function markers of risk

Although a number of perfusion SPECT-derived variables
are often mentioned as being clinically relevant and prog-
nostically predictive, only the extent or the extent and
severity of stress perfusion defects are reported in most
manuscripts dealing with SPECT and prognosis. While in
some studies these other variables were not analyzed, in
many this has been due to the considerable overlap that ex-
ists between the various individual variables. Often men-
tioned variables include
1 total extent and severity of stress SPECT defects
2 total extent and severity of fixed SPECT defects
3 total extent and severity of reversible SPECT defects
4 total number of defects present (extent measure only)
5 presence of multivessel perfusion abnormalities
6 transient ischemic dilation of the left ventricle
7 lung uptake of the tracer
8 stress-induced stunning
9 LVEF

10 left ventricular volumes
First, as will be discussed below in greater detail, clin-

ical, historical, and demographic data (such as age, car-
diac risk factors, history of prior CAD) must be consid-
ered and weighed as markers of risk. In addition, the
results of stress ETT must be taken into account. This in-
cludes not only exercise-induced symptoms and ST seg-
ment changes, but also multiple other factors such as pre-
ETT likelihood of CAD, change in systolic and diastolic
blood pressure with stress, work capacity (particularly in
female patients), heart rate response, ectopy (stress or re-
covery), and heart rate recovery.

A number of investigators have put forward scores or
algorithms of various levels of complexity to determine
the post-ETT likelihood of CAD or risk of adverse events.
These include complex scores such as CADENZA, or sim-
pler scores, such as the Duke Treadmill Score [75,76] and
other, more recently derived indices [77–79]. All of these
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have subsequently been revalidated in external cohorts
after the initial derivation and validation. The most im-
portant concept underlying these post-ETT estimates is
the need to weigh multiple factors other than symptoms
and ST segment change in summarizing the ETT result.
Indeed, the ETT result should not be considered as either
“positive’’ or “negative,’’ but as reflecting either a low, in-
termediate, or high post-ETT likelihood of CAD or risk of
adverse events.

In addition to the above factors, separate, unique factors
must be considered for patients undergoing vasodilator
stress. Although vasodilator stress is widely used as an
adjunct to stress imaging, its results are not as intuitive
to clinicians as are those of exercise treadmill testing.
Although clinicians are accustomed and trained to under-
stand and apply exercise tolerance, stress-induced symp-
toms, and both hemodynamic and chronotropic com-
petence, the same cannot be said regarding vasodilator
stress results. Symptoms experienced by patients during
vasodilator stress are not predictors of coronary disease or
of evidence of ischemia, and ST segment changes during
vasodilator stress have lower sensitivity than during exer-
cise. While some reduction of blood pressure and increase
in heart rate are usually observed during vasodilator
stress, the clinical significance and prognostic importance
of different patterns of hemodynamic responses during
vasodilator stress have not been well described. Recently,
Abidov and colleagues [80] investigated 3444 patients who
underwent adenosine stress SPECT with no additional ex-
ercise as an adjunct and were followed up for 2 years. Cox
proportional hazards analysis revealed that after adjusting
for all other significant factors, the failure to increase heart
rate with vasodilator stress and a higher resting heart rate
were both associated with increasing cardiac mortality.

The patient with high pre-ETT likelihood of CAD
Traditionally, the patient with high pre-ETT likelihood of
CAD has been considered a candidate for direct referral to
catheterization without noninvasive testing. The rationale
for this approach has been that on Bayesian grounds even
a normal MPS would not reduce the patient’s likelihood of
CAD to a sufficiently low level that further testing would
not be necessary. Consequently, these patients have tra-
ditionally been considered candidates for catheterization
rather than MPS.

However, this situation highlights the difference
between anatomic and prognostic strategies for testing.
A recent study addressed the role of stress MPS for risk
stratification in 1021 patients with high pre-ETT or high
post-ETT likelihood of CAD and no prior CAD [9]. As
shown in Fig. 8.15, significant risk stratification is achieved
and, importantly, the risk of cardiac death after a nor-
mal, or even mildly abnormal, scan is low. Hence, in this
cohort, only 240 patients, or 21% of patients, would need

Figure 8.15 Frequency of cardiac death (red bars) and nonfatal

myocardial infarction (white bars) in patients with high pre-ETT likelihood

of CAD referred to MPS (from [9]). Patients were followed up for 2.2 ± 1.2

years after MPS. Frequency of outcomes are shown in normal, mildly

abnormal, and moderately to severely abnormal MPS results. With respect

to both outcomes, annualized rates of both cardiac death and nonfatal

myocardial infarction increase across MPS categories. However, patients

with both normal and mildly abnormal MPS are at low risk of cardiac

death. Hence, of 1021 patients represented, only 240 would require

catheterization on prognostic grounds.

further evaluation for CAD on the basis of risk. Given
this excellent yield for testing (79% of patients reclassi-
fied as low risk of cardiac death), this study revealed that
in patients with high pre-ETT likelihood of CAD, MPS
was a cost-saving strategy compared to the use of ETT
(followed by MPS) or direct referral to catheterization (as
usually recommended). Hence, although from the per-
spective of a traditional Bayesian approach to noninva-
sive testing catheterization would appear to be a superior
strategy, a risk-based strategy yields a different approach.
This finding is an important lesson in that these two strate-
gies do not always yield equivalent results, and that it is
important to examine outcomes data before committing
to a clinical strategy. With this mind, in patients with high
pre-ETT likelihood CAD, stress MPS appears to be an ac-
ceptable, and potentially cost-saving, alternative to direct
referral to catheterization.

Challenges to the use of pharmacologic stress

It must be noted that we have also gained insight with
respect to the potential impact of the manner in which
stress was performed on the prognostic implications of
the scan result. It is generally accepted that exercise stress
MPS is performed with the patient off antiischemic med-
ications [50] whenever possible. Since these medications
may limit or prevent the occurrence of ischemia during
the exercise test, the sensitivity of the exercise perfusion
study for the diagnosis of CAD is lower in patients tak-
ing such agents. Hence, the protocol at many laboratories
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has been that patients on antiischemic medications do not
undergo exercise stress but instead undergo vasodilator
stress. Although, as discussed above, exercise stress yields
parameters that can be used to assess the adequacy of
stress (exercise duration, peak heart rate, predicted max-
imum heart rate achieved, etc.), no such parameters exist
for vasodilator stress. Unfortunately, accumulating data
suggest that contrary to initial beliefs, the use of va-
sodilator stress in patients who have taken antiischemic
medications underestimated the presence of disease and
the extent and severity of inducible ischemia. Sharir and
colleagues [81] reported on 26 patients who underwent
dipyridamole stress SPECT twice, the first without and
the second with antiischemic medications. Compared to
the perfusion defects seen on the studies performed on
medications, those performed in the absence of the effects
of antiischemic medications revealed significantly larger
and more severe reversible defects. Quantitative software
analysis indicated larger perfusion defects on stress im-
ages in the left anterior descending coronary artery (25 ±
21% vs. 17 ± 15%, p = 0.003), left circumflex coronary
artery (56 ± 35% vs. 48 ± 36%, p = 0.03), and right coro-
nary artery (36 ± 27% vs. 25 ± 24%, p = 0.008) territories.
Of concern, the sensitivity for detection of CAD in any in-
dividual territory was significantly reduced (sensitivities
for these three territories: 93% vs. 64%, 79% vs. 50%, and
100% vs. 70%, respectively; p < 0.004 for the first two com-
parisons). The overall individual vessel sensitivity of MPS
off versus on medications was 92% vs. 62% (p = 0.000003).
These results strongly suggest the need to discontinue
antiischemic medications use prior to vasodilator stress
MPS when the study is being performed for purposes of
risk stratification or diagnosis. The mechanism by which
this probably occurs is the preferential vasodilation of ab-
normal coronary arteries by the antiischemic medication,
thus defeating the steal phenomenon on which vasodila-
tor stress is based. Both previous and subsequent studies
have supported these conclusions [82–84].

The mechanism of vasodilator stress described above
can also be undermined by the use of caffeine-containing
substances prior to SPECT. This would act to reduce or
eliminate the ability to detect inducible ischemia. Numer-
ous studies have reported that hemodynamic responses to
vasodilators are not useful in identifying patients in whom
the pharmacologic effects of adenosine or dipyridamole
have been blocked by caffeine and a failure of heart rate or
blood pressure to change with vasodilator stress does not
imply lack of myocardial perfusion response [85,86]. Al-
though most laboratories request that patients do not con-
sume caffeine-containing substances prior to testing, stress
laboratories are dependent on individual patients report-
ing the use of caffeine. This is unfortunate when studies
reporting the accuracy of patient reporting are considered.
Of patients denying caffeine use in the 12 hours prior to

SPECT, 40% were serum caffeine positive while 74% of
patients denying caffeine use in the prior 24 hours were
serum caffeine positive [87,88]. These studies indicate a
need for vigilance on the part of laboratory staff when per-
forming vasodilator stress studies.

Considerations in patients with an abnormal scan

A simplistic approach to decision making after MPS would
be to manage all patients with normal MPS conservatively
and to consider catheterization in all patients after abnor-
mal MPS. Unfortunately, extremes of resource utilization
currently exist such that in some centers, this approach is
actually practiced. Equally unfortunate is the remarkably
low rate of resource utilization in the setting of certain
centralized health care systems. Increasingly, advances in
our knowledge of outcomes have increased the sophisti-
cation of the approach to identifying which patients are
candidates for catheterization after abnormal MPS. Two
distinct classes of criteria for catheterization after MPS ex-
ist. First, patients with refractory symptoms suggestive
of CAD, irrespective of MPS results, are candidates for
catheterization to define the underlying disease process
to direct attempts at symptom relief. As noted above, an-
giographic data from randomized clinical trials, even in
the setting of mild CAD, suggest an invasive approach is
superior to medical management for relief of symptoms.
Second, if the issue regarding a patient is survival free of
cardiac death, the data from prospective randomized clin-
ical trials clearly demonstrate that a relative survival ben-
efit is to be gained through revascularization if extensive
CAD is present. It is important to note that the absolute
survival benefit is a function of several factors related to
underlying patient risk, such as LVEF and various indices
of clinical risk. As we will discuss subsequently, it is prob-
ably possible in most patients to identify who will benefit
from revascularization as a function of MPS results.

Added value of gated SPECT

Given the relatively short time that gated SPECT has seen
widespread use, it is not surprising that there are limited
reports with respect to its added value or role in risk strati-
fication. In the first published report from the Cedars-Sinai
group including poststress gated SPECT, LVEF provided
incremental information over perfusion defect extent and
severity for the prediction of cardiac death [67] (Fig. 8.16).
Surprisingly, this study showed that after consideration
of LVEF, SPECT perfusion data no longer was predictive
of adverse outcomes. This was recently identified as due
to a referral bias in which patients with greatest extent
and severity of ischemia were preferentially sent for early
revascularization, the highest risk patients revascularized
and thus censored from assessment of the prognostic value
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Figure 8.16 Frequency of cardiac death per year in patients as a function

of scan result (normal, mild to moderately abnormal, and severely

abnormal) and poststress ejection fraction by quantitative gated SPECT

greater than or equal to 45% (left) and less than 45% (right). Significant

differences (p < 0.0001) are present between lower and higher poststress

ejection fraction in both abnormal scan groups. Numbers under the bars

represent N. (From [89].)

of the test. Conversely, LVEF did not influence this referral
process; hence, the risk associated with LVEF was not im-
pacted by revascularization selection [8].

Data from this group also showed a role for left ven-
tricular volumes from the gated information in risk strat-
ification of patients. Indeed, left ventricular end-systolic
volume provided added information over poststress
LVEF for prediction of cardiac death [90]. Further, this
group later reported that perfusion variables are stronger
predictors of nonfatal myocardial infarction, while after
risk-adjustment poststress ejection fraction was not pre-
dictive of nonfatal myocardial infarction [89].

A recent report by Thomas and colleagues [44] from a
community-based nuclear cardiology laboratory followed
1612 consecutive patients undergoing stress SPECT over
a follow-up period of 24 ± 7 months (0.2% lost to follow-

up). Overall, patients with normal versus abnormal
SPECT had hard event rates of 0.4%, compared with 2.3%,
respectively (p < 0.0001). Further, these authors found
that poststress ejection fraction added incremental value
over pre-SPECT and perfusion data. Even after adjusting
for these variables, each 1% change in LVEF was associ-
ated with a 3% increase in risk of adverse events. Unlike
the Cedars-Sinai studies, perfusion data also added incre-
mentally over ejection fraction data. In both patients with
ejection fraction less than 40% and those with ejection
fraction greater than or equal to ≥40%, the results of stress
perfusion risk stratified patient risk (Fig. 8.17). A subse-
quent report by Travin and colleagues reported a series
of 3207 patients who underwent stress SPECT and were
followed-up for adverse events [68]. The authors found
that both abnormal wall motion and abnormal ejection
fraction were associated with increased risk; an abnormal
gated SPECT wall motion score was associated with an an-
nual event rate of 6.1% compared with 1.6% for a normal
score, and an abnormal versus a normal LVEF was associ-
ated with an event rate of 7.4% versus 1.8%, respectively
(both comparisons p < 0.001). Similar to previous studies,
myocardial infarction was predicted by the number of ter-
ritories with a perfusion defect but not by ejection fraction.
On the other hand, as reported by Thomas et al., cardiac
death was predicted by the number of territories with a
perfusion defect and an abnormal ejection fraction. Finally,
also as reported before, the results of gated SPECT added
incremental value over both normal and abnormal SPECT
perfusion.

Bias, treatment selection, and a reassessment
of post-MPS strategy

To date, algorithms formulated to assist with the man-
agement of patients after stress SPECT have focused on
the extent and severity of stress abnormalities as the basis
for decision making. More recently, LVEF has been con-
sidered as a second parameter to assist in this as well.
The data to support these approaches, and those preceded

Figure 8.17 Cumulative event-free survival in

patients as a function of reversibility score (0–1, 2–3, 4)

as a function of poststress ejection fraction by

quantitative gated SPECT greater than or equal to 40%

(left) and less than 40% (right). Significant risk

stratification is achieved by perfusion results in both

ejection fraction categories. (From [44].)
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it, were based on studies that censored, or removed, pa-
tients who were treated with revascularization early (60–
90 days) after MPS. The rationale behind this was that
since the decision to refer a patient to revascularization
early after MPS was based on the MPS result, this “self-
fulfilling prophecy’’ resulted in a reduction in event rates
and the predictive value of MPS results. Recently, it has
been found that this pattern of early revascularization has
sufficient impact on post-MPS survival, and that even with
censoring these early revascularizations [9], a significant
underestimation of patient risk with markedly abnormal
MPS occurs, contributing to a plateau effect of the defect
size–risk relationship (Fig. 8.12) [61]. Consequently, the
vast majority of the MPS prognostic studies published to
date are limited by this referral bias, both with respect
to underestimation of event rates as well as in that only
patients treated medically after MPS are considered and
analyzed.

Impact of treatment selection on patient
survival

The biases described above have recently been overcome
by the application of advanced statistical techniques to
analyze the relationship between MPS results, post-MPS
survival, and post-MPS treatment given in a cohort of
patients treated with either revascularization or medical
therapy after MPS. This study of 10,627 patients without
prior CAD undergoing exercise or adenosine stress MPS
made several significant findings [3]. First, as previously
described, both % myocardium fixed (fixed defects) and %
myocardium ischemic (ischemic defects) were predictive
of cardiac death, the latter more so than the former. How-
ever, only ischemia predicted which patients would fare
better with revascularization or medical therapy. Patients
with little or no ischemia had superior outcomes with
medical therapy, while with increasing ischemia extent
and severity revascularization had progressively superior
survival benefit over medical therapy (Fig. 8.18). Further,
the magnitude of improvement of survival (absolute ben-
efit) varied as a function of underlying clinical risk, as
described above with randomized clinical trials of revas-
cularization versus medical therapy. Patients who were
older, diabetic, women, or undergoing adenosine stress
had greater survival benefit with revascularization at any
level of ischemia.

Risk versus benefit driven strategies
Based on these results, a different approach to post-MPS
patient management might be proposed as shown in
Fig. 8.19. Rather than basing decision making on LVEF
or extent and severity of stress defects, as previous al-
gorithms have done, inducible ischemia by SPECT could
be the basis of this decision making. Further, rather than

Figure 8.18 The primary results from a study of 10,627 patients with no

prior myocardial infarction or revascularization that compared survival with

revascularization versus medical therapy (from [3]). The two lines (with

95% confidence intervals) shown represent patients treated with

revascularization (yellow line) and with medical therapy (red line). These

lines define the relationship between the % myocardium ischemic and

patient risk (as defined by the log of the hazard ratio). Importantly, these

two lines cross (indicating a statistical interaction) such that patients with

little or no ischemia (left side of graph) had lower risk with medical therapy

compared with revascularization, while with increasing ischemia extent and

severity a progressive survival benefit was accrued with revascularization

relative to medical therapy. Importantly, in the range of ischemia values

associated with a survival benefit with revascularization, the absolute

benefit of revascularization (number for lives saved per 100 patients

treated, years of life gained with revascularization) increased as a function

of underlying clinical risk, as well as in women compared to men, diabetics

compared to nondiabetics, adenosine stress compared to exercise stress,

and the elderly compared to younger patients.

basing decision making on risk – who is at greater risk,
who is at low risk, we can base algorithms on identifica-
tion of which patients may benefit from revascularization,
and which probably will not. Hence, it could be possible to
limit referral to catheterization to those patients who may
accrue a survival benefit. Of course, the limitations of fail-
ure of the standard, normalized “relative’’ perfusion de-
fect assessment of SPECT to detect diffuse ischemia must
be recognized as a potential source of misclassifying high-
risk patients as low risk.

Patients without inducible ischemia
These patients, not candidates for catheterization in this
algorithm, consist of two distinct groups, those with nor-
mal MPS, discussed above, and those with abnormal MPS
but no jeopardized myocardium. Several points must be
made regarding the latter group. First, viability imaging
becomes crucial in these patients because if any viable my-
ocardium is detected, they may be reclassified into the
next category of patients. While substantial viability is
needed to improve outcomes with revascularization, some
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Figure 8.19 Flow diagram representing possible post-MPS management.

Based on the above comments regarding the survival benefits of medical

therapy versus revascularization, post-MPS decision making is based on the

presence and amount of inducible ischemia. Patients without inducible

ischemia are not listed as candidates for catheterization and/or

revascularization. If the MPS is without ischemia because it is normal, then

the reason for this is clear, and only risk factor modification can be

recommended. On the other hand, if the MPS is abnormal without

significant inducible ischemia, there is unlikely to be any survival benefit to

be accrued with revascularization. If left ventricular function is significantly

compromised, evaluation for transplantation in these patients may be

indicated. A number of potential exceptions and challenges may arise in

these patients, and these are discussed in the text.

viability techniques (e.g., SPECT, low-dose dobutamine
echo) might underestimate viability. Second, while pre-
ventive measures are recommended in all patients in
all algorithms, arguably in these patients “preventive
measures’’ (and medical therapy) include not only those
aimed at atherosclerosis prevention, but also those aimed
at prevention of left ventricular remodeling and dete-
rioration of left ventricular function. Finally, if neither
inducible ischemia nor hibernation is present, and left
ventricular dysfunction is found, consideration should
be given for recommendation for transplant evaluation,
when appropriate.

Patients with greater than 10% myocardium ischemic
These patients are similar to those with “mildly’’abnormal
scans described above. Although their MPS study is ab-
normal, unless refractory symptoms compromise of qual-
ity of life or limitations in functional status are present,
it is unclear what benefit could be accrued by referral of
this patient to revascularization. On the other hand, refer-
ral to catheterization should be considered in a number
of instances in these patients. A potential pitfall of this
approach is the patient with a severe (>90%) stenosis of
the mid-first diagonal artery and a moderate lesions in
the posterior descending artery and the proximal left cir-
cumflex vessel (70%). Due to balanced reduction, this pa-
tient may have a stress MPS showing only severe defects
of the mid and distal anterior wall, or the distal anterior

and anterolateral walls, with less than 10% of their my-
ocardium ischemic. Hence, any suggestion that the limited
amount of ischemia shown is due to balanced reduction
should prompt further attention to this patient. Accord-
ingly, in the presence of stress-induced stunning, transient
ischemic dilation, lung uptake, ischemia on the nonnuclear
stress portion of the examination, or any finding sugges-
tive of underestimation of ischemia by perfusion imaging,
catheterization may be indicated. Further, in diagnostic
patients, if the study revealed no or minimal fixed defect
(as opposed to a small amount of inducible ischemia with
extensive scar), the finding by atherosclerosis testing of
severe abnormalities in vascular distributions other than
that where the perfusion defect is located may be an indi-
cation for catheterization. The potential dilemmas of this
approach point to a potentially important advantage of
SPECT/CT or PET/CT, that is, the potential to acquire a
calcium score or CT angiography on all stress perfusion
studies.

Patients with greater than 10% myocardium ischemic
These patients are relatively more clear-cut compared to
those above. Recent data described above indicate that
these patients will accrue a survival benefit from revas-
cularization. It is important to note that “myocardium is-
chemic’’ incorporates both inducible ischemia and hiber-
nating myocardium; hence, it is important to perform vi-
ability studies to identify those patients with borderline
amounts of inducible ischemia who may qualify for this
category. By performing viability imaging, patients who
at first appear to have little or no jeopardized myocardium
may turn out to have sufficient myocardium at risk to jus-
tify catheterization.

Incremental prognostic value of gated SPECT:
what can gated SPECT add to
perfusion findings?

Above we described the impact of including both pa-
tients treated medically along with those treated with early
revascularization on the results of survival analyses. Im-
portantly, this approach allowed, for the first time, a means
by which to identify on the basis of noninvasive testing
which patients are likely to accrue a survival benefit with
one therapeutic approach compared to another [3]. How-
ever, this study did not include data regarding left ven-
tricular function or LVEF; hence, the interrelationship of
inducible ischemia and left ventricular function has not
been defined. These data have, however, been reported
in preliminary form [91]. In this report, the authors ex-
amined the hypothesis that while ejection fraction pre-
dicts the risk of cardiac death, only measures of ischemia
will identify which patients will accrue a survival bene-
fit from revascularization compared to medical therapy
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Figure 8.20 Predicted relationship based on Cox proportional hazards

modeling between log hazard ratio versus % myocardium ischemic in

patients treated medically (“Med Rx”) versus early revascularization

(Revasc) after stress SPECT. Three pairs of lines are shown for poststress

LVEFs of 30, 45, and 60%. Within each pair, patient risk is unchanged

across values of % myocardium ischemic with early revascularization, and

increases significantly in patients treated medically. With decreasing

ejection fraction, risk in both early revascularization and medically treated

patients increases for any level of % myocardium ischemic. This increase in

risk demonstrates the incremental value of LVEF over other factors.

Similarly, the increase in risk with increasing % myocardium ischemic in the

setting of medical therapy demonstrates the incremental value of SPECT

measures of inducible ischemia. Finally, the differential risk with medical

therapy versus revascularization identified by % myocardium ischemic

demonstrates its ability to identify treatment benefit. Model p < 0.00001.

after stress SPECT. In this study, 5366 consecutive patients
without prior revascularization were followed up for 2.8
± 1.2 years, during which 146 cardiac deaths occurred
(2.7%, 1.0% per year). After adjusting for pre-SPECT data,
and a propensity score to adjust for nonrandomized treat-
ment assignment, the authors found several interesting
findings. First, as has been previously shown [67], LVEF
was the most powerful predictor of cardiac death. Also,
as shown before [44,68], stress perfusion results added
incremental value over ejection fraction for prediction of
cardiac death (Fig. 8.20). Most importantly, only the % my-
ocardium ischemic was able to identify which patients
would accrue a survival benefit with revascularization
over medical therapy. Importantly, with respect to a rel-
ative benefit (which patients will have an improved sur-
vival with revascularization over medical therapy), only
inducible ischemia was a predictor. On the other hand,
LVEF played a crucial role in identifying the absolute ben-
efit (number of lives saved per 100 treated, number of years
of life gained with treatment) for a given patient (Figs. 8.20
and 8.21). This finding is similar to the meta-anlysis of ran-
domized clinical trials data discussed above comparing
medical therapy with revascularization [92]. Prediction of
absolute benefit after stress SPECT is also a function of
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Figure 8.21 Predicted cardiac death rates based on final Cox proportional

hazards model for patients with ejection fraction less than 60% versus

greater than 60%. Results further stratified by % myocardium ischemic:

5–10%, 10–20%, and 20% or more. Within each category of inducible

ischemia, predicted cardiac death rates are shown separately for medical

therapy after stress SPECT (black bars) versus early revascularization (white

bars). In both low and high ejection fraction subgroups, the risk associated

with revascularization is significantly lower in the setting of marked

ischemia. The number of lives saved per 100 patients treated (difference

between predicted survival with early revascularization versus medical

therapy) is shown over the bars. The number of lives saved per 100 patients

treated is significant in patients with 20% myocardium ischemic, and is

greater with low than high ejection fraction. Model p < 0.0001.

clinical risk factors, as previously described [3], such as
patient age, sex, diabetes mellitus, and type of stress per-
formed.

Predicting patient risk in individual patients

Given the recent findings described above, it is important
to ask whether we can successfully predict risk in an indi-
vidual patient after MPS. The ASNC Imaging Guidelines
stated in 1999 that “some large laboratories have enough
internal follow-up data to be able to statistically predict
outcomes (death and nonfatal myocardial infarction) on
the basis of perfusion image scores. If such data are avail-
able, incorporation of the likelihood of an adverse event
in the report is highly desirable’’ [93]. However, this chal-
lenge is more daunting than initially appreciated when the
above data are taken into account. First, it appears that in
light of the referral bias to catheterization, and the obfus-
cation of event rates by post-MPS therapy selection, if this
prediction of outcomes is to be attempted, risk estimation
needs to consider post-MPS therapy as part of the equa-
tion. Second, in the context of the previous paragraph, for
reasonably accurate estimates of risk to be put forward,
a number of variables other than MPS results would be
needed to be taken into account, as they add incremental
value over the MPS results.

This year the first such score for MPS results was pub-
lished [73]. This score was based on 5873 consecutive pa-
tients who underwent adenosine stress MPS and were fol-
lowed up for a mean of 2.2 ± 1.1 years. Follow-up was
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Figure 8.22 Kaplan–Meier 2-year survival as a

function of prognostic score in the overall

population. Bars represent 95% confidence intervals.

p < 0.0001 (log-rank) across prognostic score. These

bars are centered at the mean prognostic score

values of seven subgroups (mean value and n): (1)

34.4, 387; (2) 42.3, 710; (3) 49.1, 1528; (4) 55.3,

909; (5) 60.2, 601; (6) 65.9, 458; (7) 74.9, 163. By

calculating the adenosine prognostic score for

patients, the result can be noted on the X -axis of

this graph, a line drawn vertically to the survival

curve, and a second line drawn horizontally to the

Y-axis to determine the patients 2-year likelihood of

survival free of cardiac death. Separate scores can be

determined for medical therapy and treatment with

revascularization for a patient, and the difference

between the two constituting patient benefit.

94% complete and 387 cardiac deaths occurred during the
follow-up period (6.6% mortality rate). This score was de-
rived and internally validated using a split set validation
with a Cox proportional hazards model. Several scores
were reported, but the primary score is:

[age (decades) × 5.19] + [% myocardium ischemic (per
10%) × 4.66] + [% myocardium fixed (per 10%) × 4.81] +
[diabetes mellitus × 3.88] + [if patient treated with early
revascularization, 4.51] + [if dyspnea was a presenting
symptom, 5.47] + [resting heart rate (per 10 beats) ×
2.88] − [ peak heart rate (per 10 beats) × 1.42] + [ECG
score× 1.95] [if patient treated with early revasculariza-
tion, % myocardium ischemic (per 10%) × 4.47] [73].

The ECG score consisted of 0.628 (if any block was
present on ECG) + 0.724 (if left ventricular hypertrophy
with repolarization abnormalities were present) + 0.832
(if premature ventricular beat(s) were present) + 0.331
(if nonspecific ST-T wave changes were present). Two sep-
arate scores can be calculated with this formula: one if
the patients are treated medically and the other if they
are treated with revascularization. Hence, this score not
only estimates patient risk, but, in addition, identifies
patient benefit with one therapy in comparison to another
(Fig. 8.22).

Identification of risk versus
identification of benefit

The potential to identify patient benefit introduces a new
paradigm for stress imaging. A patient with extensive per-
fusion defects that are reversible is clearly at high risk,
but also potentially has a significant benefit from revas-
cularization. On the other hand, a patient with extensive

defect but little ischemia is also at high risk of adverse
outcomes, but will accrue little or no benefit from revas-
cularization. This concept can be extended to a variety of
situations. In any of them, rather than identifying a set
of characteristics on MPS associated with high risk, and
assuming that all these patients will have improved out-
comes if treated invasively, we can now narrow our focus
to those individuals who may benefit from this approach.
This approach greatly improves the clinical-effectiveness
and cost-effectiveness of MPS by increasing the number of
patients classified as not potentially benefiting from revas-
cularization without compromising patient outcomes.

Appendix

Statistical considerations in the determination
of incremental value

In order to determine incremental value, the model should
be derived in a stepwise fashion (clinical variables are en-
tered first, then exercise variables, and finally nuclear vari-
ables). The statistical term for this approach is to force
the initial clinical and exercise data into the multivariable
model prior to the addition of the nuclear data. By forcing
in the prenuclear information, the risk information not al-
ready contained in the prenuclear data can be successively
assessed. The amount of information present in each step
of this analysis (each successive model generated) is ex-
pressed by a test statistic such as χ2, or, alternatively, by
an ROC area. Unfortunately, the result of the analysis ex-
pressed as a test statistic is unintuitive, and its significance
is unclear – e.g., what is the value of a unit of χ2? Further-
more, this method is usually limited to the evaluation of
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large patient populations, since a substantial number of
outcome events are required for a meaningful analysis to
be performed, and this is not always the case in patient
subgroups [46,47,51,94].

Incremental clinical value

Although various multivariable analytic approaches can
determine incremental prognostic value, the application
of the analytic test results to patient stratification can-
not be readily effected. The use of Kaplan–Meier survival
curves permits determination of incremental prognostic
value in a clinically more realistic manner. Generally,
Kaplan–Meier curves are used to measure differences in
survival rates between two patient cohorts. The patients
are separated into lower and higher clinical risk groups
(on the basis of clinical or clinical plus exercise test vari-
ables such as likelihood of CAD, exercise tolerance, ECG
characteristics, etc.), and the survival rates over time of
these two groups are compared. Each of these groups can
potentially be further stratified by the results of nuclear
testing. A significant difference in the survival rates be-
tween patients with normal and abnormal nuclear scans,
either in the low or high clinical risk groups, demon-
strates that even after clinical stratification, further infor-
mation (in the form of further stratification) was added
by nuclear testing. The advantages of this approach in-
clude the ability to test a clinically applicable or relevant
threshold for clinical or exercise variables in a strate-
gic manner, as well as the ability to analyze survival in
a manner analogous to a clinical strategy. In addition,
there are no clear-cut requirements for the number of out-
come events, thus easing the performance of subgroup
analysis.

Statistical evaluation of noninvasive testing

Several methods have been used to evaluate the perfor-
mance of noninvasive testing. These include several multi-
variable analyses (e.g., multiple linear regression, multiple
logistic regression, Cox proportional hazards models) and
Kaplan–Meier survival analysis. Multivariable analysis is
a statistical method that relates a number of predictor vari-
ables to an outcome of interest (e.g., cardiac events). Using
this approach, it is possible to assess the effect of each
individual predictor variable (e.g., perfusion abnormali-
ties) after accounting for the effect of several other predic-
tive factors (e.g., sex, age, risk factors, anginal symptoms).
Differing approaches are used depending upon the out-
come of interest. Multiple linear regression is used when
the endpoint is a continuous variable (a number that has
ordered, multiple possible values, such as blood pressure
or cholesterol value). In the case of a variable that can

assume one of two values (yes or no, CAD or no CAD),
a binary logistic regression is used. If the outcome can be
classified in one of several categories or levels, other types
of logistic models can be applied (ordinal logistic, poly-
tomous logistic) [95–98]. The use of logistic regression,
either binary for the prediction of the presence of CAD
or ordinal for prediction of grades of CAD (e.g., none,
<90% single vessel, two vessel, three vessel/left main),
permits assessment of test accuracy after adjusting for
the variation in underlying patient characteristics. When
survival data are modeled, a Cox proportional hazards
analysis is usually performed. A Cox model incorporates
information about both the occurrence of the outcomes
(cardiac death, myocardial infarction) and the time be-
tween beginning of follow-up and occurrence of the event
(time to event) [99]. Thus, it is not only relevant for this
analysis that a patient had an event of interest, the amount
of time to the event is also considered (e.g., a patient death
occurring 1 week after the index timepoint is weighted
more than if it occurred 1 year after the index timepoint)
[95,97,100].

The results of these analyses can be compared using
ROC) curve analysis [101–103]. The ROC curve represents
the relation between a test’s true positive rate (sensitiv-
ity) and false positive rate (1-specificity) as the threshold
for abnormality is changed. The power of a model can be
expressed as the area underneath its ROC curve, a mea-
sure that reflects the discriminatory power of the test in
question independent of factors such as diagnostic thresh-
old, baseline event rate in the study sample, or selection
bias [48]. ROC curves have a potential area ranging from
0 to 1; an area of 0.5 corresponds to no discriminatory
power, while an area of 1 defines perfect discrimination.
ROC curve analysis can be applied to multivariable mod-
eling by plotting each model’s true positive and true neg-
ative rates at all possible thresholds of event probability.
A comparison of models using ROC curves evaluates the
diagnostic discrimination of the models, independently of
a threshold of abnormality.

Risk-adjusted survival rates

An important approach to the analysis and subsequent
understanding of outcomes data involves the use of mul-
tivariable methods to evaluate a modality with respect to
its incremental prognostic value, or ability to risk strat-
ify after adjusting for other clinical or historical factors (or
the results of other tests, such as ETT or perfusion SPECT).
Risk-adjusted survival curves can be developed that strat-
ify patients by normal (≥50%) versus abnormal (<50%)
gated SPECT ejection fractions. These curves, represent-
ing the rates of hard events over time, can be adjusted
for the type of stress performed (exercise or adenosine),
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the results of perfusion SPECT assessment, any history of
prior revascularization or myocardial infarction, and the
underlying clinical risk of the patients. Preliminary anal-
ysis has shown that gated SPECT ejection fraction yields
incremental prognostic value over perfusion SPECT and
all other clinical information known about the patient.
Furthermore, it appears to do so in a clinically relevant
manner (risk stratification), since it identifies a low-risk
patient subgroup not in need of further testing.
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9 Assessment of myocardial perfusion and
left ventricular function in acute
coronary syndromes: implications for
gated myocardial perfusion SPECT

Fahim H. Jafary
James E. Udelson

Introduction

For over 20 years, radionuclide myocardial perfusion
imaging has played an important role in diagnosis as well
as risk stratification for patients suffering from acute is-
chemic coronary syndromes. Early studies using planar
thallium imaging documented the superior ability of this
technique to assess both the presence and location of
myocardial infarction (MI) and more accurately predict
the site of coronary disease involvement in unstable syn-
dromes than ECG findings alone. More recently, the use of
Tc-99m-based agents such as sestamibi in the early hours
of an infarct has provided important information on area at
risk in the setting of the coronary occlusion, while a follow-
up study done several days later provides information on
final infarct size as well as myocardial salvage, when both
sets of images are compared. Stress perfusion imaging in
the early aftermath of acute coronary syndromes as well as
acute myocardial infarction (AMI) carries powerful prog-
nostic information for risk-stratifying stable patients. Over
the last few years, perfusion imaging has also been increas-
ingly used among patients with chest pain syndromes in
emergency department (ED) who do not have clear-cut
ECG changes. Several published studies now consistently
demonstrate extremely high negative predictive value for
ruling out acute ischemia, as well as powerful risk stratifi-
cation information for those with positive tests. Thus, the
use of SPECT perfusion imaging techniques is widely uti-
lized in the setting of acute ischemic coronary syndromes.

An entirely separate body of literature exists regard-
ing the importance of left ventricular function in all of
these clinical settings, that is, among patients with unsta-
ble angina, those with MI, and those in the ED setting.
Assessment of regional and global left ventricular func-
tion in those settings has most often been performed using
echocardiography as a separate test from the radionuclide
myocardial perfusion imaging information.

Recent advances in hardware and software technol-
ogy have allowed the combined assessment of stress
and rest myocardial perfusion with resting (or poststress)
measures of regional and global left ventricular function
using gated SPECT imaging. The time and cost involved
to provide the functional information beyond the perfu-
sion information is quite modest and significantly lower
than a separate examination using echocardiography,
radionuclide ventriculography, or other methods such as
magnetic resonance imaging (MRI). As documented in
Chapter 5, gated SPECT determination of left ventricu-
lar ejection fraction as well as left ventricular volumes has
been extensively validated against contrast ventriculog-
raphy, two-dimensional (2D) echocardiography, radionu-
clide angiography, and MRI as gold standards using a
variety of software packages and radioisotopes [1].

There is a growing body of literature that examines the
combined assessment of perfusion and function in the
same patients using gated SPECT imaging in the after-
math of acute ischemic syndromes or in the ED setting.
Given the clear importance of left ventricular function
in these clinical scenarios, however, it is likely that
the addition of functional information to the perfusion
data will provide a significant increment in information
content in terms of risk stratification for future outcomes,
as well as potentially providing important information
for initial patient medical management. Also, given the
relatively low cost of providing this information using
gated SPECT technology, the necessary increment to
obtain cost-effectiveness is modest.

Based on the growing availability of gated SPECT my-
ocardial perfusion imaging, this report will attempt to
assess the potential incremental value of adding functional
information to the perfusion information in acute coro-
nary syndromes. By carefully reviewing the individual
prognostic value of perfusion imaging and left ventric-
ular function and then examining studies that have com-
bined functional and perfusion assessment, we hope to
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gain insight into the added value of combining both pieces
of information into one test.

Assessment of myocardial perfusion and
left ventricular function following acute
ST-elevation MI

Recent data indicate that there are approximately
1.5 million patients who develop an AMI annually in
the United States. Among all patients suffering an acute
infarction, approximately one-third are fated to die, with
half of those deaths occurring within an hour of the onset
of symptoms. Among survivors of the initial symptoma-
tology, there has been a steady and favorable decline in
mortality over the past three decades [2–4], likely related
to improvements in aggressive early detection and treat-
ment. Historically, these improvements have included the
use of cardiac care units for intensive monitoring and early
response to arrhythmias, and in the more recent era throm-
bolytic therapy and primary angioplasty, as well as other
pharmacologic interventions to limit infarct size and pro-
gressive left ventricular dysfunction following infarction.

Among the survivors of the early hospital course of
AMI, the underlying risk profile for subsequent mortality
and recurrent infarction is quite variable. This risk pro-
file ranges from the patient with a small infarction, single-
vessel disease, and preserved left ventricular function who
is at very minor risk for death or recurrent events over the
subsequent year to the patient with a large index infarc-
tion, left ventricular dysfunction, and remaining viable
myocardium jeopardized by severe obstructive coronary
disease remote from the infarct-related artery, whose prog-
nosis is quite grim.

Clinical variables and syndromes during the hospi-
talization for AMI identify a patient subgroup at very
high risk in whom there is general agreement that
early catheterization and intervention is indicated. These
include patients with postinfarct recurrent ischemic pain,
persistent hemodynamic instability including heart failure
and cardiogenic shock, evidence of a mechanical compli-
cation such as mitral regurgitation or ventricular septal
defect, and recurrent significant arrhythmias remote from
the immediate acute infarct period [5].

The majority of patients surviving the initial acute in-
farction period will, however, have a relatively stable and
uncomplicated course. In these patients, current guide-
lines generally recommend noninvasive risk stratification
prior to hospital discharge. There are several reasons why
profiling an individual patient’s risk prior to discharge
may be preferable to later postdischarge testing. A sub-
stantial proportion of morbidity and mortality in the year
after MI occurs in the early weeks. Delaying stress testing
for 3–6 weeks may result in missing this important cohort

of patients [6]. Moreover, exercise testing with or without
an imaging modality prior to discharge will allow the clin-
ician to formulate an exercise prescription for the patient
in preparation for post-MI cardiac rehabilitation.

Certain demographic and clinical variables can be iden-
tified which stratify stable post-MI patients into relatively
higher or relatively lower risk groups following MI, such
as age greater than 70 [7], diabetes [8], female gender [9],
and patients with prior anterior infarcts [10,11]. However,
the power of the stratification based on these variables is
not generally thought to be sufficient to drive clinical de-
cisions regarding catheterization. Few studies have care-
fully addressed the incremental value of stress testing with
or without an imaging modality over and above all clinical
and demographic variables in the post-MI setting.

Risk stratification following ST-elevation MI

A large body of literature documents three major deter-
minants of natural history risk following an index acute
infarction. These factors include residual resting left ven-
tricular function, the extent of ischemic jeopardized my-
ocardium, and the susceptibility to ventricular arrhyth-
mias. Residual left ventricular function following an MI is
related to final infarct size, which in turn is related to the
potential myocardium at risk during the initial coronary
occlusion. The residual extent of ischemic jeopardized my-
ocardium following infarction is a consequence of the ex-
tent and severity of coronary artery disease (CAD) both
within and remote from the infarct-zone-related artery.
Susceptibility to malignant ventricular arrhythmias is a
consequence of numerous factors, with important contri-
butions from the degree of left ventricular dysfunction and
the presence of inducible ischemia.

Thus, measures of left ventricular function and the
extent of inducible ischemia would be expected to provide
important prognostic information in the aftermath of
AMI. Such data have the potential to guide management
decisions regarding catheterization and subsequent
intervention. Common practice in the United States often
involves catheterization following MI in a majority of
patients. Current guidelines, however, suggest that there
is an important and potentially large subgroup of patients
who are stable following an MI and who will not benefit in
terms of natural history from catheterization and interven-
tion, as they are already at relatively low risk for natural
history events such as recurrent MI or cardiac related
death. To the extent that noninvasive imaging of myocar-
dial perfusion, inducible ischemia, and left ventricular
function following an MI can provide powerful risk strati-
fication information (and of particular importance provide
information identifying a low-risk cohort), it follows that
such testing will be extremely useful and potentially cost-
effective by identifying the cohort of patients most likely
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to benefit from further invasive management. There are
numerous studies in the literature documenting the im-
portance of detecting ischemia within or remote from the
infarct zone. A separate body of literature has clearly and
consistently documented the importance of left ventricu-
lar function in determining late outcome. Recent studies
have analyzed the combined data on perfusion and func-
tion, and those few studies have involved separate nonin-
vasive tests for these variables. Gated SPECT imaging, on
the basis of its comprehensive ability to provide all of this
important information, has the potential to be the single
most important test in the stable patient following an MI.

Assessment of myocardial perfusion and
inducible ischemia after AMI

One of the earliest and largest studies to examine the value
of perfusion imaging data on the presence and extent of
inducible ischemia in stable patients following MI was
published by Gibson and colleagues in 1983 [12]. In this
report, 140 consecutive patients with AMI and a stable
in-hospital course underwent submaximal treadmill exer-
cise testing in conjunction with planar thallium-201 imag-
ing and coronary angiography prior to discharge. All pre-
discharge assessments of electrocardiographic ischemia,
scintigraphic ischemia, and the angiographic extent of
CAD had statistically significant risk stratification value.
However, the thallium-201 scintigraphic data contained
the most robust information on stratifying risk, in that a
low-risk thallium-201 image (defined as one thallium de-
fect, no reversible defects, or no lung uptake) was associ-
ated with an extremely low-risk natural history outcome,
with 6% of patients suffering cardiac events during 3-year
follow-up (Fig. 9.1). In contrast, patients with a “low-risk’’
exercise test (defined as no ST depression or exercise-
induced angina) had a 25% incidence of cardiac events on
follow-up, while patients with a “low-risk’’ coronary an-
giogram (defined as zero- or one-vessel disease) had a 22%
incidence of subsequent events. This important study not
only defined the significant role played by scintigraphic
perfusion imaging in detecting the presence of ischemia
in post-MI testing, but also illustrated important points
regarding the assessment of risk stratification testing vari-
ables in any situation. Statistically significant risk stratifi-
cation may be obtained by a host of demographic, clini-
cal, and testing variables when the prevalence of events is
compared in a “low-risk’’ group and a “high-risk’’ group
as defined by a specific variable. However, statistical dif-
ference in outcomes between the two groups does not
necessarily translate into clinically relevant risk stratifica-
tion information. In order for any variable or test result
to be useful for clinical decision making, a “low-risk’’ test
must be associated with a very low risk outcome such that
conservative therapy can comfortably follow.
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Figure 9.1 Probability of cardiac events in relation to different parameters

acquired prior to hospital discharge: submaximal exercise test data (a),

thallium-201 scintigraphy (b), and coronary angiography (c). Solid lines

represent patients with high-risk characteristics (ST depression or angina,

multiple thallium-201defects, reversible defects or lung uptake by

scintigraphy, two- or three-vessel disease by angiography); dashed lines

represent the defined low-risk test characteristics. Note the wide separation

of the event curves between high- and low-risk patients as detected by

thallium-201 scintigraphy, suggesting more powerful risk stratification. The

perfusion data also identified a very low risk outcome group more clearly

than the treadmill or angiographic data. Abbreviations: AP, angina pectoris;

↑Lu, increased lung uptake of thallium; MTD, thallium defects involving

multiple vascular regions; Rd, redistribution; SMXT, submaximal treadmill

exercise testing; ST↓, ST depression; 1TD, thallium defect in one vascular

region; VD, vessel disease. (Reprinted with permission from [12].)

In the years following the report by Gibson et al. [12],
many studies emerged which consistently identified the
presence of inducible ischemia in the aftermath of AMI as a
powerful predictor of subsequent outcome events [12–30].
These results are summarized in Table 9.1.
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CHAPTER 9 Acute coronary syndromes

Subsequent investigations delineated other useful
clinical endpoints predicted by myocardial perfusion
imaging following MI. Abraham and colleagues [15]
examined 103 patients following uncomplicated MI who
underwent coronary angiography. The sensitivity for de-
tecting multivessel CAD was similar for exercise-induced
ischemic ST depression compared to the finding of
thallium-201 defects remote from the infarct zone. How-
ever, specificity and positive predictive values were higher
with scintigraphic imaging. The combination of tests was
superior to either alone in detecting and particularly in
ruling out multivessel CAD.

In a subset of patients studied in the prethrombolytic
era but relevant to the postthrombolytic era, Wilson and
coworkers [18] reported on long-term outcomes in 97 pa-
tients with single-vessel CAD on angiography approx-
imately 12 days after uncomplicated MI. Late ischemic
events were associated with the extent of the reversible
defect within the infarct zone, and the percentage of
patients with infarct zone ischemia was greater among
patients experiencing a late event. Event-free survival was
not related to the presence of exercise-induced angina
nor with exercise-induced ST depression on ECG, but
was significantly associated with infarct zone thallium-201
redistribution.

Thus, numerous studies in the prethrombolytic era
documented the importance of the presence of exercise-
induced scintigraphic ischemia both within and remote
from the infarct zone in identifying a cohort of pa-
tients more likely to suffer subsequent morbid and mor-
tal cardiac events. “Low-risk’’ scans identified a clinically
low-risk patient group who could be comfortably targeted
for conservative therapy.

As data on the value of exercise perfusion scintigraphy
was emerging throughout the early to mid-1980s (predom-
inantly using planar thallium-201 techniques), a simul-
taneous line of investigation was being reported on the
value of pharmacologic stress imaging in the same clinical
setting. An important proportion of patients following an
uncomplicated MI are not able to exercise even to a sub-
maximal workload. These patients are generally at higher
risk of subsequent cardiac death or MI compared to the
cohort able to exercise [31]. Thus, the use of pharmacologic
stress imaging in such patients is conceptually attractive
and potentially clinically important.

Leppo and colleagues [14] reported on a group of 51
patients recovering from AMI who underwent dipyri-
damole planar thallium-201 imaging. During a mean
follow-up period of 19 months, 12 patients died or had
a recurrent infarction, of which 11 had demonstrated
evidence of thallium-201 redistribution defects on their
post-MI imaging. Among 24 patients being readmitted
with unstable angina, 22 had demonstrated evidence of
redistribution defects. The presence of redistribution on

the dipyridamole scan was the only significant predic-
tor of important cardiac events on multivariable analysis.
The absence of redistribution defects identified a very low
risk cohort. Subsequent reports by Gimple et al. [17] and
Younis et al. [19] confirmed these findings.

The important data regarding the relation between
stress myocardial perfusion imaging evidence of inducible
ischemia within or remote from the infarct zone after an
MI and subsequent outcomes have been reexamined in
the more modern era of thrombolytic therapy. The results
have been mixed, consistent with Bayesian predictions re-
garding the relation between the pretest probability of an
outcome event and the predictive value of a test for that
event. Two studies in which all patients underwent throm-
bolytic therapy for AMI have documented diminished
value of perfusion imaging data for predicting events in
this setting. Tilkemeier and colleagues [21] reported on 64
patients undergoing thrombolytic therapy for AMI who
underwent predischarge thallium exercise testing. The re-
ported data on the predictive value of scintigraphic testing
were significantly lower than had been reported in prior
studies. Similarly, Miller and colleagues [25] in a series
of 210 patients with MI who had received thrombolytic
therapy reported no differences at 2 years postinfarction
in event-free survival for patients with high-risk com-
pared to those with low-risk post-MI stress thallium-201
scans. In both these studies, the investigators noted that the
populations in these thrombolytic therapy cohorts were
quite different from populations studied in the prethrom-
bolytic era. Patients undergoing thrombolytic therapy are
younger, have more preserved left ventricular function,
and have a lower prevalence of multivessel disease and
a lower prevalence of subsequent outcome events. Thus,
on the basis of all these factors identifying a group with
a much lower pretest probability of an outcome event,
Bayesian principles would dictate that the predictive value
of any test would be less optimal.

However, other studies in the postthrombolytic era have
reported similar favorable results regarding the relation
of stress-induced scintigraphic ischemia to outcomes as
those reported in the prethrombolytic era. Travin and
coworkers [26] used Tc-99m sestamibi SPECT imaging
after MI in 134 consecutive patients within 14 days of
an uncomplicated MI. These investigators found that the
extent of ischemia on the SPECT sestamibi scan was the
only significant correlate of a future cardiac event on Cox
regression analysis. Patients with three or more reversible
defects had a 38% chance of an important cardiac event
on follow-up (Fig. 9.2). Of interest, among the subgroup
(40%) who had received thrombolytic therapy, the extent
of sestamibi SPECT ischemia remained a strong correlate
of a cardiac event.

Similarly, Mahmarian et al. [27] found that the quanti-
tated extent of ischemia on adenosine SPECT thallium-201
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Figure 9.2 Relation between the postinfarction extent of ischemia (as

determined by the number of perfusion defects by SPECT Tc-99m

sestamibi) with cardiac event rate. Patients with more extensive ischemia

are at progressively higher risk of unfavorable outcome. * p = 0.017

compared with patients with no reversible defects. (Reprinted with

permission from [26].)

imaging was an important predictor of post-MI cardiac
events by Cox regression analysis. Perfusion defect size on
initial SPECT imaging and percent infarct zone ischemia
together contained powerful predictive information, as
did the combination or infarct zone ischemia and ejection
fraction from a subsequent left ventricular function study.

In an elegant study reported by Brown et al. [30], 451
patients presenting with their first AMI were randomized
in a 3:1 ratio to a strategy of early (2–4 days) dipyridamole
Tc-99m sestamibi SPECT imaging followed by predis-
charge (6–12 days) submaximal exercise SPECT (n = 339)
or predischarge submaximal exercise SPECT imaging only
(n = 112). The treating clinicians were revealed the results
of the predischarge exercise study only as part of routine
care. Thus, the early dipyridamole SPECT imaging could
not influence patient management. Early dipyridamole
perfusion imaging was a stronger predictor of both in-
hospital and late cardiac events than predischarge sub-
maximal exercise SPECT. In the multivariable model, the
extent and severity of the dipyridamole perfusion defects
and the extent of reversibility were predictors for both
in-hospital and late cardiac events. Importantly, this pre-
dictive model held ground irrespective of whether throm-
bolytic therapy had been administered – in fact, the model
was more robust with those who did receive thrombolysis
(Fig. 9.3).

These latter three studies were performed in cohorts of
patients of whom only a subgroup received thrombolytic
therapy (40% in the study of Travin et al. [26], 36% in the
study of Mahmarian et al. [27], and slightly over 50% in
the study by Brown et al. [30]). These data are likely repre-
sentative of the contemporary management of MI in large
populations and suggest that there is still an important
role for scintigraphic imaging in the current era (Fig. 9.4).

The importance of the population being tested on the
relation between the presence and extent of ischemia and

Figure 9.3 Predictive value of early dipyridamole stress perfusion imag-

ing for cardiac death or MI in patients presenting with AMI – stratified

by thrombolytic therapy. The summed stress score (SSS) had a greater

discriminatory value in patients receiving thrombolysis with a sharper de-

marcation of high- and low-risk patients. (Reprinted with permission from

[30].)
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Figure 9.4 A 58-year-old woman presented with an uncomplicated acute

inferior MI that was treated with thrombolytic therapy. On day 5 she

underwent an exercise myocardial perfusion study. Images show a fixed

inferior defect (arrows) with no inducible ischemia. The patient was treated

medically and remains well 23 months after the event. Abbreviations: HLA,

horizontal long axis; SA, short axis; VLA, vertical long axis.

subsequent outcome was also aptly illustrated by the re-
sults of the Multicenter Study of Myocardial Ischemia by
Moss et al. [24]. In this large study, 936 patients who were
clinically stable between 1 and 6 months after discharge
for AMI or unstable angina underwent exercise ECG and
stress thallium imaging. These investigators reported that
detection of silent or symptomatic myocardial ischemia
by noninvasive testing in this cohort was not useful in
identifying subsequent recurrent events. In this popula-
tion however, 40% of patients underwent coronary angio-
plasty either during the index hospitalization or prior to
enrollment in the study. Thus, an important percentage of
the population had been revascularized prior to testing.
Moreover, the hard cardiac event rate was relatively low
for a post-MI population (8.2% cardiac death or nonfatal
MI during long-term follow-up), compared to many pre-
vious studies. This important study illustrates that non-
invasive stress testing of any type is likely to be of most
value early after MI prior to revascularization, when the
risk for events is significantly higher.

The question of whether there is a differential prognos-
tic value of peri-infarction versus remote ischemia was
addressed in a recent study by Elhendy and colleagues
[32]. Although performed in patients suffering from a
remote MI (>1 month; mean 3.5 ± 2.2 years), and there-
fore different from those admitted with an acute event
facing the question of risk stratification, the investigators
showed that peri-infarction ischemia was independently
associated with the risk of cardiac death (relative risk 2.6,
95% CI 1.1–6.1) over a mean follow-up of 5.5 years. How-
ever, remote ischemia was not. The authors speculated that
perhaps ischemia superimposed on infarcted tissue was a
particularly conducive substrate for lethal arrhythmias.

Clinical trials incorporating results of stress
testing following MI

While the results of outcome prediction by any test
following an acute ischemic event is of considerable clin-
ical and intellectual interest, the true power of a predic-
tive test is only demonstrated insofar as it can be used
for clinical decision making to improve outcomes, not only
predict outcomes. In this regard, several studies have been
reported in which the presence of inducible ischemia fol-
lowing MI, by several techniques, is used to guide clinical
decisions.

The Thrombolysis in Myocardial Infarction (TIMI)
phase II trial [33] randomized 3339 patients who received
intravenous tissue plasminogen activator for AMI to either
an invasive strategy (cardiac catheterization at 18–48 hr
after infarction with subsequent angioplasty or bypass
surgery depending on anatomy) or a conservative arm
in which cardiac catheterization was performed only in
response to spontaneous or inducible ischemia (by stress
radionuclide ventriculography). The 1-year outcome re-
sults demonstrated no difference in the primary endpoint
of death or nonfatal reinfarction between the invasive or
conservative strategy. The investigators concluded that
among a cohort similar to those enrolled in the TIMI II
trial, a noninvasive strategy with predischarge stress test-
ing examining for the presence of inducible ischemia will
be associated with similar outcome as a direct catheteriza-
tion strategy. Cost-effectiveness is implied by the similar
outcomes associated with fewer catheterized patients.

Whether conservative medical therapy may be appro-
priate for patients with inducible ischemia after MI was
investigated by the Danish multicenter randomized study
of patients with inducible ischemia after thrombolysis in
AMI (the DANAMI trial) [34]. In this study, 503 patients
who had survived an uncomplicated first AMI and who
also had a positive post-MI exercise ECG for ischemia
were randomized to an invasive strategy or a conserva-
tive medical treatment arm. At 2.4 years of follow-up,
there was no difference in all-cause mortality between
the groups; however, the invasive arm patients suffered
fewer recurrent AMIs (5.6% vs. 10.5%, p < 0.004) and
fewer subsequent admissions for unstable angina. Patients
treated invasively also had less prevalence of stable angina
during follow-up. These investigators concluded that in-
vasive treatment in such patients with positive exercise
ECG results in a reduction of the combined primary end-
point (death or recurrent MI) and is associated with fewer
admissions for unstable angina and lower prevalence of
stable angina.

The absence of scintigraphic ischemia has also been in-
vestigated as to its influence on clinical decision making
for catheterization after MI and the relation to outcomes.
Ellis and colleagues [35], in the TOPS (Treatment of
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Figure 9.5 Lack of benefit of PTCA in patients receiving thrombolytics

after myocardial infarct (MI) who have a residual stenosis of the

infarct-related artery but no inducible ischemia. Shown is a plot of actuarial

freedom from cardiac death, MI, coronary bypass surgery, or PTCA after

randomization to PTCA (solid line) or medical therapy (dashed line). There

is no difference in outcome between the groups. (Reprinted with

permission from [35].)

Post-thrombolytic Stenoses) trial, reported on 87 patients
who had received thrombolytic therapy for AMI and
subsequently had a negative functional test for ischemia
(predominantly thallium scintigraphy) despite a resid-
ual stenosis (though not occlusion) of the infarct-related
artery. The patients were randomized to either medical
therapy or angioplasty of the infarct-related artery resid-
ual stenosis. The primary endpoint was the change in left
ventricular ejection fraction with exercise 6 weeks after
MI. There were no differences between the study groups
in the change from rest to exercise ejection fraction or in the
resting ejection fraction at the 6-week endpoint. Actuarial
12-month infarct-free survival was 98% in the conserva-
tive therapy group and 91% in the group randomized to
percutaneous transluminal coronary angioplasty (PTCA)
(p = 0.07; Fig. 9.5). This trial demonstrates that patients
with no evidence of scintigraphic ischemia within the in-
farct zone, even in the setting of a residual stenosis of the
infarct-related artery, derive no benefit from angioplasty
of the infarct-related artery. These data are consistent with
the early results of Wilson et al. [18] in the prethrombolytic
era among patients with single-vessel CAD, demonstrat-
ing that the absence of infarct zone ischemia is associated
with a low-risk outcome where medical therapy alone may
be sufficient. In contrast, when the presence or absence
of infarct zone (or remote) ischemia is not incorporated
into the decision process regarding angioplasty, and deci-
sions are made solely on the basis of coronary anatomy,
medical therapy may not produce the favorable outcomes
seen in the TOPS study. In a recently published paper,
Zeymer and colleagues [36] randomized 300 patients with
documented single-vessel CAD following a recent (within
6 weeks) AMI to medical therapy or balloon angioplasty.

The majority of patients had either no symptoms or mild
angina. Although stress testing was performed prior to
randomization, the results of the test (positive in 12% of
medical and 15% of angioplasty group; p = NS) did not in-
fluence the decision to revascularize. At 1 year there was a
trend toward an improvement in event-free survival in the
angioplasty group (90% vs. 82%, p = 0.06) driven mainly
by a reduced need for revascularization in the latter arm.
There was no difference in mortality. In longer term follow-
up there were fewer deaths in the angioplasty group (4%
vs. 11.2%, p = 0.02). This study suggests that in patients
who have recently suffered an AMI, coronary anatomy
alone fails to define a subset of patients at low risk for ad-
verse outcomes in whom conservative therapy would be
safe and effective.

The results of trials such as TOPS and VANQWISH and
the study by Zeymer suggest that scintigraphic testing
for the presence and extent of myocardial ischemia in the
aftermath of an AMI can indeed play an important role
in clinical decision making regarding the need and util-
ity of catheterization and invasive revascularization, and
can also identify a cohort of patients whose outcome will
be favorable without catheterization. With the expectation
of wider application of aggressive secondary prevention
strategies in the post-MI population, it might be antic-
ipated that the “low-risk’’ post-MI outcome cohort will
continually expand, making their identification prior to
discharge even more compelling.

Dynamic assessment of prognosis after MI by
serial scintigraphic studies: a new paradigm

While many studies have demonstrated an important cor-
relation between the presence and extent of ischemia and
subsequent natural history outcome events, the speci-
ficity of such determinations is often low. That is, among
patients with “high-risk’’ scintigraphic or clinical signs,
only a minority will indeed suffer an important cardiac
event during follow-up, while the majority of patients
categorized in this way will remain event-free. Thus, to
the extent that common practice dictates most, if not all,
of these “high-risk’’ patients should undergo catheteriza-
tion and intervention, many patients are being intervened
upon who would otherwise not have an event in order to
presumably prevent such events in the minority.

While clinicians commonly accept this trade-off, recent
intriguing data involving radionuclide perfusion imaging
suggest that the response of scintigraphic ischemia to medical
therapy may allow more precise estimates of ultimate prog-
nosis, and more clearly identify the subgroups within the
“high-risk’’ cohort who will and will not suffer a cardiac
event.

In a population of 328 patients with single- or
double-vessel CAD and a stable anginal syndrome, the
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Angioplasty Compared to Medicine (ACME) investiga-
tors [37] randomized such patients to medical therapy
or PTCA. Six months after randomization to either ther-
apeutic arm, maximum symptom-limited exercise tests
were performed with thallium imaging. The investigators
recently reported 5-year follow-up data [38]. The 6-month
postrandomization thallium data were strongly correlated
with subsequent 5-year outcome events. Patients with a
reversible thallium perfusion defect 6 months after either
PTCA or medical therapy had a 3.6% annual mortality
rate, compared to a 1.6% annual mortality rate among pa-
tients with no reversible thallium defects. The number of
reversible defects was linearly related to subsequent mor-
tality. Exercise electrocardiographic data were not predic-
tive of late outcomes in this cohort. Of most interest, the
initial randomization to either angioplasty or medical ther-
apy did not influence this outcome analysis. That is, even if
the 6-month thallium scan was performed on medical ther-
apy alone in the absence of prior angioplasty, the outcome
prediction was similar. These data suggest that follow-up
scintigraphic imaging to assess the results of medical ther-
apy on the extent of ischemia may help to more precisely
define late outcomes, and subcategorize patients more pre-
cisely within outcome risk groups.

Whether this intriguing concept extends into the pop-
ulation of patients following an AMI was examined by
Dakik and colleagues [39]. In this important pilot study,
44 stable survivors of AMI underwent adenosine SPECT
thallium imaging approximately 4 days after AMI. These
patients were included in the study on the basis of large
total and ischemic perfusion defect size on SPECT quan-
titative analysis. Such patients were randomized to either
aggressive and intensive medical therapy or coronary an-
gioplasty, with a goal of suppressing myocardial ischemia
as much as possible. The total stress-induced perfusion de-
fect size was similarly reduced in the patients on medical
therapy compared to the patients undergoing angioplasty
(Fig. 9.6), as was the reduction in the quantitative extent of
ischemia. Event-free survival was significantly related to
the reduction in perfusion defect size (Fig. 9.7). Among
24 patients with 9% or more reduction in quantitative
perfusion defect size, only 1 suffered a cardiac event dur-
ing follow-up. In contrast, among patients with less than
9% reduction in quantitative perfusion defect size, there
were six events among 17 patients. These data suggest that
the response of scintigraphic SPECT ischemia to medical
therapy parallel those seen with PTCA. To the extent that
the change in ischemic defect size is related to outcome
independent of the intervention, these data would suggest
that even “high-risk’’ patients identified by stress scinti-
graphic imaging after MI may not all benefit from an in-
vasive strategy, and that the relatively large proportion
of patients within the high-risk cohort who are destined
to remain stable might be identified on the basis of the
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Figure 9.6 Suppression of ischemia after MI in patients with “high-risk”

adenosine SPECT images early after infarction. Changes in perfusion defect

size (PDS) during repeat adenosine SPECT imaging 6 weeks following

randomization to medical or invasive therapy are shown. Similar diminution

in PDS was achieved in both groups. Only 1 of 24 patients with a greater

than 9% reduction in PDS (indicated by bold lines) had a cardiac event on

follow-up. Patients who had a recurrent event are indicated by circled

points. (Reprinted with permission from [39].)

response of scintigraphic ischemia to medical therapy.
These important and encouraging pilot data are now being
extrapolated to larger randomized trials. The Adenosine
Sestamibi Post-Infarction Evaluation (INSPIRE) trial is an
ongoing prospective, multicenter, randomized study that
is examining the role of ischemia-guided optimal medical
therapy in patients presenting with uncomplicated AMI.
Initial risk assessment will be performed via adenosine-
gated Tc-99m sestamibi imaging and therapeutic decisions
will be made according to the extent of ischemia as well as
left ventricular function. The effect of antiischemic therapy
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Figure 9.7 Suppression of ischemia after MI and outcome events.

Kaplan–Meier curves showing that survival is favorably influenced by

reduction in perfusion defect size (PDS) with either medical or invasive

therapy. Patients with a greater than 9% reduction in PDS had a

significantly improved event-free survival, compared to those without that

magnitude of change in PDS. (Reprinted with permission from [39].)
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will be prospectively followed by repeat perfusion imag-
ing. A preliminary report [40] from this trial has shown a
reduction in perfusion defect size in nearly 79% of patients
enrolled so far. The Clinic Outcomes Utilizing Revascu-
larization and Aggressive Drug Evaluation (COURAGE)
trial compares aggressive medical therapy with aggressive
medical therapy plus percutaneous coronary intervention
(PCI) during 3–7 years of follow-up in patients with doc-
ument myocardial ischemia is also underway [41]. The
results of these studies may importantly affect the way
patients with uncomplicated MI are treated in subsequent
years.

Risk stratification by left ventricular function
following MI

Few testing variables have been as powerfully and consis-
tently associated with long-term natural history outcomes
as measurement of left ventricular ejection fraction in
patients with CAD. Large studies of heterogeneous CAD
populations such as the Seattle Heart Watch database
[42] or the Duke University database [43] have consis-
tently demonstrated that survival decreases as the extent
of left ventricular dysfunction increases. This concept also
clearly applies to patients suffering from AMI. In a study of
866 patients following MI, the Multicenter Post-infarction
Research Group [44] reported that left ventricular ejection
fraction as measured by radionuclide angiography was an
important univariate correlate of 1-year cardiac mortality
after acute infarction. Radionuclide ejection fraction and
the presence of ectopic depolarizations contributed inde-
pendently to a survival model. As ejection fraction fell be-
low 40%, there was a progressive increase in 1-year cardiac
mortality (Fig. 9.8). In multivariate modeling, ejection
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Figure 9.8 Relation of cardiovascular mortality to resting ejection fraction

in the pre- and postthrombolytic era. Data from the Multicenter

Post-infarction Research Group (MPRG) (upper curve) and the Thrombolysis

in Myocardial Infarction Phase II (TIMI II) trial (lower curve) are shown. At

any given ejection fraction, the mortality is lower in patients receiving

thrombolytics, but a relation between ejection fraction and survival remains

evident in the thrombolytic era. (Reprinted with permission from [45].)

fraction had a stronger relation to mortality than did the
presence of ectopic depolarizations.

Similar to the issues raised in the use of perfusion imag-
ing among AMI patients receiving thrombolytic therapy,
the different patient populations studied following throm-
bolytic therapy might be expected to have an effect on
the relation between ejection fraction and survival. Sev-
eral studies have examined this relationship. Among 618
patients randomized to conventional therapy or throm-
bolytic therapy with streptokinase, long-term survival
remained significantly related to radionuclide ejection
fraction, as reported by Cerqueira and coworkers in the
Western Washington trial [46]. In a univariate analysis
among a subgroup of patients with complete data, infarct
size (by thallium-201 imaging), ejection fraction, age, and
history of prior infarct were predictors of survival. How-
ever, in a multivariate model, only ejection fraction, age,
and prior MI were strong predictors, with ejection fraction
being the most powerful predictor. This study confirmed
the importance of ejection fraction as a survival correlate
in the thrombolytic era, and also demonstrated that once
ejection fraction is taken into account, measurement of in-
farct size may not provide independent or incremental
prognostic data, as these measurements are likely to be
highly correlated.

Similar findings were reported by Zaret and coworkers
in a report on the value of rest and exercise left ventricular
ejection fraction among patients in the TIMI II study [45].
Compared to the prethrombolytic report of the Multi-
center Post-infarction Research Group [44], 1-year mor-
tality at any level of resting ejection fraction was lower
than in the TIMI II population compared to the prethrom-
bolytic era. However, there remained a significant rela-
tion between the extent of left ventricular dysfunction and
long-term postinfarction mortality (Fig. 9.8). Among the
2567 patients studied, the majority of the predictive in-
formation was contained within the rest ejection fraction
data. Once these data were used in a multivariate model
to predict survival, neither peak exercise ejection fraction
nor the change in ejection fraction from rest to exercise
significantly improved predictive accuracy.

Large databases have also been examined in the throm-
bolytic era to assess predictors of short- and long-term
outcomes. In the GISSI-2 database [47], 10,219 survivors
of MI with available follow-up data were examined for
correlates of 6-month all-cause mortality. Recovery phase
left ventricular dysfunction (by echocardiography, which
was determined in only 27% of patients) was an important
multivariate predictor of outcome.

Thus, the data regarding the relation between ejection
fraction and survival following an AMI are powerful,
consistent, and appear to cross populations between
the pre- and postthrombolytic era (Tables 9.2 and 9.3)
[44–46,48–60].
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Table 9.2 Prognostic value of assessment of left ventricular function post-MI in the prethrombolytic era.

Study N Follow-up Method to assess LVEF Predictors of cardiac death

De Feyter et al. [48] 179 28 mo Contrast left ventriculography EF <30%

Sanz et al. [49] 259 34 mo Contrast left ventriculography EF <20%; if three-vessel disease, EF 21–49%

MPRG [44] 866 12 mo RVG EF <40%

Nishimura et al. [50] 46 21 mo 2D echocardiography Increased WMSI

Norris et al. [51] 325 3.5 yr Cineangiocardiography EF <40%

Ong et al. [52] 222 30 d RVG Killip I or II with EF <30%

White et al. [53] 605 78 mo Contrast left ventriculography

(LV volumes measured)

LV end systolic volume >130 ml

Jaarsma et al. [54] 77 In hospital 2D echocardiography WMSI >7 predicted progression to Killip 3 or 4

(death rate not reported)

Schulman et al. [55] 143 5 yr Contrast left ventriculography EF <50%

Abbreviations: EF, ejection fraction; LV, Left ventricle; MPRG, Multicenter Postinfarction Research Group; RVG, radionuclide ventriculography; WMSI, wall

motion score index.

Studies examining both perfusion imaging and
left ventricular function following AMI

The availability of gated SPECT imaging to simultane-
ously evaluate myocardial perfusion and left ventricu-
lar function at little addition cost compared to perfusion
imaging alone raises the important question regarding the
incremental information provided by combining the anal-
ysis of perfusion and function information within one test.
As the cost of adding the gated SPECT left ventricular
function information is modest once perfusion imaging
is performed, the increment of information required for
cost-effectiveness is similarly modest.

Few studies have rigorously examined the potential
complementary nature of perfusion and function informa-
tion in the aftermath of AMI. Mahmarian and colleagues
[27] studied 146 patients with assessment of left ventric-
ular function (by multiple techniques) as well as adeno-
sine SPECT thallium tomography, and related the find-
ings to hard cardiac events over an average of 16 months
of follow-up. Measurements of total perfusion defect size
and the absolute extent of ischemia by quantitative anal-
ysis were univariate correlates of outcome, as was left
ventricular ejection fraction in an inverse manner. The au-
thors constructed several multivariate models for predict-
ing late cardiac events, all of which involved either the

Table 9.3 Prognostic value of left ventricular function post-MI in the postthrombolytic era.

Study N Follow-up (mortality) Result

Simoons et al. [56] 422 5 yr LVEF <40%, mortality 39%; LVEF >40%, mortality

16%

Cerqueira et al. [46] 618 5 yr LVEF <35%, survival 71%; LVEF 35–49%, survival

92%; LVEF >49%, survival 93%

GUSTO I Angiographic

Investigators [57]

2431 30 d LVEF >45%, mortality 3.9%; LVEF <45%, mortality

14.7%

Olona et al. [58] 115 5 yr LVEF <40% by RVG or WMSI >8 by echo = risk ratio

of 3.7 and 2.7 respectively for severe

complications∗

Zaret et al. [45] 3197 (630 no EF study) 1 yr LVEF <30%, mortality 9.9%; LVEF >50%, mortality

1.2%

CAMI Study [59] 3178 1 yr LVEF <30%, 9.5 times more likely to die than if LVEF

>50%

Khattar et al. [60] 112 18 mo LVEF <40%, hazard ratio 3.63

Abbreviations: CAMI, Canadian Assessment of Myocardial Infarction; GUSTO, Global Utilization of Streptokinase and t-PA for Occluded Coronary Arteries;

LVEF, left ventricular ejection fraction; WMSI, wall motion score index.
∗Defined as death, reinfarction, severe angina, or heart failure.
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extent of quantitated ischemia or total perfusion defect
size as well as left ventricular ejection fraction. Cox re-
gression models for predicting 1-year risk in this patient
cohort from both the perfusion information and the left
ventricular function information are illustrated in Fig. 9.9.
Knowledge of both the extent of inducible ischemia or
perfusion defect size along with information on left ven-
tricular ejection fraction allowed risk categorization supe-
rior to that provided by any of these variables alone. The
incremental prognostic power of the perfusion variables
and the ejection fraction information over baseline clinical
data from this study are illustrated in Fig. 9.10. The same
group of investigators subsequently reported very simi-
lar data with exercise myocardial perfusion imaging in a
group of 71 stable postinfarct patients who had received
thrombolytic therapy [28]. Evidence of inducible ischemia
added incremental value to a prognostic model once clin-
ical and ejection fraction had been incorporated. These
data strongly suggest that measurement of perfusion ab-
normalities (total defect size and quantitative extent of
ischemia) and left ventricular ejection fraction following
MI have complementary roles, and together are powerful
instruments for categorizing patient risk in this setting.
Given the opportunity to derive these variables simul-
taneously from gated SPECT perfusion imaging should
provide a powerful impetus for optimizing post-MI risk
stratification.

In a study of patients late after MI (at least 3 months
postinfarction) Zanco and coworkers [61] evaluated the
separate and combined outcome correlations of stress
sestamibi SPECT perfusion imaging and resting echocar-
diography over at least 4 years of follow-up. In a mul-
tivariate analysis for predicting hard (cardiac death and
recurrent infarction) as well as soft (unstable angina)
cardiac events during follow-up, the presence of reversible
defects on the sestamibi SPECT images as well as the
wall motion score index and area–length method ejection

Figure 9.9 Cox regression models displaying 1-year risk for cardiac event

according to left ventricular ejection fraction (LV ejection fraction) and total

left ventricular ischemia (a) or scintigraphic variables (b). Regression model

for predicting infarct-free survival are displayed in (c). Diagonal lines =
representative isobars of percent risk of event. Patient risk for any cardiac

event (a), or specifically death and nonfatal reinfarction (c), increases as

total left ventricular ischemia increases and LV ejection fraction decreases,

or as total perfusion defect size and percent infarct zone ischemia increase

(b). For any given LV ejection fraction (a and c) or perfusion defect size (b),

risk varies widely depending on the extent of ischemia. LV ejection fraction

and scintigraphic results for each of 92 patients who did (solid circles) or

did not (open circles) have subsequent cardiac event over entire follow-up

period are plotted against calculated risk at 1 year (a and b). Patients are

plotted (c) according to death (triangles), nonfatal reinfarction (solid

circles), or neither of these events (open circles). (Reprinted with permission

from [27].)

fraction by echocardiography were independently corre-
lated with outcomes. Either the SPECT sestamibi perfu-
sion information or the echocardiographic left ventricular
function information added significant prognostic power
to the clinical and baseline ECG information, while the
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Figure 9.10 Incremental prognostic power of perfusion variables and

ejection fraction information over a baseline clinical variable (B) for

predicting all events (cross-hatched and open bars) or death and

reinfarction (cross-hatched bar). Left ventricular ejection fraction and

perfusion defect size (PDS), as well as extent of inducible ischemia (I)

independently and incrementally predict risk beyond the baseline clinical

model (B). Also, extent of ischemia improved the predictive power of the

combined baseline clinical model and perfusion defect size (B + PDS) or

baseline model and left ventricular ejection fraction (B + EF) for all events

and for death and reinfarction. Left ventricular ejection fraction added

significant power to the combined baseline model and PDS (B + PDS), as

well as to the baseline model and extent of ischemia (B + I) for predicting

death and reinfarction. Abbreviations: CAD, extent of coronary artery

disease; EF, ejection fraction; IRA, infarct artery patency; χ2, chi-square

analysis. (Reprinted with permission from [27].)

combination of the perfusion and function information
added more powerful prognostic information to the clin-
ical data (Fig. 9.11). While the application of these data
may be limited by the relatively late postinfarction nature
of the imaging acquisition, these results nevertheless rein-
force the concept that SPECT scintigraphic evidence of in-
ducible ischemia as well as left ventricular function follow-
ing MI provide complementary, additive, and incremental
prognostic information in this clinical setting. In a more
recent study, reflective of the contemporary practice of
predischarge risk stratification, Kroll and colleagues [62]

looked at 146 consecutive AMI patients who had under-
gone gated Tc-99m sestamibi SPECT imaging prior to dis-
charge. Patients undergoing revascularization within 3
months of discharge were excluded. In this study, inde-
pendent predictors of adverse cardiac events included a
prior history of MI, diabetes, and an ejection fraction less
than 40% by gated imaging (relative risk 3.13, 95% CI 1.64–
5.95). Perfusion variables were not predictive of outcome.
As the authors acknowledge in the paper, this was most
likely because of the exclusion of high-risk patients (with
ischemia on myocardial perfusion imaging) who under-
went revascularization during the first 3 months follow-
ing the index infarction. However, this study emphasizes
the validity of assessment of left ventricular function by
gated SPECT imaging as a marker of future risk. The strong
log-linear relationship between gated SPECT measure-
ments of ventricular function and adverse cardiac events
was recently summarized by Shaw and Iskandrian [63]
(Fig. 9.12). These findings are remarkably consistent with
the previous findings of Zaret et al. [46] that an inverse
relationship exists between left ventricular function and
survival (Fig. 9.8).

End systolic volume as a predictor of
cardiac events

Ejection fraction as a global measure of left ventricular
function is affected not only by hypokinesis and akinesis
of the infarct zone, but also by the degree of hyperkine-
sis in the non-infarct-related territories. Thus, a similar
ejection fraction may be achieved despite differing in-
farct sizes, based on the presence, absence, or magnitude
of hyperkinesis in the remote zones. This may be par-
ticularly relevant in studying the effects of thrombolytic
therapy.

In this regard, White et al. [53] have reported that end-
systolic volume (ESV) was a more powerful predictor

Figure 9.11 Prognostic evaluation of patients after MI: incremental predictive value of stress ECG, clinical data (Clin), SPECT sestamibi (Scinti), and

echocardiography (Echo). Statistical significance (*) was reached in the following groupings: Clinical + ECG + Scinti data vs. clinical + ECG data (p < 0.02);

clinical + ECG + Echo data vs. clinical + ECG data (p < 0.02); clinical + ECG + Scinti + Echo data vs. clinical + ECG + Scinti data (p < 0.02); clinical + ECG

+ Scinti + Echo data vs. clinical + ECG + Echo data (p < 0.02). There was a large increment in predictive value when both scintigraphic evidence of ischemia

and left ventricular function data were considered together. (Reprinted with permission from [61].)
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Figure 9.12 Inverse relationship between cardiac event rate and left

ventricular function as assessed by gated SPECT imaging. This log-linear

relationship can be summarized by the regression equation y = 1.48x−2,

where y is the cardiac event rate and x is the ejection fraction. Dotted lines

mark 95% confidence intervals of predicted event rate. (Reprinted with

permission from [63].)

of outcome in 605 patients following MI followed for
78 months. ESV was the most powerful univariate pre-
dictor of survival, more powerful than end-diastolic vol-
ume or ejection fraction. In a multivariate analysis, once
ESV was accounted for in the model, there was no addi-
tional significant predictive information gained by adding
the ejection fraction data or the end-diastolic volume in-
formation. Among patients with similar degrees of left
ventricular dysfunction, ESV above or below the mean
within those groups significantly stratified patients into
lower or higher risk for survival. More recently, Sharir
and colleagues [64] studied 1690 consecutive patients
undergoing gated SPECT imaging, of which 480 (25%)
had a prior history of an MI. The Cox regression model
showed that perfusion variables and ESV by gated SPECT
imaging were independent predictors of cardiac death
on follow-up. However, ESV had incremental prognos-
tic value over the perfusion information. Patients with an
ESV less than or equal to 70 ml had a very low mortality
rate (0.4%/year), even in those with severe perfusion ab-
normalities. In contrast, those with an ESV greater than
70 ml had an approximately 8% annual mortality rate
regardless of whether there were mild or severe perfu-
sion abnormalities (Fig. 9.13). Consistent with the earlier
study reported by White et al. [53], ESV was a more ro-
bust predictor of future outcomes than ejection fraction
in this study. Patients with an ejection fraction less than
45% but a normal ESV (≤70 ml) had an annual death
rate of only 1.7%. In contrast, those with an ejection frac-
tion of less than 45% but dilated hearts (ESV ≥70 ml)
had a mortality rate of 7.9% (Fig. 9.14). These important
data suggest that more precision in outcome prediction
may be obtained by incorporating information on left
ventricular ESV after MI, compared to ejection fraction
data.

C
ar

di
ac

 d
ea

th
 r

at
e 

(%
/y

ea
r)

*p < 0.0001

Summed stress perfusion score

ESV £ 70 ml
ESV < 70 ml

Figure 9.13 Incremental prognostic value of poststress ESV over

perfusion abnormalities. See text for details. Abbreviation: ABNL,

abnormal. (Reprinted with permission from [64].)

Until recently, these compelling data on the importance
of ESV analysis were difficult to apply to large general
populations of postinfarction patients as the measure-
ments (by ventricular angiography or echocardiography)
were tedious and not highly reproducible. Quantitative
derivation of end-systolic and end-diastolic volumes by
gated SPECT imaging is reproducible [65] and has been
validated against other modalities [66,67]. The studies of
White [53] and Sharir [64] suggest yet another important
prognostic factor that may be obtained simultaneously
with the evaluation of stress and resting myocardial per-
fusion by gated SPECT imaging in the aftermath of AMI.
The totality of information that may be obtained from
gated SPECT imaging will allow the creation of powerful

ESV £ 70 ml
ESV > 70 mlp

Ejection fraction

C
ar

di
ac

 d
ea

th
 r

at
e 

(%
 y

ea
r)

Figure 9.14 Incremental predictive value of poststress ESV over ejection

fraction (EF) in patients with known or suspected coronary artery disease.

An ESV of 70 ml or more predicts a low cardiac death rate regardless of EF.

An ESV of less than 70 ml predicts a higher cardiac death rate, even if the

EF is preserved. (Reprinted with permission from [64].)
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predictive models based on information derived from
large populations in this clinical setting. This prospect sug-
gests that more refined risk categorization may be possible
with the use of gated SPECT imaging, contributing signif-
icantly toward improved clinical decision making.

Assessment of infarct zone size, salvage, and
viability using SPECT myocardial perfusion
agents

Thallium-201

The initial distribution of thallium-201 following injection
either at stress or at rest reflects myocardial blood flow.
As thallium-201 is not bound intracellularly, following
initial uptake, the “redistribution” phase occurs in which
thallium-201 is eliminated from normally perfused zones
faster than from ischemic zones, or in some cases of severe
perfusion abnormality, thallium-201 accumulates into a
severely ischemic zone over time [68]. Hence, thallium-
201 distribution in an image taken late after initial injec-
tion will reflect regional viability, even in zones that were
initially severely hypoperfused. As long as there is viable
tissue with intact cell membranes capable of taking up
thallium-201, the presence of thallium-201 in a myocardial
region will reflect viability. Although thallium-201 uptake
across the cell membrane is an energy-requiring process,
it has been shown that even cells in experimental prepara-
tions of myocardial stunning are capable of maintaining
normal thallium-201 uptake [69].

Because of the complex kinetics of thallium-201, the tim-
ing of injection during the occlusion/reperfusion process
is an important determinant of thallium distribution in
serial images, and thus impacts importantly on the assess-
ment of viability using this agent. Several groups of inves-
tigators have demonstrated that when thallium is injected
at rest in the clinical setting of an acute coronary occlusion
and imaging is performed prior to thrombolytic therapy,
the initial defect size represents area at risk, and the re-
distribution image taken several hours following throm-
bolytic therapy represents myocardial viability; thus, the
change in defect size represents myocardial salvage [70–
72]. That the redistribution image reflects regional viability
in the infarct zone is suggested by clinical studies demon-
strating an improvement in late ejection fraction in those
patients with a significant decrease in defect size [70], as
well as late improvement in thallium-201 uptake in the
infarct zone on stress studies weeks after the infarct [71].

While imaging in this sequence will provide relevant
data regarding coronary artery reperfusion and inference
of infarct artery patency as well as myocardial salvage,
there are important practical limitations to this approach.
Because thallium-201 will begin to redistribute soon after
initial uptake, as well as the likelihood that reperfusion

will influence this process, the initial “risk area” images
must be obtained prior to administration of thrombolytic
therapy. This, of course, will delay the timing of such ther-
apy, which would be disadvantageous to ultimate salvage.

Salvage of viable myocardium following thrombolytic
therapy may also be evaluated by resting thallium-201 in-
jection at a later time, with comparison to the pretreat-
ment image. Using this approach, several studies have
demonstrated that a change in defect size from the rest
images obtained prior to thrombolysis compared to the
rest images obtained 24 hours or more postthromboly-
sis reflects successful reperfusion and myocardial salvage
[71,73,74]. That the change in defect size truly represented
myocardial salvage was suggested by the improvement
in regional ejection fraction in patients with the greatest
reduction in defect size [73]. In both experimental mod-
els and in human studies, the ability of SPECT estimation
of infarct size using rest injection of thallium-201 to accu-
rately reflect true infarct extent has been confirmed [75,76].

Technetium-99m sestamibi

The mechanism of sestamibi uptake across myocellu-
lar membranes and subsequent kinetics following initial
uptake are distinct from thallium-201. This lipophilic com-
pound diffuses across cell membranes driven by electro-
chemical gradients and is retained by mitochondria [77].
There is only modest clearance out of the myocardium
following initial uptake and minimal clinically relevant
redistribution over time following initial injection [78].
Thus, images acquired even hours after initial injection
represent a “snapshot” of blood flow conditions at the time
of injection.

The uptake kinetics of both Tc-99m sestamibi and
thallium-201 may be importantly affected by metabolic
and cell membrane conditions, and this may have signif-
icant implications for imaging soon after MI, particularly
relevant to the peri-infarct zone. In an experimental prepa-
ration involving cultured myocytes, Pinwica-Worms et al.
[79] have demonstrated that with reversible cell mem-
brane injury (as may be seen in tissue surrounding the cen-
tral infarct zone), membrane hyperpolarization may lead
to enhanced relative sestamibi extraction, while dimin-
ished membrane ATP stores may result in lower thallium-
201 extraction. While this concept has not been directly
tested in human studies, the concept that sestamibi may be
somewhat preferentially accumulated in the peri-infarct
zone of reversible ischemic dysfunction is suggested by
human studies demonstrating smaller rest defect sizes
during sestamibi imaging compared to thallium-201 re-
distribution images in patients with coronary disease and
prior MI [80].

Like most diffusible tracers, sestamibi extraction falls off
at very high flow rates; that is, uptake will underestimate
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flow at high ranges of flow. These ranges of flow are not
approached during routine clinical stress testing; how-
ever, there are important implications to this phenomenon
regarding imaging in the early postreperfusion state. Si-
nusas et al. [81] have demonstrated that sestamibi ac-
tivity, when injected during reperfusion soon after coro-
nary occlusion in an animal model, is highly correlated
with regional viability, as assessed by histochemical stain-
ing and autoradiography; that is, even during the hyper-
emic postreperfusion flow phase, sestamibi activity more
closely tracks regional and cellular viability rather than
flow.

As noted, the relative lack of redistribution of sestamibi
following initial uptake allows imaging to be performed
hours after injection, with the resulting imaging repre-
senting blood flow at the time of injection. Thus, serial
imaging following separate rest injections before and af-
ter thrombolytic therapy can provide important informa-
tion regarding the magnitude of the risk area, the extent of
myocardial salvage, and final infarct size. When sestamibi
is injected prior to thrombolytic therapy, the resulting de-
fect, even imaged hours later after successful thrombol-
ysis and restoration of flow, represents the risk area of
the occluded artery [82–84]. Even if successful thrombol-
ysis has been achieved, imaging may be performed hours
later, and based on the relative lack of redistribution, the
imaging pattern will remain stable despite restoration of
flow. Numerous investigators [82–84] have confirmed the
accuracy of such imaging for delineating the area at risk
during coronary occlusion. A second injection of sestamibi
at rest with subsequent imaging can be done at a later time,
and the change in defect size will represent the magnitude
of salvaged myocardium. The feasibility of this approach
for detecting the results of thrombolytic therapy, not only
for patency status of the vessel but for true myocardial sal-
vage and myocardial viability in the infarct zone, has been
shown for both planar and SPECT techniques [84,85]. That
the change in defect size during serial imaging represents
true myocardial salvage and viability is supported by the
correlation of the change in defect size to predischarge and
late follow-up ejection fraction [86].

Thus, serial sestamibi imaging in the course of throm-
bolytic therapy may provide clinically relevant informa-
tion regarding myocardial viability in the infarct zone.
Concepts derived in basic preparations and animal models
suggest that the altered kinetics of sestamibi uptake and
the “roll off” of extraction at high flow rates may actually
be advantageous in assessing myocardial viability within
and surrounding the infarct zone. Rest sestamibi imaging
in the later postinfarct period will provide information re-
garding the presence, size, and location of MI. While it has
been suggested that visual analysis of rest sestamibi im-
ages may underestimate viability when compared to wall
motion analysis [87], it appears that quantitative analysis

Figure 9.15 Predictive value of infarct size as determined by quantitative

SPECT Tc-99m sestamibi imaging. Two hundred seventy-four patients with

AMI underwent imaging on arrival prior to reperfusion therapy (to measure

myocardium at risk) and at discharge (to measure final infarct size and

myocardial salvage). Mortality curves are shown for the entire group

(middle) and those with final infarct size greater than or equal to 12% (top)

and less than 12% (bottom). The magnitude of infarct size was

significantly associated with subsequent mortality. (Reprinted with

permission from [89].)

of defect severity is important for accurate assessment of
the presence of regional viability, as demonstrated in the
setting of chronic CAD and hibernating myocardium [88].

With regard to prognosis, Miller and coworkers [89]
have shown a significant association between infarct size
assessed by predischarge SPECT sestamibi imaging us-
ing quantitative techniques and all-cause as well as car-
diac mortality over long-term follow-up (Fig. 9.15). The
area of myocardium at risk (by sestamibi injection just
prior to thrombolytic therapy or acute angioplasty) was
also associated with subsequent cardiac mortality. How-
ever, amount of myocardium salvaged (as assessed by the
change in defect size on serial images) was not associated
with overall or cardiac mortality [89].

Infarct size as assessed by postinfarct resting sestamibi
imaging and quantitative analysis has been validated
against numerous other relevant measures of infarct size
[90] (Table 9.4). These powerful data, along with the
demonstrated relation between infarct size measured by
this technique and late outcome [89], have made this an
important tool for studying adjuncts to thrombolytic ther-
apy and primary angioplasty in AMI. Many such studies
now use final infarct size by sestamibi SPECT imaging as
a surrogate endpoint in early studies.

Scintigraphic techniques for assessing infarct size
generally use cutpoints or thresholds established in phan-
tom [91], animal [82,83], or human models [88] to differen-
tiate predominantly viable from nonviable myocardium
in order to determine the extent of an infarct zone. How-
ever, histologic studies of myocardial tissue following
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Table 9.4 Validation of tc-99m sestamibi tomographic infarct size.

Infarct size measure r P

Discharge EF −0.8 <0.0001

Six-week ejection fraction −0.81 <0.0001

One-year ejection fraction −0.78 <0.0001

Discharged regional wall motion −0.75 <0.0001

Six-week regional wall motion −0.81 <0.0001

One-year end systolic volume 0.80 <0.0001

Peak creatinine kinase levels 0.78 0.002

Tl-201 perfusion defect 0.73 0.0002

Human disease 0.91 0.0002

Source: Adapted from [90].

infarction would suggest that within an identifiable infarct
zone, there exists a continuum of tissue viability. In
a preliminary report, Vannan and colleagues [92] have
demonstrated that within an infarct zone defined by
standard thresholds using SPECT sestamibi imaging in
patients several days after first anterior infarction, the
presence of moderately preserved viability (by quanti-
tative analysis of sestamibi activity) was associated with
an attenuation of subsequent remodeling over 1 year (in-
creasing left ventricular volumes and decreasing ejection
fraction) compared to those patients with severe reduction
of infarct zone viability. Thus, viability within an infarct
zone should not necessarily be conceptualized as an all-
or-none phenomenon; rather, a continuum exists in which
physiologically relevant effects of preserved myocardial
tissue may be demonstrated (Fig. 9.16).

Hence, SPECT imaging with thallium-201 or sestamibi
at rest in the early postinfarct period can provide impor-
tant information regarding final infarct size and infarct
zone viability. The potential incremental value of such data
may now be assessed carefully in the context of informa-
tion regarding the extent of inducible ischemia as well as
left ventricular function with the more widespread use of
gated SPECT imaging in the postinfarct setting. Table 9.5
summarizes the American College of Cardiology/
American Heart Association/American Society of Nu-

Figure 9.16 This 50-year-old woman presented 36 hours after the onset

of symptoms of chest pain. ECG showed a completed anterior MI.

Echocardiogram showed anterior and apical akinesis with severely reduced

systolic function. Perfusion imaging 1 week later with Tl-201 reinjection

shows a limited apical infarct with anterior ischemia (arrows) and significant

retained viability. The patient underwent surgical revascularization with

substantial recovery of left ventricular function. Abbreviations: HLA,

horizontal long axis; SA, short axis; VLA, vertical long axis.

clear Cardiology (ACC/AHA/ASNC) recommendations
regarding radionuclide imaging in the setting of AMI [94].

Assessment of myocardial perfusion and
left ventricular function in the aftermath
of unstable angina/non-ST elevation MI

The concepts derived in large populations following MI
regarding the prognostic importance of the presence and
extent of inducible ischemia as well as the magnitude of
left ventricular dysfunction appear to be generalizable to
the population of patients undergoing risk stratification
following unstable angina (UA)/non-ST elevation my-
ocardial infarction (NSTEMI). This suggests that gated
SPECT imaging for simultaneous assessment of these
critically important prognostic variables has a potentially
very large role in this clinical setting as well.

Table 9.5 ACC/AHA/ASNC recommendations for radionuclide testing in acute STEMI.

Patient subgroups Indication Test Class Level of evidence

All Rest left ventricular function Rest ECG-gated SPECT I B

Thrombolytic therapy without

catheterization

Detection of inducible ischemia

and myocardium at risk

Stress MPI with ECG-gated

SPECT whenever possible

I B

Acute STEMI Assessment of infarct size and

residual viable myocardium

MPI at rest or with stress using

gated SPECT

I B

Abbreviations: MPI, myocardial perfusion imaging; SPECT, single-photon emission computed tomography; STEMI, ST-elevation myocardial infarction.

Source: From [93].
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The National Center for Health Statistics reported
greater than 500,000 hospital admissions for unstable
angina in 1991. UA/NSTEMI as a clinical syndrome is gen-
erally conceptualized as falling midway on the risk spec-
trum between a stable anginal syndrome and AMI. Clini-
cal practice guidelines for assessment and management of
patients with unstable angina have been published by the
Agency for Health Policy and Research (AHPR) [95]. These
guidelines as well as the recently revised ACC/AHA rec-
ommendations [96] outline an approach to risk-stratify
patients based on clinical and other parameters. Patients
with prolonged ongoing rest ischemia, clinical or echocar-
diographic evidence of left ventricular dysfunction, con-
tinuing dynamic ST changes, suspected ischemic mitral
regurgitation, hypotension with ischemia, ventricular ar-
rhythmias, and elevated markers of cardiac necrosis fall
into a high clinical risk category, and there is general
agreement that cardiac catheterization is indicated. How-
ever, many more patients with unstable angina who have
been initially stabilized with medical therapy (consisting
of aspirin, intravenous or low molecular weight heparin,
nitrates, HMG-CoA reductase inhibitors, and β-blockers)
will have only a low or intermediate likelihood of having
a recurrent event. In these patients, noninvasive risk strat-
ification plays an important role in determining which of
these low to intermediate risk patients will go on to have
further adverse events.

Angiographic and pathophysiologic
considerations

Among patients in whom the UA/NSTEMI syndrome is
their first presentation of coronary disease, the majority
has a limited extent of disease with approximately 50%
of such patients demonstrating single-vessel disease at
catheterization. Moreover, among patients with unstable
angina in the TIMI IIIA trial [97] who underwent catheteri-
zation, 14% had no critical coronary stenosis. Such patients
generally have an excellent prognosis, and it would be ben-
eficial in terms of management if such patients could be
identified by noninvasive imaging prior to catheterization
in order to obviate the need for angiographic assessment
and assigned to a conservative management strategy on
the basis of the noninvasive data alone.

The role of active and dynamic platelet aggregation
in the acute coronary syndrome is well established. In
an important subset of patients, platelet thrombi will oc-
cur on coronary stenoses of initially moderate severity,
which will reduce the coronary blood flow resulting in
resting myocardial ischemia. With aggressive antiplatelet
and antithrombic treatment, there may be resolution of the
initial pathophysiologic event, and such patients are left
with only moderate luminal obstruction and thus there
is no need for percutaneous or surgical intervention. The

advent of aggressive adjuvant antiplatelet strategies will
likely increase this population of patients. Again, such pa-
tients may be best managed conservatively, and risk strat-
ification techniques which could identify the absence of
multiple critical coronary stenoses in order to diminish
the need for catheterization have an important role in this
population.

While there is general agreement that patients with
high-risk clinical characteristics in the clinical setting
of unstable angina should undergo direct and prompt
catheterization, there is less clear consensus regarding pa-
tients with intermediate or low clinical risk as defined by
the AHCPR guidelines [95]. Both invasive and noninva-
sive risk stratification strategies are defined and neither is
strongly encouraged to the exclusion of the other. Factors
to be taken into account in this decision include access
of the patient population to interventional facilities, the
skill and experience of the local interventional and surgi-
cal team, and patient preferences. In such patient groups
however, noninvasive testing, particularly with myocar-
dial perfusion imaging, has been shown to identify a very
low risk outcome group which, according to principles
established in the setting of outpatients with chest pain
and the post-MI state, can be comfortably managed con-
servatively without catheterization. Indeed, the recently
updated AHA/ACC/ASNC Guidelines on Cardiac Ra-
dionuclide Imaging [94] considers the use of stress myocar-
dial perfusion imaging for detecting residual ischemia and
the use of radionuclide angiography to assess left ventric-
ular function in this syndrome as class I indications; that
is, indications that are generally considered clearly appro-
priate.

Stress myocardial perfusion imaging in
patients with UA/NSTEMI

Patients admitted to the hospital with a clinical diagnosis
of acute coronary syndromes represent a heterogeneous
population. While in many patients the diagnosis of un-
derlying ischemic heart disease will be clear-cut, that is,
there will have been significant and transient electrocar-
diographic changes of ischemia to establish the diagnosis,
in other patients the diagnosis as well as prognosis will
be in question in the absence of obvious ECG changes.
In these latter patients, the use of stress myocardial per-
fusion imaging will be diagnostic as well as prognostic,
as established in other large populations with chest pain
syndromes [98]. Furthermore, in patients with established
coronary disease (such as those who have previously
undergone bypass surgery or angioplasty), perfusion
imaging data will provide risk stratification information
regarding the extent of ischemia and may assist in identi-
fying the “culprit vessel’’ for targeted revascularization.
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In the majority of patients with unstable angina who
present with diagnostic ischemic ECG changes but sta-
bilize during initial in-hospital management, the use of
stress myocardial perfusion imaging can provide impor-
tant data on the extent of ischemia, which relates directly
to subsequent cardiac risk, with implications for the need
of cardiac catheterization. Compared to the information
available in the postinfarction setting, there are relatively
fewer studies carefully examining the use of stress my-
ocardial perfusion imaging in the aftermath of unstable
angina. Brown and colleagues [99] reported on 52 patients
who presented with unstable angina but then stabilized on
medical therapy. All patients underwent stress myocardial
perfusion imaging and were followed for natural history
events for over 3 years. By multivariate logistic regression
analysis, the presence of thallium redistribution as a sign
of inducible ischemia was the only important predictor of
cardiac events. Among patients with evidence of inducible
ischemia, 26% suffered a cardiac event, compared to only 1
of 29 patients (3%) without evidence of inducible ischemia.

These important data have been confirmed by several
other investigations (Fig. 9.17), and the concept that the
presence and extent of inducible ischemia by myocardial
perfusion imaging in this clinical setting is related to nat-
ural history outcomes appears to be independent of both
the isotope used and the particular stress modality. Strat-
mann and colleagues [104] reported that exercise testing
and SPECT Tc-99m sestamibi imaging performed prior to
discharge in medically treated unstable angina patients
was strongly predictive of future cardiac events. Among
126 such patients followed for over 1 year, the presence
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Figure 9.17 Predictive value of myocardial perfusion imaging (MPI) and

stress electrocardiography (EKG) in patients studied after stabilization of

unstable angina. This figure summarizes the results of three studies

[100–102] in which cardiac death or nonfatal MI were endpoints. The

presence of reversible perfusion defects (RD) was strongly predictive of

cardiac events in this setting. Abbreviations: POS, positive; NEG, negative;

NS, not significant. (Reprinted with permission from [103].)

of a reversible sestamibi perfusion defect was associated
with a relative risk of 3.8 for any cardiac event and 9.2 for
MI or cardiac death on multivariate analysis. The same
group of investigators later reported similar data using
pharmacologic stress testing with dipyridamole [105].

The results of studies examining the use of stress
myocardial perfusion imaging in patients with unsta-
ble angina are summarized in Table 9.6 [99–101,104–108].
There appears to be a consistent relation between the pres-
ence of inducible ischemia on noninvasive perfusion imag-
ing and outcome events. The lack of inducible ischemia
identifies a low-risk group, suggesting that such patients
can be managed conservatively (Fig. 9.18).

Data are less consistent on the use of exercise electro-
cardiography in this setting. While the AHCPR guide-
lines [95] suggest that exercise ECG can be used for risk
stratification in the presence of a normal resting electrocar-
diogram, many such patients do not have normal resting
ECGs. Indeed, in several of the studies listed in Table 9.6,
evidence of ischemia by ST depression on exercise testing
was not as consistently predictive of outcome events as
myocardial perfusion imaging information.

Clinical trials incorporating results of stress
testing following UA/NSTEMI

The use of a noninvasive strategy in “stabilized’’ patients
in the aftermath of an unstable angina presentation is sup-
ported by the results of the TIMI IIIB trial [109], in which
patients were randomized to either an invasive or a conser-
vative, ischemia-guided strategy. There was no difference
in the long-term outcomes with either strategy, suggest-
ing that a conservative approach with noninvasive risk
stratification with catheterization reserved for those with
evidence of higher risk characteristics on stress testing is
appropriate and will diminish the need for catheteriza-
tion in a subpopulation of these patients, with the expec-
tation of a favorable outcome. In a design similar to that of
the TIMI II trial, investigators in the VANQWISH (Veter-
ans Affairs Non-Q Wave Infarction Strategies in Hospital)
trial [110] randomized 953 patients with non-Q wave MI
to direct catheterization during the hospital period, or to a
conservative arm in which catheterization was performed
only if there was recurrent rest ischemia or a certain ex-
tent of ischemia demonstrable on myocardial perfusion
imaging. In contrast to the conventional wisdom in which
most patients with non-Q wave MI undergo catheteriza-
tion, the group randomized to the more conservative arm
with stress scintigraphic imaging had outcomes similar
to the invasive arm patients in terms of the primary end-
point of death or recurrent MI. Indeed, there was evidence
in the early follow-up after randomization that the conser-
vative arm population demonstrated more favorable out-
comes. These important data suggest that even in settings
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Table 9.6 Predictive value of myocardial perfusion imaging in unstable angina.

Study Year N Follow-up Patient group Isotope Endpoint Result

Hillert et al. [106] 1986 19 12 wk UA Tl 201 MI or Class III/IV

angina at 12 wk

15/19 patients with redistribution

had events. 2/18 of those

without redistribution had

events

Freeman et al. [107] 1988 67 In hospital UA Tl 201 Extent of CAD Tl-201 defect size best predictor

of extent of CAD

Madsen et al. [100] 1988 158 14 mo Chest pain

syndrome,

suspected UA

Tl-201 Death or MI 21% incidence of events if

redistribution, 3% if not

Marmur et al. [101] 1990 54 6 mo UA Tl 201 Death or MI Extent of Tl-201 reversible defects

predicted cardiac events

Brown et al. [99] 1991 52 39 mo UA Tl 201 Death or MI Presence of redistribution highly

predictive of cardiac events

Amanullah et al. [108] 1993 40 30 mo UA Tl 201 Death or MI Number of Tl-201 segments with

redistribution strongly predicted

cardiac events

Stratmann et al. [104] 1995 126 12 mo UA Tc-99m MIBI

(exercise)

Death or MI Relative risk 3.8 for cardiac event

with reversible perfusion defect

Stratmann et al. [105] 1995 128 16 mo UA Tc-99m MIBI

(dipyridamole)

Death or MI Relative risk 2.5 for cardiac event

with reversible perfusion defect,

4.3 with an abnormal scan

Abbreviations: CAD, coronary artery disease; MI, myocardial infarction; MIBI, sestamibi; Tc, technetium; Tl, thallium.

of MI in which many clinicians believe there is remaining
jeopardized myocardium which should be revascularized,
scintigraphic data were able to identify populations who
would, and who would not, benefit from invasive therapy.

The Frisc-II study [111] suggested a significant benefit
of an early invasive approach. However, this was possibly

Figure 9.18 A 66-year-old man presented with unstable angina and

negative serum cardiac markers. Dipyridamole myocardial perfusion

imaging with tetrofosmin reveals a large area of moderate to severe inferior

and inferoapical ischemia (arrows). Angiography revealed critical stenosis in

the proximal right coronary artery that was treated percutaneously.

Abbreviations: ; HLA, horizontal long axis; SA, short axis; VLA, vertical long

axis.

driven by an inherent disadvantage conferred upon pa-
tients randomized to the conservative arm as a result of
a very stringent stress test criterion for crossover to the
invasive strategy [112]. More recently, the TACTICS-TIMI
18 trial [113] randomized 2220 patients with UA/NSTEMI
with high-risk characteristics (ST segment changes, ele-
vated cardiac markers, documented CAD or all three)
to an early invasive or a more selectively invasive strat-
egy where coronary angiography would be performed
in the event of failure of medical therapy or an abnor-
mal perfusion scan. The early invasive arm had more
favorable results but the overall benefit was modest and
was driven mainly by benefits seen in the group with ele-
vated troponin levels [114]. The recently reported RITA-3
study [115] sheds some light on the efficacy of modern
medical therapy in treating patients with acute coronary
syndromes. Conducted in the more conservative medi-
cal environment of the United Kingdom, 1810 patients
with an acute coronary syndrome were randomized to a
conservative versus invasive strategy. In the conservative
arm, patients were treated with maximum medical ther-
apy with coronary angiography reserved for those with re-
current symptoms despite optimal therapy. Patients were
then discharged with stress testing performed as an out-
patient in an unspecified number. In this relatively lower
risk cohort (fewer patients had elevated cardiac markers
or diabetes compared to TACTICS) there was a reduction
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in the relative risk for the combined endpoint of death, MI,
and refractory angina at 4 months (14.5% vs. 9.6%, relative
risk 0.66, p = 0.001) in the invasive arm. However, this
was driven primarily by a reduction in refractory angina
with no difference in reinfarction or mortality. Translat-
ing this into clinical practice in the United States, some
of the 14.5% of patients destined to suffer an endpoint at
4 months would have been detected early by myocardial
perfusion imaging prior to discharge and, on the basis
of high-risk perfusion characteristics, would have under-
gone catheterization with or without revascularization.
Thus, the conservatively treated patients in this trial, like in
Frisc II, were at a disadvantage as predischarge risk assess-
ment was not available to determine the high-risk subset in
which medical therapy was likely to be inadequate. Impor-
tantly, the observation that over 85% of the patients in the
conservative arm did not suffer an endpoint at 4 months
lends support to the fact that an ischemia-guided approach
rather than a “cath-for-all’’ strategy is more appropriate in
patients without high-risk predictors. This is further con-
firmed by a recent retrospective analysis of the TIMI IIIB
trial [116], which showed that using a rather simple score
incorporating age, elevation of cardiac markers, a history
of worsening angina, and ST depression on the ECG, only
patients falling into the high and very high risk groups
actually benefited from early cardiac catheterization.

Assessment of left ventricular function in
patients with unstable angina

In patients with MI, there is, by definition, some degree
of myocardial damage, resulting in a wide range of ejec-
tion fraction and degrees of left ventricular dysfunction in
postinfarct populations. This has important prognostic im-
plications. In a population of patients with UA/NSTEMI,
particularly those in whom unstable angina is the initial
clinical presentation of coronary disease, left ventricular
function is generally preserved and would not be expected
to be as powerful as an incremental discriminator of sub-
sequent risk as the extent of residual inducible ischemia.
However, a significant proportion of patients presenting
with unstable angina have had prior MI and prior inter-
vention. Among such patients, the degree of left ventricu-
lar dysfunction will play an important role in management
decisions, as there are important prognostic implications
to the development of unstable angina in the setting of
known left ventricular dysfunction.

Besides the importance of underlying resting left ven-
tricular function as a risk stratifier in the general pop-
ulation of patients with unstable angina, there are par-
ticular clinical and pathophysiologic scenarios involving
transient and prolonged left ventricular dysfunction
which are of considerable interest and clinical impor-
tance. In a subpopulation of patients with unstable angina,

transient and severe ischemia may result in prolonged
contractile dysfunction, or myocardial stunning. Gated
SPECT analysis of simultaneous perfusion and function in
the setting would be particularly advantageous. Echocar-
diography or radionuclide angiography would clearly
demonstrate the presence of regional dysfunction, but
gated SPECT imaging, besides demonstrating regional
dysfunction, would also simultaneously evaluate the mag-
nitude of myocardial viability within the dysfunctional
territory. Thus, in one test simultaneously evaluating
these parameters, important information with clear clini-
cal decision-making implications is obtained.

Among 58 patients with unstable angina studied by
Warner and colleagues [117], 58% were found to have
segmental left ventricular dysfunction in the territories
supplied by the culprit vessel on left ventricular contrast
angiography. Such segmental dysfunction was more fre-
quently seen if the culprit lesion was in the left anterior
descending artery. Others have reported that patients with
persistent wall motion abnormalities at the time of hospi-
tal discharge were more likely to have recurrent unstable
angina at 12 weeks follow-up [118].

Serial investigations of left ventricular function in the
setting of unstable angina have demonstrated that wall
motion abnormalities seen early in the hospital course may
improve with medical or revascularization therapy [119].
Whether these findings, suggestive of myocardial “stun-
ning,’’ translate into improved long-term outcome has not
been clearly studied or established. In one study by Nara-
hara et al. [120], of a group of 30 patients with unstable
angina whose left ventricular function was studied early
in the hospital course and again just prior to discharge,
those with a decline in left ventricular ejection fraction
across the serial studies were more likely to have severe
anginal symptoms during short-term follow-up.

Similar to the large randomized trials of medical ver-
sus surgical therapy in patients with coronary disease, in
which the greatest benefit of surgical therapy occurred
among patients with left ventricular dysfunction, surgical
revascularization therapy in the setting of unstable angina
appears to be most beneficial in the subgroup of patients
with diminished left ventricular function. In a VA cooper-
ative study trial [121] in 468 patients with unstable angina,
there was no overall difference in long-term survival in pa-
tients randomized to medical therapy compared to those
randomized to surgical therapy. However, when the ran-
domized patients were subgrouped according to ejection
fraction, there appeared to be a clear advantage of surgical
therapy among those whose baseline resting left ventric-
ular function was less than 50% (Fig. 9.19].

Thus, assessment of left ventricular function in patients
with unstable angina, though not as well studied as in the
clinical syndrome of AMI, appears to have similar prog-
nostic implications, and identifies a group of patients most
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Figure 9.19 Impact of ejection fraction on 5-year mortality in patients

with coronary artery disease presenting with unstable angina randomized

to medical or surgical therapy. Curves were computed by logistic regression

analysis with ejection fraction as a continuous variable. Mortality of

medically treated patients was dependent on ejection fraction (p = 0.004)

whereas mortality of surgically treated patients did not demonstrate such a

relationship (p = 0.76). Patients in the lowest ejection fraction group

benefited most from surgery in terms of mortality. (Reprinted with

permission from [121].)

likely to benefit from surgical revascularization. More-
over, the promise of gated SPECT imaging for simul-
taneously evaluating perfusion and function, for better

categorization of potentially reversible left ventricular
dysfunction and myocardial stunning, suggests yet an-
other role for noninvasive testing.

There are no reported data in a large population of pa-
tients with UA/NSTEMI in which information on both per-
fusion imaging evidence of inducible ischemia as well as
data on left ventricular function are examined for incre-
mental prognostic value. The separate bodies of literature
on perfusion imaging as well as assessment of left ven-
tricular function in this clinical setting would suggest, as
in patients with AMI, that the simultaneous evaluation of
these parameters with gated SPECT imaging would be of
significant clinical value. The application of gated SPECT
imaging in a large population of unstable angina patients
would also allow the careful evaluation of potential incre-
mental value in this syndrome. Table 9.7 summarizes the
ACC/AHA/ASNC recommendations regarding radionu-
clide imaging in the setting of unstable angina [94].

Assessment of myocardial perfusion and
left ventricular function in patients with
chest pain in the ED

Each year in the United States, approximately 7 million pa-
tients present to EDs with symptoms suggestive of acute
cardiac ischemia [104]. Two-thirds of such patients are ul-
timately found to have symptoms that are not cardiac in
origin. Efficient and appropriate triage of these patients, as
customarily based on the clinical presentation and ECG, is

Table 9.7 ACC/AHA/ASNC recommendations for radionuclide imaging in patients with unstable angina and NSTEMI.

Indication Test Class Level of evidence

Identification of inducible ischemia in the distribution of the

“culprit vessel” or in remote areas in patients at

intermediate or low risk for major adverse cardiac events

Stress MPI with ECG gating

whenever possible

I B

Identification of the severity/extent of inducible ischemia in

patients whose angina is stabilized on medical therapy or

in whom the diagnosis is uncertain

Stress MPI with ECG gating

whenever possible

I A

Identification of the functional significance of coronary

lesions after coronary angiography

Stress MPI I B

Measurement of baseline LV function ECG gated SPECT I B

Identification of the severity/extent of disease in patients

with ongoing suspected ischemic symptoms when ECG

changes are not diagnostic

Rest MPI IIa B

Abbreviations: LV, left ventricular; MPI, myocardial perfusion imaging; NSTEMI, Non ST-elevation myocardial infarction; SPECT, single-photon

emission computed tomography.

Source: From [93].
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problematic, as the decision-making ED physicians gen-
erally operate at a high-sensitivity though low-specificity
threshold for detecting acute cardiac ischemia, so as not
to miss any significant cases of acute ischemic heart dis-
ease. By necessity, this approach results in many unnec-
essary admissions of patients without acute cardiac is-
chemia. Currently, over half of the patients admitted for
acute cardiac ischemia prove to be “false-positive” ad-
missions, i.e., they do not have acute cardiac ischemia
[122,123], and yet about 7% of those patients with acute
cardiac ischemia, including approximately 2–4% of those
with AMI, are inadvertently sent home from the ED, i.e.,
“false-negative” discharges. Moreover, only about half of
those with acute cardiac ischemia are ultimately found
to rule-in for AMI. Unnecessary hospital and CCU ad-
missions for suspected acute cardiac ischemia therefore
totals in the range of 3 million per year, while approxi-
mately 60,000 patients with acute cardiac ischemia, includ-
ing 20,000 with AMI, are mistakenly sent directly home
from the ED. Thus, ED triage for potential acute cardiac
ischemia and the associated decision-making process has
important implications for individual patient morbidity
and mortality, and also for overall health care costs, in-
cluding those for malpractice litigation. Testing targeted
to reduce both false-positive and false-negative triage de-
cisions could potentially benefit both endpoints, and do so
with substantial economic benefits. In the United States,
acute cardiac ischemia is the leading cause of morbidity
and mortality, and an enormous consumer of health care
resources. These unnecessary CCU admissions represent
a substantial waste: in this country the direct costs alone
may be as high as $5 billion annually.

Although the high proportion of seemingly unnecessary
admissions is not desired, it has been assumed that a more
restrictive admission policy would increase the numbers
of patients with AMI inappropriately sent home. Gener-
ally, about 2–4% of those who do have acute infarction
are mistakenly sent home [124]. Indeed, beyond the cost
and potential adverse effects of unnecessary false-positive
CCU or hospital admissions, with the growing number of
life-saving acute interventions for preventing treating ar-
rhythmias and for preventing or reducing AMI size, there
is also substantial interest in improving the historically
stable false-negative AMI ED discharge rate.

Attempts to improve ED triage accuracy of patients with
suspected acute cardiac ischemia have included the use of:
� identification of high-risk clinical indicators
� rapid determination of cardiac enzymes
� two-dimensional echocardiography
� thallium-201 scintigraphy
� Tc-99m sestamibi and tetrofosmin imaging.

In reviewing the value of each of these modalities, it
is important to bear in mind the endpoint in any given
study. While many studies focus on the endpoint of correct

distinction of AMI from all other patients, the ED physi-
cian facing a triage decision (admit or not admit) is more
interested in the separation of those patients with acute
cardiac ischemia, that is, those with AMI or unstable
angina, from all other patients with noncardiac chest pain.
Thus, tests dependent on a degree of myocardial necrosis,
such as rapid enzyme subfraction analysis, while useful to
detect necrosis associated with infarction, may be less so
for the ED physician, as patients with unstable angina and
no necrosis may not be detected. The strength of perfusion
imaging techniques in this setting is the potential identifi-
cation of both AMI and unstable angina. As the proximate
cause of any acute ischemic syndrome is an abnormality in
myocardial blood flow, it is theoretically sound to examine
such patients by a procedure that can identify abnormal
or normal perfusion with a high degree of precision.

Observational studies of radionuclide
myocardial perfusion imaging in ED patients
with chest pain: diagnostic performance

Radionuclide imaging of myocardial blood flow was first
studied as a means of detecting acute abnormalities in re-
gional myocardial perfusion over 20 years ago. Thallium-
201 has in the past been the most widely used agent to
trace myocardial blood flow. In 1976, Wackers et al. [125]
showed thallium-201 defects in 100% of patients with AMI
who were studied within 6 hours of the onset of symp-
toms. The sensitivity was markedly diminished with in-
creased time from the onset of symptoms after that point.
In a later study involving patients with unstable angina,
Wackers and coworkers [126] found planar thallium-201
scintigraphy to have a 76% sensitivity and 67% specificity
for predicting MI or severe coronary disease. In the pres-
ence of an abnormal baseline ECG with transient changes,
the sensitivity for a positive thallium-201 scan increased to
94% but with a specificity of only 46%. While thallium-201
scintigraphy has been widely used since that time as an in-
dicator of myocardial perfusion in the stable patient with
suspected CAD in conjunction with stress testing, its use
in the ED setting is in practical terms quite limited, due to
the time constraints imposed by its “redistribution” prop-
erties, requiring that imaging be completed in a relatively
short time after injection. Moreover, this isotope is not
readily available for acute imaging, and the count profile
following resting injection is not ideally suited for gated
acquisitions. These significant limitations are overcome by
the use of non-redistributing Tc-99m-based compounds as
the myocardial perfusion imaging agent in this setting.

More recently, Tc-99m sestamibi and Tc-99m tetrofos-
min have been studied as alternative myocardial perfu-
sion imaging agents in this clinical setting. These agents
have several distinct advantages over thallium-201: their
physical characteristics are better suited to gamma camera
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imaging, they are less subject to tissue attenuation ef-
fects, and they may be generator produced on-site, mak-
ing these agents readily available for acute imaging. In
addition, there is minimal redistribution (that is, change
in regional concentration) of these agents after their ini-
tial flow-related distribution in the myocardium, which
allows imaging up to several hours after injection [109],
with the resulting images reflecting myocardial regional
blood flow at the time of injection.

The clinical basis for the use of Tc-99m agents in patients
with suspected unstable angina was initially reported in
a study by Bilodeau et al. [127] evaluating 45 patients
already admitted to a hospital with suspected unstable
angina. In this study, all patients underwent coronary an-
giography, revealing significant CAD in 26 patients. Tc-
99m sestamibi was injected during a spontaneous episode
of chest pain, and SPECT imaging demonstrated 96% sen-
sitivity and 79% specificity for the detection of angio-
graphic CAD, while the predictive value of a negative scan
to exclude CAD was 94%. This study was performed in
patients already admitted to the hospital with suspected
unstable angina, and therefore does not apply to patients

presenting to the ED with chest pain. However, this sem-
inal study showed that the injection of sestamibi during
an episode of chest pain was very sensitive for detecting
significant coronary disease and had a strong negative pre-
dictive value for excluding significant coronary disease if
the imaging was negative.

Subsequently, Christian and colleagues [128] using ses-
tamibi imaging in ED patients found perfusion defects in
13 of 14 patients presenting with chest pain and nondi-
agnostic ECGs, who were ultimately found to have had
an AMI. This study also demonstrated that AMI without
ECG changes did not necessarily reflect a small MI, as
quantitative analysis demonstrated that the sestamibi in-
farct size averaged 20% ± 15% (range 2–53%) of the left
ventricle. Such studies demonstrated the feasibility of this
technique in the ED setting, and suggested that this imag-
ing modality may provide important incremental infor-
mation beyond the clinical and electrocardiographic data
to improve ED triage. Since then, several groups have con-
ducted studies investigating the use of perfusion imaging
in patients presenting with the clinical suspicion of acute
cardiac ischemia in the ED (Table 9.8) [129–140].

Table 9.8 Prediction of cardiac events using resting SPECT perfusion imaging in patients with chest pain presenting to the ED.

Diagnostic performance

Study N Follow-up
Abnormal
scans % Sensitivity % Specificity % Endpoint(s)

Prognostic
performance
NPV %

Varetto et al. [126] 64 18 mo 47 100 92 CAD 100

100 67 MI 100

Hilton et al. [130]∗ 102 In hospital 22 94 83 D/MI/Rev 99

Weissman et al. [131] 50 9–12 mo 40 ND ND D/MI/Rev/CHF 100

Tatum et al. [132] 442 1 yr 24 100 78 MI 100

82 83 MI/Rev 98

Kontos et al. [133]† 532 In hospital 32 93 71 MI 99

81 76 D/MI/Rev 95

Heller et al. [134] 357 30 d 43 90 60 D/MI/Rev 99

Kontos et al. [135] 620 6 wk 39 92 67 MI 99

81 74 Rev

Ducca et al. [136] 75 In hospital 36 100 73 MI 100

73 89 CAD 81

Kosnik et al. [137] 69 1 yr 15 71 92 D/MI/Rev 97

Udelson et al. [138] 1215‡ 30 d – – – MI 99.4

D/MI/Rev 97

Dinckal et al. [139] 60 30 d 70§ 97 77 MI/Rev 94

Kaul et al. [140] 163‖ In hospital 33 71 71 D/MI/Rev 91

Abbreviations: CAD, coronary artery disease on angiography; CHF, congestive heart failure; D, death; MI, myocardial infarct; ND, not deducible from study;

NPV, negative predictive value; Rev, revascularization.
∗At 90-d follow-up, no adverse cardiac events in patients with normal study [130].
†Some overlap with Tatum series.
‡Represents patients randomized to Tc-99m sestamibi imaging; 2475 patients in study (see text for details).
§High percentage of patients with typical chest pain.
‖203 patients in study; 163 had SPECT imaging; predictive numbers for abnormal composite assessment of function and perfusion.
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Varetto et al. [129] performed resting Tc-99m sestamibi
SPECT imaging in 64 patients presenting to the ED
with suspected acute cardiac ischemia and nondiagnos-
tic ECGs. Thirty-four patients had normal scans, none of
whom were subsequently found to have significant CAD
by coronary angiography or stress testing. All of the pa-
tients with normal scans remained free of morbid car-
diac events up to 18 months after discharge. Of the 30
patients with perfusion defects, 13 were found to have
had an AMI (by enzyme or electrocardiographic criteria)
and 14 were found to have significant CAD by angiog-
raphy, while the remaining 3 patients were considered to
have false-positive findings. Overall, sensitivity and speci-
ficity for the detection of AMI or significant CAD was
100% and 92% respectively, while the predictive value
of a negative scan to exclude CAD or a subsequent car-
diac event was 100%. While these data strongly support
the feasibility of performing acute sestamibi imaging in
this population, this study was not designed to test this
imaging modality in a prospective manner. The imag-
ing results were blinded from the admitting ED physi-
cians; thus the potential impact of sestamibi imaging in
this setting on reducing unnecessary admissions (53% of
the patients admitted to the CCU in this study) could not
be tested. Nevertheless, this study documented for the
first time that resting SPECT perfusion imaging in this
setting, when normal, identified patients without an acute
ischemic syndrome who remained free of morbid or mor-
tal events both during the index admission as well as
during follow-up.

Several other groups have reported similarly high sen-
sitivities for detecting AMI (Table 9.8). It should be noted
that the sensitivity of a resting perfusion scan is depen-
dent on the diagnostic standard used. When more sen-
sitive markers of myocardial necrosis like troponins are
used in place of creatine kinase (or its MB fraction), the
sensitivity of myocardial perfusion imaging declines to
75% according to one report [141], consistent with the no-
tion that very small infarcts may not render a perfusion
defect. In these studies, the reported specificity for detect-
ing MI is relatively poor – on average, about 75%. This is
consistent with the fact that perfusion defects can be seen
in a range of ischemic syndromes including MI, unsta-
ble angina, and chronically hypoperfused myocardium.
However, the utility of a screening test lies not in its speci-
ficity but in its ability to detect all subjects with the disease
state in question (in other words, high sensitivity). Patients
presenting to the ED with chest pain and subsequently
found to have perfusion abnormalities would most likely
require observation in the hospital regardless of whether
the perfusion defect is due to an acute ischemic event or
a prior myocardial scar. Therefore, a high specificity is of
less utility to the ED physician when triage decisions (that
is, admit or not) are being made.

Observational studies of radionuclide
myocardial perfusion imaging in ED patients
with chest pain: risk stratification and
prognostic performance

The studies noted above evaluated the use of perfusion
imaging against a diagnostic standard, i.e., was an AMI
or unstable angina (or revascularization as its surrogate)
present or not. Analogous to the general myocardial per-
fusion imaging literature, there is also substantial infor-
mation on the prognostic value of perfusioin imaging in the
ED setting, and its use for patient risk stratification. This is
important as decision making on the part of the ED physi-
cian is more likely to be dictated by the identified risk to the
patient of a subsequent cardiac event – in other words, the an-
swer to the question “what is this patient’s risk of death or
infarction should he or she leave the ED?’’ Central to this
decision-making process is the negative predictive value
of the test, i.e., the probability of no disease (or events) if
the test result is negative.

Hilton and coworkers [130] looked specifically at the
prognostic significance of Tc-99m sestamibi SPECT my-
ocardial perfusion images obtained in ED patients with
chest pain. Only one cardiac event (defined as cardiac
death, nonfatal MI, or need for acute coronary inter-
vention) occurred during short-term hospital follow-up
among 70 patients with normal scans. In a multivariate
analysis, the presence of an abnormal sestamibi scan was
the only independent variable predictive of the occurrence
of a cardiac event among multiple clinical and demo-
graphic variables.

Tatum and colleagues [132] subsequently reported on
a large group of 1187 patients who underwent evalua-
tion in an ED setting in which clinical data were initially
used to stratify patients into five risk groups regarding the
probability of AMI or unstable angina. Patients who were
initially classified into low- or intermediate-risk groups
(n = 442) underwent SPECT sestamibi imaging with gated
SPECT acquisition. The scintigraphic data contained very
powerful risk stratification information: among the large
number of patients with a normal resting SPECT sestamibi
scan with normal gated SPECT images, no patients ruled in
for an MI and only 2% underwent an angioplasty over the
subsequent 12 months. In contrast, among patients with a
positive or abnormal scan, approximately 35% either ruled
in for MI or underwent an interventional procedure dur-
ing the initial hospitalization or in follow-up.

Data have also been reported from a multicenter trial
by Heller and colleagues [134], in which patients present-
ing to the ED with suspected acute ischemia were studied
with Tc-99m tetrofosmin. This study demonstrated results
consistent with the previously reported studies: patients
with a normal scan in this setting had an extremely low
risk of infarct, and those with a positive scan were far
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more likely to rule in for an MI or undergo catheteriza-
tion or revascularization. These data suggest that the con-
cepts derived in single center studies can be generalized
to a wider setting. Kontos and colleagues [135] recently
showed that ED myocardial perfusion imaging in low-to-
moderate-risk patients with chest pain and serial troponin
testing had comparable sensitivities for detection of MI.
What is important to note is that while serial troponin I
estimations over 24 hours provided similar sensitivity, the
initial troponin value, drawn at an approximately similar
time point as isotope injection, was poorly sensitive (30%
for MI). These data demonstrate that a major potential ad-
vantage of perfusion imaging is that of early diagnosis in
the ED, as biomarkers take time to achieve maximum sen-
sitivity, while perfusion imaging is abnormal as soon as a
flow abnormality is present. Other studies have corrobo-
rated these findings [136,142].

Thus, the risk stratification concepts derived in popula-
tions with stable chest pain and suspected CAD, in pop-
ulations with AMI, and in the setting of obvious unsta-
ble angina appear to transfer to the acute ED setting with
resting SPECT imaging in patients with chest pain and
nondiagnostic ECG changes.

These studies provide quite concordant data regarding
the negative predictive value of a resting perfusion study
in an ED patient with suspected ACS. It is important to
note, however, that these studies did not prospectively as-
sess the actual impact of utilizing myocardial perfusion
imaging in the ED setting on the triage decision-making
process. Many tests are reported to have diagnostic or
prognostic value in the literature when evaluated by ex-
perts, known as the “efficacy’’of a test. Whether or not that
test translates in real use to favorable effects on decision
making or outcomes – known as “effectiveness’’ – needs
to be addressed by randomized trials.

Randomized trials of ED myocardial perfusion
imaging to improve outcomes and decision
making

There have been two reported trials in which patients have
been randomly assigned to either have or not have imag-
ing data influence subsequent management. These two
randomized studies evaluated the benefit of using this
modality on reducing health care costs, length of hospital
stay, and for its ability to influence ED physicians triage
decision making.

Stowers and colleagues [143] evaluated 46 patients pre-
senting to the ED with ongoing chest pain and a nondiag-
nostic ECG, who underwent Tc-99m tetrofosmin imaging
before being randomly assigned to a conventional arm
(physicians blinded from imaging results) or perfusion
imaging-guided arm (imaging results were unblinded to

the physician). The study’s primary analyses focused on
assessing the differences in total in-hospital costs and av-
erage lengths of stay between the two study arms. They
found that median hospital costs were $1843 less for pa-
tients in perfusion-guided strategy compared with costs
with conventional management. In addition to these cost
differences, the conventional arm had a 2 days longer me-
dian hospital stay and 1 day longer median ICU stay.
This study also demonstrated that physicians provided
with imaging results ordered fewer cardiac catheteriza-
tions without any difference in outcomes by hospital dis-
charge or by 30 days of follow-up. Thus, while the study
population was small, there appears to be a cost bene-
fit and shorter lengths of stay for intermediate-risk chest
pain patients admitted from the ED when myocardial per-
fusion imaging results are made available as part of the
diagnostic strategy. Clinicians were provided a suggested
management strategy per protocol based on the imaging
results; thus this study did not fully evaluate how physi-
cians would react to the myocardial perfusion imaging
information on their own.

A larger prospective, randomized study – the Emer-
gency Room Assessment of Sestamibi for the Evaluation
of Chest Pain trial (ERASE Chest Pain) [138] – evaluated
the role of myocardial perfusion imaging on the triage
decision made by ED physicians. The investigators en-
rolled 2475 patients with chest pain or any other symp-
toms suggestive of acute cardiac ischemia and a normal
or nondiagnostic ECG. Patients were randomly assigned
to either the usual ED evaluation strategy or the usual
strategy supplemented by information from acute resting
Tc-99m sestamibi SPECT imaging. Clinicians were given
the imaging information, but not specifically directed as
to how to use it, beyond initial education about the lit-
erature on ED perfusion imaging prior to the start of
the study. Thus, this study was the first to truly evalu-
ate how ED clinicians would incorporate myocardial per-
fusion imaging information into their decision-making
process.

The study found that there were no differences in the ED
triage decision between the two arms for those patients
with either an AMI or with unstable angina. However,
for those patients without acute cardiac ischemia, hospi-
talization was reduced from 52% with usual care to 42%
with sestamibi imaging (p < 0.001). In this study, the me-
dian time from ED presentation to admission or discharge
home was 4.7 hours in the usual care arm and 5.3 hours
in the sestamibi imaging arm, thus the imaging added an
average of only approximately 30 minutes to the evalu-
ation. On 30-day follow-up, there were no differences in
outcomes between the usual care and sestamibi imaging
groups. Therefore, this study showed that the incorpora-
tion of sestamibi imaging into the triage decision making
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provided a clear benefit in reducing unnecessary hospi-
tal admissions in patients without ischemia, without re-
ducing appropriate admission for patients with acute is-
chemia. All prospectively identified subgroups benefited
in terms of reduced unnecessary admissions from SPECT
perfusion imaging, including those based on gender, age,
presence/absence of a formal chest pain unit, and whether
or not the site had prior experience with ED myocardial
perfusion imaging.

These two prospective randomized trials have shown
that acute rest SPECT myocardial perfusion imaging in
patients presenting to the ED with low-to-intermediate
risk chest pain and nondiagnostic ECGs can significantly
improve the overall clinical effectiveness of the ED triage
process. Given evidence from two prospective random-
ized trials as well as numerous observational studies
(Table 9.8), the use of rest SPECT perfusion imaging in
the ED setting has attained a class I, level A indication
in the 2003 ACC/AHA/ASNC Guidelines for the Clinical
Use of Cardiac Radionuclide Imaging document [94], the
highest indication based on strong evidence.

Methodologic issues in ED perfusion imaging
studies

The goal of SPECT perfusion imaging in the ED setting
is to distinguish as powerfully as possible patients with
acute ischemic syndromes from those without acute is-
chemia. The data should contribute importantly to the
ED triage decision-making process. Studies examining
this technique are limited by the difficulty in indepen-
dently establishing the diagnosis of unstable angina. In
most therapeutic studies of unstable angina, patients are
identified by transient ischemic changes on the ECG in
the setting of an appropriate clinical syndrome. How-
ever, the target population in the ED setting for SPECT
perfusion imaging is the group without obvious ischemic
ECG changes, as this is the population which will ben-
efit from further diagnostic stratification. As seen in the
review of studies in Table 9.8, revascularization is often
used as an outcome endpoint, as a surrogate for unstable
angina. Thus, patients with unstable angina who do not
undergo revascularization are not included in the end-
point analysis. This issue may explain, in part, the modest
positive predictive value of acute imaging in the ED setting
in most reported studies. Patients with “positive’’ scans
(who may indeed have unstable angina) who do not un-
dergo catheterization and revascularization are tallied as
“false-positive’’ images. The optimal solution to this issue
has not been fully explored, but may involve early follow-
up stress testing to best categorize patients following
presentation.

Timing of the rest injection in ED myocardial
perfusion studies: effect of presence/absence of
symptoms

The relationship between the timing of a test in relation
to symptom onset and its diagnostic accuracy is an im-
portant consideration when evaluating the utility of a test
for chest pain patients in the ED. In a substantial pro-
portion of these patients, symptoms would have begun
to resolve by the time the initial assessment has been
completed and decisions regarding further testing made.
While this has not been the subject of the primary analy-
sis in any of the above mentioned trials, in the study by
Wackers and colleagues [125] using Tl-201, the sensitiv-
ity for detecting ischemia diminished as time increased
beyond 6 hours from the onset of symptoms. Bilodeau
and colleagues [127] found perfusion abnormalities in 65%
of patients injected more than 4 hours after the episode
of chest pain. Similarly, Varetto et al. [129] reported that
the diagnostic sensitivity of myocardial perfusion imag-
ing was maintained even when Tc-99m sestamibi injec-
tion was delayed for up to 3–4 hours after symptom res-
olution. In a subgroup analysis of the ERASE Chest Pain
trial, Hendel et al. [144] found no association between the
presence or absence (< 3 h following resolution) of chest
pain during Tc-99m sestamibi injection and the incidence
of normal myocardial perfusion imaging, rate of hospital-
ization, death, MI, coronary angiography or revascular-
ization, or influence on triage decisions. Similarly, in the
report by Duca et al. [136] no significant difference in di-
agnostic accuracy was observed regardless of whether the
radioisotope had been injected during (56%) or after (44%)
symptoms.

Experimental support for the concept that perfusion im-
ages may remain abnormal for a substantial period of time
after resolution of ischemia comes from a study of patients
undergoing PCI as a model of “supply’’ type ischemia con-
sistent with what occurs in an acute coronary syndrome.
Fram and coworkers [145] studied patients undergoing
coronary angioplasty and demonstrated perfusion defects
in all patients injected with Tc-99m sestamibi during bal-
loon inflation and in 70%, 37%, and 19% of patients rein-
jected 15 minutes, 1–3 hours, and 24 hours after balloon
deflation, respectively.

Therefore, the available data that address this issue ap-
pear to suggest that, following an episode of transient my-
ocardial ischemia, perfusion abnormalities may persist for
several hours after symptom resolution (Fig. 9.20). Never-
theless, for practical purposes of ED triaging, tracer injec-
tion should be performed as early after the patient presents
as possible, and it must be borne in mind that the sensi-
tivity of the technique tends to diminish with time after
symptom resolution.
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Figure 9.20 This 37-year-old premenopausal

hypertensive and diabetic woman presented to the ED

with atypical chest pain. ECG revealed left ventricular

strain with nondiagnostic changes. The patient was

injected with tetrofosmin in the ED and imaged an

hour later. Myocardial perfusion image reveals an

anterior and anteroseptal perfusion defect.

Angiography revealed a critical lesion in the proximal

left anterior descending artery that was treated

percutaneously.

Value and safety of addition of stress perfusion
imaging in patients with normal rest perfusion
studies in the ED

Ziffer and colleagues have shown that the addition of
stress imaging in patients with normal rest gated SPECT
studies in the ED adds to the detection of patients with
CAD, particularly when the resting perfusion tracer was
injected after symptom resolution. These investigators
have recommended the use of thallium-201 for the rest
SPECT study in such patients, so that there would not
be interference due to downscatter in scan interpretation
of stress SPECT performed after peak stress injection of a
Tc-99m agent. This separate acquisition dual-isotope stress
procedure in the ED is the same as that described in Chap-
ter 3 for patients under consideration for chronic CAD.
Alternatively, patients can be injected with a low dose of
a Tc-99m agent at rest, allowing for the performance of
a higher dose stress study without major contamination
from the resting study, should a stress study be indicated.
Either exercise or vasodilator stress may be used in this
setting. Generally, dobutamine stress is not used in these
patients who may be having unstable angina. If exercise
stress is chosen, appropriate caution must be taken with
stress testing, being sensitive to the need to curtail exercise
if signs of ischemia during stress develop in these patients
with a possible acute ischemic syndrome. With these pre-
cautions, preliminary data have suggested that stress test-
ing is both safe and effective in further stratification of pa-
tients with normal rest perfusion studies in the ED setting.
It has also been noted that ED physicians have increased
confidence in sending patients home if they have normal
stress studies in addition to normal rest studies when the
radioactive tracer is injected after resolution of symptoms.

Cost-effectiveness of perfusion imaging in the ED

Based on the technical advantages of non-redistributing
Tc-99m-labeled agents over other imaging agents, their

ability to delineate resting perfusion abnormalities in the
acute ED setting, and the now extensive data set showing
very high negative predictive value and benign prognosis
associated with a normal scan in ED patients presenting
with chest pain and nondiagnostic ECGs, a significant po-
tential benefit exists for their use in the ED setting to aid
in the diagnosis of acute cardiac ischemia and to improve
correct triage of such patients. Given the high negative
predictive value for ruling out the diagnosis of acute car-
diac ischemia, its use in this setting could significantly de-
crease the number of unnecessary hospital admissions in
patients with chest pain of noncardiac origin. In addition,
with its high sensitivity, it could also potentially lower the
number of patients mistakenly sent home who have active
ischemia or infarction. In this regard, Ziffer and colleagues
[146], in a preliminary report of 2737 patients in a chest
pain evaluation unit, found that the “missed infarction’’
rate dropped from 1.8% to 0.1% following institution of
SPECT imaging-based ED chest pain analysis protocol.

Although nuclear imaging in the ED setting for patients
with suspected acute cardiac ischemia has the disadvan-
tage of potentially adding time and cost to the ED evalu-
ation, the potential saving to the health care system from
a reduction in unnecessary hospital admissions would,
at some threshold of admission reduction, more than off-
set the costs of such testing, resulting in overall cost sav-
ings. Given the fact that over 750,000 people with sus-
pected acute cardiac ischemia who are admitted to CCUs
each year are ultimately found not to have acute ischemic
heart disease, a tool which would improve ED triage has
the potential to save millions of dollars. Weissman et al.
[131] showed that diagnostic confidence of the treating
physician improved with SPECT perfusion imaging with
Tc-99m sestamibi in 50 patients presenting to the ED with
unexplained chest pain. Moreover, treatment strategy was
altered in 34 out of 50 patients, with 29 being discharged
after the imaging results were obtained. This resulted in a
cost saving of approximately $786 per patient when com-
pared to similar patients presenting to the hospital but
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managed without any imaging. Radensky et al. [147] retro-
spectively looked at cost-effectiveness of a “scan strategy’’
in ED patients presenting with chest pain but nondiagnos-
tic ECGs who underwent myocardial perfusion imaging
with Tc-99m sestamibi. Compared to a “no scan’’ strategy
where patients were admitted or discharged based on clin-
ical and electrocardiographic characteristics, there was an
approximately $900 cost saving per patient with the “scan
strategy.’’ Ziffer and colleagues [146] were able to show
that by implementing a myocardial perfusion imaging-
based chest pain center protocol, the length of hospital
stay was reduced (12 hours vs. 1.9 days) and $1892 were
saved per patient. The prospective randomized study by
Stowers et al. [143] assessed differences in hospital cost
between a conventional and perfusion imaging-guided
strategy. They found that the median hospital costs per
patient were $1843 lower in the perfusion imaging-guided
arm as compared with the conventional arm. Heller and
coworkers [134] estimated savings in a similar range. In
contrast, an observational study by Kosnik and colleagues
[137] evaluated 69 patients already being admitted to the
hospital and estimated that the use of sestamibi imaging
would hypothetically lead to more appropriate triage in
42% of patients but at an additional cost of $307 per patient.

Overall, the majority of studies point to a potential
cost savings by incorporating the routine use of acute
rest myocardial perfusion imaging in patients with low-
to-moderate risk chest pain and nondiagnostic ECGs.
However, the ultimate effectiveness of an ED strategy us-
ing perfusion imaging will depend on numerous factors:
cooperation between ED physicians, nuclear medicine
physicians, and cardiologists, as well as the ability of the
decision-making physician to incorporate the strong prog-
nostic value of the imaging data into the ED triage de-
cision. If it is possible to significantly improve the ED
decision-making process in these patients, as suggested
by the growing number of studies demonstrating a very
high negative predictive value for the absence of cardiac
events with a normal scan in this setting, the incorporation
of this test may indeed be cost-effective, potentially even
cost-saving, if used to its maximum potential.

Assessment of regional and global left
ventricular function in the ED chest pain patient

Hauser et al. [148] demonstrated many years ago that
regional wall motion abnormalities can be visualized
echocardiographically within seconds of coronary occlu-
sion in patients undergoing percutaneous coronary angio-
plasty. Moreover, these changes occurred prior to the on-
set of electrocardiographic changes or the development
of symptoms [149]. Such studies illustrate the concept
of the “ischemic cascade.’’ That is, ischemia is not an
“all-or-none’’ phenomenon, but rather a stepwise series

of events occurring as the oxygen supply and demand
mismatch progressively worsens. Based on these obser-
vations, one can surmise that ischemic chest pain would
be expected to often be accompanied by regional wall mo-
tion abnormalities, and also that perfusion imaging may be
more sensitive to detect changes in myocardial blood flow
that may not result in regional functional abnormalities.

Several authors have investigated 2D echocardiography
as a tool to distinguish ischemic from nonischemic chest
pain in the ED (Table 9.9) [150–155]. Specificity for acute
ischemia or infarction may be modest in general popula-
tions, since the presence of regional wall motion abnor-
malities does not establish the diagnosis of ischemia, as
regional wall motion abnormalities can result from many
causes other than acute ischemia. These include prior MI,
conduction abnormalities like left bundle branch block,
and also non-ischemic-dilated cardiomyopathies. Using
2D echocardiography in the ED, Sasaki et al. [150] studied
46 patients with chest pain and normal ECGs. Excluded
from this study were patients with prior MI, cardiomyopa-
thy, valvular heart disease, and left bundle branch block.
Eighteen patients underwent the study during chest pain,
while in 28 the study was performed after resolution of
symptoms. Among patients studied during chest pain,
8 of the 18 had regional wall motion abnormalities, of
which 6 eventually had an infarct and 2 had significant
CAD, yielding an 86% sensitivity and 82% specificity for
detection of infarct. Only 1 of 10 patients with normal wall
motion developed an infarct and none of the others had
significant CAD. Among patients studied in the absence of
chest pain, 8 of 10 patients with abnormal studies had an
infarct as opposed to none of those with normal studies,
yielding a sensitivity and specificity for infarct detection of
100% and 90% respectively. Eighteen of these 28 patients
had no regional wall motion abnormalities, none devel-
oped an infarct but 5 had significant CAD. This relatively
small study concluded that the presence of regional wall
motion abnormalities both during or after chest pain corre-
lated well with development of an infarct, and that a neg-
ative study during chest pain did not completely exclude
the possibility of an infarct. Moreover, a negative study
after resolution of chest pain did not miss an evolving in-
farct but did not detect CAD in a significant number of
patients.

Peels et al. [152] studied 43 patients presenting
with chest pain and nondiagnostic electrocardiography
changes. Patients with prior infarcts, known CAD, and
poor acoustic windows were excluded from the study. The
patients were imaged in the ED as soon as possible, prior to
resolution of chest pain or initiation of any medications.
They found an 88% sensitivity, 78% specificity, and 82%
negative predictive value for the prediction of CAD by
angiography. The negative predictive value was 94% for
MI alone as detected by enzymes.
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Sabia et al. [151] studied 180 consecutive patients pre-
senting to the emergency room at an academic hospital
with chest pain. Ninety-four percent had technically ade-
quate ECGs. This study did not exclude patients with di-
agnostic ECGs, known prior infarcts, or CAD. No regional
wall motion abnormalities were detected in 82 patients, of
whom 60 had completely normal studies (no regional or
global dysfunction) and 22 had global hypokinesis with-
out regional wall motion abnormalities. Among these 82
patients, there were 2 (2%) who subsequently ruled in for
a non-Q wave MI by cardiac enzymes, but without clin-
ical sequelae. Of the 87 patients with regional wall mo-
tion abnormalities, 27 (31%) had an AMI. The initial ECG
was diagnostic (ST elevation with or without Q waves)
in 9 (30%) of these patients, and 8 had an ECG that was
not interpretable for an AMI (due to left bundle branch
block, pacing, or left ventricular hypertrophy with strain).
The authors concluded that the presence of regional wall
motion abnormalities in patients presenting to the ED in-
creased the diagnostic yield and could potentially dimin-
ish unnecessary admissions. They estimated a potential
32% reduction in hospital admissions if patients with no
regional wall motion abnormalities were discharged from
the ED. It is important to note, however, that in this study
the treating physicians were blinded to the results of the
imaging and the decision to admit was based on clinical
and ECG criteria only.

Trippi et al. [154] looked at the practicality and accu-
racy of dobutamine stress tele-echocardiography in pa-
tients presenting to the ED with chest pain. Patients un-
derwent resting 2D echocardiography in the ED, and if a
resting wall motion abnormality was not identified, the
patients underwent dobutamine stress echocardiography
supervised by a trained nurse. The images were trans-
mitted by telephone to a cardiologist. Among the 24/163
patients who did have resting wall motion abnormalities,
10 had cardiac events while 14 did not. There were nine
false-negative resting ECGs, of which seven were identi-
fied on subsequent dobutamine stress echocardiography.
The sensitivity and specificity of resting echocardiography
in this study was 53 and 90%, respectively, with a neg-
ative predictive value of 93%. These authors concluded
that dobutamine stress tele-echocardiography in the ED
enabled rapid triage of patients with chest pain and that
pharmacologic stress echocardiography improved diag-
nostic accuracy over rest imaging alone.

More recently, Kontos et al. [155] performed 2D echocar-
diography within 4 hours of chest pain in 260 ED patients.
The sensitivity of either regional wall motion abnormal-
ities or an ejection fraction less than 40% on echocardio-
graphy for predicting cardiac events (MI or revascular-
ization) was 91% with a negative predictive value of 98%
(Table 9.9).

Thus, although the analysis of regional wall motion ab-
normalities by echocardiography in the ED setting is con-
ceptually sound, the published data, particularly the im-
portant negative predictive value, are not as consistently
robust as in the myocardial perfusion imaging literature
(Table 9.8). There may be several potential explanations
for this difference. First, the rate of technically inadequate
studies is distinctly higher with echocardiography than
with current SPECT imaging techniques. Approximately
8–10% of echocardiographic studies are technically inad-
equate for analyzing all myocardial regions. Moreover, it
appears from studies in which the timing of wall motion
or perfusion analysis can be assessed relative to the timing
of symptoms that the analysis of regional wall motion ab-
normalities is far more sensitive to the presence or absence
of symptoms during the time of the analysis. In one study
[150], the sensitivity of regional wall motion abnormali-
ties in patients with suspected unstable angina dropped
significantly when symptoms were not present at the time
of the study. The data on SPECT perfusion imaging stud-
ies on this point, while not completely consistent, suggest
that there is a much large “time window’’ during which
one may still obtain powerful stratification data, even
after symptoms abate. In the study of Tatum et al. [132],
sestamibi could be injected up to 6 hours after the cessa-
tion of symptoms. The negative predictive value remained
strong even many hours later. This is an important point, as
a large percentage of patients (up to 50% in some studies)
present to the ED with symptoms having already ceased.

There are advantages to echocardiography over SPECT
myocardial perfusion imaging. First, it is logistically much
more convenient. Second, there is an advantage in delin-
eation of structural abnormalities. In the setting of sus-
pected aortic dissection, transthoracic, and particularly
transesophageal echocardiography can provide critically
important diagnostic data. In suspected pulmonary em-
bolus, evaluation of right ventricular function and size is
of diagnostic importance. Thus, when particular clinical
syndromes in the setting of acute chest pain in the ED
are suspected, echocardiography may be selected to ex-
amine these more closely. However, since the frequency
of these diagnoses is quite low among large populations
of ED chest pain patients, the routine application of such
technology to all patients will not necessarily be of high
yield.

Gated SPECT imaging in the ED

Unlike in echocardiography, gated SPECT imaging is usu-
ally delayed for 30–60 minutes after the injection of the
Tc-99m-labeled tracer. Thus, the functional information
obtained pertains to the resting state. Transient stress-
induced abnormalities of regional left ventricular function
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that have resolved prior to the beginning of image ac-
quisition will therefore not be detected. Thus, as non-
redistributing tracers are injected in the ED but imaged
sometime later under a SPECT camera, the opportunity to
detect blood flow abnormalities is more robust than that
to detect functional abnormalities.

Furthermore, in contrast to the AMI or obvious unsta-
ble angina populations, where abnormalities of left ven-
tricular function take on significant diagnostic and prog-
nostic importance in the setting of known CAD, patients
with chest pain in the ED make up a very heterogeneous
group. In particular, patients with chest pain but nondiag-
nostic ECGs are, on the whole, a lower risk population with
preserved left ventricular function. Thus, the prevalence
of underlying abnormalities in left ventricular function is
likely to be low as was shown by Tatum et al. [132] (2%).

There is limited information on the utility of incorpo-
rating information on regional or global left ventricular
function in ED triaging. However, a recently published
prospective multicenter study by Kaul et al. [140] exam-
ined 203 patients presenting to the ED with chest pain
without ST-segment elevation who underwent contrast
echocardiography and gated SPECT imaging to assess re-
gional perfusion as well as function. SPECT imaging data
were available in 163 of these 203 subjects. In this group,
36 patients had an abnormal perfusion image and 53 had
an abnormal assessment of function, while a composite
reading of both perfusion and function was abnormal in
60 patients. The odds ratio for adverse events as predicted
by a composite reading was significantly higher than that
predicted by either variable alone, suggesting that com-
bined imaging of function and perfusion at the time of
presentation in the ED provides more robust diagnostic
and prognostic information. It should be noted that these
were somewhat higher risk patients with 75% having a
history of typical angina, 54% having a prior history of
angina, and one-third undergoing prior revascularization.
Whether combined assessment of perfusion and function
would be as beneficial in a lower risk population remains
to be determined.

Apart from its potential prognostic value, ECG gating
has improved our ability to distinguish between attenu-
ation artifacts and fixed perfusion defects (in stress/rest
image pairs) since resting regional left ventricular func-
tion should be normal in the former situation. Its utility
for ED triaging of chest pain patients, however, is limited
because only one set of perfusion images, corresponding
to the stress images in the conventional sense, is acquired,
and perfusion defects with normal regional left ventricu-
lar function in this setting is consistent with a diagnosis of
transient myocardial ischemia.

Attempts to distinguish true perfusion defects from ar-
tifacts have included the use of attenuation correction
programs. In the context of ED triaging, Hendel and

colleagues [156] examined the ERASE Chest Pain trial
database in which some centers routinely used attenua-
tion correction and gated SPECT imaging. In 319 patients,
the use of both attenuation correction and gating reduced
the number of equivocal scans and increased reader confi-
dence in interpretation. Segmental scores were more nor-
mal in patients ultimately found to not have an acute
ischemic syndrome, by both methods. However, atten-
uation correction slightly reduced the scores of patients
with an acute ischemic syndrome (inappropriately). From
these data it appears that either method has the potential
to be useful, though gating perhaps more so. The compar-
ative usefulness of these modalities will need to be reeval-
uated as attenuation correction techniques continue to
evolve.

It is important to remember that the goal of perfusion
scintigraphy in the ED setting is the optimal identification of
patients with acute cardiac ischemia. Therefore, when a study
appears to be equivocal, one should err on the side of inter-
preting it as abnormal so as to obtain a high sensitivity for
the detection of cardiac ischemia. In the study by Hilton
and colleagues [130], which reported the prognostic sig-
nificance of resting perfusion imaging in ED patients with
typical angina and a nondiagnostic ECG, patients with
studies interpreted as equivocal had a prognosis that was
intermediate between patients with a normal scan and those
with an abnormal scan. While patients with a normal scan
had an extremely low (1 event in 70) rate of cardiac events
defined as predischarge cardiac death, nonfatal MI, or the
need for immediate coronary intervention, patients with
an equivocal or abnormal scan had higher event rates of 13
and 71%, respectively. In the ERASE chest pain trial, while
the risk of AMI was 0.6, 0.8, and 10.3% for normal, equiv-
ocal, and abnormal Tc-99m sestamibi rest scans, respec-
tively, the risk of the combined endpoint of AMI, death,
or revascualrization was 3, 6.1, and 20.5%, respectively.
Given these results, interpretation of perfusion images in
this setting should optimize sensitivity for detecting acute
ischemia at the cost of specificity.

While no formal analysis of the cost-effectiveness of
simultaneous functional and perfusion assessment has
been performed, even a small incremental yield would be
considered cost-effective since the time and cost involved
in performing gated SPECT imaging in conjunction with
standard resting perfusion imaging is so minimal. Thus,
to the extent that the limited published data such as that
by Tatum and colleagues [132] are generally reflective of
what would be seen in wider use, even the capture of a
very small percentage of patients who have dilated car-
diomyopathy with chest pain as their presentation would
be of considerable importance and remain cost-effective.
Table 9.10 summarizes the ACC/AHA/ASNC recom-
mendations regarding radionuclide imaging in the ED
[94].
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Table 9.10 ACC/AHA/ASNC recommendations for radionuclide imaging

in the ED.

Level of
Indication Test Class evidence

Assessment of myocardial risk

in ACS patients with

nondiagnostic ECG and initial

serum markers (if available)

Resting MPI I A

Diagnosis of CAD in possible

ACS patients with chest pain

with nondiagnostic ECG and

negative serum cardiac

markers or normal resting

scan

Same day

rest/stress

MPI

I B

Routine imaging of patients

with myocardial

ischemia/necrosis already

documented clinically, by

ECG and/or serum markers

Rest MPI III C

Abbreviations: ACS, acute coronary syndrome; CAD, coronary artery disease;

MPI, myocardial perfusion imaging.

Source: From [93].

Conclusions

The extensive bodies of literature that exist regarding the
diagnostic and prognostic importance of SPECT perfusion
imaging data as well as information on regional and global
left ventricular function by many techniques suggest that
the combination of the two into one test would provide
a very powerful tool for patient management in the set-
ting of acute coronary syndromes. Within one test, numer-
ous variables of proven prognostic importance may be
obtained (Table 9.11). There has been a steady increase in
the number of studies that have examined the incremental
role of combined assessment of ventricular function and
perfusion using gated SPECT imaging and this assessment
has rapidly become routine practice in most laboratories.
The very modest incremental cost in terms of both time and

Table 9.11 Prognostic variables from gated SPECT

perfusion imaging applicable to acute coronary syndromes.

Presence of inducible ischemia

Extent of inducible ischemia

Perfusion defect size

Final infarct size

End-systolic volume

Left ventricular ejection fraction

Extent of regional wall motion abnormality

Presence of preserved viability within dysfunctional territories

money suggests that this practice is cost-effective. Even in
the era in which the majority of patients undergo coro-
nary angiography, there are many patient subgroups who
do not, and who can, benefit from scintigraphy, either at
rest alone or in combination with stress.
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10 Clinical value of assessment of perfusion
and function for the evaluation of
myocardial viability in patients with
ischemic left ventricular dysfunction

Jeroen J. Bax
Don Poldermans

Introduction

Heart failure has become one of the largest clinical prob-
lems in cardiology. Over the last years, the number of
patients presenting with heart failure has increased ex-
ponentially and is projected to double in the next few
years. Recent estimations have indicated that 4.7 million
patients in the United States have chronic heart failure,
with 400,000 new patients per year, resulting in 1 million
hospitalizations [1]. From a pooled analysis of 13 ran-
domized studies published in the New England Journal of
Medicine on drug therapy in heart failure, it became clear
that almost 70% of more than 20,000 patients had coro-
nary artery disease as the underlying cause of heart failure
[1]. This percentage may even be higher since a substan-
tial number of patients in these studies did not undergo
cardiac catheterization.

The various therapeutic options for the patients with
heart failure secondary to ischemic left ventricular (LV)
dysfunction are summarized in Table 10.1. Medical therapy
forms the cornerstone of treatment in heart failure. Many
improvements in medical therapy have been obtained
over the past years. Angiotensin-converting enzyme
(ACE) inhibitors have been demonstrated to improve
survival in large heart failure studies such as the SAVE
and SOLVD trials [2,3]. In patients with ischemic heart
failure, the survival benefit of ACE inhibition is likely due
to prevention (or reversal) of LV remodeling and hypertro-
phy, but a significant reduction in acute ischemic events
has also been demonstrated. In addition, angiotensin-II
receptor blockers have been evaluated in patients with
heart failure. Data from the ELITE II trial (a direct compar-
ison with ACE inhibitors) demonstrated that angiotensin-
II receptor blockers had a comparable reduction in mor-
tality [4]. Various trials with β-blockers have shown the
benefit of these drugs in patients with heart failure [5].

Meta-analysis of 22 trials (>10,000 patients) on the use of
β-blockers in heart failure have demonstrated a clinically
meaningful reduction in mortality and morbidity [6]. Four
major trials in ischemic heart disease have all demon-
strated a reduction in overall mortality and sudden death
with the use of β-blockers [7]. Also, blockade of aldos-
terone receptors by spironolactone has been demonstrated
useful in the treatment of heart failure in the RALES study
[8], and amiodarone has been demonstrated to reduce sud-
den death in patients with heart failure [9]. Still, the long-
term prognosis remains poor when patients are treated
medically. In particular, recent data from Cowie et al. [10]
showed a 1-year mortality of 38%, and when these results
are extrapolated to 5-year survival, the results are not that
different from those obtained in the Framingham study
[11].

Heart transplantation has an excellent long-term prog-
nosis; in a recent review Kirklin et al. [12] reported that
the 1-year and 7-year survival approached 90 and 75%,
respectively. On the other hand, the limited amount over
donor hearts does not meet the enormous demand, and is
therefore no realistic option in clinical cardiology.

Cardiac resynchronization therapy is a relatively new ther-
apeutic option for patients with heart failure [13]. Pacing
of the left ventricle (in addition to right ventricular pacing)
has resulted in an improvement in symptoms, quality-
of-life score, exercise capacity, and LV systolic function
[13]. This therapy is effective in patients with severe heart
failure, dilated cardiomyopathy, and wide QRS complex
(>120 ms). Still, despite these selection criteria, 30% of
patients do not respond to cardiac resynchronization ther-
apy, and it has been postulated that LV dyssynchrony is
mandatory to respond to this therapy [14].

Surgery in patients with heart failure has become more
popular over the recent years. In 1994, Baker et al. [15]
published a meta-analysis on studies reporting on surgical
revascularization in patients with depressed LV ejection
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Table 10.1 Current therapeutic options for ischemic cardiomyopathy.

� Medical therapy

– Many (new) medications: diuretics, digoxin, ACE inhibitors, AT-II

receptor blockers, β-blockers, spironolactone

– Still survival on medical therapy is poor
� Heart transplantation

– Good long-term survival

– Limited number of donor heart does not meet large demand
� Cardiac resynchronization therapy

– Improvement in symptoms, exercise capacity, systolic LV function

– Reduction in hospitalization, maybe in heart failure mortality

– 30% of patients do not respond, due to absence of LV dyssynchrony
� Surgery

– Revascularization if viable myocardium present, but associated risk is

high

– Additional surgery: mitral valve repair, LV aneurysmectomy,

LV restoration

fraction (LVEF <40%). The results indicated that (peri-)
operative mortality was high, ranging from 5 to 30% de-
pending on the baseline LVEF and comorbidity. Moreover,
based on the available studies, the benefit of patients with
heart failure without concomitant angina was unclear. The
observational work by Rahimtoola, however, has demon-
strated that improvement in LV function can be observed
after revascularization [16]. Since LV function is an impor-
tant prognostic parameter, in particular in heart failure
patients with severely depressed LV function, focus has
shifted to preoperative identification of patients who may
improve in LV function post-revascularization. To under-
stand the improvement in LVEF post-revascularization in
some patients, the concept of myocardial viability has been
introduced. In some patients, dysfunctional myocardium
is still alive, although resting contraction is reduced or ab-
sent and revascularization may improve function. In other
patients, dysfunctional myocardium is secondary to scar
tissue and revascularization will not improve LV function.
This awareness has resulted in the development of tech-
niques that are capable of detecting viable myocardium
predicting improved function post-revascularization.
Currently, various techniques are used and this chapter
is focused on the use of perfusion and function (in partic-
ular contractile reserve) to assess viability.

Pathophysiology of dysfunctional but
viable myocardium

Initially, it was thought that dysfunctional myocardium,
related to coronary artery disease, was equivalent to my-
ocardial scar formation. However, various studies demon-
strated that improvement of function after revasculariza-
tion was possible. In particular, Dilsizian et al. [17] studied

27 patients before and after revascularization and demon-
strated an average improvement in LVEF from 55 ± 9%
to 60 ± 8%, with a significant improvement in 74% of
patients. To evaluate the changes in LVEF in patients with
depressed LVEF, Schinkel et al. [18] performed an obser-
vational study in 258 consecutive patients with ischemic
cardiomyopathy (mean LVEF 29 ± 7%) who were referred
for surgical revascularization. The authors demonstrated
that significant improvement in LVEF occurred in 39% of
patients. Also, 19% showed a worsening in LVEF and 42%
remained unchanged in LVEF (Fig. 10.1).

The potential improvement in LVEF is considered to be
the result of revascularization of jeopardized but viable
myocardium – jeopardized in terms of reduced resting
flow or reduced flow reserve. Rahimtoola popularized
the term hibernation for a process described as follows:
a condition of chronic sustained abnormal contraction
due to chronic underperfusion in patients with coronary
artery disease in whom revascularization causes recov-
ery of LV function [19]. Indeed, various studies have
shown that resting blood flow in dysfunctional segments
with improved function post-revascularization was re-
duced pre-revascularization as compared to remote, nor-
mal myocardium. For example, Maes and colleagues
[20] evaluated 17 patients with positron emission to-
mography (PET) using 13N-ammonia to evaluate blood
flow. Blood flow in segments with reversible dysfunc-
tion was 62 ± 14 ml/(min 100 g tissue) as compared to
93 ± 11 ml/(min 100 g tissue) (P < 0.05). Much of the
work coming from Vanoverschelde and Melin [21], how-
ever, demonstrated that resting blood flow was not sig-
nificantly reduced in dysfunctional myocardium that
showed improved function post-revacularization. Depre
and colleagues [22] demonstrated that resting blood flow
was 88 ± 23 ml/(min 100 g tissue) in dysfunctional seg-
ments with improved function post-revascularization, as
compared to 100 ± 18 ml/(min 100 g tissue) in remote

Figure 10.1 Incidence of significant improvement in LVEF

post-revascularization in 258 consecutive patients with ischemic

cardiomyopathy (mean LVEF 29 ± 7) undergoing surgical revascularization.

(Based on [18].)
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myocardium (not significant, NS). In his landmark
paper, Vanoverschelde et al. [23] demonstrated that the
flow reserve, however, was blunted in the dysfunc-
tional segments that improved in LV function post-
revascularization. On the basis of their observations, the
authors suggested that repeated ischemic attacks may re-
sult in chronic dysfunction, with resting flow remaining
normal or mildly reduced, a condition termed repetitive
stunning [23]. In a summary of 18 PET studies [n = 295
patients) with quantitative flow analyses, it became evi-
dent that 7 studies had shown normal resting flow in re-
versible dysfunctional myocardium, whereas 11 studies
had demonstrated reduced resting flow [20]. Of interest,
the highest resting flow in chronic reversible dysfunctional
segments was 101 ± 23 ml/(min 100 g tissue), whereas the
lowest flow value was 55 ± 13 ml/(min 100 g tissue). Thus,
it appears that a continuum exists in jeopardized dysfunc-
tional myocardium from normal resting flow to severely
reduced resting flow.

Over the last few years, various animal studies have
been performed to better understand the issue of resting
flow in chronic reversible LV dysfunction. Early work in
short-term (1-week) models of coronary stenosis demon-
strated preserved resting perfusion [24] in dysfunctional
zones. Animal models with induction of chronic coronary
artery stenosis for 6 weeks revealed the following results
[25–27]: dysfunction occurred early after introduction
of the coronary artery stenosis, while flow remained
(near-) normal, consistent with stunning. Postmortem
histopathological examination of these regions did not
show evidence of necrosis. Later in time however, some
dysfunctional segments developed a gradual decrease
in resting flow. These later findings are consistent with
hibernation, although partial infarction occurring over
time may have influenced results. Fallavolita and Canty
[25,26] have shown in a pig model of chronic hibernation
that flow was normal at 1–2 months with a reduced flow
reserve (indicative of chronic stunning), whereas resting
flow became reduced at 3–4 months (indicative of hiber-
nation). These observations support the hypothesis that a
temporal progression exists from stunning, characterized
by (near-) normal flow (with reduced flow reserve) to hi-
bernation, with reduced resting flow. In the clinical setting
different situations may coexist in the same patient. For
these reasons, the term “jeopardized myocardium” may
include the entire spectrum from (repetitive) stunning
to hibernation. Indeed, Hernandez-Pampaloni et al. [28]
recently evaluated 116 patients with chronic ischemic
LV dysfunction; all patients underwent PET to assess
perfusion and glucose utilization (to evaluate viability).
In these 116 patients, 834 dysfunctional segments were
identified, with 675 viable (based on preserved glucose
utilization) and 159 scar segments (with reduced glucose
utilization). The majority of the viable segments had

normal flow (indicating stunning), whereas only 11%
had reduced flow, indicating hibernation. In the clinical
setting, differentiation between stunning and hiberna-
tion may be less relevant, since both conditions need
revascularization with restoration of adequate flow.

Clinical relevance of myocardial viability

For many years, the clinical relevance of myocardial via-
bility for patient management was unclear, and physicians
were questioning the incidence of viable myocardium in
patients with chronic LV dysfunction. Accordingly, var-
ious studies have focused on the incidence of myocar-
dial viability. Schinkel et al. [29] evaluated 104 patients
with chronic ischemic LV dysfunction (mean LVEF 25 ±
7%) using perfusion/metabolic imaging with technetium-
99m tetrofosmin and F18-fluorodeoxyglucose (FDG) and
showed that 61% of patients had residual viability. Of in-
terest, the number of dysfunctional segments was highest
(7.2 ± 4.0) in the 23 patients with the lowest LVEF (≤20%)
(Fig. 10.2). Various other studies demonstrated substan-
tial viability in a large subset of patients with chronic
ischemic LV dysfunction (Table 10.2). These observations
underscored that viability is not uncommon and system-
atic evaluation for it is necessary.

Using viability assessment, it has become possible to
predict outcome after revascularization. In different stud-
ies, different endpoints after revascularization have been
used (summarized in Table 10.3).

Initially, the studies aimed at prediction of improve-
ment of regional LV function. Pooled data from 105
viability studies (n = 3003 patients), included 15,045 dys-
functional segments, with 7941 (53%) improving in func-
tion after revascularization [35]. Pooled analysis revealed

Figure 10.2 The mean number of dysfunctional but viable segments in

104 patients with ischemic cardiomyopathy, divided according to baseline

LVEF. The number of dysfunctional segments was highest in patients with

the lowest LVEF. (Based on [29].)
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Table 10.2 Incidence of viability in patients with chronic ischemic LV

dysfunction.

No. of Viability Incidence
Author points LVEF technique of viability

Al-Mohammad [30] 27 19 ± 6% PET 52%

Auerbach [31] 283 26 ± 8% PET 55%

Schinkel [29] 104 25 ± 7% SPECT 61%

Fox [32] 27 NA SPECT 37%

Schinkel [33] 150 31 ± 12% DSE 58%

Abbreviation: DSE, dobutamine stress echocardiography; LVEF, left ventricu-

lar ejection fraction; PET, positron emission tomography; SPECT, single pho-

ton emission computed tomography.

a sensitivity of 84% with a specificity of 69% to predict
improvement of regional LV function [35]. From a clinical
point of view, the prediction of improvement of global LV func-
tion (or LVEF) is more important. When data from 29 via-
bility studies (n = 758 patients) on prediction of improve-
ment in LVEF were pooled, it became evident that an im-
provement in LVEF was observed only in the patients with
viable myocardium, whereas no improvement occurred
in the patients without viable myocardium (Fig. 10.3) [36].
The precise amount of viable myocardium to predict im-
provement in LVEF, however, is still unclear, but it appears
to be quite large. Some studies suggested that 20–30% of
the left ventricle needs to be viable to result in improve-
ment in LVEF.

While improvement in LV function has been the princi-
pal focus of most studies, whether improvement in symp-
toms and exercise capacity is related to viability has also
been addressed. In particular, Di Carli et al. [37] evalu-
ated 36 patients with FDG PET and demonstrated that
an increase in exercise capacity as expressed in METS was
related to the preoperative extent of viable myocardium
(Fig. 10.4).

Few studies have focused on the relation between via-
bility and reverse LV remodeling. These studies have shown
that patients with extensive viable myocardium showed
a significant reduction in LV volumes after revasculariza-

Table 10.3 Potential endpoints to measure

outcome after revascularization in viability

studies.

– Improvement of regional LV function

– Improvement of global LV function (LVEF)

– Improvement of symptoms

– Improvement of exercise capacity

– Reverse LV remodeling

– Long-term prognosis

Figure 10.3 Pooling of 29 studies (with 758 patients) focusing on the

prediction of LVEF after revascularization using different viability techniques

demonstrated a significant improvement in LVEF post-revascularization in

viable patients, while LVEF did not improve in the nonviable patients.

(Based on [36].)

tion [38,39]. Finally, various studies have evaluated the
prognostic value of viability in relation to therapy [40].
These studies consistently showed a low event-rate in
patients with viable myocardium who underwent revas-
cularization, suggesting that revascularization stabilizes
the unstable substrate of dysfunctional but viable my-
ocardium. Pooling of 17 prognostic studies with various
viability techniques showed a 7% event-rate in viable pa-
tients undergoing revascularization, as compared to a 20%
event-rate in viable patients who were treated medically
[36] (Fig. 10.5).

All these findings support the need and clinical rele-
vance of viability assessment in patients with chronic LV
dysfunction.

Figure 10.4 Changes in exercise capacity (METS) according to the extent

of viable myocardium on FDG PET. Patients with a larger extent of viable

myocardium showed a larger increase in exercise capacity

post-revascularization. (Data based on [37].)
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Figure 10.5 Pooling of 17 prognostic studies with various viability

techniques showed a 7% event-rate in viable patients undergoing

revascularization, as compared to a 20% event-rate in viable patients who

were treated medically; and intermediate event-rates (17%) in nonviable

patients. (Based on [36].)

Viability techniques

At present, several techniques are available for as-
sessment of myocardial viability, focusing on various
characteristics of dysfunctional but viable myocardium.
These characteristics include intact perfusion, cell mem-
brane integrity, intact mitochondria, preserved glucose
and (possibly) fatty acid metabolism, and contractile
reserve (Table 10.4) [36]. All of these characteristics can

Table 10.4 Imaging techniques versus characteristics of

dysfunctional but viable myocardium.

Tracer, imaging modality Characteristics

Thallium-201 chloride Perfusion

SPECT Intact cell membrane

Technetium-99m labeled tracers Perfusion

SPECT Intact cell membrane

Intact mitochondria

F18-fluorodeoxyglucose Glucose metabolism

PET or SPECT

BMIPP Free fatty acid metabolism

SPECT

Echocardiography

Dobutamine stress Contractile reserve

Intravenous contrast Perfusion

Tissue Doppler Postsystolic thickening

Magnetic resonance imaging

Dobutamine stress Contractile reserve

Contrast agents Scar tissue

be evaluated by scintigraphic techniques (using PET or
SPECT; see Table 10.4). Besides scintigraphy, echocardio-
graphy (using tissue Doppler imaging, dobutamine stress,
or intravenous contrast) and magnetic resonance imaging
(MRI) (using dobutamine stress or contrast agents) have
also been used for assessment of viability (Table 10.4). In
the clinical setting, assessments of function (contractile re-
serve) and perfusion are the most important tool for as-
sessing viability. The available evidence with imaging of
perfusion and contractile reserve (function) will be sum-
marized in the remainder of this chapter. Applications of
MRI will not be addressed here but are discussed in detail
in Chapter 13.

Assessment of perfusion and cell
membrane integrity for viability

The most frequently used nuclear imaging technique to
assess viability by means of perfusion in the clinical set-
ting is SPECT imaging with either thallium-201 chloride
or technetium-99m labeled tracers (sestamibi or tetrofos-
min). More recently, myocardial contrast echocardiog-
raphy (MCE) has also been used for the assessment of
perfusion to detect viable myocardium.

Thallium-201

Thallium-201 has been used for many years, and a variety
of protocols have been employed; the two most important
protocols are rest-redistribution and stress-redistribution-
reinjection imaging [41]. Rest-redistribution provides
information only on viability, whereas the stress-
redistribution-reinjection protocol provides information
on both viability and stress-induced ischemia. With rest-
redistribution imaging, two sets of images are acquired:
the first set of images (obtained directly following tracer
injection) represents perfusion and the second set of
images (obtained 3–4 h after tracer injection) allows
assessment of viability. With the stress-redistribution-
reinjection protocol, initial images are obtained early af-
ter stress and a second set of images is obtained 3–
4 hours later (redistribution images). Subsequently, a
second dose of thallium-201 chloride is injected, and
1 hour thereafter reinjection images are acquired. The
stress and redistribution images allow assessment of is-
chemia, and the reinjection images provide further infor-
mation on viability (some of the viable myocardium is
already documented by the stress/redistribution images
alone).

Markers of viability on thallium-201 studies are (1) nor-
mal thallium-201 uptake (normal perfusion) at stress; (2)
perfusion defects on the stress or rest images with redis-
tribution on delayed images (frequently a threshold of

261



Clinical Gated Cardiac SPECT

20% increase in tracer uptake is used) on any of the other
images (reversible defects); (3) tracer uptake greater than
50% on the redistribution or the reinjection images [41].
The first of these could apply to viable myocardium after
reperfusion – such as might be seen with true stunning
after successful stenting or thrombolysis. The second (re-
versible defects) appears to reflect adequately jeopardized
but viable myocardium. The third criterion – that of 50%
or more tracer uptake – is more problematic. Frequently,
segments with 50% or more tracer uptake do not improve
in function after revascularization. The principal reason
for this observation is the presence of nontransmural in-
farction, rather than jeopardized, viable myocardium [42].
These segments are not capable of improving function
post-revascularization and this will affect specificity of
the technique to predict absence of functional recovery.
Thirty-three studies (22 using rest-redistribution and 11
using a reinjection protocol) with a total of 858 patients
have focused on prediction of improvement of regional func-
tion post-revascularization [35]. The mean sensitivity and
specificity of these studies were 86 and 59% [35]. The lower
specificity can be ascribed to the use of cutoff levels (usu-
ally tracer uptake >50 to 65%), which do not accurately
reflect jeopardized, viable myocardium but frequently re-
flect subendocardial scars. To further evaluate this prob-
lem, Kitsiou et al. [42] studied 24 patients with ischemic
cardiomyopathy with thallium-201 stress-redistribution-
reinjection imaging prior to revascularization. Indeed,
only 30% of segments with fixed defects classified viable
because of thallium-201 uptake greater than 50% demon-
strated recovery of function post-revascularization. How-
ever, when the fixed defects with tracer uptake greater
than 50% were divided into with and without inducible
ischemia (thus having jeopardized myocardium or not),
it became evident that segments without inducible is-
chemia, but with tracer uptake greater than 50% had a low
likelihood of recovery of function post-revascularization
(Fig. 10.6). This approach (adding the information of is-
chemia) allows more accurate prediction of recovery of
function post-revascularization.

Improvement of global LV function has been reported com-
bining information from five studies with 96 patients. On
average, the LVEF improved from 30 to 38% in patients
with viable myocardium. In patients without viable my-
ocardium, the LVEF remained unchanged (29% vs. 31%)
[43]. Only one study has focused on the relation between
improvement in symptoms and reverse LV remodeling. Mule
and coworkers [38] evaluated 50 patients with ischemic
cardiomyopathy with thallium-201 stress-redistribution-
reinjection SPECT prior to revascularization. Patients
with jeopardized myocardium improved in LVEF (from
35 ± 6% to 43 ± 6%, P < 0.001) and showed reverse
LV remodeling post-revascularization: LV end-systolic

Figure 10.6 Segments with fixed defects on thallium-201

stress-redistribution-reinjection imaging with thallium-201 uptake greater

than 50% may or may not improve in function post-revascularization.

When inducible ischemia is present (left pie chart), the likelihood of

recovery is significantly larger than when inducible ischemia is absent (right

pie chart). (Based on [42].)

volume index decreased from 68 ± 16 to 52 ± 14 ml/m2

(P < 0.001) and LV end-diastolic volume index decreased
from 103 ± 21 to 91 ± 18 ml/m2 (P < 0.001). The “viable’’
patients also improved in New York Heart Association
(NYHA) class. In contrast, patients with scar tissue did not
improve in LVEF (34 ± 4% vs. 33 ± 7%, NS), and showed
further LV dilatation: LV end-systolic volume index in-
creased from 70 ± 14 to 78 ± 23 ml/m2(P < 0.001) and
LV end-diastolic volume index increased from 106 ± 19 to
116 ± 25 ml/m2 (P < 0.001). These patients also did not
improve in NYHA class.

Long-term prognosis in patients with respect to viability
has been evaluated in patients with thallium-201 imag-
ing [44–47]. These studies were uniform in demonstrating
that a superior long-term survival was present in patients
with viable myocardium who underwent revasculariza-
tion. The most comprehensive study was reported by
Pagley et al. [46] who studied 70 patients with depressed
LVEF; the patients were divided into two groups, accord-
ing to the presence or absence of a substantial amount of
viable myocardium. All underwent surgical revascular-
ization; the cardiac death rate was significantly lower in
patients with viable myocardium as compared to patients
without viable myocardium (18% vs. 41%).

Technetium-99m sestamibi and tetrofosmin

The uptake and retention of these tracers depends on
perfusion, cell membrane integrity, and mitochondrial
function [48]. Most studies for assessment of viability
have been performed with technetium-99m sestamibi [35],
but recent studies with technetium-99m tetrofosmin have
shown a comparable value of this tracer for the assessment
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of viability [49]. The role of technetium-99m labeled agents
for the detection of viable myocardium has been debated,
since initially underestimation of viable myocardium was
reported [50]. To improve the detection of viability with
sestamibi, several modifications of the imaging protocol
have been proposed. Early on, it was suggested that acqui-
sition of an additional redistribution image (4 h following
the initial resting image) or quantitative analysis of resting
regional sestamibi activity resulted in more accurate iden-
tification of viability [51,52] compared to visual inspec-
tion of rest images alone. Several groups have performed
studies with sestamibi SPECT following administration of
nitrates (either orally or intravenously) [53]. It is thought
that nitrates enhance blood flow (and tracer uptake) to my-
ocardial regions that are subtended by severely stenosed
arteries, i.e., hibernating myocardium. Bisi and cowork-
ers [54] have demonstrated excellent results with nitrate-
enhanced sestamibi SPECT imaging for the detection of
viable myocardium. Currently, with most of the protocols
used, the following criteria are used for assessment of vi-
able myocardium with sestamibi imaging: greater than 50
to 60% tracer uptake (or a somewhat lower uptake in the
inferior regions, since attenuation may falsely “lower” ac-
tivity in this region [55]) or defect reversibility after nitrate
administration.

Twenty studies (including seven following nitrate ad-
ministration) with a total of 488 patients have focused
on prediction of improvement of regional function post-
revascularization [35]. The mean sensitivity and specificity
of these studies were 81 and 66% [35]. Most of the stud-
ies used a resting image and segments were classified as
viable when activity exceeded a certain threshold (fre-
quently 50–60%). These cutoff levels however cannot dif-
ferentiate between jeopardized, viable myocardium and
nontransmural infarction, resulting in overestimation of
recovery of function with lower specificity for prediction
of functional recovery. When the nitrate-enhanced studies
were analyzed separately (seven studies, 180 patients), a
sensitivity of 86% and a specificity of 83% were obtained
[35].

Improvement of global LV function was evaluated in four
studies, with 75 patients; on average, the LVEF improved
from 47 to 53% in patients with viable myocardium [43]. In
patients without viable myocardium, the LVEF remained
unchanged (40% vs. 39%). Of note, the LVEF was relatively
preserved in the studies, whereas viability assessment
is most important in patients with severely depressed
LVEF.

There are no studies employing sestamibi imaging
focusing at prediction of improvement of heart failure
symptoms in relation to viability, and only one study
with sestamibi imaging is available on the long-term
prognosis in patients with ischemic cardiomyopathy [56].

Sciagra and coworkers [56] evaluated 105 patients with
chronic coronary artery disease and LV dysfunction;
all underwent nitrate-enhanced sestamibi imaging. The
most important prognostic predictor of future cardiac
events was the number of nonrevascularized dysfunc-
tional regions with viable tissue on sestamibi imaging,
emphasizing the value of viability but also the value of
adequate revascularization.

Myocardial contrast echocardiography

The improved technical properties of the myocardial con-
trast agents now allow for assessment of myocardial per-
fusion [57]. Whereas in the early studies intracoronary
injection of contrast was still needed, the more recently
developed contrast agents allow intravenous administra-
tion. The recent contrast agents are composed of high-
molecular-weight inert gases. The microbubbles stay in the
vascular space and do not enter the extravascular space;
within the vascular space, microbubbles behave like red
cells in terms of rheology and can be used in combination
with echocardiography to visualize directly the myocar-
dial perfusion. Since myocardial perfusion is a prerequi-
site for myocardial viability, MCE has been used to assess
tissue viability. Shimoni et al. [58] showed that MCE pa-
rameters of myocardial perfusion correlate positively with
the microvascular density and the capillary area and in-
versely with the extent of fibrosis. In the clinical setting,
myocardial perfusion by MCE is evaluated qualitatively,
and segments are visually classified as having normal,
patchy, or absent perfusion [59]. Nagueh et al. [60] per-
formed a direct comparison between dobutamine stress
echocardiography, thallium-201 imaging, and MCE in 18
patients undergoing revascularization. Both thallium-201
imaging and MCE had a high sensitivity with a lower
specificity, whereas dobutamine stress echocardiography
had a lower sensitivity with a relatively high specificity
for the prediction of improvement after revascularization.
In that study, MCE had a sensitivity of 89% and a speci-
ficity of 51% for the prediction of improvement of regional
function post-revascularization. Additional studies using
MCE confirmed this observation and consistently showed
a high sensitivity with a lower specificity [61]. Similar
to the problems encountered with nuclear imaging, the
lower specificity is in part related to the presence of non-
transmural infarction. These regions contain some (epicar-
dial) viable myocardium with intact perfusion, but will not
improve in function post-revascularization. The same au-
thors demonstrated that patients with three or more viable
segments on MCE had a high likelihood of improvement
in global LV function post-revascularization. Currently, no
MCE studies on improvement in symptoms or long-term
outcome are available.
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Table 10.5 Wall motion patterns during dobutamine stress.

1 Biphasic reponse: initial improvement followed by worsening of wall

motion

2 Worsening: direct deterioration of wall motion without initial

improvement

3 Sustained improvement: improvement of wall motion without

subsequent deterioration

4 No change: no change in wall motion during the entire examination

Pattern 1 represents viability with superimposed ischemia

Pattern 2 represents ischemia, myocardium perfused by a

critically stenosed vessel

Pattern 3 represents subendocardial necrosis

Pattern 4 represents transmural scar tissue

Assessment of contractile reserve
for viability

Infusions of low-dose dobutamine (5–10 mcg/(kg min))
have been demonstrated to increase contractility (without
a substantial increase in heart rate) in dysfunctional but
viable myocardium; this phenomenon has been referred
to as “contractile reserve.” This contractile reserve is the
hallmark of viable myocardium. In the initial studies only
low-dose dobutamine was used, but more recent studies
have employed a low–high dose dobutamine protocol; this
protocol (with infusions up to 40 mcg/kg/min with addi-
tion of atropine if needed) permits detection of both viabil-
ity and ischemia (Table 10.5). The safety of the low–high
dose protocol in patients with severely depressed LVEF
was demonstrated recently [62]. Visualization of wall mo-
tion during the dobutamine infusion is needed and can
be performed using echocardiography or gated SPECT
(or gated PET) imaging.

Dobutamine stress echocardiography

Traditionally, echocardiography has been used to evaluate
wall motion during dobutamine stress. Thirty-two studies
are available using dobutamine stress echocardiography
with a total of 1090 patients, to predict improvement of re-
gional function post-revascularization [35]. The mean sen-
sitivity and specificity of these studies were 82 and 79%
[35]. The majority of studies [28] used low-dose dobu-
tamine echocardiography, and only four studies used a
low–high dose protocol [35]. When the studies with low–
high dose were analyzed separately, a mean sensitivity of
79% and a specificity of 85% were obtained [35]. Thus, a
slight loss in sensitivity with a small gain in specificity was
obtained when low–high dose dobutamine was compared
to low-dose dobutamine echocardiography for the predic-
tion of improvement of function post-revascularization.

Improvement of global LV function has been evaluated in
seven studies, with 254 patients; on average, the LVEF
improved from 35 to 43% in patients with viable my-
ocardium [43]. Conversely, the LVEF remained unchanged
(35% vs. 36%) in patients without viable myocardium.
Two studies have evaluated improvement of symptoms af-
ter revascularization in relation to the presence of viable
myocardium [62,63]. Bax et al. [63] demonstrated that the
majority of patients with viable myocardium improved in
NYHA class following revascularization. In particular, in
viable patients the NYHA class improved from 3.2 ± 0.7
to 1.6 ± 0.5 (P < 0.05). Marwick and colleagues [64] how-
ever failed to demonstrate a relation between the extent of
viability and the improvement of exercise capacity post-
revascularization. The relation between LV reverse remodel-
ing and the presence of viable myocardium on dobutamine
stress echocardiography was evaluated by Rizzello et al.
[39]. The authors evaluated 100 patients with ischemic
cardiomyopathy and demonstrated that ongoing LV re-
modeling was related inversely to the number of viable
segments. Patients with substantial viability exhibited re-
verse remodeling and patients with scar tissue showed
ongoing LV dilatation.

Six studies (n = 686 patients) have evaluated long-term
prognosis in relation to treatment (medical, revasculariza-
tion) and viability by dobutamine echocardiography (ab-
sent/present) [43]. The patients were divided into four
groups. Patients with viable myocardium who underwent
revascularization had a low event-rate (6%), whereas non-
viable patients who underwent revascularization had an
event-rate of 16%. Patients who were treated medically
had a 22% event-rate in the presence of viability, and a 28%
event-rate in the absence of viability. Thus, only patients
with viable myocardium who underwent revasculariza-
tion had a good prognosis.

Dobutamine gated SPECT

The initial studies with nuclear imaging to evaluate con-
tractile reserve applied dobutamine infusion during gated
blood pool imaging. These studies mainly focused on
the change in LVEF from rest to dobutamine stress. With
the popularization of gated SPECT (and to a lesser ex-
tent gated PET), assessment of regional contractile reserve
during dobutamine infusion has been more commonly
performed. Everaert et al. [65] demonstrated a good
agreement (83%) for assessment of segmental contrac-
tile reserve between dobutamine gated SPECT and stress
echocardiography in 25 patients with LV dysfunction. A
more substantial comparison was reported by Leoncini
and colleagues [66] in 37 patients with ischemic LV
dysfunction; contractile reserve was detected by stress
echocardiography in 36% of dysfunctional segments as
compared to 33% assessed by dobutamine gated SPECT,
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with an overall agreement of 74% between the two tech-
niques. Leoncini et al. demonstrated in a subsequent study
that dobutamine gated SPECT was capable of predicting
improvement of regional LV function post-revascularization
[67], and a sensitivity of 64% and a specificity of 88%
were reported. The same group demonstrated a sensitiv-
ity of 79% with a specificity of 78% to predict improve-
ment in LVEF in 37 patients undergoing revascularization
[68].

Assessment of contractile reserve using low-dose dobu-
tamine gated SPECT has not yet been applied to predict
improvement of symptoms or long-term outcome in pa-
tients with chronic ischemic LV dysfunction.

Contractile reserve and perfusion:
agreement and disagreement

Various studies have performed a head-to-head compari-
son between contractile reserve and perfusion. Panza et al.
[69] have evaluated 30 patients with chronic ischemic
LV dysfunction (LVEF 32 ± 9%) with thallium-201 imag-
ing and low-dose dobutamine echocardiography. Of the
311 dysfunctional segments, 56% showed contractile re-
serve and 84% had preserved thallium-201 uptake (in-
tact perfusion/cell membrane integrity). The agreement
between the two techniques was 68%. The disagreement
was mainly related segments that were having intact per-
fusion/cell membrane integrity without contractile re-
serve. In particular, of the 262 segments considered viable
by thallium-201 imaging, only 64% exhibited contractile
reserve. Similar observations were reported when FDG
imaging was compared to stress echocardiography. Cornel
et al. [70] evaluated 40 patients with depressed LV func-
tion (LVEF 31 ± 16%) with resting echocardiography, FDG
imaging, and low-dose dobutamine echocardiography.
The agreement between the two techniques was 87%. Al-
though 94% of the segments that were nonviable on FDG
imaging did not show contractile reserve, the disagree-
ment between SPECT and dobutamine echocardiography
was caused mainly by the absence of contractile reserve
in 27% of the segments that were viable on FDG imag-
ing. Sloof et al. [71] further explored the relation between
nuclear imaging and contractile reserve. The authors
studied 14 patients with stable, chronic LV dysfunction
(LVEF 34 ± 10%); all underwent perfusion imaging (with
thallium-201), metabolic imaging (with FDG to assess glu-
cose metabolism), and low-dose dobutamine echocardio-
graphy to assess contractile reserve. The comparison of
the different modalities was restricted to akinetic or dyski-
netic myocardium as assessed by resting two-dimensional
echocardiography. Intact perfusion was found in 52%
segments, glucose utilization was maintained in 59%
segments, and contractile reserve was present in 33% of

Figure 10.7 Relation between contractile reserve and viability on nuclear

imaging (perfusion assessed by thallium-201, glucose metabolism assessed

by FDG). Segments without perfusion or glucose metabolism virtually never

had contractile reserve, but almost 50% of segments with perfusion or

glucose metabolism also lacked contractile reserve. (Based on [71].)

segments (P < 0.01 versus perfusion and metabolic imag-
ing). Nearly all segments without perfusion or metabolic
activity lacked contractile reserve (Fig. 10.7). In contrast,
only 50% of segments with perfusion and metabolic ac-
tivity also had contractile reserve (Fig. 10.7), illustrating
the higher sensitivity of nuclear imaging to identify viable
myocardium.

The most comprehensive head-to-head comparison in-
cluded 114 patients with ischemic cardiomyopathy (LVEF
34 ± 10%); these patients underwent perfusion imaging
with resting technetium-99m tetrofosmin and assessment
of contractile reserve (using low-dose dobutamine, 5–10
mcg/(kgthinsp;min)) [72]. A total of 1136 segments (77%
of segments) were dysfunctional on resting 2D echocardio-
graphy. Contractile reserve was present in 412 (31% of all
dysfunctional) segments. Intact perfusion was observed in
683 (51% of all dysfunctional) segments (P < 0.05 versus
contractile reserve). Accordingly, the agreement was 72%;
92% of segments without perfusion did not have contrac-
tile reserve, but 47% of segments with perfusion also did
not have contractile reserve. Thus, all the available stud-
ies indicate the higher sensitivity of perfusion imaging as
compared to contractile reserve for assessment of myocar-
dial viability. This observation can (partially) be explained
when data from biopsy studies are considered. Nagueh
and coworkers [73] studied 20 patients with thallium-201
imaging and dobutamine stress echocardiography before
surgical revascularization and transmural biopsies were
obtained during surgery. The authors demonstrated 1%
fibrosis in segments with preserved thallium-201 uptake
and contractile reserve (minimal damage) as compared
to 28% fibrosis (extensive damage) in segments with scar
tissue on thallium-201 imaging and without contractile
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reserve on dobutamine stress echocardiography. More-
over, Pagano and colleagues [74] showed that segments
with preserved FDG uptake without contractile reserve
had more ultrastructural damage and a higher percent-
age of fibrosis than segments with preserved FDG uptake
with contractile reserve. Borgers et al. [75] demonstrated
a severe loss in contractile material in viable myocardium
with recovery of function post-revascularization: the
space previously occupied by myofilaments was filled
with glycogen. It is thus suggested that extensive cel-
lular damage and loss of contractile apparatus results
in absence of contractile reserve whereas perfusion (and
metabolic activity) may still be preserved. This hypothe-
sis was further tested by Schinkel et al. [76] who evalu-
ated the presence of contractile reserve in a large group
of patients with stunned (less severely damaged) and
hibernating (more severely damaged) myocardium; the
authors demonstrated that dobutamine-induced contrac-
tile reserve was more frequently observed in stunned than
in hibernating myocardium (61% vs. 51%, respectively,
P < 0.01).

Prediction of outcome: perfusion
imaging versus contractile reserve

In 114 patients with chronic ischemic LV dysfunction,
both perfusion imaging with technetium-99m tetrofosmin
SPECT and dobutamine stress echocardiography (to as-
sess contractile reserve) were performed prior to revas-
cularization [72]. Improvement of function was assessed
9–12 months after revascularization. The majority (66%) of
segments with recovery of function post-revascularization
had intact perfusion and contractile reserve. In contrast,
the majority (58%) of segments without functional recov-
ery lacked both perfusion and contractile reserve. Of in-
terest, 22% of segments with functional recovery and 25%
of segments without functional recovery showed intact
perfusion without contractile reserve.

Perrone-Filardi et al. [77] performed a head-to-head
comparison between low-dose dobutamine echocar-
diography and thallium-201 rest-redistribution imag-
ing in 40 patients undergoing revascularization. The
authors demonstrated a significantly higher sensitiv-
ity for thallium-201 imaging as compared to low-dose
dobutamine echocardiography (100% vs. 79%, P < 0.05).
The specificity of both techniques was comparable (78%
vs. 79%). Leoncini et al. [67] performed resting and
dobutamine nitrate-enhanced technetium-99m sestamibi
gated SPECT before revascularization; perfusion was
quantitatively assessed and contractile reserve was visu-
ally evaluated. Perfusion analysis had a sensitivity of 85%
with a specificity of 55%, whereas contractile reserve had
lower sensitivity (64%, P < 0.01) with higher specificity

(88%, P < 0.01) to predict functional recovery. When all
available studies (with a direct comparison between nu-
clear imaging and low-dose dobutamine echocardiogra-
phy) were pooled, the higher sensitivity for nuclear imag-
ing was confirmed. In particular, the data from 11 studies
(with 325 patients) showed a sensitivity of 90% for nuclear
imaging as compared to 74% for dobutamine echocardio-
graphy (P < 0.05) [35]. In contrast, the specificity of low-
dose dobutamine echocardiography was higher (57% vs.
78%, P < 0.05).

This observation has led to the hypothesis that integra-
tion of information on perfusion (a very sensitive marker)
with contractile reserve (a very specific marker) may
further improve prediction of improvement of function.
This was evaluated in 73 patients (mean LVEF 32 ± 8%)
who underwent dobutamine stress echocardiography and
thallium-201 SPECT (resting images, obtained 4 h af-
ter tracer injection) before surgical revascularization [78].
LVEF was assessed before and 3–6 months after revas-
cularization. Analysis of receiver operator curves showed
that the optimum criteria to predict improvement in LVEF
post-revascularization were six or more viable, dysfunc-
tional segments on thallium-201 SPECT and four or more
segments on dobutamine stress echocardiography. The
results confirmed the higher sensitivity for thallium-201
imaging and the higher specificity for dobutamine stress
echocardiography (Fig. 10.8). Changing the thallium-201
criteria to improve specificity to 78% (eight or more viable
segments) yielded a low sensitivity of 44%, and chang-
ing the dobutamine stress echocardiography criteria to im-
prove sensitivity to 84% (two or more segments) lowered

Figure 10.8 Prediction of improvement in LVEF post-revascularization by

perfusion imaging (using thallium-201, Tl-201) or contractile reserve (using

low-dose dobutamine echocardiography, DSE). Perfusion imaging has high

sensitivity to predict improvement in LVEF, whereas contractile reserve has

high specificity. Integrated imaging of perfusion and contractile reserve

results in increased and balanced sensitivity and specificity to predict

improvement in LVEF. Strategy 1 considered thallium-201 imaging as the

first step, followed by dobutamine echocardiography in patients with an

intermediate likelihood of viability on thallium-201 imaging. Strategy 2

considered dobutamine echocardiography as the first step, followed by

thallium-201 imaging. (Based on [78].)
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specificity to 56%. Next, two sequential testing strategies
were explored to achieve optimal sensitivity and speci-
ficity. In strategy 1, 33 (45%) of 73 patients with an in-
termediate likelihood of viability on thallium-201 imag-
ing (five to eight viable segments) underwent dobutamine
stress echocardiography. In strategy 2, 31 (42%) of 73 pa-
tients with an intermediate likelihood of viability on dobu-
tamine stress echocardiography (two to four viable seg-
ments) underwent thallium-201 imaging. For strategy 1,
sensitivity did not change significantly (69%), whereas
specificity was improved significantly (93%, P < 0.01 ver-
sus thallium-201 imaging). For strategy 2, sensitivity im-
proved significantly (78%, P < 0.05 versus dobutamine
echocardiography) and specificity remained unchanged
(80%). These data clearly indicated that sequential test-
ing with thallium-201 imaging and dobutamine stress
echocardiography in a subgroup of patients with an inter-
mediate likelihood of viability by either test significantly
enhanced prediction of post-revascularization improve-
ment of LVEF.

Sequential thallium-201 SPECT and dobutamine stress
echocardiography was subsequently compared with
FDG imaging to predict improvement of function post-
revascularization [79]. Forty-seven patients with ischemic
cardiomyopathy underwent thallium-201 SPECT at rest
(4-h delayed imaging), dobutamine stress echocardiogra-
phy, and FDG imaging before bypass surgery. Sensitivity,
specificity, and accuracy of two sequential strategies were
compared with those of FDG SPECT. Strategy 1 consid-
ered thallium-201 imaging as the first step, followed by
dobutamine stress echocardiography in patients with an
intermediate likelihood of viability on thallium-201 imag-
ing. Strategy 2 considered dobutamine stress echocardiog-
raphy as the first step, followed by thallium-201 imaging.
LVEF was assessed before and 6 months after revascu-
larization. Thallium-201 had a high sensitivity, whereas
dobutamine stress echocardiography had a high speci-
ficity (Fig. 10.9). Both strategies 1 and 2 resulted in high
sensitivities (89 and 89%, respectively) and high speci-
ficities (89 and 86%, respectively), compared with FDG
SPECT (sensitivity 89%, specificity 86%). These results in-
dicated that sequential testing by thallium-201 imaging
and dobutamine stress echocardiography has a compara-
ble accuracy to FDG imaging to predict improvement in
LVEF after revascularization.

These two studies clearly demonstrated the value of
integrating perfusion and contractile reserve to optimally
predict improvement in function post-revascularization.
From a practical point of view it would be preferred to
assess perfusion and contractile reserve with one tech-
nique, to avoid misalignment between different imag-
ing modalities instead of sequential use of techniques.
Gated SPECT allows assessment of perfusion and resting
(regional and global) LV function. In combination with

Figure 10.9 Prediction of improvement in LVEF post-revascularization by

integrated imaging of perfusion (using thallium-201, Tl-201) and

contractile reserve (using low-dose dobutamine echocardiography, DSE).

Strategy 1 considered thallium-201 imaging as the first step, followed by

dobutamine echocardiography in patients with an intermediate likelihood

of viability on thallium-201 imaging. Strategy 2 considered dobutamine

echocardiography as the first step, followed by thallium-201 imaging. The

results of the two strategies were also compared with metabolic imaging

with FDG in the same patients. (Based on [79].)

infusion of low-dose dobutamine, it is possible to also
contractile reserve. Simoes et al. [80] used gated thallium-
201 imaging to assess perfusion and resting function;
function was also evaluated during infusion of low-dose
dobutamine to assess contractile reserve. Accordingly,
32 patients underwent gated thallium-201 imaging, with
gating at rest and following dobutamine infusion. This
study was performed in patients after acute myocardial
infarction and spontaneous improvement of function was
studied by sequential rest echocardiographic studies. In-
tact perfusion had a sensitivity and specificity of 93 and
50% respectively. Integration with the presence of contrac-
tile reserve resulted in a sensitivity and specificity of 71
and 94% respectively. Whether these results also apply to
patients with chronic LV dysfunction undergoing revas-
cularization remains to be determined. Currently, no spe-
cific studies focusing on the integration of contractile func-
tion and perfusion (assessed from a single dobutamine
gated SPECT study) to predict functional outcome post-
revascularization are available.

Besides using dobutamine gated SPECT (for integrated
assessment of contractile function and perfusion) dobu-
tamine MCE could also be used for prediction of func-
tional recovery. This approach was evaluated recently
in 41 patients with ischemic LV dysfunction undergoing
revascularization [81]. Before revascularization, patients
underwent MCE and low-dose dobutamine echocardio-
graphy. Follow-up echocardiograms were obtained 3–6
months post-revascularization. MCE had a sensitivity of
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86% with a specificity of 43% to predict functional recov-
ery. Low-dose dobutamine echocardiography had a com-
parable sensitivity (83%) with a higher specificity (76%).
Integration of MCE and low-dose dobutamine echocardio-
graphy resulted in a sensitivity of 96% with a specificity
of 63%. Further studies are needed to fully appreciate the
integration of perfusion and contractile function (using ei-
ther echocardiography or SPECT) for prediction of func-
tional recovery post-revascularization.

Conclusions

The number of patients with chronic ischemic LV dysfunc-
tion increased exponentially over the past years and eval-
uation for myocardial viability has become an important
component to guide therapy in terms of conservative med-
ical therapy of revascularization. Patients with viable my-
ocardium have been demonstrated to improve in function
and symptoms post-revascularization, associated with a
favorable long-term prognosis.

A variety of techniques are available for assessment
of viability; in clinical practice, perfusion imaging with
SPECT and assessment of contractile reserve with low-
dose dobutamine echocardiography are frequently per-
formed. In general, SPECT perfusion imaging has a higher
sensitivity, whereas low-dose dobutamine echocardiog-
raphy has a higher specificity to predict improvement
post-revascularization. Integration of contractile reserve
and perfusion may thus provide optimal prediction of
functional recovery. Sequential imaging with thallium-201
SPECT and low-dose dobutamine echocardiography have
confirmed this hypothesis. Ideally, assessment of perfu-
sion and contractile reserve should be performed in one
session, with one imaging technique. Initial studies with
dobutamine gated SPECT have shown the feasibility of in-
tegration of these parameters, but large studies in patients
undergoing revascularization are still needed.
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Introduction

Gating of nuclear cardiology studies had originally been
applied to planar blood pool imaging using 99mTc-albumin
[1] and 99mTc-labeled red blood cells [2], and was success-
fully extended to blood pool SPECT following the gain
in popularity of perfusion SPECT over perfusion planar
imaging [3–5]. The rationale for the use of gated blood
pool SPECT was that a more accurate determination of left-
ventricular function could be obtained if the overlap of car-
diac chambers could be avoided, background correction
were not necessary, and geometric assumptions for vol-
ume estimation not needed. In addition, the separation of
left ventricle (LV) and right ventricle (RV) conceptually al-
lows gated blood pool SPECT to measure right-ventricular
function parameters. All these advantages initially had to
be weighed against the increase in processing and analy-
sis time (a major problem in the early days of gating), the
decrease in the number of cardiac intervals acquired com-
pared to planar imaging (with consequent reduced ability
to measure diastolic function), and the absence of fast and
reliable quantitative algorithms for the measurement of
function.

With the enormous increase in the use of echocardiogra-
phy procedures and the widespread acceptance of gated
myocardial perfusion SPECT, gated planar blood pool
imaging has decreased to less than 5% of all nuclear car-
diac studies in the United States, although the percent-
age may be substantially higher in other countries. On the
other hand, the case for gated blood pool SPECT imag-
ing has considerably strengthened, due to the increase
in computer speed, the greater diffusion of multidetec-
tor cameras, and the general acceptance of state-of-the-art
three-dimensional analysis and display techniques. While
it is likely that blood pool imaging will never regain its
role as the nuclear technique for the measurement of car-
diac function, we believe that “upgrading” it to SPECT
can well serve nuclear cardiology’s search for new and

effective techniques and protocols vis-à-vis competitive
modalities. In fact, due to the larger dimension of the left-
ventricular blood pool compared to the myocardial thick-
ness, partial volume effects [6] would be expected to be
less of a problem, and the measurements of volume (espe-
cially end-diastolic) potentially more accurate with gated
blood pool SPECT than with gated myocardial perfusion
SPECT. In addition, gated blood pool SPECT may be better
suited to specific applications such as wall motion phase
analysis.

Acquisition

Most of the technical issues examined in Chapter 2 with
respect to gated perfusion SPECT imaging also apply to
gated blood pool SPECT imaging. In particular, a gated
blood pool SPECT acquisition is usually accomplished
with 8-frame or 16-frame temporal resolution. Higher
frame-count SPECT acquisitions are technically feasi-
ble (as demonstrated with myocardial perfusion SPECT
[7–9], though the length of the acquisition may have to be
increased to maintain adequate count statistics. Acquisi-
tion follows an injection of 99mTc-labeled red blood cells
in dosages similar to those described in Tables 2.2 and 2.3
for gated 99mTc-based stress perfusion imaging. Acquisi-
tion is generally performed with the patient in the resting
state, although acquisitions after nitroglycerin [10] or dur-
ing low-dose dobutamine, to assess myocardial contractile
reserve, are clearly feasible. Since it would be difficult to
maintain stress conditions throughout the duration of the
SPECT acquisition for function measurement purposes,
acquisition during exercise has been considered techni-
cally too demanding. While technically feasible, the issue
of poststress myocardial stunning and its associated de-
crease in regional and global function has not been studied
with gated blood pool SPECT.

Although the injected dose and the specific patient’s at-
tenuation characteristics may be the same in perfusion
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and blood pool imaging, the number of cardiac counts
collected per millicurie of injected radioactivity is higher
for the latter, because a lesser amount of activity is taken up
by the myocardium in perfusion studies than is present in
the blood pool with blood pool radiopharmaceuticals. To
verify this expected result, we analyzed 40 patients stud-
ies acquired using 8-frame gated blood pool SPECT. For
each study, the eight projection sets corresponding to the
different phases of the cardiac cycle were first summed
together to generate an “ungated” or summed set. Then,
the projection image corresponding to LAO (left anterior
oblique) 45◦ was automatically extracted from each un-
gated set, based on the information contained in the im-
age file header. Three projection images from either side
of LAO 45◦ were summed to LAO 45◦ (total = 7 of 60
or 64 images, over a 21◦ arc) to improve image statistics,
resulting in an LAO 45◦ ± 10.5◦ image. The heart was au-
tomatically isolated using a segmentation algorithm, and
the maximum and average myocardial pixel counts in the
heart calculated for each patient and averaged across the
40 patients studied. The average value of the maximum
cardiac pixel count in the 40 patients was 2120 ± 916, while
the average value of the average cardiac pixel count was
1603 ± 702, pixel size being 6.4 × 6.4 mm2. These values
are about twice those previously calculated for 8-frame
gated 99mTc-sestamibi SPECT imaging in 121 patients [11].
We feel that the acquisition durations reported in Table
2.2 for gated 99mTc-based imaging still constitute a good
guideline for blood pool imaging, and we now routinely
use 16-frame acquisitions for gated blood pool SPECT. It
has recently been reported that quantitative gated blood
pool SPECT measurements may be more sensitive to the
length of the acquisition arc (i.e., 360◦ vs. 180◦) than gated
perfusion SPECT measurements [12,13]. However, these
findings await further investigation, and we currently em-
ploy 180◦ acquisitions.

Detector rotation and collimator considerations de-
scribed in Chapter 2 also apply to gated blood pool SPECT.
While it is still sensible to use as large an acquisition zoom
as practical, gated blood pool SPECT images must allow
for visualization of both the LV and the RV and atria,
and consequently a smaller zoom factor than used in per-
fusion SPECT could be preferred. Nonetheless, for pur-
poses of reducing complexity we employ the same zoom
as used in perfusion. Based on the published literature,
there has been a tendency to favor 16-frame over 8-frame
acquisitions in gated blood pool SPECT imaging [14–18],
since this number of frames has been documented to per-
mit more accurate assessment of left-ventricular ejection
fraction using planar blood pool imaging [19]. Although
the use of either general-purpose collimators [14,16,20–
22] and high-resolution collimators [15,18,23] has been
reported, we feel that the latter best complement the high-
count, high-photon-energy characteristics of 99mTc, and

may help reduce partial volume effects in the systolic im-
ages, especially with regard to the RV.

Framing options are virtually the same as for gated per-
fusion SPECT; however, in blood pool imaging no perfu-
sion information is acquired, and therefore it is advisable
to always set the cardiac beat length acceptance window to
20–30% in order to minimize the effects of arrhythmia. This
contrasts with gated perfusion SPECT imaging, where the
use of a wide window is advocated in the absence of a
mechanism to “save” rejected beat counts (see Chapter
2). With the use of 10% acceptance windows and 16-frame
studies, assessment of diastolic function could be both fea-
sible and accurate.

Processing

Dataset processing (reconstruction and reorientation) is
somewhat more challenging for blood pool studies than
it is for myocardial perfusion SPECT, largely because of
the lack of automated software to perform the common
tasks of selecting the reconstruction limits, reorienting
the transaxial data and cropping the resulting short-axis
dataset, thereby introducing inter- and intraobserver vari-
ability. Automated quantitative algorithms may also have
additional requirements that impact the processing of raw
data, as detailed in the Reconstruction and Reorientation
sections below.

Reconstruction

At our institution, we presently use two-dimensional But-
terworth filters of order 2.5 and cutoff frequency 0.3 out
of a 0–0.5 range, as explained in Table 2.4 for 99mTc-based
gated perfusion SPECT. The only published study con-
cerning the effect of pre- or postreconstruction filtering
on quantitative results of an automatic gated blood pool
SPECT algorithm [24] indicates that below a certain fil-
ter cutoff quantitative volumes and ejection fractions are
affected, though there was no assessment of which fil-
ter parameters provide more accurate values. Moreover,
the effect of filtering and other reconstruction parameters
may vary between algorithms. Reconstruction has tradi-
tionally been reported based on filtered backprojection,
although iterative reconstruction techniques could pos-
sibly improve image quality. The degree to which gated
blood pool SPECT would benefit from attenuation correc-
tion is currently not clear, since it is likely that attenu-
ation affects perfusion (“cold spot’’ detection technique)
more than function; indeed, the presence of attenuation
was found to have no measurable effect on ejection frac-
tion in the only reported study on the subject [25], though
a recent phantom study indicates that attenuation may be
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Figure 11.1 Reconstruction limits. Correct limits are shown in LAO (a) and

RAO views (b), while incorrect limits that truncate the inferoapical portion

of the RV as well as the pulmonary conus are shown in LAO (c) and RAO (d)

views. Red triangular markers in images (c) and (d) indicate areas that will

be incorrectly truncated after reconstruction. A summed dataset is used for

clarity.

more detrimental to volume calculations from blood pool
images acquired using a shorter scan arc [26].

Reorientation

Reorientation of the reconstructed transaxial image data
is routinely done, but currently must rely on manual im-
plementation because automatic reorientation algorithms
are not available. Because of the lack of automation this
step introduces operator-dependent variability that may
affect quantification. In addition, optimal performance of
subsequent quantification steps requires that all necessary
information be included in the resulting short-axis dataset.
Specifically, it is recommended that the reconstruction lim-
its fully include the LV and RV, including the pulmonary
outflow tract and that they include the atria in the image
to allow automated programs to properly delineate the
various cardiac structures. It may be detrimental to sub-
sequent quantification to tighten the reconstruction limits
around the LV alone (Fig. 11.1).

As in gated perfusion SPECT, manual reorientation con-
sists in tracing projections of the left-ventricular long axis
in two mid-ventricular planes, and should result in long-
axis images in which the LV and the RV are either paral-
lel (horizontal long-axis image) or perpendicular (vertical
long-axis image) to the north-south (vertical) direction
(Fig. 11.2). The LV and RV should be aligned along the
east-west (horizontal) direction in short-axis images. Ap-
plication software that gives immediate feedback on the
effect of a particular angle selection on the reoriented
image prior to actual reorientation may greatly help in
quickly determining the appropriate reorientation angles.
As a general rule, the reorientation axis can be drawn
[1] as a line parallel to the long axis of the LV/atrium
complex, which in turn can be assimilated to an ellipsoid
having major axis equal to that long axis, or [2] as a line
that bisects the “dark” septal space between the LV and
RV. The former may often be easier as the corresponding

sagittal view will bisect the LV, thereby making any ad-
justments needed to the elevation angle more obvious
(see Fig. 11.2).

Figure 11.2 Reorientation and cropping. Note the correct alignment of

the blue arrow with the long axis of the LV (a, b) and the basal cropping

limit (c) that includes the atria in the resulting short-axis dataset. A summed

dataset is used for clarity.
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Analysis and quantification

Gated blood pool SPECT’s key advantage of virtually elim-
inating the overlap of different cardiac chambers translates
in the elimination of the need for background subtraction,
a requirement of gated blood pool planar imaging. More-
over, the three-dimensional nature of the tomographic
data lends itself naturally to space-based as well as count-
based analysis instead of being limited to count-based
methods alone.

Algorithms

Five different categories of algorithms for the quantifi-
cation of gated blood pool SPECT have been described.
While some methods could easily be classified as belong-
ing to several of these categories, for purposes of presenta-
tion we have arbitrarily placed them in a single category.

Manual ROIs

Contours are manually drawn around the blood pool in a
number of long-axis [27] or short-axis images [20,25], the
total number of voxels bound by the various contours is
counted, and the blood pool volume derived as the num-
ber of voxels multiplied by an individual voxel’s volume.
Count density within images can be used to scale indi-
vidual slice volumes so as to account for partial volume
effects [27] or to separate ventricles from atria [20], but is
generally not solely responsible for the quantitative mea-
surements of function.

Thresholding

In this very popular approach [14–16,18,21–23,28,29], only
the volumes of voxels with a count value greater than a cer-
tain threshold are summed for the purpose of blood pool
volume (and, consequently, endocardial borders) deriva-
tion. Threshold values vary from 30% [21] to 70% [16] of
the maximum voxel count value within the ventricular
cavity, the average being around 45%, though recently
a 35% threshold has been favored [29,30] for volumet-
ric measurements. Thresholding is usually combined with
manual masking to separate the LV from the RV [15,22,28]
and with either masking [14] or phase analysis [18,21–
23,31] to separate the ventricles from the atria. In the “vari-
able threshold” implementation of the thresholding ap-
proach, the threshold varies along the manually selected
long axis of the ventricle, and ventricle–atrium separation
is achieved by increasing the threshold in the basal por-
tion of the ventricle [17]. In another implementation [32] a
threshold is iteratively computed by the algorithm to best
fit the dataset’s count distribution gradient.

As described for manual ROI methods, once voxels have
been selected there are still two alternatives for the calcu-
lation of ejection fractions: ejection fractions can be de-
rived from the ratio of the number of selected voxels at
end-diastole and end-systole (equivalent to a ratio of vol-
umes), or from the ratio of the summed counts for the
selected voxels. These two approaches provide different
results, chiefly because of partial volume effects [33].

Relaxation labeling

In this method [34] an initial estimate of the three-
dimensional endocardial surface is obtained by threshold-
ing. Distances along radial directions are then computed
from the manually defined long axis of the ventricle, and
constrained iterations are used to compute a final set of
distances representing the endocardium.

Reprojection

In this approach [35] tomographic data are reprojected ei-
ther to a standard LAO planar view or (preferably) to a
true long-axis planar view, which provides a reduction in
background activity due to the absence of overlap of the
other cardiac and noncardiac structures. Standard planar
processing can then be performed using a planar quantifi-
cation algorithm [36].

Gradient operators

The remaining implementation [37] is an adaptation of
an algorithm developed for myocardial perfusion SPECT
[38] that uses a combination of gradient information and
morphological operators to generate spline-based surfaces
for each interval. This method provides quantification of
LV parameters only and may require user intervention to
modify the LV valve plane.

Comparisons and validations

All the above algorithms require some degree of man-
ual operation with respect to “masking,” setting axes,
setting one or several threshold values, or setting limits
for the boundary search (for example, at the valve plane
level), except for algorithms described in [32] and [37].
A totally automatic quantitative approach based on the
three-dimensional, knowledge-directed analysis of count
gradients in space and time, developed by our group, has
been clinically available for several years [39] and valida-
tions have been reported by several groups with respect
to the LV and RV [29,30,40–50]. Figure 11.3 shows how ap-
plying the algorithm to a short-axis dataset results in the
contouring of the LV and the RV, as well as their separation
from the respective atria. The left- and right-ventricular
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Figure 11.3 Reconstructed and reoriented short-axis (top row, left to

right = apex to base), mid-ventricular horizontal (bottom left), and vertical

(bottom center and right, respectively, through the RV and LV) long-axis

images for a gated blood pool SPECT study, at end-diastole. Automatically

determined and overlaid contours are displayed for both ventricles

(white = LV, yellow = RV).

endocardia are generated as three-dimensional surfaces,
which can be displayed in a manner similar to that em-
ployed for gated myocardial perfusion SPECT imaging
(Fig. 11.4). More recently, a new segmentation algorithm

with a more tightly coupled LV/RV model was developed
at Cedars-Sinai [51]. Although this method has not yet
undergone widespread clinical validation, it offers previ-
ously unavailable count-based calculations using the au-
tomatically generated three-dimensional ROIs and will
soon include regional phase measurement capabilities. It
is possible that count-based methods are inherently more
robust because they do not rely on the exact delineation
of endocardial borders but rather will only consider ac-
tivity above a certain threshold within an ROI [27,52].
Small errors in the localization of the endocardium lead to
large volume variations, which may account for less than
ideal repeatability and reproducibility [53]. Our experi-
ence with inter- and intraobserver variability through re-
peated reconstruction and reorientation indicates reduced
variability for LV end-diastolic volume (EDV) measure-
ments using a count-based technique [51].

Table 11.1 presents a synopsis of published human val-
idation studies of quantitative gated blood pool SPECT
algorithms, including the standard used for comparison
and the parameters quantified. While the agreement be-
tween gated SPECT and gold standard measurements of
global ventricular function is generally very good to ex-
cellent, it is apparent from Table 11.1 that right-ventricular
function or regional function in general is rarely validated,
and may be more sensitive to the acquisition protocol used

Figure 11.4 Three-dimensional representation of the LV and RV displayed in three standard orientations at end-diastole (top row) and end-systole (bottom

row). Shaded gray surfaces = endocardia (red grid = LV, blue grid = RV); green grid = reference endocardial location at end-diastole.
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Table 11.1 Validation of quantitative gated blood pool SPECT measurements.

Method “Gold standard” Parameter Agreement No. of patients Reference

Manual ROI CVG EDV r = 0.97, SEE = 23 ml 25 (27)

Threshold CVG Regional EF r = 0.45−0.78 61 (21)

Threshold MUGA LVEF r = 0.94 25 (28)

Threshold MUGA LVEDV r = 0.85 25 (28)

Threshold MUGA LVESV R = 0.88 25 (28)

Threshold CVG LVEF r = 0.85, SEE = 6% 36 (23)

Threshold CVG LVEDV r = 0.81, SEE = 27 ml 36 (23)

Threshold CVG LVESV r = 0.96, SEE = 12 ml 36 (23)

Threshold MUGA LVEF r = 0.88–0.92 30 (14)

Threshold CVG LVEDV r = 0.90–0.91 30 (14)

Threshold CVG LVESV r = 0.91–0.93 30 (14)

Threshold CVG LVEF r = 0.75–0.79 30 (14)

Threshold MUGA LVEF r = 0.92, SEE = 8% 12 (15)

Threshold CVG LVEF r = 0.92, SEE = 8% 12 (15)

Threshold CVG LVEDV r = 0.94, SEE = 20 ml 12 (15)

Threshold CVG LVESV r = 0.93, SEE = 24 ml 12 (15)

Threshold MRI LVEF r = 0.94, SEE = 9% 10 (18)

Threshold MRI RVEF r = 0.88, SEE = 6% 10 (18)

Threshold MRI LVV r = 0.96, SEE = 18 ml 20 (18)

Threshold MRI RVV r = 0.91, SEE = 16 ml 20 (18)

Threshold MUGA LVEF r = 0.96, SEE = 7% 18 (18)

Threshold MUGA RVEF r = 0.86, SEE = 8% 10 (18)

Threshold MUGA LVEF R = 0.80 45 (54)

Threshold MUGA LVEF r = 0.78, SD = 8.8% 53 (32)

Threshold MUGA LVEF r = 0.82, SD = 8.8% 92 (42)

Threshold MUGA LVEF R = 0.90 59 (31)

Threshold Echo LVEDV R = 0.69 59 (31)

Threshold Gated SPECT LVEDV r = 0.93, SEE = 25 ml, SD = 36 ml 37 (55)

Threshold Gated SPECT LVESV r = 0.95, SEE = 19 ml, SD = 32 ml 37 (55)

Threshold Gated SPECT LVEF r = 0.91, SEE = 6.8%, SD = 6.9% 37 (55)

Gradients MUGA LVEF R = 0.89 76 (56)

Gradients MUGA LVEF R = 0.87 63 (57)

Gradients MUGA RVEF R = 0.76 63 (57)

Gradients MUGA LVEF r = 0.77, SEE = 10% 90 (40)

Gradients MUGA LVEF r = 0.99, SD = 0.2± 7.2 30 (58)

Gradients MUGA LVEF r = 0.80, SD = 9.4% 92 (42)

Gradients MUGA LVEF R = 0.92 70 (45)

Gradients MUGA LVEDV R = 0.78 70 (45)

Gradients MUGA LVESV R = 0.91 70 (45)

Gradients MUGA LVEF/RVEF R = 0.99 12 (59)

Gradients MUGA LVEF R = 0.97 56 (37)

Gradients MUGA LVEF R = 0.81 422 (30)

Gradients MUGA LVEF (PET) R = 0.91 60 (49)

Gradients First pass LVEF R = 0.89 14 (57)

Gradients First pass RVEF R = 0.82 14 (57)

Gradients First pass LVEF r = 0.64, SEE = 16% 90 (40)

Gradients First pass RVEF r = 0.68, SEE = 8.6% 64 (48)

Gradients First pass RVEF r = 0.82 65 (50)

Gradients Gated SPECT LVEF r = 0.88 15 (41)

Gradients Gated SPECT LVEDV r = 0.92, SEE = 38 ml 15 (41)

Gradients Gated SPECT LVESV r = 0.93, SEE = 36 ml 15 (41)

Gradients Gated SPECT LVEDV r = 0.98 16 (60)

Gradients Gated SPECT LVESV r = 0.93 16 (60)

Gradients Gated SPECT LVEF r = 0.98 56 (37)
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Table 11.1 (Continued )

Method “Gold standard” Parameter Agreement No. of patients Reference

Gradients Gated SPECT LVEF r = 0.98 45 (61)

Gradients CVG (EDV+ESV) r = 0.84, SD = −0.2± 37 30 (58)

Gradients CVG RVEDV r = 0.98 16 (60)

Gradients CVG RVESV r = 0.83 16 (60)

Gradients MRI LVEF r = 0.86 31 (44)

Gradients MRI LVEDV r = 0.93 31 (44)

Gradients MRI LVESV r = 0.95 31 (44)

Gradients MRI RVEF r = 0.60 31 (44)

Gradients MRI LVEDV r = 0.71 31 (44)

Gradients MRI LVESV r = 0.75 31 (44)

Relaxation labeling MRI LVV r = 0.96, SEE = 11 ml 8 (34)

Count analysis MUGA LVEF r = 0.91 82 (62)

Count analysis MUGA LVEF r = 0.90 40 (63)

Count analysis MUGA LVEF r = 0.93 104 (64)

Count analysis MUGA LVEF r = 0.95 60 (65)

Count analysis MUGA LVEDV r = 0.67 60 (65)

Count analysis MUGA LVESV r = 0.83 60 (65)

Count analysis MUGA LVEF r = 0.90 201 (66)

Count analysis MUGA LVEF r = 0.83 422 (30)

Count analysis First pass RVEF r = 0.70, SEE = 8.4% 64 (48)

Count analysis MRI LVEF r = 0.88, SEE = 8% 26 (67)

Count analysis MRI RVEF r = 0.80, SEE = 9% 26 (67)

Count analysis MRI LVV r = 0.84, SEE = 16ml 26 (67)

Count analysis MRI RVV r = 0.95, SEE = 16 ml 26 (67)

Count analysis MRI RVEF r = 0.85, SEE = 6% 28 (68)

Count analysis MRI RVEDV r = 0.94, SEE = 24 ml 28 (68)

Reprojection MUGA LVEF r = 0.89, SEE = 8% 23 (35)

Abbreviations: CVG, contrast ventriculography; LVEDV, left-ventricular end-diastolic volume; LVEF, left-ventricular ejection fraction; LVESV, left end-systolic

volume; LVV, left-ventricular volumes (end-diastolic and end-systolic); MRI, magnetic resonance imaging; MUGA, planar blood pool; r, Spearman’s correlation

coefficient; RVEDV, right-ventricular end-diastolic volume; RVEF, right-ventricular ejection fraction; RVESV, right end-systolic volume; RVV, right-ventricular

volumes (end-diastolic and end-systolic); SD, random error (standard deviation of the difference between gated blood pool SPECT and gold standard); SEE,

standard error of the estimate; WM, wall motion.

than LV function measurements [13]. This may be related
to the limited ability of gated planar blood pool to ac-
curately quantify right-ventricular function [69], as well
as to the limitations of planar techniques in the assess-
ment of regional function. Indeed, it has been stressed
[70] that two-dimensional gold standards may be intrinsi-
cally less accurate than gated SPECT algorithms operating
in the three-dimensional space, because of the geometric
assumptions required by the former. More recent inter-
est in right-ventricular validation work has shown good
correlation between a semiautomatic count-based SPECT
method and manual delineation of the RV cavity using
MRI images [68], and better correlation between SPECT-
based methods and first-pass imaging than between pla-
nar planar blood pool and first-pass imaging [48]. This
may be caused largely by the difficulty in accurately locat-
ing RV valves in SPECT images, which may in turn lead
fully automated methods to perform less adequately for

the RV than for the LV, as may be evidenced by a recent
dynamic phantom study [47] showing that manual adjust-
ment of the tricuspid and pulmonary valve limits may be
needed to achieve good correlation with other measure-
ment techniques. The anisotropic nature of MRI datasets,
combined with the irregular geometry of the RV, requires
that RV volume measurements be computed with care in
order to avoid large volume errors that may decrease the
usefulness of MRI as a “gold standard.’’

Comparisons between various SPECT algorithms
(automated and semiautomated) and the algorithm
developed at Cedars-Sinai have also been published
[29,30,42,47,48,58]. Measurements derived from SPECT
methods often correlate better with each other than they do
with measurements obtained from other modalities, with
the exception of some RV measurements [30]. The Cedars-
Sinai algorithm was also applied to CO-15 PET studies
[49], and excellent correlation was reported both between
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PET and planar blood pool as well as between PET and
SPECT (though in the latter case the same program was
used for both types of images).

Clinical applications of gated blood
pool SPECT

Because of the ease of SPECT acquisition and process-
ing, and given the growing widespread use of gated
SPECT in myocardial perfusion scintigraphy, we believe
that gated blood pool SPECT will become the most com-
monly utilized nuclear cardiology method for blood pool
scintigraphy.

Current applications

Until automatic algorithms for assessment of left-
ventricular ejection fraction are widely available, it will
be common for laboratories to employ a planar left an-
terior view for measurement of ejection fraction, and the
SPECT data for regional function assessment. Should au-
tomatic methods for measurement of left-ventricular ejec-
tion fraction become widely accepted, however, it is likely
that blood pool SPECT without planar imaging would be-
come the routine for cardiac gated blood pool studies. The
clinical circumstances in which this procedure is likely to
become effective are the same as those in which resting
blood pool scintigraphy is currently applied. Chief among
these is the assessment of doxorubicin cardiotoxicity [71].
While global ejection fraction is the mainstay of this assess-
ment, it has been shown that regional dysfunction, often
of the apex, may allow the detection of early doxorubicin
cardiotoxicity at a time in which the ejection fraction is
still normal. In our experience, gated blood pool SPECT,
by eliminating the overlap of cardiac structures inherent
in planar imaging, appears to be more reliable for detect-
ing this early abnormality. Serial quantitative assessments
by gated blood pool SPECT can also be employed in serial
assessment of patients with asymptomatic aortic insuffi-
ciency or with congestive heart failure.

Areas of potential increased application
of cardiac blood pool SPECT

The potential to accurately assess diastolic function by
gated cardiac blood pool SPECT could be an area of future
growth of the application of the method. Additionally, the
method may be well suited to the evaluation of the effects
of nitroglycerin or low-dose dobutamine on myocardial
contractile reserve. Although gated myocardial perfusion
SPECT can assess these parameters, gated cardiac blood
pool SPECT has the advantage of an increased cardiac
count rate per millicurie injected, with resultant potential

to diminish acquisition time (for better assessment of in-
terventions such as nitroglycerin or dobutamine) or in-
crease the number of frames per cardiac cycle (to improve
assessment of systolic and potentially diastolic function).
These new applications of blood pool SPECT may become
more widely explored and clinically utilized as accurate,
automated methods for global and regional biventricular
function measurement become widely available.

Cardiac resynchronization therapy

It has also been recently suggested [72] that using phase
analysis of gated blood pool SPECT may be valuable in
selecting patients who might benefit from cardiac resyn-
chronization therapy (CRT). While echocardiography is
the current modality of choice in this setting, the three-
dimensional nature of SPECT provides unique theoretical
advantages that have not yet been adequately explored
clinically. Gated blood pool SPECT may be better suited
than gated myocardial perfusion SPECT for phase analy-
sis of contraction patterns, since in the presence of a large
perfusion defect, myocardial perfusion SPECT contour de-
tection may be less accurate as it relies on interpolation
and myocardial mass constraints to delineate the myocar-
dial edges, which in turn may lead to decreased accuracy
in computing regional wall motion. Blood pool SPECT,
however, offers high count statistics even in highly dys-
functional hearts and unlike perfusion SPECT is not ham-
pered by the presence of extensive ventricular scarring,
which might have little, if any, uptake of a perfusion tracer.
Thus, with gated blood pool SPECT, reliable contraction
phase information can be extracted in all cases. Regional
wall motion phase and amplitude measurements [73–75]
have recently been added by our group to the existing
automated segmentation algorithm in order to provide
tools for the assessment of ventricular contraction abnor-
malities [76,77] and to enable the analysis of differences
between phase measurements obtained before and after
CRT [78]. These phase measurements are based either on
Fourier transforms (FT) [79] of voxel time–activity curves
or on FT of wall displacements. From each FT two mea-
surements are commonly derived, the amplitude and the
phase of the first harmonic, though multiharmonic mea-
sures are also used [80]. The phase values for all points con-
sidered (voxels or surface points) can be mapped into a his-
togram that graphically depicts the frequency with which
a given phase value is present in the data [81]. Figure 11.5
shows phase histograms and phase-mapped parametric
ventricular surfaces for an 81-year-old male patient. The
two datasets were acquired pre- and postimplantation of a
cardiac resynchronization device (i.e., biventricular pace-
maker). A narrow histogram indicates synchronous con-
traction while a wider histogram indicates delays in the
contraction process within a given region, and differences
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Figure 11.5 Pre- (left) and post-CRT (right) phase information. Pre-CRT LV

and RV surfaces (a, b) are shown, as well as post-CRT LV and RV surfaces

(c, d). Phase information is displayed onto the surfaces using color map-

ping (e), with phase information not displayed (i.e., grayed out) wherever

the amplitude is lower than 5% of the maximum wall motion amplitude

(f). This figure also shows global and regional phase histograms (regional

histograms are computed for the anterior, lateral, inferior, and septal walls

of the LV, and for the RV free wall). For each histogram the mode (Mxxx[ms])

and entropy (Eyy%) are displayed (see text for explanation). Pre-CRT, note

the wide histograms for the LV septal and inferior walls, as well as the delay

(shift) between the modes of the LV regional histograms. Post-CRT, note the

narrow histograms and synchronized modes. In the software this view can

be gated, which simplifies the observation of wall motion phase changes:

pre-CRT the inferior wall and apex can be seen contracting out of phase,

while post-CRT all walls contract synchronously.

in the location of histogram peaks indicate delays be-
tween regions. The mean and mode of a histogram are
two common measures of peak location, while standard
deviation from the mean [82], full width at half or 10%
of the maximum intensity (FWHM, FW10M), and other
entropy or synchrony measures [83] can be used to quan-
tify histogram dispersion. This type of assessment, espe-
cially if combined with a measure of myocardial viability,
could help in identifying patients that may respond well to
CRT, and in locating the optimal sites for pacemaker lead
placement.
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12 Gated positron emission tomography for
the assessment of myocardial perfusion
and function

Josef Machac

The owl of Minerva spreads its wings only with the setting
of dusk

G.W.F. Hegel

Why do cardiac PET?

Strengths and limitations of SPECT imaging

In spite of the impressive overall performance of gated my-
ocardial perfusion SPECT imaging, there are significant
limitations with the approach. Diffuse coronary artery dis-
ease (CAD) without segmental stenosis is frequently the
substrate for plaque rupture and coronary events [1–3].
Furthermore, the identification of early atherosclerosis po-
tentially provides a target for early intervention through
diet, glycemic control, lifestyle changes, and pharmaco-
logic therapy [4–9]. The detection of coronary disease by
SPECT relies on a significant decrease in the ability of re-
gional coronary blood flow to respond to exercise or phar-
macologic stress. Early disease may not cause a hemody-
namically significant obstruction to blood flow. Sensitivity
of disease detection is also limited by incomplete extrac-
tion of tracer by the myocardium during first passage and
its further decrease with hyperemia, more so for Tc-99m
sestamibi or Tc-99m tetrofosmine [10–12], compared to
thallium-201. Despite a high sensitivity of 90–94% for mul-
tivessel coronary disease, conventional SPECT myocardial
perfusion imaging has a limited sensitivity of 60–76% for
detecting single-vessel disease [13,14] and frequently un-
derestimates CAD extent. The presence of diffuse disease
in all three coronary vessels may decrease the sensitivity
for each individual vessel, and fortunately infrequently
“balanced ischemia’’ may mask the presence of disease al-
together [15–19].

The hemodynamic response to exercise performed with
myocardial perfusion imaging contains information about
the adequacy of the stress test. In contrast, the hemody-
namic response to the vasodilator stress agents dipyri-

damole or adenosine, used in about 40% of all stress imag-
ing procedures, does not contain independent information
about the adequacy of the stress. Despite an overall high
success rate, the surreptitious use of caffeinated beverages
may contribute to decreased negative prognostic predic-
tive value of pharmacologic myocardial perfusion imag-
ing as compared to exercise. In one notable study, patients
with a high clinical likelihood of CAD but normal adeno-
sine dual-isotope SPECT imaging still suffered a 4.2% rate
of hard cardiac events over an average of 27.5 months
[20]. The occasional failure to diagnose extensive disease
stems also, in part, from our reliance on detecting rela-
tive deficiencies in regional perfusion, which may mask a
uniformly poor response to vasodilator stimulation. This
type of perfusion abnormality could, in theory, be detected
with quantification of coronary flow reserve – a potential
that has been explored in several studies with positron
emission tomography (PET) but only in a limited manner
with SPECT.

SPECT myocardial perfusion imaging is also subject to
imaging artifacts stemming from nonuniform attenuation,
scatter, and resolution. In spite of the ability to recog-
nize the presence of attenuation artifacts through intensive
training, experience, and the use of gated SPECT imaging
[21], there is frequent uncertainty about the status of pos-
sible underlying CAD in the presence of overlying imag-
ing artifact [22,23]. The need for separate rest and stress
imaging sessions can result in changes in positioning, re-
sulting in altered attenuation artifact, leading to possible
false-positive or false-negative results.

Another limitation to SPECT imaging is the relative low
efficiency of collimation and low geometric efficiency of
conventional gamma cameras. Coupled with a limit on
the maximal dose of radiotracer due to radiation dosime-
try considerations, there is a limit on the shortest amount
of time required for image acquisition with current SPECT
cameras. The use of multiheaded gamma cameras com-
pensates for the latter factor to some degree. From the
patient’s point of view, standard acquisition protocols
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characteristically take at least a few hours to complete,
offering an area of potential improvement. The half-lives
of currently used radioisotopes limit the number of repeat
tracer injections that can be administered.

Improvement in SPECT gamma camera capability, in-
cluding multiple heads, external line source or CT attenua-
tion correction, and sophisticated software, has come with
increasing cost. Thus, a full-fledged multiheaded gamma
camera with attenuation correction and all necessary soft-
ware approaches the cost of some PET cameras.

Evolution in the status of PET imaging

Despite the fact that the clinical value of cardiac PET imag-
ing was demonstrated more than 20 years ago [24–26], its
clinical utilization has until recently been very low. The
impracticality of clinical PET included limitation to a few
large research centers with a PET camera and a cyclotron,
the great expense of PET imaging, and the lack of reim-
bursement for clinical studies. Another disincentive was
lack of availability of standardized software for cardiac
PET image processing, display, or regional quantification
on most PET systems.

All that has changed. With more than 1000 installed
PET cameras in North America (M. Emmons, GE Health
Care, personal communication, 2004), there is an exten-
sive infrastructure in PET imaging. With an average uti-
lization of only four oncological studies being performed
per PET scanner per day (M. Emmons, GE Health Care,
personal communication, 2004), there is room for part-
time availability of most PET scanners for cardiac imaging.
With widespread upgrading of dedicated PET systems to
PET/CT systems for oncology, there is a market for used
dedicated PET systems suitable for cardiac imaging.

Myocardial PET perfusion imaging with rubidium-82
(Rb-82), reimbursed by Centers for Medicare and Medi-
caid Services (CMS) since 1995, is possible with a commer-
cially available generator on a 24-hour basis, obviating the
need for a cyclotron. More recently, shared mobile Rb-82
generators have become available in some localities for
centers that are not financially able to subscribe to 7 days
a week Rb-82 service and choose to offer PET myocardial
perfusion imaging only one to several times a week. All
metropolitan areas in North America now have at least one
commercial F-18 fluorodeoxyglucose (FDG) supplier. FDG
PET imaging is now reimbursed for myocardial viability.
More recently, CMS reimbursement became available for
myocardial perfusion imaging with N-13 ammonia.

The widespread installation of PET/CT cameras repre-
sents another leap forward. The use of CT for attenuation
correction substantially shortens the acquisition time for
a clinical study. The combination of PET scanners with 16
or more slice multidetector CT scanners offers the tanta-
lizing possibilities of PET perfusion and viability imaging

in concert with coronary calcium scoring and coronary CT
angiography, representing potential one-stop service.

The power of PET

PET utilizes a class of radioactive tracers, which decay
with the emission of a positron particle, which has the
same mass as an electron, but with a positive charge. The
positron travels a variable distance through the surround-
ing tissues, depending on the positron’s energy and tissue
density, varying from a fraction of a millimeter to a few
millimeters, until it interacts with an electron. The two
undergo mutual annihilation, resulting in the transforma-
tion of their combined mass into energy (E = mc2) in the
form of two gamma photons directed 180◦ apart from each
other. If these gamma photons are detected in coincidence
by an array of detectors surrounding the patient, one is
able to, on the basis of a large number of such events, as-
semble an image of the distribution of the radiotracer.

An important property of PET is its high image unifor-
mity as a result of the integration in all commercial PET
systems of nonuniform attenuation correction. Since this
can be performed with high accuracy and relative ease,
this effectively compensates for tissue attenuation. It also
allows one to calibrate the PET imaging system, which al-
lows quantification of absolute tissue activity. This in turn
allows the quantification of actual myocardial flow and
glucose utilization rate, using appropriate mathematical
models. It should be noted, however, that the misregis-
tration of transmission and emission maps in the imple-
mentation of the attenuation correction also is a source of
artifact of PET, one that is becoming increasingly appar-
ent with the use of CT scans from PET/CT systems for this
purpose.

PET offers a potentially high resolution of 4–6 mm, com-
pared to 15 mm with SPECT [27], although this resolution
is degraded by the distance the positron travels before un-
dergoing annihilation to produce the two gamma photons
in coincidence [28–31], noise, particularly for the short-
lived Rb-82, the need for filtering, and the added noise
from transmission scans for attenuation correction. In car-
diac PET, resolution is further degraded by respiratory and
cardiac wall movement. This can be compensated by car-
diac or respiratory gating, but at the cost of higher noise
under conditions of limited imaging time. Thus, cardiac
PET currently offers some, albeit not all, of the potential
improved resolution of PET compared to SPECT.

The ability of PET to image radioactive decay events
in coincidence with electronic rather than physical colli-
mation, and the geometrical efficiency of the ring detector
design, leads to high acquisition efficiency. This results
in high image quality acquired in a short time. The short
half-life of Rb-82 also allows multiple short imaging ses-
sions with multiple interventions. The short half-lives of
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Table 12.1 Cardiac PET tracers.

Physical Mean positron
half-life range (mm)

Agent [32] [28–30] Production Extraction

N-13 NH3 10.0 min 0.7 Cyclotron 80% [33]

Rb-82 78 s 2.6 Generator 50–60% [34]

O-15 H2O 2.0 min 1.1 Cyclotron Diffusible

F-18 FDG 110 min 0.2 Cyclotron 1–3% [35]

Rb-82 or N-13 ammonia (Table 12.1) result in acceptable
radiation exposure for the patient, even with multiple in-
jections (Table 12.2). This allows one to perform multiple
intervention studies in one session. The short half-life of
Rb-82 or N-13 ammonia also allows a patient to have other
radionuclide imaging studies on the same day, including
FDG viability imaging. On the other hand, SPECT has the
potential of imaging more than one tracer at a time, but
PET does not, since all PET agents have the same photon
energy.

Myocardial PET perfusion tracers and
imaging protocols

Nitrogen-13 ammonia

The principal cardiac radiotracers are described in Tables
12.1 and 12.2. N-13 ammonia has been used for most of
the scientific investigations in cardiac PET imaging over
the past two decades. Its 10-minute half-life (Table 12.1)
requires an on-site cyclotron and radiochemistry synthe-
sis capability. A sample imaging protocol is given in Table
12.3. A dose injected at rest is followed by imaging. The
process is repeated, usually with pharmacologic stress, af-
ter the initial activity has been allowed to decay, by stagger-
ing patients, or using differential doses for rest and stress.
N-13 ammonia stress imaging can be performed with ex-
ercise stress. Both rest and stress images can be gated. For
quantification of blood flow, a dynamic acquisition is ac-
quired. This can be accomplished by performing separate
dynamic and gated acquisitions with the same injection,
or through list-mode acquisition. One may add a third in-
jection during cold-pressor stress testing.

Table 12.2 Cardiac PET tracer dosimetry.

Organ
Agent Activity (mCi) EDE (rem) Critical organ dose (rem)

N-13 NH3 20 0.148 [216] Bladder 0.60 [217]

Rb-82 60 0.096 [218] Kidneys 1.92 [218]

0.78 [216] Thyroid 8.4 [217]

O-15 H2O 60 0.252 [37] Heart 0.49 [37]

F-18 FDG 10 0.70 [217] Bladder 5.9 [217]

Table 12.3 Imaging protocol for N-13

ammonia PET imaging.

Procedure Time (min)

Positioning (scout) 5

Transmission imaging 10

Injection and blood clearance 5

Rest gated perfusion imaging 10–20

N-13 decay waiting time 45

Pharmacologic stress 7

Injection and blood clearance 5

Stress imaging 10–20

Total duration 100–120

N-13 ammonia imaging requires coordinating the ac-
tivities of at least four individuals: the cyclotron operator,
the radiochemist, the PET technologist, and the supervis-
ing PET physician. It can be a daunting task to coordinate
a large number of rest and stress N-13 ammonia studies
in the same day.

In the blood stream, N-13 ammonia consists of neutral
NH3 in equilibrium with its charged ammonium (NH+

4 )
ion. The neutral NH3 molecule readily diffuses in the
plasma and across cell membranes. Inside the myocyte, it
reequilibrates with its ammonium form, which is trapped
in glutamine via the enzyme glutamine synthase [32,38].
Despite back diffusion, the first-pass trapping of N-13 am-
monia at rest is high (Table 12.1), although it decreases at
higher blood flow rates.

N-13 ammonia allows excellent quality (Fig. 12.1) un-
gated and gated images, taking full advantage of the
superior resolution of PET relative to SPECT imaging,
stemming from a sufficiently long half-life and the very
short length of travel before annihilation of the N-13

Figure 12.1 N-13 ammonia PET images demonstrating anterior and

lateral defects during pharmacologic stress and significant improvement at

rest, consistent with ischemia. Abbreviations: HLA, horizontal long axis; SA,

short axis; VLA, vertical long axis. (Courtesy of Dr. H Schelbert, UCLA

School of Medicine, CA, reproduced with permission from [214].)
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positrons (Table 12.1). N-13 ammonia PET produces ac-
curate assessment of regional and global cardiac function
[39]. Interestingly, normal volunteers show heterogeneity
or mild defects of N-13 ammonia retention in the lateral
wall of the left ventricle, being decreased by about 10%
compared to the other segments. The mechanism of this
finding is not known [40]. This peculiarity must be taken
into account for both visual and quantitative analysis.
N-13 ammonia images also may be degraded by occa-
sional intense liver activity, which can interfere with the
evaluation of the inferior wall. Increased lung activity can
interfere in patients with lung congestion [41].

N-13 ammonia allows absolute quantification of my-
ocardial blood flow, and coronary flow reserve, although
this requires special acquisition and processing meth-
ods (see further below). While N-13 ammonia is consid-
ered overall the best PET myocardial perfusion tracer, the
need for a cyclotron imposes a profound limitation on its
widespread clinical use.

Oxygen-15 water

Oxygen-15 (O-15) water is another important myocardial
perfusion tracer (Table 12.1). Unlike N-13 ammonia or
rubidium-82, O-15 water is neither an approved tracer
nor reimbursed for clinical imaging in the United States,
but is included in this discussion as an important tracer
for investigations with quantification of myocardial blood
flow. Its main attraction is the ability of water to diffuse
freely across plasma membranes. This property allows the
quantification of myocardial blood flow with the help of a
simple one-compartment model [42], making this tracer a
favorite for quantitation of myocardial blood flow: it is the
only tracer that is extracted virtually 100% across the full
range of myocardial blood flow. However, this very prop-
erty leads to poor contrast between the myocardium and
cardiac blood, requiring the subtraction of a separately ac-
quired blood pool image after inhalation of O-15 carbon
monoxide, or the subtraction of the earliest blood pool
phase right after injection of O-15 water (Fig. 12.2). This
in turn results in poor image quality compared to N-13
ammonia.

Rubidium-82

Rubidium-82 (Rb-82) is produced in a commercially avail-
able generator by decay from strontium-82 attached to an
elution column. Rb-82 is eluted with 25–50 cm3 normal
saline by a computer-controlled elution pump, connected
by IV tubing to the patient. With a half-life of 25 days,
the strontium-82 containing generator is replaced every
4 weeks. Rb-82 decays by positron emission with a short
half-life of Rb-82 of 75 seconds (Table 12.1). While the gen-
erator is fully replenished every 10 minutes, our experi-

Figure 12.2 Late (a) and early blood pool (b) phases of O-15 H2O images.

Rapid equilibration between blood pool and myocardium prevents

visualization of the myocardium, which can be achieved (c) by subtracting

(b) from (a). Image (c) can then be used to draw the region of interests to

use with the original images to generate regional time–activity curves for

quantitative analysis. (Reproduced with permission from [43].)

ments have shown that 90% of maximal available activity
can be obtained within 5 minutes since the last elution [44].
While the short half-life of Rb-82 taxes the performance
limits of PET scanners, it facilitates the rapid completion
of a series of resting and stress myocardial perfusion stud-
ies. Thus, Rb-82 is a very efficient imaging agent for routine
clinical usage. Acquisition protocols for different represen-
tative scanners are shown in Tables 12.4–12.7. Because of
the short half-life of Rb-82 and the need for the patient to
lie still in the camera during the study, stress imaging of
this agent is generally limited to pharmacologic stress.

Rb-82, like thallium-201, is a cation and an analogue of
potassium. It is extracted from plasma with high efficiency
by myocardial cells via the Na+/K+ ATPase pump.
Myocardial extraction of Rb-82 is similar to thallium-201
[46,47] slightly less than N-13 ammonia (Table 12.1). Ex-
traction decreases with increasing blood flow [48,49]. Rb-

Table 12.4 Imaging protocol for Rb-82 PET imaging with

a BGO PET scanner (the Mount Sinai Medical Center, NY)∗.

Procedure Time (min)

Positioning (Scout) 5

Rest gated imaging 8

Rest perfusion imaging 8

Transmission imaging 8

Pharmacologic stress 7

Stress imaging 8

Total duration 44

∗A 50–60 mCi dose is used routinely with 2D imaging.
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Table 12.5 Imaging protocol for Rb-82 PET

imaging with an LSO PET scanner [45]∗.

Procedure Time (min)

Rest transmission imaging 4

Rest perfusion 2D imaging 5

Rest gated 3D imaging 3

Pharmacologic stress 7

Stress transmission imaging 4

Stress perfusion 2D imaging 5

Stress gated 3D imaging 3

Total duration 31

∗A 50–60 mCi Rb-82 dose is used.

82 extraction can also be altered by severe acidosis, hy-
poxia, and ischemia [50–52]. Thus, uptake of Rb-82 is a
function of both blood flow and myocardial cell integrity.

Patient preparation and stress testing

Patient preparation for stress and rest myocardial per-
fusion PET is identical to pharmacologic SPECT perfu-
sion imaging. Myocardial PET perfusion imaging is usu-
ally performed with pharmacologic stress, primarily with
dipyridamole or adenosine. N-13 ammonia imaging can
be performed successfully with treadmill stress testing.
Satisfactory results have been obtained with supine bicy-
cle exercise using O-15 water [53], or even with treadmill
exercise with Rb-82 [54].

Imaging of Rb-82

In spite of the short half-life of Rb-82, modern PET gamma
cameras are able to obtain good quality images (Figs. 12.3
and 12.4). Imaging with Rb-82 is not able to take full advan-
tage of the superior resolution of PET, due to the relatively
long mean path (2.6 mm) (Table 12.1) of the energetic Rb-82
positrons and due to the need for filtering required to ob-
tain optimal images with the short-lived tracer. The total
body dosimetry from a 50–60 mCi dose of the short-lived

Table 12.6 Imaging protocol for Rb-82 PET imaging with

a GSO PET scanner (O. Almeida, personal communication,

August 2004).

Procedure Time (min)

Positioning (scout) 5

Transmission imaging 3

Rest perfusion imaging 5

Pharmacologic stress 7

Stress imaging 5

Total duration 25

Table 12.7 Imaging protocol for Rb-82 PET imaging with

a PET/CT scanner (M. DiCarli, personal communication,

August 2004)∗.

Procedure Time (min)

Positioning (scout) 1

CT transmission scan #1 15 s

Rest gated imaging 8

Rest perfusion imaging 8

Pharmacologic stress 7

CT transmission scan #2

Stress imaging 8

CT transmission scan #3 15 s

Total duration 33

∗A 50–60 mCi dose was used for all injections.

Rb-82 varies among different calculated estimates, but is
sufficiently low to allow multiple injections with an ac-
ceptable dosimetry to the patient (Table 12.2).

Our protocol for a dedicated BGO PET scanner (Table
12.4) begins with a low-dose (20 mCi) injection of Rb-82
at rest, a short 3-minute scout acquisition, and quick re-
construction that allows proper positioning. The patient
then receives a full (50–60 mCi) dose of Rb-82 at rest, ac-
quired in two-dimensional eight-frame gated mode for
6 minutes, beginning at 2 minutes after the onset of in-
jection. This is followed by another 50–60 mCi injection,
at rest, using a phasic (dynamic), 8-minute acquisition,
for perfusion imaging. The dynamic acquisition allows a
retrospective choice of selecting the onset of the myocar-
dial phase (which is delayed in heart failure and low car-
diac output states, or poor bolus quality), and allows blood

Figure 12.3 (a) Normal stress and rest Rb-82 PET images. (b) Resting

end-diastolic (ED) and end-systolic (ES) gated images, showing uniformly

good contractility. (Reproduced with permission from [214].)
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Figure 12.4 (a). Stress and rest of Rb-82 PET images demonstrating

severe extensive apical, septal, and inferior scarring and only minimal basal

septal ischemia. (b) Resting end-diastolic (ED) and end-systolic (ES) gated

images, showing poor or absent contractility in the scarred regions, and

poor overall left ventricular function. (Reproduced with permission from

[214].)

flow quantification. This is followed by an 8-minute trans-
mission scan with a germanium-68 pin source. The patient
then undergoes pharmacologic stress with dipyridamole,
adenosine, or, in patients with asthma, dobutamine. At
peak stress, the patient is injected with the final 50–60 mCi
Rb-82 dose, for the last 8-minute dynamic (phasic) acqui-
sition. The camera acquisition time for the entire study is
about 45 minutes. Any need to reposition the patient or re-
peat an acquisition, or need for patient observation, may
lengthen the required time.

For the rest and stress perfusion image reconstruction,
we use filtered backprojection with a Hanning filter. We
have found that best myocardial uniformity is obtained
with filtered backprojection and measured attenuation
correction. Iterative reconstruction with either measured
or segmented attenuation correction is satisfactory too, but
in our experiments, led in normal controls to less unifor-
mity among regions [55]. These results should be consid-
ered specific to our dedicated PET scanner (ADVANCE-
GE Medical Systems) and should be verified for the other
scanners by their respective users. We reconstruct the
gated wall motion images with iterative reconstruction
with segmented attenuation correction, in order to more
effectively suppress the higher level of noise.

The resulting transaxial resting and stress static images
undergo oblique reslicing to produce oblique short-axis,
horizontal long-axis, and vertical long-axis cuts, using any
one of standard display software packages developed for
SPECT images and adapted for PET.

An important decision for any laboratory is the choice
of two-dimensional (2D) vs. three-dimensional (3D) PET
imaging, a decision specific for each type of PET scanner.
In studies with our BGO scanner (ADVANCE-GE Medical
Systems), acquisition in 3D mode with high-injected doses
(50–60 mCi) of Rb-82 and immediate acquisition did not
yield good results, due to dead time and excessive ran-
doms. We did obtain good results, similar to our routine
2D high-dose imaging, by waiting for 5 minutes after Rb-
82 injection. The delay would seem to defeat the purpose of
imaging early after injection in trying to maximize counts.
However, similar image quality could be obtained with
low-dose (20 mCi) Rb-82 3D imaging as with high-dose
(50–60 mCi) 2D imaging [56,57]. Our experiments with
phantoms showed similar resolution for 3D and 2D im-
ages. Thus, we found no advantage in 3D imaging with
high-dose Rb-82 injections. Three-dimensional imaging
requires longer reconstruction time, and fills much more
computer disk space. In lean individuals, the resolution
and quality of 2D and 3D images were identical. In obese
individuals, both contrast and image quality were better
with 2D imaging. Quantification with 3D imaging should
be done with caution, since 3D imaging produces signif-
icant axial nonuniformity without proper correction [32].
The benefit of 3D imaging in our scanner would be realized
if a lower dose, less expensive Rb-82 generator were of-
fered. Thus, one could obtain similar results with 3D low-
dose imaging as with high-dose 2D imaging, at lower cost.

LSO detector PET scanners (CTI, Knoxville, TN) offer
the ability to function in 3D mode even at high activi-
ties. The cardiac PET laboratory at the Mid America Heart
Institute of Kansas City, MO, acquires in quick succes-
sion, 2D perfusion and 3D gated imaging at rest and with
stress (Table 12.5), resulting in faster throughput and en-
hanced efficiency. Moser et al. [58] performed a quantita-
tive comparison between 2D and 3D Rb-82 perfusion ac-
quisitions on their system. They found that resting images
were identical. Initial results showed that dipyridamole
stress images showed significant differences in perfusion
defect detection between 2D and 3D images. Subsequent
studies showed that these differences were eliminated
with modifications in methodology. Thus, the investiga-
tors confirmed that 2D and 3D imaging could be used
with equal confidence [36], but three-dimensional imag-
ing would save time.

Another laboratory that compared a BGO 2D system
with an LSO 3D system observed with a slightly reduced
Rb-82 dose of 30–50 mCi reduced noise levels with the 3D
LSO system, albeit with increased background levels [59],
presumably due to a higher random events level.

Satisfactory results in myocardial perfusion imaging
with Rb-82 have also been reported with a GSO PET sys-
tem (O. Almeida, personal communication, August 2004).
Recently, gated and dynamic imaging have also been
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achieved with this system (D. Berman, personal communi-
cation, 2004; V. Dilsizian, personal communication, 2004).
A sample protocol for a GSO PET imaging system is shown
in Table 12.6.

Combined PET and CT imaging in a single combined
PET/CT unit has become the preferred approach for PET
imaging in oncology. Approximately 80% new units in-
stalled in 2003 were PET/CT units (M. Emmons, GE
Health Care, personal communication, August 2004). Ta-
ble 12.7 shows a sample imaging protocol with a PET/CT
scanner. First, the scout CT scan can, in a few seconds,
reveal proper positioning of the patient. CT scanning re-
duces the time for transmission scan. Since 30–35 min-
utes are projected for the entire study, 45 minutes for the
more difficult patients [60], throughput is enhanced. One
group reported saving 12 minutes for the complete study,
after switching from a dedicated PET system to a PET/CT
system [59]. We have verified these results with a BGO
PET/CT system using the protocol in Table 12.7.

Gated imaging with Rb-82

In our Rb-82 acquisition protocol (Tables 12.4 and 12.7), we
include a separate resting injection to obtain a gated PET
acquisition in 2D mode. If one does not need to acquire
the perfusion images using a dynamic (phasic) acquisi-
tion (a case in most clinical settings), the perfusion and
gated images can be obtained at the same time, both at rest
and at stress. Ideally, one would like to obtain both gated
and dynamic acquisitions at the same time. This would
be possible with a list-mode acquisition, but this capa-
bility is not readily available with most commercial PET
scanners.

As already noted above, we compared 2D vs. 3D imag-
ing. On our BGO PET imaging system, we could obtain
similar results with high-dose (50–60 mCi of Rb-82) 3D
imaging as with high-dose 2D imaging, provided that we
waited 5 minutes between injection and the onset of 3D
imaging, so that dead time and randoms fell to acceptable
levels. Likewise, we could obtain similar results with low-
dose (20 mCi Rb-82) 3D acquisition as with high-dose 2D
acquisition, provided that patients were not obese, where
image quality was worse. Overall 3D imaging could equal,
but not exceed, 2D image quality [56].

With proper image processing, good quality Rb-82 PET
gated images can be obtained in the vast majority of pa-
tients (Figs. 12.3 and 12.4). Iterative reconstruction and
proper choice of filter will result in good results with most
patients. Patients with frequent ectopy or irregular heart
rhythms may yield gated images of inferior quality. Poor
gated image quality may also result from a slow or frag-
mented Rb-82 injection.

After reconstruction, the gated images can be processed
and viewed with one of a number of different commer-
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Figure 12.5 Left ventricular ejection fractions obtained from gated Rb-82

PET imaging and QGS, Emory toolbox (ECT), and Michigan 4D (MICH)

software, correlated with planar gated blood pool imaging. (Reproduced

with permission from [214].)

cially available display software packages originally de-
veloped for SPECT imaging.

We compared visually assessed regional and global left
ventricular (LV) function from 67 gated Rb-82 PET stud-
ies to either gated SPECT images (17), gated blood pool
images (11), echocardiography (25), or contrast ventricu-
lography (23) performed within 3 months of each other.
We demonstrated an 81–92% close agreement in segmen-
tal wall motion scores [61], with best agreement (92%) be-
tween PET and either gated SPECT perfusion or gated
planar blood pool imaging.

More recently, we compared the ability of three com-
mercial software packages to calculate the left ventricu-
lar ejection fraction (LVEF) from gated Rb-82 PET images.
In 52 patients, gated resting Rb-82 PET images were pro-
cessed with either the QGS (Cedars Sinai) software, the
ECT Toolbox (Emory) software, or the 4D (Michigan) soft-
ware and the resulting ejection fractions were compared
with those obtained from planar gated blood pool images
acquired within 24 hours. The results showed all three
methods to perform satisfactorily, with correlation coeffi-
cients of 0.81–0.83 [62] (Fig. 12.5).

Successful results with 3D gated Rb-82 PET imaging
were also obtained with an LSO system in 35 patients and
compared with gated Tc-99m sestamibi SPECT. The au-
thors found a good correlation (r = 0.91) for the LVEFs
between the two methods [63]. Thus, both regional as well
as global LV function can be successfully evaluated with
either BGO or LSO PET imaging systems using Rb-82.

Regional wall motion as well as LVEFs obtained with
N-13 ammonia gated PET images also yielded excellent
agreement with other wall motion modalities [39].

291



Clinical Gated Cardiac SPECT

The value of PET for clinical myocardial
perfusion imaging

Image uniformity in PET imaging

A major challenge for cardiac radionuclide perfusion
imaging is the varying distribution of the disparate densi-
ties of the tissues surrounding the heart, including bone,
water density, fat, and air. Their respective proportions
vary markedly between men and women, and among in-
dividuals within each gender, leading to a wide range of
normal limits to the distribution of apparent myocardial
perfusion due to attenuation artifact. Image uniformity
is the most important property of cardiac PET perfusion
imaging. Due to the requirement of coincidence detection,
the probability of attenuation or scatter for the two gamma
photons is the same anywhere along the line between any
two detectors. The attenuation between any two detectors
can be measured and easily corrected. By contrast, with
a conventional collimated gamma camera, resolution de-
teriorates with distance from the face of the gamma cam-
era, along with increasing attenuation and scatter with
increasing depth of the source in the subject, which is
difficult to correct reliably [32]. The result is that while
normal maps for regional quantification of SPECT images
are nonuniform and different for men and women, the
maps with Rb-82 PET are uniform and identical for both
genders [64].

The problem is illustrated by the example of a 53-year-
old male with diabetes, end-stage renal disease, and left-
ventricular hypertrophy (LVH), referred for dipyridamole
Tc-99m sestamibi SPECT imaging for preoperative risk
evaluation (Fig. 12.6). The stress SPECT images show a
severe inferior defect, moderate apical defect, and a pos-
sible mild anterior defect. The resting images show no
improvement in the inferior wall, mild improvement in
the apex, and in the anterior wall. The gated SPECT im-
ages showed global hypokinesis. Even though attenuation
artifact was suspected, the study could not exclude infe-
rior wall scarring, and mild apical and possibly anterior
wall ischemia. Obtained within a short time afterward, the
stress and rest PET images showed uniform distribution.
This patient nonetheless underwent coronary angiogra-
phy, which showed normal coronary arteries with mild
diffuse LV dysfunction, confirming the diagnosis of mild
cardiomyopathy, probably due to chronic hypertension.

SPECT images frequently show attenuation artifact in
women due to attenuation from overlying breast tissue,
illustrated in Fig. 12.7 for a 72-year female studied for eval-
uation of development of CAD several years following a
heart transplant. The SPECT images showed a moderate
anterior wall defect, with a suggestion of improvement at
rest. Even though attenuation artifact was likely on the ba-
sis of an obvious breast shadow on the raw images, disease
could not be ruled out in this patient at risk of coronary

Figure 12.6 (a) Dipyridamole stress and rest Tc-99m sestamibi SPECT

images of a 53-year-old male show a moderate inferior defect and possible

mild anterior defect during stress with mild improvement in the anterior

wall and apex at rest. (b) The stress and rest PET images for the same

patient showed uniform distribution. (Reproduced with permission from

[214].)

disease. The PET imaging study showed a normal distri-
bution.

Table 12.8 lists studies that compared PET myocardial
perfusion imaging in the detection of CAD. Representing a

Figure 12.7 (a) Tc-99m sestamibi dipyridamole stress and rest SPECT

images of a 72-year-old female show a mild to moderate anterior wall

defect at stress, with a suggestion of partial improvement at rest. (b) The

Rb-82 PET imaging study shows normal images. (Reproduced with

permission from [214].)
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Table 12.8 Diagnostic accuracy of PET myocardial perfusion imaging for

CAD.

Sensitivity Specificity No. of
(%) (%) points Agent Author

95 100 50 NH3, Rb-82 Gould et al. [65]

94 95 193 Rb-82 Demer et al. [66]

93 78 202 Rb-82 Go et al. [67]

97 100 45 NH3 Schelbert et al. [25]

93 100 49 NH3 Yonekura et al. [68]

98 93 146 Rb-82 Williams et al. .[69]

84 88 81 Rb-82 Stewart et al. [70]

95 95 25 NH3 Tamaki et al. [71]

93 92 791 Average

total of 791 patients, eight studies – some performed with
N-13 ammonia, others with Rb-82 PET – showed in ag-
gregate a mean of 93% sensitivity and 92% specificity for
CAD. Table 12.9 lists studies that compared PET myocar-
dial perfusion imaging with thallium-201 SPECT imaging
in the same patients. These studies showed higher overall
sensitivity, specificity, and accuracy for PET compared to
SPECT imaging.

In 2748 patients, Patterson et al. [72] found a reduction
in the number of interpretations classified by two experi-
enced physicians as “probably’’normal or abnormal, from
37% with Tl-201 SPECT to 21% with Rb-82 PET. These re-
sults indicate that PET can produce unequivocal result in
the great majority of patients. Nondiagnostic or uncertain
interpretation of a noninvasive test is one of the factors
prompting physicians to recommend more costly invasive
diagnostic studies.

Regional quantification has been shown to further im-
prove the accuracy of PET perfusion imaging. Churchwell

Table 12.9 Comparison of PET and SPECT myocardial perfusion imaging

for detection of CAD in the same patients.

Accuracy Sensitivity Specificity
Author Tracer (%) (%) (%)

Go et al. [67]

(n = 132) Rb-82 92 95 82

Tl-201 78 79 76

Stewart et al. [70]

(n = 81) Rb-82 85 87 82

Tl-201 78 87 52

Tamaki et al. [71]

(n = 51) NH3 98 98 100

Tl-201 98 96 100

Total

(n = 264) PET 91 93 82

SPECT 81 85 67

et al. [73,74] compared quantitative PET Rb-82 myocar-
dial perfusion imaging studies with clinical follow-up in
52 patients and coronary angiography in 91 patients. They
found a 99% sensitivity, 83% specificity, and 100% nor-
malcy rate for CAD, and a high interobserver agreement
of 94% among three physicians interpreting the images
independently [75,76].

Over the last 10–15 years, both SPECT and PET imaging
have undergone significant improvements, with the ad-
dition of gated SPECT imaging, Tc-99m agents [21,77–79],
and SPECT attenuation [80,81]. The current literature lacks
a direct comparison of the accuracy of PET in comparison
with SPECT imaging, complete with gating and attenu-
ation correction, but as more centers are now involved
with PET perfusion imaging, these data are rapidly be-
ing collected. A recent study presented by Bateman et al.
[82] showed a higher interpretive certainty (definitely nor-
mal or abnormal) for PET (87% vs. 71% for SPECT imag-
ing, p < 0.05) in 112 patients studied with gated Tc-99m
sestamibi SPECT, and matched with 112 patients studied
with gated Rb-82 PET. PET myocardial perfusion imaging
showed a higher diagnostic accuracy of 86% for CAD vs.
68% for SPECT imaging (p < 0.05). For individual coro-
nary vessels, PET imaging showed both higher sensitivity
(78% vs. 61%, p < 0.05) and higher specificity (94% vs.
86%, p < 0.05).

Despite improvements in the accuracy of SPECT imag-
ing, uncertainty remains in many patients. Studies have
shown that significant problems of SPECT nonuniformity
remain even after attenuation correction, with significant
differences in the ability of commercial attenuation cor-
rection systems to reduce artifacts due to attenuation and
scatter [23].

SPECT imaging in women is challenged by a high inci-
dence of breast attenuation artifact, a greater and growing
prevalence of obesity (Table 12.10), as well as smaller heart
size [21,77,83]. The higher resolution of PET imaging and
the greater ease in dealing with attenuation artifact are ex-
pected to yield high accuracy in women. Williams et al. [85]
studied 57 female patients with stress PET imaging and
observed a high specificity compared to coronary angiog-
raphy. In women who had undergone both stress SPECT
and stress PET imaging within a period of 3 months, the

Table 12.10 Prevalence of obesity (BMI > 30)

in adults [84].

Year Men Women

1960 10.7% 15.8%

1972 12.1% 16.6%

1978 12.7% 17%

1990 20.6% 25.9%

2000 27.7% 34%
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SPECT and PET imaging tests had similar high sensitivity,
but the specificity for PET was significantly higher than
for SPECT. In a population of men and women studied
with coronary angiography, Patterson et al. [86] showed
that both sensitivity and specificity of CAD detection with
PET myocardial perfusion imaging were similarly high for
men and women.

An increasing challenge to noninvasive diagnostic
imaging is posed by the growing prevalence of moderate
and severe obesity in the general population (Table 12.10).
The prevalence of obesity is greater in women than in men,
in older individuals compared to the young, and among
African-Americans and Hispanic-Americans [84]. Obese
patients nearly always exhibit some degree of attenuation
artifacts on myocardial SPECT perfusion imaging, which
can be recognized in many cases, but in others cause in-
correct, or at least equivocal results.

Figure 12.8 shows attenuation-corrected SPECT and
PET images of a 290-lb, 51-year-old male with risk factors
for CAD. The non-attenuation corrected images showed a
moderate to severe inferior wall defect. Even after attenu-
ation correction, the SPECT images (Fig. 12.8a) show mild
to moderate inferior and apical defects which slightly im-
proved on the resting images, accompanied by 1 mm ST
depression with nearly maximal exercise. Rest and dipyri-
damole stress Rb-82 PET images obtained a short time af-
terward (Fig. 12.8b) showed a normal distribution. The
defects seen on SPECT images even after attenuation cor-
rection were attributable to attenuation artifact. Our ex-
perience and that of others has shown that in the obese

Figure 12.8 (a) Stress and rest attenuation-corrected (AC) Tc-99m

sestamibi SPECT images of a 290-lb, 51-year-old male. The SPECT image

show mild to moderate inferior and apical ischemia and partial scarring. (b)

The stress and rest PET images showed normal distribution. (Reproduced

with permission from [214].)

population and in women, routine gated SPECT imaging,
even with attenuation correction, frequently results in a
high level of uncertainty [45,72]. It is in these populations
that PET is most helpful.

There are limitations to the ability of PET to image
very obese individuals. The weight-bearing ability of most
imaging tables is limited to 400–450 lb. Frequently, patients
are limited more by the size of the scanner opening, so that
while a tall, 450-lb patient can be accommodated, a short,
350-lb patient may not be able to fit in the PET scanner
opening if it is 60–63 cm in diameter. Several of the cur-
rently marketed PET scanners have a larger opening of
70 cm, which is less limiting on the size of the patient that
can be accommodated [87]. This should be determined in-
dividually for each type of PET camera. It is these larger
patients who are frequently denied accurate diagnostic
imaging because of their size.

Imaging in the pediatric population

The pediatric population is a challenge for diagnostic
SPECT imaging. Infants and children can derive bene-
fit from myocardial perfusion imaging to assess coro-
nary vessel patency following switch operations, correc-
tion of anomalous coronary arteries, or in patients with
Kawasaki’s disease or myocardial injuries. Image quality
is limited by resolution and the activity of thallium-201
that can be delivered to the heart in infants or small chil-
dren is limited by dosimetry, thus resulting in poor quality
images. Tc-99m sestamibi and Tc-99m tetrofosmine images
are compromised by high liver activity in close proximity
to the small heart, virtually obliterating the inferior wall
of the heart. We have found the performance of PET Rb-
82 myocardial perfusion imaging in infants and in small
children to be excellent. The short half-life of PET allows
sufficiently high doses of Rb-82 to be delivered to achieve
good quality images with low dosimetry to the child. Fig-
ure 12.9 illustrates a stress and rest study in a 4-year-old
child who had sustained severe trauma to the chest, re-
quiring surgical repair and patching of myocardial rup-
ture, followed by symptoms suggestive of ischemia. The
Rb-82 PET study documented significant ischemia at the
margins of the defect. Studies involving small children
require careful preparation, since sedation and/or anes-
thesia are required to achieve good results.

Prognostic value of myocardial PET imaging

Given the proven value of PET myocardial perfusion
imaging in the diagnosis of CAD, it is expected that the
prognostic value of gated PET is at least as valuable as
for gated SPECT imaging. In a study of 153 consecu-
tive patients studied with Rb-82 PET imaging, Yoshinaga
et al. showed 94% event-free survival over a 3-year period
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Figure 12.9 Stress and rest study Rb-82 imaging study of a 4-year-old

child who had sustained severe trauma to the chest, requiring surgical

repair of the anterior and septal walls, with subsequent symptoms

suggestive of ischemia. The images demonstrate absent perfusion in the

anteroseptal wall in the region of the patch, and significant ischemia at its

edges, confirming insufficient blood supply around the margins of the

defect.

in patients with normal PET scans, compared with 62%
event-free survival in patients with mild defects, 58% sur-
vival in patients with moderate defects, and 45% survival
with severe defects [88]. Van Tosh et al. [89] showed that a
normal stress PET study predicts a very low cardiac event
rate in women with chest pain and significant cardiac
risk factors. Nevertheless, documented literature on the
proven value of myocardial PET perfusion imaging, as has
been shown for SPECT imaging, still remains to be written.

Gating of LV function during pharmacologic stress, and
quantification of coronary flow reserve (see below), is ex-
pected to improve the detection of patients with balanced
ischemia, thus enhancing the prognostic accuracy. Parkash
et al. have shown improved ability to diagnose three-
vessel disease, as opposed to single-vessel disease, with
quantification of myocardial Rb-82 retention [90].

The evaluation of LV function, which is acquired as part
of gated myocardial perfusion imaging, plays an impor-
tant role in the assessment of clinical risk. Decreased LV
function, the resultant thinning, and myocardial elonga-
tion in both infarcted and noninfarcted tissue contribute
to further dilatation, heart failure, and decreased survival
[91,92]. Increased LV volume is a predictor of poor out-
come in patients undergoing coronary bypass surgery
[93,94].

Combined perfusion and metabolic PET imaging of-
fers the additional prognostic value of prediction of my-
ocardial functional recovery of dysfunctional, viable my-
ocardium, and identifies patients at high risk of cardiac
events while managed with medical therapy compared to
revascularization.

Imaging of myocardial viability

F-18 fluorodeoxyglucose

Preserved metabolism for the production of ATP is one
of the critical features of myocardial viability. FDG is
fluorine-18 labeled 2-deoxyglucose, an analogue of glu-
cose. It is the principal workhorse in clinical PET viabil-
ity imaging. Like d-glucose, FDG is transported into the
myocardium by specific transporters by facilitated diffu-
sion (Fig. 12.10). Inside the cell, FDG undergoes phos-
phorylation by the enzyme hexokinase. The phosphory-
lated product FDG-6-phosphate is not metabolized any
further. Because of very low levels of the enzyme glucose-
6-phosphatase catalyzing the reverse reaction, FDG is es-
sentially trapped in the cell [95]. It has been demonstrated
that in a metabolic steady state, FDG uptake in the my-
ocardium correlates linearly with uptake and utilization
of exogenous glucose [96].

Following injection, FDG is slowly taken up by body
tissues, including the myocardium. Imaging is performed
about 45–90 minutes after injection. As a result, the 110-
minute physical half-life of F-18 FDG is well-suited for
viability imaging (Table 12.1). The dietary state of the pa-
tient, as well as the metabolic integrity, determines the
rate of glucose utilization. In the fasting state, normal my-
ocardium preferentially utilizes free fatty acids. The up-
take of glucose and FDG is generally low, although fairly
variable. In the fasting state, inhomogeneity in uptake fre-
quently occurs [97]. Subsequent to glucose loading, glu-
cose and insulin plasma levels are elevated, and glucose
is the preferred substrate for energy metabolism [98].

FDG

D-
Glucose

D-
Glucose

FDG

Glucose
6-phosphatase

Glucose
6-phosphatase

Hexokinase
Glycolysis

FDG-6-P

G-6-P

Figure 12.10 Schema of cellular uptake and retention of FDG.
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Following transient ischemia, or in chronic state of hi-
bernation, viability and the ability of injured myocardium
to recover function depends on the recovery of oxidative
metabolism [99,100].

Myocardial glucose utilization, and therefore meta-
bolism, can be evaluated with imaging of FDG uptake.
This is done most often in combination with myocardial
perfusion imaging and wall motion imaging. This can
be done with resting myocardial perfusion and function
imaging followed by FDG metabolic imaging, which itself
can be gated for functional imaging. When possible, one
performs rest and stress myocardial perfusion imaging,
followed by FDG metabolic imaging.

Wall motion imaging defines hypofunctional regions
of the left ventricle. Resting perfusion defines hypop-
erfused or well-perfused hypofunctional regions. Stress
perfusion imaging adds power by allowing one to as-
sess jeopardized myocardium in addition to dysfunc-
tional, hypoperfused regions. Perfusion imaging can be
done separately with thallium-201, Tc-99m sestamibi, or
Tc-99m tetrafosmine SPECT imaging. Perfusion imag-
ing performed with Rb-82 or N-13 ammonia, together
with FDG metabolic PET imaging, offers the advantage
of being done at nearly the same time, easy coregistra-
tion of images for perfusion and metabolism, and having
most closely matched image resolution and correction for
attenuation.

In our protocol, the patient undergoes resting perfusion
imaging with Rb-82, and whenever possible, pharmaco-
logic stress Rb-82 perfusion imaging. Usually on the same
day, this is followed by FDG PET imaging. The latter por-
tion begins with glucose loading with supplementary in-
sulin, as necessary [101]. In the course of early studies
with perfusion/metabolic imaging, FDG metabolic imag-
ing was performed during fasting. This approach ampli-
fies the presence of ischemia or hibernation, and may over-
estimate the degree of perfusion–metabolism mismatch
but image quality may be poor, which makes image coreg-
istration with perfusion imaging more difficult. Subse-
quently, most centers have switched to imaging with glu-
cose loading. A number of methods of glucose loading
exist. These include oral glucose loading, IV glucose load-
ing, or continuous insulin–glucose infusion, in order of
difficulty. The patient is injected with FDG. After a 45–60-
minute rest, the patient then undergoes emission PET
imaging, along with a transmission scan.

Three distinct perfusion–metabolism patterns can be ob-
served in dysfunctional myocardium. The first pattern is
normal blood flow in association with normal FDG uptake.
The second pattern is that of a matched, proportional re-
duction in blood flow and glucose utilization (Fig. 12.11).
The third pattern is that of a mismatched pattern, with
a regional decrease in perfusion and relatively preserved
glucose utilization, as shown by preserved FDG uptake,

Figure 12.11 Rest and stress Rb-82 perfusion and FDG metabolic images

(a) and polar maps (b) in a patient with a dilated left ventricle with a large

area of fixed stress and rest perfusion defect. The FDG metabolic images

show a matching large defect, consistent with permanent scarring.

or FDG uptake significantly better than uptake of the per-
fusion tracer (Fig. 12.12).

The mismatch pattern has been found to predict re-
versible dysfunction, while a matched pattern predicts
scarring [26]. Preserved perfusion at rest but decreased
perfusion at stress in a dysfunctional segment indicates
stress-inducible ischemia, and suggests that the contrac-
tile dysfunction is due to repetitive ischemia and stunning,

Figure 12.12 (a) Tc-99m sestamibi (MIBI) exercise stress and rest images

in a 49-year-old male with known CAD and congestive heart failure. The

MIBI images show severe apical, anterior, lateral, and inferior defects with

no improvement on the resting images. (b) The dipyridamole stress Rb-82

images show severe apical, anterior, lateral, and inferior-basal defects, and

a moderate to severe septal defect. The resting Rb-82 images show marked

anterior, septal, and anterolateral improvement, and mid-inferior

improvement. The FDG PET images showed preserved or increased activity

in the anterolateral, lateral, inferior, and inferior-basal walls, demonstrating

a classical mismatch pattern in these regions. (Reproduced with permission

from [214].)
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which may be remedied by coronary revascularization.
Extensive LV dysfunction and dilatation associated with
preserved flow and FDG uptake suggest remodeling or
diffuse myopathy, not likely to respond to revasculariza-
tion [102].

FDG PET imaging frequently shows additional viability
in patients with fixed stress and rest perfusion defects, or
in patients with only partial stress-inducible reversibility.
An example is shown in images of Fig. 12.12, obtained in
a 49-year-old male with history of myocardial infarction,
very poor LV function, and congestive heart failure. Ex-
ercise stress Tc-99m sestamibi (MIBI) images showed se-
vere apical, anterior, lateral, and inferior defects, with no
improvement on the rest MIBI images. The dipyridamole
stress Rb-82 images showed severe apical, anterior, lat-
eral and posterior defects, and a moderate to severe septal
defect, similar to the MIBI SPECT images. The resting im-
ages, however, showed marked anterior, septal, and an-
terolateral improvement, and mid-inferior improvement.
The extent of stress-inducible ischemia was at least 50% of
the myocardium. The FDG PET images showed preserved
or increased activity in the anterolateral, lateral inferior,
and based-inferior walls, demonstrating a classical mis-
match pattern in these regions, occupying at least 50% of
the myocardium. The end result is that about 75% of the
myocardial mass shows either stress-inducible ischemia,
or hibernation, including most of the regions considered
scarred by MIBI SPECT imaging.

In some instances, it is not necessary to proceed with
FDG PET viability imaging, if the stress and rest Rb-82
PET imaging provides evidence of ischemia, rather than
scarring. Conversely, many patients do not show viability
with FDG PET imaging in hypoperfused dysfunctional
myocardium. An example in Fig. 12.11 shows a dilated left
ventricle with a large area of fixed stress and rest perfusion
defect. The FDG metabolic images show a matching large
defect, consistent with permanent scarring.

Why viability imaging matters

The consideration of myocardial viability is important
in a patient with significantly impaired LV function due
to CAD being evaluated for revascularization. Severe re-
duction in resting flow in these dysfunctional regions by
SPECT and PET perfusion imaging identifies predom-
inantly nonviable myocardium that is unlikely to im-
prove function after revascularization. Dysfunctional my-
ocardium with mild to moderate and moderate to severe
flow reduction contains variable amounts of viable tissue.
Flow measurements by themselves do not distinguish be-
tween regions with potentially reversible dysfunction and
regions with irreversible dysfunction [103].

The clinical value of cardiac metabolic PET imaging
in the assessment of myocardial viability in combina-

tion with perfusion imaging was demonstrated more than
18 years ago [26]. Since then, 17 published studies with
462 patients using FDG PET imaging along with PET my-
ocardial perfusion imaging or SPECT perfusion imaging
have shown a 76% positive predictive value for improved
regional function following revascularization and a 82%
negative predictive value [104]. Bax et al., on the basis of
pooled data from multiple studies involving 332 patients,
determined a 88% sensitivity and 73% specificity of FDG
PET for myocardial viability [105].

The magnitude of LV ejection fraction improvement
has been shown to be proportional to the size and ex-
tent of viable dysfunctional myocardium, demonstrat-
ing the perfusion–metabolism mismatch pattern by PET
[106,107]. An improvement in LV ejection fraction after
revascularization is, in turn, associated with an improve-
ment in prognosis [108]. The extent of viable myocardium
also predicts improvement in heart failure symptoms af-
ter revascularization [109] and improvement in exercise
parameters. This improvement was only in patients with
significant extent of viability on FDG PET studies [110].

Not only does PET perfusion/metabolic imaging iden-
tify patients who benefit from revascularization, but also
identify a group of patients at high risk when treated med-
ically alone, while event-free survival in patients with-
out viable myocardium is similar with medical therapy
or revascularization [111–113]. Studies have shown, how-
ever, that this window of opportunity for a given patient
does not last. Beanlands et al. showed that while preoper-
ative FDG PET can be used to identify a high-risk group of
patients who may benefit from early revascularization, a
long waiting time for revascularization is associated with
a high mortality rate and suggests that early revascular-
ization is desirable after the identification of hibernating
viable myocardium [114].

Where does FDG PET imaging predictive value stand in
comparison with conventional SPECT imaging? A pooled
analysis of multiple studies shows that FDP PET imaging
offers slightly increased accuracy, arguably of marginal
significance, compared to thallium-201 or Tc-99m ses-
tamibi imaging [105]. These studies were not performed in
the same subjects. A direct comparison between thallium-
201 SPECT, with FDG SPECT and FDG PET in the same
patients with very poor LV function, FDG PET imaging
showed significant incremental benefit above thalium-
201 stress-redistribution/reinjection imaging in predict-
ing functional recovery, while in patients with relatively
preserved LV function, the predictive value was similar
[115]. Likewise, in patients with LVEF greater than 25%,
Tc-99m sestamibi SPECT imaging showed close agree-
ment with FDG PET, while in patients with LVEF less than
25%, Tc-99m sestamibi SPECT underestimated viability in
segments that showed perfusion–metabolism mismatch
with FDG PET [116]. This is illustrated in the example of
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Fig. 12.12. These studies demonstrate that in patients with
very poor LV function, FDG PET imaging adds significant
value in viability imaging. PET viability imaging has also
been successfully applied in infants and children with high
accuracy, similar to that seen in adults [117].

Studies of PET perfusion tracer kinetics for
viability

One of the principal applications of PET is in the assess-
ment of myocardial viability with FDG in conjunction with
a perfusion tracer. Kinetic tracer analysis provides another
means of making this assessment. It is well known that
the pharmacokinetics of thallium-201 in stress and redis-
tribution imaging provide useful information for distin-
guishing ischemia from scarring and the demonstration
of myocardial viability [118]. Since Rb-82 is an analogue
of thallium-201, albeit a very short-lived one, Rb-82 some-
times shows reversible stress–rest defect, where Tc-99m
sestamibi or Tc-99m tetrofosmine SPECT studies show ex-
tensive fixed defects [119]. An attempt was made to ana-
lyze myocardial kinetics with Rb-82. Despite the short half-
life of Rb-82, animal studies showed that acutely injured,
postischemic myocardium that eventually proved to be vi-
able showed retention of Rb-82, while myocardium, which
proved to be necrotic, showed washout of Rb-82 [120].
Clinical studies by the same group seemed to bear this
out, when measuring the washout rate between 1 and
2 minutes after injection vs. 4 and 6 minutes afterward
(Fig. 12.13) and compared uptake and retention of Rb-82
in comparison to FDG PET imaging studies [121]. We have
tried to duplicate this experiment and have been unable

to replicate the results. We found that Rb-82 washout rate
was greater in segments with poor initial uptake of Rb-82,
and retention was better in segments with only mild initial
defects, regardless of the FDG uptake, illustrated in Fig.
12.14 [122]. Thus, in our approach, patients who undergo
Rb-82 stress and rest imaging still need FDG PET imaging
for viability, if they do not demonstrate significant stress-
inducible ischemia.

Figure 12.14 Polar rest Rb-82 and FDG metabolic images in a patient

who suffered a myocardial infarction several months earlier. The resting

perfusion image shows a large, severe perfusion defect. The FDG image

shows preserved uptake in much of the region with impaired perfusion,

demonstrating a classical perfusion–metabolism mismatch pattern. The

early resting Rb-82 images and late Rb-82 images (obtained as in

Fig. 12.13) do not show retention of Rb-82, thus failing to predict

preserved FDG uptake.
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Beanlands et al. [123] studied the ability of N-13 ammo-
nia kinetic modeling to express viability through a math-
ematical separation of the metabolic component of tracer
uptake expressed as the volume of distribution (VD) from
the effect of blood flow, and compared the results to F-18
FDG uptake. Flow and VD were both reduced in the hy-
poperfused regions of patients with scar, while partially
preserved flow and VD were seen in regions with via-
bility. The sensitivity and specificity of this combination
were 100 and 90%, respectively. These interesting results
deserve further studies.

Detection and follow-up of diffuse
and early disease

Myocardial PET perfusion imaging has been used to fol-
low the progression or regression of disease, in response to
long-term and short-term control of elevated cholesterol
and other risk factors [4,5]. Merhige et al. [124] recently re-
ported results on 128 patients with CAD using stress and
rest Rb-82 PET. After aggressive lipid-lowering therapy at
a mean follow-up of 1.5 years, 80 patients demonstrated
improvement in myocardial perfusion, 64 patients showed
no change, and 34 showed progression of CAD despite
treatment. Coronary events had occurred in 3.3, 10.9, and
17.7% of patients, respectively, 7.5 months after the second
scan. Thus, PET perfusion imaging identified 26% of pa-
tients with progressive CAD, despite lipid-lowering ther-
apy, at a high risk of subsequent hard coronary events. This
application of PET perfusion imaging, similar to SPECT
perfusion imaging, relies on the traditional evaluation of
relative changes in perfusion during stress and at rest.

PET imaging also appears to be useful in the diagnosis
and prognostication at a very early stage in disease, when
disease is either diffuse or only minimal, and measuring
the response to dietary and lifestyle changes and antilipid
drug therapy [125,126]. This involves the use of novel ap-
proaches, including base to apex flow gradient quantifica-
tion, quantification of coronary flow reserve, and the use
of cold-pressor testing (CPT).

Base to apex flow gradient quantification

Once attenuation correction has been successfully applied,
PET myocardial perfusion imaging is able to assess the
gradient in blood flow between the base and the apex.
Invasive studies with Doppler flow probes and pressure
probes in coronary arteries with diffuse, though nonob-
structive, disease have demonstrated a continuous gra-
dient between the proximal and distal vessel, resulting
in a longitudinal gradient in flow reserve [127]. In pa-
tients with mild diffuse coronary narrowing documented
by quantitative arteriography, Gould et al. found a graded,

longitudinal, base-to-apex myocardial perfusion gradi-
ent significantly different from normal control subjects
(Fig. 12.15) [128]. This observation was confirmed by Pam-
paloni et al. [129]. Hence, an abnormal base-to-apex per-
fusion gradient observed during vasodilator stress asso-
ciated with coronary risk factors suggests the presence of
early or preclinical CAD, prompting and allowing early
secondary preventive intervention in patients at higher
risk of progression to clinical disease [9].

Quantification of myocardial blood flow

The noninvasive quantification of myocardial blood flow
and coronary flow reserve is one of the most potentially
useful, but as yet clinically unexplored, applications of my-
ocardial PET imaging. Myocardial uptake of a perfusion
tracer is the result of a complex interaction of blood flow,
capillary and cellular membrane permeability, the trans-
port or trapping of the tracer, and back-diffusion. Formal
quantification of blood flow requires compartmental anal-
ysis in order to take these factors into account. It usually
requires a multiframe (50 frames or so) dynamic PET ac-
quisition. Myocardial and blood pool time–activity curves
are generated and corrected for decay, partial volume ef-
fect, tissue cross-talk, and dead time. A compartmental
model is then applied to solve for blood flow.

The rapid equilibration of O-15 water between plasma,
interstitial space, and intracellular water allows the use
of a simple one-compartment model [42], making this
tracer a favorite in scientific studies of quantitative my-
ocardial perfusion. Unfortunately, the very same property
prevents O-15 water from being a very useful clinical per-
fusion imaging agent, since blood pool and myocardium
are blurred together. Its use is further limited to sites with
a cyclotron.

N-13 ammonia has been successfully used for blood
flow measurements in many pioneering scientific studies
of myocardial vascular pathophysiology [103], with the
use of a two-compartmental model. Satisfactory repro-
ducibility and accuracy are obtainable [130,131]. Muzik
et al. found a high diagnostic accuracy and sensitivity us-
ing absolute N-13 ammonia blood flow for detection of
coronary disease. In patients with a low probability of
CAD, the specificity was also high, while an abnormal
flow reserve in regions with angiographically normal ter-
ritories in patients with CAD in other territories was pos-
tulated to represent early functional vascular abnormality
[132]. PET imaging with N-13 ammonia thus combines ex-
cellent image quality with excellent quantification ability.
Its use is limited, however, to laboratories with an on-site
cyclotron.

Quantification of blood flow with Rb-82 has been shown
to be possible as well. The major challenge is its 75-second
half-life, resulting in noisy myocardial and blood pool
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Figure 12.15 Schema of a longitudinal base-to-apex

myocardial perfusion abnormality caused by diffuse

coronary artery narrowing compared with segmental

perfusion defects caused by localized stenosis.

(Reproduced with permission from [128].)

time–activity curves. Compartmental analysis of Rb-82
in humans has yielded a reproducibility correlation co-
efficient of 0.83 in our laboratory [133], and a correlation
coefficient of 0.79 against O-15 water by Lin et al., who
demonstrated that with specialized wavelet-based noise
reduction methods, the correlation with O-15 water mea-
surements improved (r = 0.94) [134].

Limitations of the compartmental modeling approach
to blood flow quantification include the need for a mul-
tiframe dynamic acquisition, requirement for high exper-
tise, and its being a time-consuming process, which makes
it impractical for routine clinical use. It is very likely that
the standardization of acquisition protocols and the de-
velopment, standardization, and commercial availability

of automatic analysis software will make this important
PET capability user-friendly and accessible for routine use
in the near future, similarly to the impact of regional quan-
tification, wall motion, and ejection fraction analysis in the
past.

In the meantime, it is possible to estimate coronary flow
reserve using methods, which, while lacking the rigor of
compartmental analysis, offer greater simplicity and ease
of use in laboratories using Rb-82 PET for clinical perfu-
sion imaging. The simplest approach utilizes a ratio of
Rb-82 uptake during stress and during rest, after normal-
ization for injected activity. The uptake ratio reflects the
true coronary flow reserve, although it ignores the effects
of changing cardiac output on the plasma tracer activity
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and decreasing extraction fraction of Rb-82 during hyper-
emia. Thus, the normal uptake ratio is closer to 1.5, rather
than actual coronary flow reserve, which is usually greater
than 2.0 in normal subjects. The stress/rest Rb-82 uptake
ratio has been used successfully as an index of blood flow
response to stress in the presence of LVH, and in the de-
tection of coronary steal syndrome [135–137].

A compromise alternative proposed by Yoshida et al.
[138] corrects the uptake of Rb-82 or N-13 ammonia by
the summed blood pool activity and by the relation be-
tween the extraction fraction of the tracer and blood flow
obtained from animal experiments [34,51]. This approach
(simple model) was validated in animal experiments
against standard compartmental analysis and against elec-
tromagnetic flow probe measurements. We have adapted
this method for human studies. A comparison of the
simple model with the compartmental model yielded a
fair correlation (r = 0.72, p < 0.001), and an excellent re-
producibility (r = 0.97) less susceptible to noise than the
compartmental method [133]. Using a similar method of
Rb-82 myocardial uptake corrected by blood pool activ-
ity, DeKemp et al. showed a good correlation with micro-
sphere flow measurements (r = 0.74, p = 0.001) in animal
studies, with a sensitivity and specificity of 85–90% for re-
tention differences of 20% over baseline obtained through
comparisons of repeated Rb-82 scans [139].

Clinical applications of myocardial blood flow
and coronary flow reserve quantification

A number of clinical applications of coronary flow reserve
are given in Table 12.11. The first application is quality
control to verify the global response to vasodilator stress.
Some patients fail to follow instructions and ingest some
caffeine prior to their pharmacologic stress test. A normal
flow reserve (greater than 2.0 in our normal population)
provides assurance that the stress test was adequate. Some
patients may have small-vessel disease due to hyperten-
sion, hyperlipidemia, or diabetes [7,8].

Patients with end-stage liver disease appear to have de-
creased vasodilatory capacity during dipyridamole stress,
even after excluding patients with LVH, hypertension, or
diabetes [140,141]. This too may limit the sensitivity to

Table 12.11 Clinical applications of coronary flow reserve quantification.

1 Verification of efficacy of pharmacologic vasodilation

2 Detection of global/diffuse disease

3 Evaluation of extent of multivessel disease

4 Evaluation of significance of individual vessel lesions

5 Detection of coronary steal syndrome-collaterals

6 Evaluation of endothelial function

7 Monitoring therapy

Figure 12.16 Tomographic slices (a) and polar maps (b) of stress and rest

Rb-82 PET images of a 70-year-old male with multiple risk factors for CAD

and mild chest pain. The images suggest only minimal apical and

inferolateral ischemia. The CFR was 1.3, indicating severe diffuse disease.

(Reproduced with permission from [214].)

detect epicardial coronary disease. In the absence of flow
reserve quantification, the adequacy of response to phar-
macologic stress is unknown. Mishra et al. [142] demon-
strated that cardiac hemodynamics, i.e., blood pressure
and heart rate, during intravenous adenosine infusion are
poor predictors of changes in the coronary blood flow dur-
ing peak hyperemia. Quantification of the hyperemic re-
sponse is also a useful indicator of the potency of any new
hyperemic agent [143].

Another important application is to help exclude exten-
sive epicardial disease in a high-risk patient with normal
or minimally abnormal stress and rest images due to “bal-
anced ischemia’’. Figure 12.16 shows stress and rest images
of a 70-year-old male with multiple risk factors for CAD
and mild chest pain. During dipyridamole stress, the ECG
response was negative and the stress Rb-82 PET images
showed only minimal, apical, and inferolateral ischemia.
This would not be a patient for invasive evaluation, were
it not for the fact that the global coronary flow reserve
(CFR) was only 1.3 (normal CFR > 2.0). The patient’s an-
giogram showed three-vessel disease, most severe in the
OM1 branch of the circumflex artery.

A similar problem comes up when a patient with risk
factors for CAD undergoes SPECT imaging with treadmill
exercise, and while the ECG response is positive and the
SPECT study is normal, as shown in Fig. 12.17. With a sus-
picion for balanced ischemia, a pharmacologic Rb-82 PET
imaging study was then performed, which showed an-
terior wall ischemia, plus a diffusely decreased coronary
flow reserve of 1.5 (normal CFR > 2.0). The patient’s sub-
sequent coronary angiogram showed three-vessel disease.

Flow reserve quantification helps define the full ex-
tent of multivessel disease, thus potentially impacting on

301



Clinical Gated Cardiac SPECT

Figure 12.17 (a) Exercise stress and rest Tc-99m sestamibi imaging study

in a patient with multiple risk factors for CAD, and a positive ECG

response. (b) Pharmacologic stress and rest Rb-82 PET imaging study

showed anterior wall ischemia, plus a diffusely decreased coronary flow

reserve of 1.5 (normal CFR > 2.0). The patient’s subsequent coronary

angiogram showed three-vessel disease.

estimation of prognosis. Parkash et al. [90] compared the
ability of standard display and interpretation to quantifi-
cation of absolute perfusion reserve with Rb-82 PET to de-
tect abnormalities in patients with three-vessel disease vs.
only single-vessel disease. With standard display, three-
vessel disease showed a mean 42% of LV area abnormal.
With absolute quantification, 65% of LV area was abnor-
mal, thus increasing sensitivity for all three vessels. Flow
reserve quantification helps assess disease severity in the
“normal’’segments, when others are abnormal, since these
“normal segments’’ are used for normalization of stress
and rest images.

Coronary arteriography is considered the “gold stan-
dard’’ for evaluating the severity of coronary stenosis.
Because the resistance to blood flow through a stenotic
lesion depends on a number of lesion characteristics, the
physiological significance of coronary lesions of interme-
diate severity is often difficult to determine from angiog-
raphy alone. DiCarli et al. have showed in humans that
myocardial blood flow and flow reserve by PET are in-
versely and nonlinearly related to stenosis severity. CFR
measured with N-13 ammonia could differentiate coro-
nary lesions of 50–70% stenosis from lesions with 70–
90% stenosis on coronary angiography [103], previously
demonstrated in an animal model [144–146]. However,
a number of factors other than lesion diameter influence
the measured coronary flow reserve, including the heart
rate, resting blood flow, the LV end-diastolic pressure,

contractility, and the magnitude of dipyridamole-induced
hyperemia [147–150]. Nevertheless, there is a role for the
accurate assessment of the physiological severity of coro-
nary stenoses as a more objective determination of medi-
cal versus mechanical treatment of coronary artery steno-
sis and for monitoring of the results of their treatment,
since clinical tools, such as chest pain, are poorly related
to stenosis severity. The estimation of severity of vessel
stenosis by relative myocardial perfusion indices depends
on the presence of normally perfused myocardium. In pa-
tients with multivessel disease, such normally perfused
myocardium may not be available, as seen in our exam-
ples in Figs. 12.16 and 12.17.

Another application of potential usefulness in inter-
vention is the assessment of the presence of collaterals
to diseased regions. It is axiomatic that blood flow to
myocardium supplied by diseased arteries does not in-
crease to the same degree as in normal regions. In mul-
tivessel disease in the presence of collaterals, blood flow
to the most diseased region may actually decrease with
stress, demonstrating “coronary steal’’ (Fig. 12.18), which
can be detected by quantification of regional blood flow
[135,136,151]. Knowledge of the presence of such collat-
erals, which cannot always be seen angiographically, can
help in the planning of intervention procedures.

Another application is the monitoring of the progres-
sion or possible regression of diffuse disease in atheroscle-
rosis, hypertension, diabetes, hyperlipidemia, and post-
transplant vasculopathy [7,152,153]. The patient shown in
Fig. 12.16 declined coronary bypass surgery, and allowed
only revascularization of the OM1, the most severely

Figure 12.18 Stress and rest Rb-82 PET myocardial perfusion images

(a) and polar maps (b) in a patient with severe apical, anterior, and septal

perfusion defects during stress, with nearly normal perfusion at rest. Flow

quantification revealed a severely reduced flow reserve of less than 1.0 in

the apex and anterior and septal walls, demonstrating evidence of coronary

steal.
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diseased vessel, to be stented. The patient was placed on a
rigorous antilipid regimen with diet and medication. One
year later, the PET study was repeated. This time the in-
ferolateral wall did not show any focal abnormality, and
the global CFR was 2.2 (normal), and at 2 years after the
first study, the CFR was 2.9, demonstrating reversibility of
the hemodynamic effects of CAD with diet and antilipid
medication alone, a phenomenon well documented in the
literature [5,7,154].

Detection of early disease

Decreased CFR has been found even in the absence of vis-
ible coronary stenoses, including, for example, in normal-
appearing vessels in patients with coronary disease in
other vessels [155–157]. The presence of even mild, nonob-
structive coronary disease was found to be predictive of
progression to clinically significant disease in 6 years [9].
Quantitative PET offers a sensitive tool to detect early dis-
ease in high-risk patients, such as asymptomatic individ-
uals who are relatives of patients with CAD [158]. Helle
et al. [159] showed that cholesterol-lowering therapy can
improve coronary vasodilator capacity even in young and
middle-aged men with no signs of CAD and fairly low
cholesterol levels.

The presence of reduced coronary flow reserve needs
to be interpreted with great caution, since its causes are
numerous. This includes balanced ischemia, inadequate
pharmacologic stimulation, early subclinical CAD, hyper-
trophic disease states [160], in poorly controlled diabetes,
and hyperlipidemia [7,8,161]. Glycemic control as well as
reduction of serum lipids through low-fat diet and exer-
cise and antilipid drugs have been shown to lead to an
improvement in coronary flow reserve [6]. This is not true
of all interventions. McMahon et al. [162], for example,
found in insulin-treated patients with type 2 diabetes no
demonstrable effect of pioglitazone, an insulin sensitizer,
for 3 months on coronary flow reserve, despite improve-
ment in glycemic and lipid control.

Cold-pressor stress testing

The vascular endothelium plays an important role in the
regulation of circulatory function and in the structural
and functional integrity of the vascular wall, including
its antithrombotic and antiatherosclerotic effect [163].
Abnormal endothelium-dependent coronary vasomotion
has been found to be an independent predictor of CAD
and of coronary events [164–166]. Invasive methods
of evaluating endothelial function include quantitative
angiography and intracoronary flow velocity measure-
ments of response to acetylcholine-stimulated endothelial

release of nitric oxide. Intracoronary acetylcholine nor-
mally causes vasodilation. In the presence of endothelial
disease, with and without observed coronary disease,
acetylcholine produces a lack of vasodilation or even
vasoconstriction. A normal response has been restored
after cholesterol-lowering and antioxidant therapy
[167]. Endothelial function can also be studied with
flow-dependent vasodilation in response to sympathetic
stimulation with Cold pressor testing (CPT) [168]. CPT
consists of immersing one hand in ice or ice water during
coronary angiography or 60 seconds before injection of
a flow tracer and for 60 seconds after injection during
noninvasive PET imaging. CPT results in sympathetic
stimulation [169] and α-adrenergic-mediated vasocon-
striction of the vascular smooth muscle, which is, under
normal conditions, offset by flow-mediated vasodilation
and by a possible direct adrenergic-induced endothelium-
dependent vasodilator response [170]. In the presence of
endothelial disease or atherosclerosis, the vasoconstrictor
component is left unopposed [171]. The balance of
vasodilation and vasoconstriction represents an index
of the integrity of the vascular wall [172]. Changes in
luminal area of the epicardial vessels during CPT corre-
late with changes in coronary blood flow, demonstrating
that flow-dependent vasodilation can be studied with
measurements of coronary blood flow [173,174].

A 30–40% increase in blood flow is considered a normal
response to CPT. Despite angiographically normal coro-
nary arteries, diminished or even paradoxically decreased
endotholium-dependent myocardial flow response may
result in a mismatch between an increase in demand
and supply that has been related to myocardial ischemia
during daily life [175–177)]. Abnormal responses to CPT
have been found in early CAD [178], hyperlipidemia
[173,179], insulin resistance [180], diabetes [181,182], ele-
vated CRP levels [183)], the metabolic syndrome [184], el-
evated leptin levels in obese individuals [185], and smok-
ing [186,187]. Endothelial dysfunction is reversible with
insulin-sensitizing drugs in the case of insulin resistance,
improved glycemic control, or angiotensin I-converting
enzyme inhibitors in diabetes, l-arginine, citric acid or
smoking cessation in smokers, and antilipid therapy in
patients with elevated serum lipids [188–190]. Abnormal
CPT results have been associated with menopause [191].
They can be reversed by long-term hormone replacement
therapy (in the absence of other risk factors for CAD) using
estrogens with or without progesterone [192].

The changes in response to CPT as a result of ther-
apy are more dramatic compared to the minimal changes
in angiographic lesion characteristics or lumen diameter
[193]. The response to CPT tends to be more sensitive
than changes in response to hyperemia (dipyridamole or
adenosine) [194].
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Figure 12.19 Rb-82 PET tomographic images (a) and polar maps (b) of

adenosine stress, CPT, and resting images of a 58-year-old female, with

atypical chest pains at night and in cold weather, but no obstructive

coronary disease. Resting perfusion is normal. The adenosine stress images

show mild anteroapical hypoperfusion. The cold pressor perfusion images

show moderate anteroapical and extensive mild anterior, anterolateral, and

septal hypopoperfusion. (Reproduced with permission from [214].)

The fact that some patients with risk factors have a nor-
mal response to CPT while other patients have an abnor-
mal response or that “normal’’ subjects have an abnormal
response [195] attests to the variability of the susceptibil-
ity of the individual to these environmental factors. Of
relevance is the observation that only 50% of the total
attributable risk burden for CAD can be related to con-
ventional risk factors [196,197], warranting an alternative
determination of risk such as CPT, for the development
of atherosclerosis. Thus, noninvasive CPT can serve as an
early marker of endothelial dysfunction, and as an early
warning of development of atherosclerosis, that is suscep-
tible to reversibility with diet and medication [164].

While most studies with CPT have been performed with
N-13 ammonia, or O-15 water, the short half-life and low
dosimetry of Rb-82 allow for multiple sequential stress in-
terventions, including adenosine, CPT, or mental stress in
the same session, to elucidate troubling symptoms. An
example is given by a 58-year-old female, with hyper-
lipidemia and chest pain, who was initially diagnosed
with a distal left anterior descending occlusion, which was
treated with a stent. After several years of doing well,
the patient presented with atypical chest pains at night
and in cold weather. An angiogram showed no obstruc-
tive disease. The patient underwent serial imaging at rest,
CPT, and adenosine stress testing with Rb-82 PET imag-
ing. The results are shown in Fig. 12.19. The resting perfu-
sion polar map is normal. The adenosine stress polar map
shows mild periapical hypoperfusion, suggesting a mild
basal-to-apical gradient. The cold-pressor perfusion po-
lar map shows moderate periapical and extensive mild
anterior and anterolateral and septal hypopoperfusion
accompanied by her usual chest pain. The patient was

treated with a calcium-channel blocker and stricter an-
tilipid therapy, with complete relief of symptoms.

Is cardiac PET imaging cost-effective?

In spite of increased cost of an individual PET study, the
use of PET perfusion imaging has been shown to be cost-
effective, through its enhanced diagnostic power. These
analyses do not even take into account the extra-added
information of blood flow quantification in response to
vasodilator or CPT stimulation.

The results of an analysis by Gould et al. [198–200] are
shown in Fig. 12.20. They investigated the cost of an-
giography in all cases, vs. Tl-201 SPECT or Rb-82 PET,
followed by coronary angiography only in patients with
abnormal perfusion studies. The most expensive diagnos-
tic approach is that of coronary angiography in all patients
with a pretest probability of less than 70%. In patients with
more than 70% likelihood of disease, angiography is more
cost-effective for diagnosis. This analysis does not include
benefit of prognostication. Both SPECT and PET achieved
a savings compared to performing angiography, due to de-
creased referral for unnecessary coronary catheterization.
PET achieved a savings compared to SPECT imaging for
patients with a probability of disease between 0 and 60%,
due to the more effective avoidance of angiography in pa-
tients who did not need it. If only half of all patients with
an abnormal noninvasive test underwent angiography (a
more realistic scenario), then the cost savings of PET was
even greater. A cost analysis by Patterson et al. [201] came
to similar conclusions.

Merhige [202] studied what actually happens when PET
imaging is introduced into clinical practice. One hundred

Figure 12.20 Comparative costs of Tl-201 SPECT, Rb-82 PET, and

coronary angiography as a function of disease prevalence. (Reproduced

with permission from [198].)
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two patients studied with stress and rest Rb-82 PET imag-
ing were identified, with a mean pretest probability of
37% for CAD. Another 102 patients selected with match-
ing pretest probability of CAD were studied with SPECT
prior to the installation of the PET scanner. Both sets of
patients were followed for a mean of 12 months. The use
of PET led to a reduction in the false-positive rate, lead-
ing in turn to a reduction in angiographies. The diagnos-
tic cost per patient was similar for SPECT and PET, in
spite of higher cost of PET per study, due to lower refer-
ral for further diagnostic studies. While there was no sig-
nificant change in the rate of angioplasties in their study
group, there was a reduction in the number of bypass op-
erations. The therapeutic cost per patient was lower with
PET, mainly due to a reduction in the number of bypass
operations. Although the mortality for the two groups did
not significantly differ, the mortality from cardiac causes
and/or an acute myocardial infarction was lower for the
group initially imaged with PET, mainly due to lower com-
plications at the time of bypass surgery. This clinical field
study supported the predictions of cost-effectiveness from
the model of Patterson et al. [201].

Along similar lines, the usage of FDG for the determi-
nation of myocardial viability in patients with poor LV
function due to CAD has been demonstrated to be cost-
effective by selection of patients for revascularization who
are likely to benefit, and by sparing patients not likely to
benefit further costs and morbidity from additional testing
and revascularization attempts in vain [203].

From the viewpoint of the imaging laboratory, a disad-
vantage for the beginning user or low-level user of Rb-82
is the high fixed cost of its generator. While at a low vol-
ume of one patient a day, the cost is approximately $1400
per patient, the cost decreases to $230 per patient with a
volume of six patients a day, and becomes only $140 per
patient with 10 studies per day. The cost of radiotracer thus
becomes quite competitive compared to thallium-201 or a
Tc-99m labeled perfusion agent. The usage of N-13 ammo-
nia for perfusion imaging also carries a high fixed cost of
the overhead and operations budget, although a multiuser
cyclotron facility may dispense the tracer on a unit-dose
basis. Likewise, FDG is purchased on a unit-dose basis,
with a low overhead, and for a center with a high utiliza-
tion rate of FDG for all combined purposes, the cost per
dose is competitive.

Technical problems encountered
with cardiac PET imaging

The vast majority of patients tolerate PET imaging well.
Occasional patients do feel claustrophobic. One should
offer sedation in that event. Frequently, a thorough expla-
nation of the procedure, providing reassurance, soothing

or favorite music, and close supervision can overcome this
difficulty without medication.

Myocardial PET imaging, as all other imaging modal-
ities, is subject to artifacts. A faulty detector block or a
poorly maintained PET scanner can cause a major streak
and defect artifact. Recognition and checking the PET
blank study, the equivalent to a flood source in a conven-
tional camera, aids in diagnosing the problem. The PET
camera needs to be properly calibrated in order to achieve
accurate quantification.

An important source of image artifact is the movement
of the heart out of position between the transmission scan
and either of the emission scans. The patient may hyper-
ventilate during stress, or have a change in the respira-
tory pattern. The assumption of successful PET attenua-
tion correction is that the transmission scan reflects the
true position of the heart, diaphragm, and adjacent struc-
tures. Significant displacement of the average position up
or down will violate that assumption and lead to artifact.

Our recent work with 178 patients studied with dipyri-
damole stress and rest Rb-82 PET imaging [204] showed
that prevalence of noticeable vertical heart drop of more
than 10 mm was 6% in an unselected group of 100 patients,
although it was 17% in a subset of 78 asymptomatic pa-
tients, and 14% in a subset of 27 patients at low risk of CAD.
In spite of a relatively high frequency of vertical heart dis-
placement, there was no significant increase in frequency
of PET scan defects with large or small heart drop in any
of patient subgroups, notably in the group with low prob-
ability of CAD. Fortunately, some displacement does not
necessarily lead to artifactual findings, but should be sus-
pected in cases of inferior “hot spots,’’ or basal anterolat-
eral, anteroseptal, or lateral defects. Figure 12.21 shows
such an artifact, and its resolution after a second transmis-
sion scan was obtained.

A systematic analysis of artifacts in PET myocardial per-
fusion images due to attenuation–emission misregistra-
tion was recently published by Loghin et al. [205]. They
performed 1177 studies with either Rb-82 or N-13 ammo-
nia while varying the order of the transmission and emis-
sion scans. They found that 21% of subjects had artifactual
defects due to attenuation–emission misregistration. The
frequency of artifact varied, depending on the specific pro-
tocol used. Misregistration defects were predicted by hor-
izontal plane misregistration between the emission and
transmission scans. Horizontal misregistration in turn was
predicted by diaphragm displacement between rest and
dipyridamole stress images, a greater body mass index,
and small heart size. Misregistration was greatest with at-
tenuation scans performed at the very beginning of the
imaging protocol. It was predictably greater in obese indi-
viduals, suggesting possible delayed displacement of the
diaphragm after positioning due to pressure from abdom-
inal contents. By shifting the emission images to match the
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Figure 12.21 Stress and rest Rb-82 PET tomographic images (a) and

polar maps (b) of a patient that shows a perfusion defect during stress

(Str-1), coincident with a significant displacement of the heart from the

resting position. A repeat transmission scan resulted in absence of a

perfusion defect on the new stress (Str-2) study.

transmission scan, the quantitative severity and size of de-
fects were significantly decreased.

The recognition of this problem in any given patient
needs appropriate software to display the matched emis-
sion and transmission maps, both in the transaxial plane
and in the axial plane. Remedies include repeating the
stress study when recognized. Thus, an optimal image se-
quence, where the transmission scan is close in time to
the emission scan, particularly the stress study, minimizes
artifact frequency. This is likely specific to PET camera
manufacture. When feasible, a separate transmission scan
with each of the resting and stress studies is used rou-
tinely in some laboratories (Table 12.5). In our protocol
with a dedicated PET scanner (Table 12.4), we perform the
transmission scan after the resting scans, just before the
pharmacologic stress, thus close in time to both rest and
stress imaging. This may account for the relatively lesser
frequency of displacement misregistration artifact in our
studies [204].

Potential benefit of PET/CT imaging

Combined PET and CT imaging in a single combined
PET/CT unit has become the preferred approach for PET
imaging in oncology. Approximately 80% new units in-
stalled in 2003 were PET/CT units (M. Emmons, GE
Health Care, personal communication, 2004). Table 12.12
summarizes the known or potential benefits of PET/CT
imaging of the heart.

Table 12.12 Value of PET/CT.

1 Positioning

2 Attenuation correction

3 Calcium scoring

4 Coronary angiography

5 Contrast ventriculography

Transmission scan

Table 12.6 shows a typical acquisition protocol with a BGO
PET/CT scanner. First, the scout CT used to position the
patient in the PET scanner can be obtained in just a few
seconds. CT scanning markedly reduces the time for the
transmission scan. The shortening of time is not only in
cutting the time by 8–10 minutes used for the transmission
scan, but since the transmission scan is relatively noise
free, it reduces the amount of noise in the attenuation-
corrected emission scan, thus reducing the length of time
required for the emission scan itself. Since 30–35 minutes
are projected for the entire study, throughput is enhanced.
One group reported saving 12 minutes for the complete
study, after switching from a dedicated PET system to a
PET/CT system [59].

PET/CT imaging holds both challenges and solutions
for the attenuation correction problem. The transmission
scan is markedly shortened. It is possible to repeat the
transmission scan separately for both rest and stress im-
ages, and a separate CT transmission scan before and after
the stress study, in order to ensure correct registration [60].
In addition, the CT transmission and PET emission scans
can be easily displayed and superimposed using existing
display software for easier detection of misalignment. The
CT transmission map can be potentially moved on some
PET/CT systems. Using appropriate 3D pattern fitting al-
gorithms, the CT transmission map could conceivably be
automatically repositioned to provide more reliable atten-
uation correction.

On the other hand, CT attenuation correction is more
susceptible to artifacts produced by metallic implants or
pacemakers than pin-source-produced attenuation maps,
due to the lower energy (80–130 keV) of the CT x-rays. A
short scanning time for the CT attenuation map (less than
15 s) raises an entirely new challenge, due to potential un-
dersampling of the position of the heart and diaphragm,
due to the motion of the heart during contraction, and due
to respiratory movement. Thus, a very rapid attenuation
scan is likely to result in even greater artifact than with a
8–10-minute pin-source transmission scan [206], as is seen
frequently in whole-body PET imaging for oncology pur-
poses [207]. The attenuation map needs to be obtained over
a sufficient number of respiratory and cardiac cycles, in or-
der to match the average position of the heart during the
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emission scan at rest and again during stress, confirmed
by superior results from a “slow’’ CT attenuation map, ob-
tained over 42 seconds during free breathing, vs. a “fast’’
CT map obtained over 5 seconds at either end-inspiration
or end-respiration [208]. The x-ray tube current used for
the transmission scan can be set low, in order to allow a
prolonged scan time, while minimizing radiation expo-
sure. At this time, the most optimal protocol for PET/CT
transmission imaging has not yet been determined, due
to the limited experience with PET/CT imaging of the
heart.

Respiratory gating of the CT as well as of the PET im-
ages offers the potential for a closer emission–transmission
match, coupled with an appropriate display of the emis-
sion and transmission scans, along with the means to cor-
rect for any mismatch [209–211]. It is hoped that PET cam-
era manufacturers will address this important need in the
future.

Coronary calcium scoring

Another potential application of PET/CT is the possi-
bility of obtaining coronary calcium scores at the time
of PET perfusion imaging. This subject is discussed in
Chapter 14.

CT coronary angiography

An intriguing possibility is the potential value of CT coro-
nary angiography performed together with the PET rest
and stress and/or viability imaging in selected patients.
CT angiography requires IV contrast, which in turn re-
quires careful screening for a history of allergy to con-
trast dye, and the status of renal function and diabetes.
Multislice (16 slices or greater) CT scans have been found
to have up to 95% accuracy in the detection of occlusive
CAD when compared with invasive coronary angiogra-
phy. Limitations exist in visualizing the small distal ves-
sels, in the presence of heavy calcifications, or some stents.
The latter limitations can be overcome with the aid of the
PET perfusion results [212].

The combination of PET myocardial perfusion imaging,
coronary calcium scoring, and CT angiography offers a
comprehensive set of information about a patient. How-
ever, it is doubtful that the complete set would prove to be
cost-effective, or worth the radiation exposure, for routine
screening. Nonetheless, in selected patients, this combi-
nation of complementary imaging techniques could help
solve difficult diagnostic problems. PET myocardial per-
fusion imaging would evaluate the significance of border-
line stenoses or densely calcified vessels or stents, difficult
to evaluate by CT angiography presently. CT angiogra-
phy, on the other hand, would help evaluate the anatom-
ical correlates of perfusion abnormalities. Patients with

known or suspected multivessel disease and anticipated
intervention could be studied with sequential stress–rest
perfusion imaging and followed by CT angiography, to-
gether with CT ventriculography for LV and RV function.
Thus, patients could need to go to the invasive catheteri-
zation laboratory mainly for intervention.

Reimbursement requirements would probably call for
such patients to be chosen in advance. With the patient in
the same position, allowing acquisitions of easily super-
imposable images, one would like to reconstruct super-
imposable displays of both coronary anatomy as well as
maps of rest and stress perfusion, wall motion, and via-
bility. Faber et al. [213] demonstrated that their software
allows accurate alignment of the coronary artery tree and
LV myocardial surfaces acquired from a single PET/CT
exam of perfusion and metabolism. This complete set of
information, through spatially matched physiological sig-
nificance of disease with coronary anatomy and lesion cal-
cium content, could add interpretation power and ease to
decision making for interventions in multivessel disease
intervention planning. This proposition still needs to be
tested in clinical studies.

Future prospects

Clinical PET perfusion and viability imaging has had a
long incubation period. With the recent widespread avail-
ability of PET scanners, the commercial availability of trac-
ers for perfusion imaging and viability imaging, and reim-
bursement, the setting is ripe for widespread adoption of
PET for indications that have been shown to benefit from
PET imaging. In the meantime, there have been several
major paradigm shifts in the understanding and manage-
ment of coronary disease, in which PET imaging of the
heart is a strong contender to affect diagnosis and ther-
apy. One is the shift in emphasis from the assessment of
structural to functional alterations. With quantification of
myocardial blood flow, the function of the coronary cir-
culation can be evaluated noninvasively. PET can detect
early endothelial disease in the absence of obstructive dis-
ease, which is related to risk factors, is predictive of future
development of disease, and can be reversed by lifestyle,
dietary, and pharmacologic interventions. Moreover, early
disease can be detected even in patients that lack classical
risk factors. Thus, the study of endothelial dysfunction is
suggested to be a key to the early diagnosis and control
of early coronary disease. Another major paradigm shift
is offered by the intriguing potential of combined multi-
modality imaging, represented by PET/CT imaging.

Another unique feature of PET imaging is the ability
to image tracers labeled with isotopes like F-18, C-11,
and N-13. The growing PET infrastructure will allow PET
imaging to become a tool in the noninvasive assessment of
in vivo cellular metabolism, receptor function, and gene
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expression, which hold great potential in applications be-
yond perfusion and glucose metabolism.
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13 Comparison of function, viability, and
perfusion assessed by myocardial
perfusion SPECT and CMR

Louise E.J. Thomson
David S. Fieno

Introduction

The enormous societal impact of heart disease provides
motivation for exploration of newer, potentially improved
imaging techniques for assessment of ventricular function,
viability, and perfusion. While current methods of diagno-
sis and treatment in cardiology are successful in prevent-
ing adverse events in a large number of patients, it has
been suggested that up to 50% of patients with acute and
chronic coronary syndromes are either not identified or
fail suggested treatment [1]. A possible strategy for im-
proving this medical dilemma is to improve diagnosis
through faster, more accurate, and more reliable imaging
techniques.

Cardiac magnetic resonance (CMR) imaging is an es-
tablished modality for the assessment of cardiac function,
an emerging modality for routine assessment of viability,
and has potential for myocardial perfusion imaging. CMR
imaging is considered a gold standard for assessment of
cardiac mass, volumes, and ventricular ejection fraction
(EF). In addition, a growing body of literature suggests
that CMR may be a new gold standard for high-resolution
identification of irreversibly injured myocardial territo-
ries, i.e., noninvasive determination of myocardial viabil-
ity. In addition, data from a limited number of centers have
emerged that suggest utility of CMR in identification of
ischemic but viable myocardium during pharmacologic
stress testing.

Although CMR imaging has been available for more
than 20 years, advances in hardware and software in the
last decade have led to its increasing clinical use for a va-
riety of cardiac conditions. There are new guidelines for
training and specialization in cardiac MR imaging for car-
diologists, radiologists, and nuclear physicians, and train-
ing programs are being offered throughout the United
States and worldwide [2]. Overall, there is recognition
of the potential for CMR to impact on current cardiol-
ogy practice. Nuclear cardiologists need to be aware of

the potential indications for CMR, the scope of the evi-
dence supporting a role for this new modality, and how
it compares with established techniques. The purpose
of this chapter is to critically appraise the data directly
comparing CMR and myocardial perfusion SPECT (MPS)
for assessment of myocardial function, viability, and
perfusion.

Functional assessment by CMR

The assessment of cardiac function is important for de-
termining the state of the myocardium, for predicting of
patient outcome, and for monitoring response to thera-
peutic interventions. Historically, planar gated blood pool
(GBP) and first pass radionuclide angiography were con-
sidered gold standard techniques for assessment of biven-
tricular volumes and function. The advent of GBP SPECT
improved accuracy of blood pool imaging for assessment
of volumes and EF. GBP SPECT also allows visualization of
segmental function and permits detection of the relation-
ships between right and left ventricular systolic contrac-
tion in patients with heart failure and biventricular pac-
ing (as detailed in Chapter 11). In addition to GBP SPECT,
gated perfusion SPECT provides assessment of left ven-
tricular volumes and function. Literature comparing CMR
and nuclear techniques has focused on the validation of
the GBP SPECT in comparison to older GBP techniques.
CMR has been assumed to be the gold standard in these
papers for noninvasive determination of EF, volumes, and
segmental function because of high reproducibility, high
resolution, and the ability of CMR to image in any arbi-
trary anatomic plane.

The standard cardiac MR method for assessment of ven-
tricular volumes is to obtain multiple contiguous planar
cine images covering the entire ventricular volume and to
use these images to contour ventricular systolic and dias-
tolic dimensions. Volumes are derived from added area
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Figure 13.1 Analysis of typical CMR functional data set displayed from

base to apex (left to right) with endocardial contours (red outlines) at dias-

tole (rows 1 and 3) and at systole (rows 2 and 4) to compute left ventricular

volumes. This data set allows computation of ventricular volume versus time

(lower left panel) and parameters related to the left ventricular function

(lower right panel).

measurements multiplied by slice thickness and taking
into account any interslice gap (see Fig. 13.1).

Planar and SPECT gated blood pool versus CMR

Comparisons between radionuclide and CMR methods
using a standard phantom model as the gold standard are
rare. Debatin et al. [3] compared planar GBP, ventricular
angiography, and cine CMR methods using a biventric-
ular compliant model with three measurements at each
of the three different EFs. The average relative error for
EF by GBP was 7.1–22.0% but by cine CMR was only
4.4–8.5%. Both CMR and GBP measurements were sig-
nificantly more reproducible than angiography. De Bondt

et al. [4] described validation of GBP SPECT measurement
of ventricular volumes and EF, using a biventricular dy-
namic phantom. They performed 20 experiments at vary-
ing ventricular volumes and noted significant overesti-
mation of ventricular volumes and right ventricular EF by
SPECT GBP as compared to the true phantom values.

Comparisons between planar GBP, SPECT GBP, first-
pass radionuclide imaging, and echocardiography tech-
niques have referenced the calculated volumes to CMR.
For example, an initial comparison of planar and first-pass
radionuclide angiography compared to echocardiography
and CMR suggested superiority of first-pass radionuclide
angiography to planar two-dimensional radionuclide
angiography or two-dimensional echocardiographic
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assessment of absolute volumes [5]. Chin et al. [6]
compared planar and tomographic GBP assessments of
ventricular volumes with CMR in 18 patients and demon-
strated very close correlation for right and left ventricular
volumes (r = 0.91 and r = 0.96 respectively). In their
study, tomographic and planar methods for assessment of
left venrticular ejection fraction (LVEF) correlated equally
well with CMR. Lethimonnier et al. [7] also found a good
correlation between LVEF by radionuclide angiography
and magnetic resonance imaging (MRI) in a group of 35
patients and 15 volunteers (r = 0.77). Nichols et al. [8]
demonstrated a similar relationship for assessment of
right ventricular volumes comparing GBP SPECT to cine
CMR.

Turning to gated perfusion SPECT for assessment of car-
diac volumes and EF, CMR again provides a standard for
comparison. Faber et al. [9,10] assessed performance of
different software packages (QGS and Emory Toolbox) as
compared to cine CMR. They found a close correlation be-
tween SPECT and CMR volumes and EF with the obser-
vation that SPECT volumes were on average 30% higher
than CMR volumes. In this study, performance of QGS
and Emory Toolbox software programs was similar with
a trend toward better correlation of QGS measured LVEF.

A recently published meta-analysis by Ioannidis et al.
[11] summarized gated SPECT perfusion and CMR data
pooled from several studies [9,10,12–19]. These authors
specifically compared gated perfusion SPECT assessment
of left ventricular volume and function with CMR in a
pooled group of 164 patients. Although there was an excel-
lent correlation between the modalities for all measures of
volume and EF, there were frequent individual discrepan-
cies of at least 30 ml for end diastolic volume (37% of cases),
20 ml for end systolic volume (35%), and 5 or 10% for LVEF
(52% and 23% respectively). These discrepancies resulted
in misclassification by SPECT of patients with LVEF less
than 40% in 11% of cases. The authors suggested that gated
SPECT offers useful functional information but that CMR
should be used when an accurate result is required.

Segmental function

The detection of segmental function abnormalities by ra-
dionuclide methods in patients with coronary artery dis-
ease (CAD) has been improved by the use of tomographic
as compared to planar blood pool methods [20,21]. CMR is
a highly accurate method for assessment of regional wall
function (thickness and thickening) as a consequence of ex-
cellent spatial and temporal resolution. Cardiac MR is the
technique of choice for evaluation of segmental function
and change in segmental function, following revascular-
ization procedures or other interventions. The relevance
of this application of CMR is in the ability to monitor sur-
rogate endpoints for cardiac recovery in patients being

assessed for response to therapy who have impaired sys-
tolic function. Global improvement in EF and volumes is
undoubtedly important; however, the changes in regional
function in response to a targeted revascularization, fol-
lowing myocardial infarction, in response to a treatment
such as alcohol septal ablation may also be important for
assessment of therapy. From a statistical perspective, abil-
ity to divide a ventricle into multiple segments increases
power for detection of small improvements in function.
Whether these improvements will impact on overall pa-
tient well-being is the subject of ongoing CMR research.

Velocity-encoded imaging

Velocity-encoded imaging is an alternative CMR tech-
nique for assessment of cardiac function that derives an
accurate measure of cardiac output by measuring flow in
the proximal ascending aorta (see Fig. 13.2) [22]. This tech-
nique utilizes the ability to observe a phase shift in moving
objects (CMR voxels) within a magnetic field when equal
and opposite magnetic gradients are applied. Stationary
voxels within the imaging plane gain a zero net phase shift
with the application of such gradient pulses while moving
voxels gain a net phase shift, the magnitude of which is
proportional to the velocity of flow. The subsequent rela-
tionship between voxel net phase shift and time allows for
calculation of peak and mean blood flow velocity, stroke
volume, and cardiac output based on a single assessment
of flow in the proximal ascending aorta. This technique
has been validated in phantoms, normal volunteers, and
patients [23–25] as an accurate method for assessment of
aortic flow. Note that, although stroke volume can be de-
rived from velocity-encoded images in this manner, the
technique does not give information regarding ventricular
end diastolic or end systolic volume or regional function.

Applications for velocity-encoded imaging include
valvular and congenital disease. In the setting of aortic
valvular disease, velocity-encoded imaging can be used to
accurately grade severity of aortic stenosis and correlates
well with echocardiographic measures of valvular stenosis
[26]. In congenital heart disease, the technique has appli-
cation in the assessment of cardiac shunt when combined
with measurement of pulmonary flow and vascular steno-
sis, and in confirming the patency of surgically implanted
shunts. The accuracy of velocity-encoded imaging is influ-
enced by image acquisition parameters as well as the qual-
ity of imaging [27]. For example, severely turbulent flow
may decrease the accuracy of velocity-encoded imaging.

Advantages and limitations of CMR assessment
of volumes and EF

There are theoretical reasons why CMR evaluation of
left ventricular function and volume is accurate when
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Figure 13.2 Analysis of typical CMR velocity-encoded data set. A cross

section through the proximal ascending aorta is shown as a magnitude im-

age (left upper panel) and as a phase image (right upper panel) during aortic

ejection. The regions of interest (red outline) are used to quantify absolute

blood flow based on the net phase of voxels, resolution, and heart rate.

carefully performed. The use of multiple cine image slices
through the true short axis of the left ventricle from
the base to the apex allows high spatial and temporal
resolution imaging for identification of the endocardial
border throughout systole and diastole. CMR permits full
coverage of the heart without acoustic window restrictions
encountered in echocardiography and geometric assump-
tions are not required for calculation of end systolic and
end diastolic volumes.

Data have demonstrated that cine CMR is highly repro-
ducible in patients with normal and abnormal left ventric-
ular function [28]. Moreover, as emphasized by Bellenger
et al., improvements in measurement reproducibility has
major implications in power and sample size calculations

for study designs, and accordingly, more accurate tech-
niques reduce associated costs for research studies, mak-
ing the use of CMR for assessment of interval ventricular
volumes and EF desirable [29].

In addition, CMR is considered a standard for eval-
uation of the right ventricle. Higher resolution, inde-
pendence from geometric assumptions, and ability to
anatomically segment the right ventricle from adjacent
structures are inherent advantages of CMR over echo and
radionuclide techniques. Perhaps more importantly, CMR
may permit detection of both structural changes of and
fibrous or fatty infiltration within the right ventricular
myocardium and has been proposed as a useful diagnos-
tic tool in patients with right ventricular dysplasia [30].
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As more data emerge, new intricacies of CMR are being
realized. For example, the reproducibility of CMR for right
ventricular volumes and EF appears to be slightly less than
the reproducibility of left ventricular measures, most prob-
ably as a result of differences in accuracy of endocardial
border detection in the highly trabeculated right ventricle
[31].

There exist potential limitations of CMR for assessment
of ventricular volumes. Full coverage of the ventricle is
required, and often individual slices are acquired one at a
time on different breathholds. This implies that 10–15 sep-
arate breathhold images are acquired to arrive at ventric-
ular volumes. Changes in diaphragmatic position during
breathholding potentially alters the position of the heart
on sequential images and may affect ventricular volumes
[32]. Other artifacts from image acquisition include elec-
trocardiographic gating errors, cardiac motion, and field
inhomogeneity (e.g., sternal wires), all of which can sig-
nificantly reduce image quality. In addition, off-line image
processing is a semiautomated process that requires skill
on the part of the technologist or physician. Decisions re-
garding inclusion or exclusion of the papillary muscles, se-
lection of the basal and apical slices in diastole and systole,
and separation of myocardium from other tissues can all
significantly impact calculation of ventricular volumes. In
addition, because there are many vendors and techniques
are not at present standardized across platforms, assess-
ment of serial changes in a given patient can be challeng-
ing, especially if different hardware or software are used
for scanning/analysis on different scan dates.

Summary for cardiac function assessment
by CMR
� Highly accurate
� Highly reproducible
� Ideal technique for repeated assessments when very ac-

curate assessment of LVEF is required
� It has definite advantages for following segmental

changes in systolic function-spatial resolution and un-
equalled definition of endocardial/epicardial borders
and myocardial anatomy

� Can be formed either as multiple two-dimensional im-
ages and/or using velocity-encoded imaging for stroke
volume only.

Cardiac viability assessment by CMR

Recent advances in CMR technology have improved im-
age quality and have resulted in growing interest in the
use of CMR for assessment of viability, a relatively new
application of the technology. Identification of viable my-
ocardium (converse infarction), especially in the setting

of left ventricular dysfunction, is important for identifica-
tion of patients with the potential for improved ventricu-
lar function. There are growing data suggesting that the
revascularization of patients without presence of viability
may actually be associated with increased morbidity and
mortality compared to medical therapy [33,34].

CMR offers three distinct methods for assessment of my-
ocardial viability: spectroscopy for direct interrogation of
cellular components, dobutamine stress MR for evaluation
of contractile response, and delayed contrast-enhanced
imaging for direct visualization of nonviable myocardium.
To variable degrees, these methods have been compared
to MPS and PET (positron emission tomography).

Approaches to myocardial viability assessment

There are several different definitions of myocardial
viability. Ideally, myocardial viability is defined as the
presence of intact cell membranes with the converse, ab-
sence of living myocytes being the case for myocardial
infarction. In practice, this is a useful definition for ani-
mal studies but it is impractical for clinical cardiology, ex-
cept in the infrequent circumstance of cardiac transplanta-
tion. Imaging methods have accordingly been developed
for the noninvasive definition of viability, with viability
defined as dependent upon the information provided by
each technique. These include radionuclide techniques,
echocardiography, and more recently CMR. Echocardio-
graphy examines contractile reserve, MPS demonstrates
perfusion and intact cell membrane transport, and PET
examines metabolism fluorine-18-deoxyglucose (FDG) in
myocytes. CMR techniques can be used to examine cel-
lular composition, contractile reserve, or presence of cell
membrane integrity, dependent upon the CMR approach
chosen. Whichever imaging modality is used, the accepted
clinical gold standard for viability is global recovery or
segmental recovery of myocardial contractile function in
a dysfunctional segment following a revascularization
procedure.

CMR spectroscopy

The first of three distinctly different CMR techniques avail-
able for the assessment of viability is magnetic resonance
spectroscopy (MRS). This technique assesses components
of myocytes such as phosphocreatine, sodium, or potas-
sium and can be used to noninvasively observe changes
in the relative chemical compositions of myocardial tissue
in ischemia and infarction. This is a largely experimental
technique to date and is performed in a small number of
expert centers.

While conventional magnetic resonance images are
created by receiving radio-frequency signals based on
the magnetic moment of water protons (1H) within the
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magnetic field, the magnetic moment of other nuclei such
as sodium-23, potassium-39, and phosphorus-31 can also
be measured by adjusting the transmit and receive fre-
quencies that are employed. MRS allows observation of
the phosphate-31 concentrations, including important cel-
lular metabolites such as adenosine triphosphate (ATP),
phosphocreatine, phosphodiester, and inorganic phos-
phate. Further, one can attempt to observe differences
in phosphate concentrations between viable, ischemic,
and infarcted myocardium. One example of a comparison
between CMR phosphate MRS and MPS was a study per-
formed by Yabe et al. [35], who compared CMR phosphate-
31 spectra in patients with CAD versus reversible or
irreversible anterior perfusion defects on exercise redis-
tribution thallium SPECT; these comparisons were also
made in control subjects. This group observed a reduction
in phosphocreatine content of the anterior wall in patients
but not controls. Additionally, ATP peak levels differenti-
ated patients with viable myocardium (redistribution pos-
itive) from those without viability (redistribution nega-
tive). This study was performed at 1.5 T, with imaging of
the anterior wall only using MRS techniques.

Currently, although preliminary data appear encourag-
ing, there is no established routine clinical role for CMR
MRS.

Dobutamine CMR

There is established evidence demonstrating the value of
dobutamine echo for detection of viable myocardium in
dysfunctional segments that possess contractile reserve
[36]. Interest in dobutamine CMR has been based, in part,
on the established role for dobutamine echocardiography
in patient care. An advantage of CMR over echo is in vi-
sualization of all myocardial regions (no acoustic win-
dow limitation) and recent advances in hardware and
software allow rapid, near real-time cine imaging. Thus,
dobutamine CMR is now performed in several specialized
centers in the United States and Europe.

Although reported protocols have varied, the common
approach to dobutamine CMR is to assess segmental wall
motion responses to a low dose (5–10 mcg/(kg min))
infusion of dobutamine. Recruitment of contractile ele-
ments in viable myocardium permits differentiation of
nonviable from viable myocardium. Several preliminary
reports have suggested that it is relatively safe to admin-
ister dobutamine in the CMR environment; however, this
experience has been limited to a small number of centers
with highly controlled clinical protocols. Issues of concern
include the inability to monitor electrocardiograms in a
high magnetic field, the possibility of inducing ischemia
and/or arrhythmias even at low dobutamine levels, and
the difficulty associated with resuscitative efforts in the
CMR environment.

Comparisons of dobutamine CMR and nuclear tech-
niques have emerged. Baer and colleagues [37] per-
formed FDG-PET and dobutamine (10 mcg/(kg min))
CMR in 35 patients with known myocardial infarction.
End-diastolic wall thickness and systolic wall thickening
by CMR were compared to FDG uptake in short-axis slices.
Two CMR-based definitions of viability were considered:
first, end-diastolic wall thickness of 5.5 mm, and second,
dobutamine-induced systolic wall thickening greater than
or equal to 1 mm. Dysfunctional segments were defined
as viable by FDG-PET if FDG uptake was greater than or
equal to 50% of the maximal uptake in a normal region.
CMR viability was defined as either dobutamine-induced
wall thickening and/or end-diastolic wall thickness of at
least 5.5 mm. Taking FDG-PET as the standard for compar-
ison, the sensitivity and specificity of CMR for segmental
detection of viability was 88 and 87%, respectively. Gun-
ning et al. [38] studied 30 patients with three-vessel CAD
scheduled for coronary artery bypass grafting (CABG) by
four techniques prior to surgery. Rest/dobutamine stress
(5–10 mcg/(kg min)) cine CMR, adenosine/rest tetrofos-
min MPS, and adenosine/redistribution and separate-day
rest/redistribution thallium MPS. Results of these studies
were compared findings to stress/redistribution thallium
MPS and resting cine CMR after surgery. Of 207 myocar-
dial segments analyzed, 145 had significantly abnormal
wall motion before surgery, and 82 of these improved func-
tion after revascularization. Comparing imaging modali-
ties for prediction of post-revascularization improvement
in function, radionuclide uptake was a sensitive but non-
specific predictor of myocardial functional recovery, while
response to dobutamine visualized by CMR was specific
but relatively insensitive.

More recently, there is a growing interest in the potential
additive role that dobutamine CMR may play in conjunc-
tion with delayed gadolinium-enhanced CMR. This will
be discussed in the next section.

Delayed contrast-enhanced CMR

The most important advance in CMR viability assess-
ment in the last decade is the development and valida-
tion of techniques to demonstrate gadolinium-contrast en-
hancement of nonviable myocardium. Although altered
tissue signal characteristics in myocardial infarction was
noted as early as the mid-1980s, the recent use of gadolin-
ium paramagnetic contrast agents and pulse sequence
developments have led to marked improvement in im-
age quality and thus accuracy of delineation of nonviable
myocardium. New developments in contrast-enhanced
CMR (ceCMR) imaging have naturally led to compar-
isons with existing modalities and literature comparing
MPS, PET, and CMR viability imaging is the focus of this
section.
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The development of “inversion recovery’’ (IR) CMR
pulse sequences has led to improved image quality in
viability images and has led to increased clinical interest
in application of CMR for viability imaging. Originally
described by Edelman et al. [39] and compared systemati-
cally to other sequences by Simonetti et al. [40], segmented
inversion recovery imaging permits improved signal to
noise and increased relative signal intensity difference be-
tween normal and infarcted myocardium compared to all
prior CMR techniques. In brief, inversion recovery results
in a T1-weighted image acquisition that makes use of an
inversion prepulse prior to standard image acquisition.
Typically, image data are acquired in diastole, with slice
positions corresponding to precontrast cine images to per-
mit comparison between segmental systolic function and
extent of infarction.

As validated in animal models of myocardial infarc-
tion, gadolinium injected intravenously washes out more
slowly from nonviable myocardium in both acute and
chronic infarction [41–43]. Increased relative gadolinium
concentration in infarcted myocardium results in an in-
creased signal intensity on T1-weighted images, especially
apparent in infrared imaging performed such that normal
myocardium is nulled (black) and abnormal myocardium
has up to 500% increased signal intensity (bright) [40].
Hence the basis for viability imaging by delayed ceCMR
is the observation that infarcted myocardium is bright
(“bright is dead’’) and viable myocardium is not bright,
whether injured or not. Clinical validation in acute and
chronic infarction has confirmed the observations in an-
imal models and strongly suggests that this technique is
both robust and clinically useful for detection of infarc-
tion, quantification of viable tissue, and prediction of post-
revascularization recovery of function [40,44,45].

Over the last 15 years there have been several com-
parisons of SPECT, PET, and CMR imaging for the de-
tection of infarction, and the prediction of recovery of
function in patients with ischemic heart disease. Prior to
the advent of gadolinium enhancement for assessment
of irreversibly injured myocardium, investigators exam-
ined other indices of anatomy and function by CMR in
an effort to characterize myocardial viability. In one such
study by Lawson and colleagues [46], 24 patients under-
went stress, redistribution, and reinjection 201Tl SPECT
and cine CMR for myocardial function assessment. The
authors found that reduced end-systolic wall thickness
by CMR was only seen in segments with reduced thal-
lium uptake, suggesting that reduced wall thickness might
be a marker for the presence of myocardial scar (see
Fig. 13.3). Kitsiou and colleagues [47] studied 24 patients
with ischemic heart disease prior to revascularization
using an exercise–redistribution–reinjection 201Tl SPECT
protocol, CMR, and radionuclide angiography followed
by post-revascularization CMR. Their aim was to explore

Figure 13.3 (a) Myocardial perfusion imaging with thallium-201 in a

patient with a severe fixed perfusion defect involving the inferior and

inferolateral segments of the left ventricle (arrows). Images are displayed in

the short-axis (SA), horizontal long-axis (HLA), and vertical long-axis (VLA)

orientations. (b) An end-systolic, short-axis, gradient echo CMR image in

the same patient, demonstrating wall thinning in the same myocardial

segments (arrows) corresponding to the perfusion images in part (a).

Abbreviations: LV, left ventricle; RV, right ventricle. (Reproduced with

permission from [46].)

the relationship between thallium SPECT patterns and
subsequent functional recovery, comparing the relative
predictive value of either a stress-induced reversible de-
fect or a mild-to-moderate irreversible defect for seg-
mental recovery of function as measured by CMR (see
Fig. 13.4). They noted that for segments with akinesis or
dyskinesis, functional recovery was observed in 83% of
segments with reversible defects compared with 33% of
segments with mild-to-moderate irreversible defects. In
summary, the presence of inducible ischemia in a dyski-
netic or akinetic segment was predictive of recovery fol-
lowing revascularization. This paper showed the utility of
CMR for demonstration of segmental functional recovery.
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Figure 13.4 Improved post-revascularization systolic wall thickening is

shown in a patient with pre-revascularization stress-induced reversible

thallium defects. Matched transaxial tomograms are displayed for thallium

stress, redistribution, and reinjection (left), with corresponding end-diastolic

and end-systolic CMR tomograms before and after revascularization (right).

There are extensive thallium abnormalities in apical and posterolateral

regions during stress (arrows) that improve on redistribution and reinjection

images (reversible defects). Corresponding CMR tomograms demonstrate

abnormal systolic wall thickening in apical and posterolateral regions

before revascularization that improve after revascularization. (Reproduced

with permission from [47].)

Early investigation of the patterns of CMR gadolinium-
contrast enhancement prior to the development of inver-
sion recovery pulse sequences suggested interesting re-
lationships between enhancement patterns by CMR and
perfusion defects by MPS in patients with ischemic heart
disease. Lima and colleagues studied 12 patients who un-
derwent both ceCMR and 201Tl MPS [48]. They found
that regions with hypoperfusion on exercise scintigraphy
tended to be hyperenhanced by ceCMR. Further, in pa-
tients with an occluded infarct-related artery, hyperen-
hanced regions frequently had a central hypoenhanced
core, the location of which corresponded to perfusion
defects seen by MPS (see Fig. 13.5). Judd et al. reported
further on the nature of these hypoenhanced regions us-
ing thioflavin staining in animal models and demon-
strated hypoenhancement corresponded to microvascu-
lar obstruction [49]. A subsequent study by Wu et al.
showed that presence of hyper- and hypoenhancement by
gadolinium CMR had prognostic value in patients with
myocardial infarction [50]. Patients with a large amount
of gadolinium hyperenhancement and/or a significant re-
gion of microvascular obstruction had poorer 5-year sur-
vival. Ramani and colleagues [51] conducted a study in

Figure 13.5 (a), Left ventricular short-axis SPECT thallium scan obtained

during tracer redistribution from a patient with left circumflex occlusion

who failed thrombolysis but was treated with rescue percutaneous

transluminal coronary angioplasty within 6 hours of the onset of chest

pain. Inferolateral fixed thallium defect is seen 5 days after infarction. (b)

Left ventricular CMR short-axis image matched by location to the thallium

scan shown in part (a). The central zone of reduced signal enhancement

seen in the subendocardial half of the left ventricular wall is surrounded by

a region of hyperenhanced signal that corresponds in location and extent

to the fixed thallium defect obtained the day before the CMR study.

(Reproduced with permission from [48].)
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Figure 13.6 Short-axis CMR images obtained after contrast

administration compared with corresponding short-axis 201Tl tomograms at

rest and after redistribution (REDIST). Persistent CMR hyperenhancement

develops in inferolateral wall, corresponding to severe irreversible 201Tl

defect in the same region. Inferior wall also demonstrates substantial

perfusion defect at rest but shows redistribution, indicating myocardial

viability; CMR images in this area show lesser degree of hyperenhancement

than in area of irreversible injury. (Reproduced with permission from [51].)

24 patients with known stable CAD and compared cine
and ceCMR images to rest-redistribution 201Tl SPECT and
dobutamine echocardiography. Their data suggested that
delayed enhancement was associated with nonviability as
defined by MPS, especially for regions exhibiting akine-
sis or dyskinesis. Conversely, segments without delayed
enhancement on ceCMR were associated with radionu-
clide viability, irrespective of presence of any underly-
ing wall motion abnormality (see Fig. 13.6). These studies
collectively led to recognition that gadolinium enhance-
ment probably related in a specific way to presence of
myocardial infarction and, likely, to infarct patterns seen
by MPS.

Inversion recovery pulse sequences improved the con-
trast between viable and infarcted myocardium on CMR
images such that it became possible to clearly delineate
small regions of subendocardial enhancement and to de-
fine the transmural extent of infarction (TME) [52,53]. This
improved infarct imaging has led to a new wave of clini-
cal studies comparing ceCMR to radionuclide techniques
for detection of myocardial infarction. Ansari and col-
leagues [54] compared delayed enhancement on ceCMR
to rest-redistribution 201Tl SPECT in 15 patients with
mean EF 35 ± 11%. Short-axis ceCMR and SPECT im-
ages were divided into six sectors, with transmural extent
of CMR hyperenhancement judged using a semiquantita-
tive score. Presence of normalized thallium uptake of less
than 50% at rest or redistribution was considered nonvi-
able. These authors found an inverse relationship between
the transmural extent of ceCMR hyperenhancement and
thallium uptake (r = 0.51). On an individual sector basis,
the inferior-septal segment showed the poorest correlation

(r = 0.38), suggested by the authors to be possibly related
to attenuation. Lund and colleagues studied 60 patients
early after first myocardial infarction by ceCMR and rest-
redistribution 201Tl SPECT. This group noted that infarct
size by ceCMR correlated to defect size on 201Tl SPECT,
but SPECT failed to depict six areas of hyperenhancement
located in the inferior myocardium [55] (see Fig. 13.7).
Wagner et al. [56] published a study in 91 patients compar-
ing rest 201Tl SPECT and ceCMR for detection of myocar-
dial infarction. Results indicated that all segments with
nearly transmural infarction, as defined by ceCMR, were
also detected by SPECT. However, 85/181 segments with
subendocardial infarction were not detected by SPECT
and on a per-patient basis this represented six (13%) in-
dividuals with subendocardial infarcts by ceCMR who
had no evidence of infarction by SPECT (see Fig. 13.8).
In addition to SPECT, FDG-PET has been compared to
ceCMR for detection of viable myocardium. Klein et al.
[44] studied 31 patients with ischemic cardiomyopathy by
both FDG-PET and delayed enhancement by ceCMR using
the PET perfusion–metabolism mismatch as the gold stan-
dard for scar tissue. In 1023 segments analyzed, sensitivity
and specificity of ceCMR were 96 and 86%, respectively.
The investigators noted that 11% of segments defined as
viable by PET had some degree of hyperenhancement
on ceCMR and suggested that ceCMR, due to its higher
resolution, was able to identify infarcts missed by PET
(see Fig. 13.9).

This series of papers comparing ceCMR and radionu-
clide imaging has suggested that very small foci of infarc-
tion or infarction that is subendocardial as depicted by
ceCMR might not be evident by MPS or PET. Reasons for
this observation may include that, firstly, ceCMR is not
influenced by soft tissue attenuation and, secondly, that
CMR image resolution is superior to SPECT and PET.[In
general, voxel sizes by ceCMR are approximately 1.5 ×
1.5 × 8 mm3 = 18 mm3 while those by SPECT are ap-
proximately 10 × 10 × 10 mm3 = 1000 mm3 and those
by PET are approximately 5 × 5 × 5 mm3 = 125 mm3,
resulting in an approximately 50-fold higher and approxi-
mately 10-fold higher spatial resolution for ceCMR ver-
sus SPECT and PET, respectively.] One of the few pa-
pers to directly explore the relationship between thallium
activity and transmural extent of contrast enhancement
by ceCMR is by Nelson et al. [57]. This study compared
rest-redistribution 201Tl SPECT, with the transmural ex-
tent of infarction by ceCMR in 60 patients post-infarct (see
Fig. 13.10). The authors demonstrated that as the transmu-
ral extent of scar on CMR increases mean 201Tl uptake de-
creases (see Figs. 13.11 and 13.12). Thus, inversion recovery
ceCMR techniques show that the extent of thallium activ-
ity in segments with infarction is inversely related to the
transmural extent of infarction and radionuclide counts,
assuming normal wall thickness. The choice of imaging
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Figure 13.7 Midventricular short-axis images in a patient with microvas-

cular obstruction (top row) and a patient without microvascular obstruction

(bottom row). An inversion recovery T1-weighted turbo fast low-angle shot

sequence was used for first-pass and delayed enhancement (FPE and DE)

CMR imaging. In the patient with microvascular obstruction, the perfusion

defect is depicted as a subendocardial hypoenhanced region on the first-

pass CMR image (arrowheads). DE CMR image shows a persistent hypoen-

hanced zone (open arrowheads) surrounded by a larger hyperenhanced area

(solid arrowheads). In the patient without microvascular obstruction on the

first-pass CMR image, homogeneous enhancement of the area affected by

infarction (arrowheads) is seen on the DE MR image. In both patients, the

uptake defect on the 201Tl SPECT image corresponds to the enhanced zone

on the DE CMR image. (Reproduced with permission from [55].)

Figure 13.8 Short-axis views of rest thallium SPECT and ceCMR in two

patients with subendocardial infarcts. (a) Patient with a creatine kinase

concentration of 513 IU/l, occluded left circumflex coronary artery, and

history of an older anteroseptal infarct with angioplasty and

stent-implantation in the left anterior descending coronary artery. (b)

Patient’s infarct not recognized in the acute event, 90% stenosis of the left

anterior descending coronary artery. (Reproduced with permission from

[56].)

Figure 13.9 (Top) Three short-axis views (apical, equatorial, and basal) of

a PET viability study with assessment of rest perfusion (NH3) and glucose

metabolism (FDG). (Below) MRI images in corresponding slices showing

hyperenhancement. Note that in segments with reduced perfusion and

metabolism, there is an increased signal in MRI. Because of better spatial

resolution in MRI, distinction between transmural, subendocardial, and

papillary defects can be made. The border between enhanced and normal

areas is distinct. (Reproduced with permission from [44].)
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Figure 13.10 Correlation between dobutamine echocardiography and
201Tl SPECT in a patient demonstrating nontransmural infarction in the

apical septum (long arrow) and transmural infarction of the apical lateral

segment (short arrow) by contrast-enhanced MRI. The resting

echocardiogram shows akinesia of both segments, and 201Tl SPECT

shows a severe perfusion defect. (Reproduced with permission from

[57].)

modality for assessing the size of infarction was addressed
literature on quantification of infarct size by serum mark-
ers, technetium-99m SPECT, and MRI. Emphasis was
given to infarct size as an endpoint in evaluation of
therapies designed to limit myocardial necrosis. Thus,
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Figure 13.12 Proportion of segments in which the results of 201Tl SPECT

and dobutamine echocardiography (Db) were concordant (viable by both

tests or nonviable by both tests) in each category of transmural extent of

scar (TME). The overall concordance between 201Tl SPECT and Db is

similar in each category of TME, increasing with TME greater than 75%.

Most segments that are viable by Db are viable by 201Tl SPECT when

there is no scar (i.e., TME 0%), with more discrepancies as TME increases

(p < 0.03). Segments that are nonviable by Db show increasing

concordance with increasing TME (p < 0.0001). (Reproduced with

permission from [57].)

determining which imaging modality is appropriate and
suitable for multicenter trials is important. Gibbons et al.
concluded that while serum markers had limitations, MPS
has multiple separate lines of evidence supporting valid-
ity and has been used successfully in multicenter trials.
They concluded that while CMR has great promise, its
application and validation in large numbers of patients has
not, to date, been documented and it has no multicenter
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Figure 13.13 Comparison of

contrast-enhanced MRI (ceMRI) at 28 minutes

after contrast and single-photon emission

computed tomography perfusion defect with

corresponding polar maps. Short-axis slices are

orientated from apical (left) to basal (right).

(Top 2 rows) Myocardial infarction of the

inferior wall (day 6) with transmural contrast

enhancement. (Bottom 2 rows) Anterior

infarction (day 8) with subendocardial

enhancement. (Reproduced with permission

from [59].)

experience. Accordingly, the authors suggested that MPS
is the best currently available technique for quantitation
of infarct size and evaluation of novel therapies in acute
myocardial infarction. One study that directly compares
inversion recovery ceCMR infarct size with defect size
by using technetium-99m SPECT was recently reported
by Ibrahim et al. who studied the kinetics of gadolin-
ium washout in 33 patients after acute myocardial in-
farction and sought to define the optimal protocol for vi-
sualization of infarct size by ceCMR [59]. Infarcts were
demonstrated by ceCMR in all patients and the relative
intensity of infarcts compared to remote myocardium was
478%. Importantly, the infarct size by ceCMR was stable
over time and correlated closely with MPS infarct size
(r = 0.86), with an average difference of 3% of the left ven-
tricular myocardium (see Fig. 13.13).

Further studies comparing ceCMR to radionuclide
methods have focused on the prediction of functional re-
covery. In the study mentioned above by Nelson et al.,
patients underwent dobutamine echocardiography in ad-
dition to MPS and CMR. In addition to observing the rela-
tionship between transmurality of infarction and thallium
activity, the authors also demonstrated that contractile re-
serve decreased as transmurality of infarction increased.
More than 50% of segments with 25–75% transmural
scar showed contractile improvement during dobutamine
stress. Consistent with the notion that thallium SPECT is
highly sensitive and dobutamine echocardiography is spe-
cific for identification of viable myocardium, 201Tl SPECT
identified more segments as viable than dobutamine stress
echo for all degrees of infarct transmurality. Knuesel and

colleagues [60] studied 10 patients with ischemic chronic
left ventricular dysfunction before and after CABG and
assessed the relative predictive value of delayed enhance-
ment by ceCMR and presence of glucose metabolism on
FDG-PET for prediction of segmental recovery (see Fig.
13.14). Authors noted that viability by ceCMR correlated
with preserved FDG activity. They also noted that 85% of
segments with a greater than or equal to 4.5-mm rim of
viable epicardium (subendocardial scar) on ceCMR im-
proved function after revascularization. Conversely, only
36% of dysfunctional segments that were viable by PET
but had a very thin viable rim (<4.5 mm) by ceCMR recov-
ered function. Kitagawa et al. studied 22 patients within
10 days of acute myocardial infarction by both rest 201Tl
SPECT and delayed ceCMR. Cine images were acquired
using CMR both early and 8 weeks post-myocardial in-
farction [61] (see Fig. 13.15). Both transmural extent of
infarction on ceCMR and the severity of thallium abnor-
mality at rest were predictive of late regional thickening.
Sensitivity and specificity of CMR for predicting recovery
were 98 and 75%, respectively, while corresponding val-
ues for 201Tl SPECT were 90 and 54%, respectively. These
studies indicate a close relationship between nuclear and
CMR techniques for identification of viable myocardium
and suggest utility of ceCMR for prediction of functional
recovery in both acute and chronic ischemic heart disease,
with a possible advantage of ceCMR for the detection of
small and subendocardial infarctions. Whether differences
between thallium SPECT, FDG-PET, and ceCMR translate
into altered and/or improved patient management is less
clear.
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Figure 13.14 In this 48-year-old female patient, 3 years after a lateral my-

ocardial infarction, a small subendocardial scar in the lateral segments 3 and

4 is demonstrated (a) with a thin rim of viable tissue. These segments show

preserved FDG uptake (b) with a reduced perfusion (d), thus exhibiting the

pattern predictive for recovery of function (see also schematic c). Although

these segments were hypocontractile at baseline (e and f), 11 months after

bypass surgery these segments did not improve function (g and h). Con-

versely, segments 5 and 6 were not infarcted (a), had a thick rim of viable

tissue (a), and fulfilled metabolic viability criteria (b and d). Follow-up CMR

demonstrates substantial improvement of contractile function (g and h) com-

pared with baseline function in these segments (e and f). (Reproduced with

permission from [60].)

Figure 13.15 Contrast-enhanced MR images obtained with a segmented

inversion-recovery fast low-angle shot sequence in (a) short-axis and (b)

long-axis imaging planes and resting 201Tl SPECT images obtained in (c)

short-axis and (d) long-axis imaging planes in a 59-year-old man with

inferior myocardial infarction. Transmural extent of hyperenhancement in

the inferior wall (white arrows) was less than 50% of wall thickness,

which indicates preserved regional viability. The 201Tl SPECT images show

reduced uptake of less than 60% of peak, which indicates nonviable

myocardium (black arrows). Follow-up short-axis cine CMR images

obtained with a segmented fast low-angle shot sequence at (e) the end of

diastole and (f) the end of systole demonstrate preserved regional

contractile function in the inferior wall (arrowheads). (Reproduced with

permission from [61].)

Combined approaches to viability by CMR

The comparative data presented above confirms a correla-
tion between SPECT, PET, and CMR for detection of infarc-
tion and, to some extent, for prediction of functional recov-
ery in patients with ischemic heart disease. Interestingly,
all studies presented show some degree of discordance
between modalities. There is ongoing work examining the
reasons for disagreement between modalities.

Recently, there has been interest in comparing whether
low-dose dobutamine CMR in place of or in conjunc-
tion with ceCMR is more accurate for prediction of wall
motion improvement after revascularization. Motivation
for this comes, in part, from a study by Kim et al., who
examined patients by ceCMR before and after coronary
revascularization [45]. Overall, the authors found ceCMR
was predictive of functional recovery; dysfunctional seg-
ments with 0–25% transmural extent of infarction had a
high probability of recovery and segments with greater
than 75% transmural infarction were unlikely to recover
function. However, the likelihood of functional recov-
ery was intermediate for segments with 26–75% trans-
mural infarction. The underlying reason(s) that accounts
for intermediate likelihood of recovery for this group of
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segments with intermediate transmuralities of infarction is
unclear.

There are multiple clinical factors that could influence
the likelihood of functional recovery in the setting of
intermediate grade subendocardial scar. Cardiac factors
include wall thickness, contractile reserve, volume load-
ing, presence of ischemia, and the duration of dysfunc-
tion. It is possible that contractile reserve may be a bet-
ter marker of functional recovery after revascularization
than just the extent of infarction alone. Wellnhofer et al.
studied a series of patients by both ceCMR and low-dose

dobutamine CMR [62]. Data were analyzed by receiver
operator curve (ROC) analysis for prediction of segmen-
tal functional recovery. When all segments were consid-
ered, the logistic model demonstrated that the combina-
tion of dobutamine and ceCMR data was superior to ei-
ther approach alone. This interest in using a combined ap-
proach, especially for segments with intermediate trans-
mural extent of infarction, may lead to improved predic-
tive accuracy of CMR. Whether such methods are feasi-
ble, add clinical value, and are cost-effective remains to be
seen.
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Figure 13.16 Magnetic resonance first-pass (MRFP), 99mTc-sestamibi

SPECT, and microsphere data during pharmacologic vasodilation in animals

with no (top), moderate (middle), and severe (bottom) reductions in micro-

sphere flow in the circumflex bed. Shown from left to right are (1) a single

frame from the MRFP image stack; (2) MRFP signal-intensity curves for 12

30◦ sectors (beginning at the most cranial image point and proceeding clock-

wise); (3) the corresponding 99mTc-sestamibi SPECT image; and (4) relative

MRFP curve areas, 99mTc-sestamibi count rates, and microsphere concentra-

tions in each 30◦ sector. Peak flow reductions indicated by microspheres are

50% or more and 85%, respectively (lower two panels). MRFP images show

homogeneous myocardial contrast enhancement in the absence of stenosis,

moderately reduced enhancement in the circumflex bed with moderate flow

reduction, and markedly reduced enhancement with severe flow reduction.

A transmural gradient in flow is visually apparent in both cases of flow re-

duction. MRFP signal intensity curves have nearly identical initial areas in the

absence of stenosis. Areas in the circumflex distribution are reduced moder-

ately and markedly with moderate and severe flow reductions, respectively.
99mTc-sestamibi SPECT images show a uniform signal intensity in the absence

of flow reduction and in the presence of moderate flow reduction. A promi-

nent perfusion defect is apparent with severe flow reduction. Relative MRFP

curve areas and microsphere concentrations correspond closely in all cases.
99mTc-sestamibi count rates are homogeneous at rest and remain so with

moderate flow reduction but show an approximately 50% peak reduction

with severe flow reduction. (Reproduced with permission from [65].)
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Summary for viability assessment by CMR

The choice of CMR or SPECT for determination of myocar-
dial viability is a subject of ongoing debate. While CMR
provides images with higher resolution, may provide im-
proved detection of small or subendocardial infarcts, and
does not suffer from attenuation, SPECT is more widely
available and can be performed in a broader patient popu-
lation (i.e., patients with contraindications to MRI). From
evidence available, the following can be stated regarding
CMR assessment of viability:
� Correlates with SPECT and FDG-PET
� Can be assessed using spectroscopy, dobutamine CMR,

or delayed ceCMR
� High resolution and excellent contrast between normal

and infarcted myocardium
� Can be used to predict functional recovery after revas-

cularization or post-myocardial infarction.

Cardiac MR perfusion imaging

In addition to imaging of myocardial function, volumes,
mass, and scarring within the heart, there is evidence that
MR may also be useful in imaging blood flow within
the heart and, further, able to identify regions of reduced
blood flow secondary to CAD. One of the more recent
advances in CMR imaging is the development of tech-
niques designed to image blood flow within the my-
ocardium at rest and during pharmacologic vasodilation.
While several studies have reported feasibility of abso-
lute blood flow quantification at rest in animal models
[63,64], these techniques are challenging in clinical prac-
tice and require assumptions that may break down in pa-
tients with CAD. In addition, because coronary disease
can result in a reduced myocardial flow reserve with-
out a significant decrease in resting blood flow, the as-
sessment of the relative difference between blood flow at
rest versus during vasodilation is likely of greater clin-
ical importance than absolute blood flow computed at
rest.

The technique most commonly employed for assess-
ment of myocardial blood flow using CMR is rapid mul-
tislice imaging of certain slices of the heart during tran-
sit of a bolus of gadolinium contrast agent, the so-called
first-pass perfusion imaging. To assess coronary disease,
such first-pass data sets may be acquired at rest and
compared to exercise or pharmacologic stress to gauge
whether a difference in flow within the myocardium can
be observed. There is currently no consensus regarding the
ideal methodology for this cardiac MR technique and no
data to demonstrate whether a certain MR pulse sequence,
contrast dose, or slice selection improves diagnosis. For
detection of CAD, CMR first-pass perfusion imaging is

Figure 13.17 (a) First-pass contrast-enhanced multishot echo-planar

stress MR images (6.7/1.4/180 repetition time ms/echo time ms/saturation

recovery time ms) and (b) Tl SPECT images obtained during stress and at

rest in a patient with 70% or greater diameter stenosis of the left anterior

descending artery. The hypoperfused region (arrows) in the anteroseptal

wall is depicted as a region of lower enhancement in (a) and as an apparent

perfusion abnormality in (b). (Reproduced with permission from [69].)

most commonly performed at rest and during some form
of pharmacologic stress within the magnet setting, often
dipyridamole or adenosine. Adenosine stress testing in the
magnet most commonly utilizes a 3–5-minute infusion of
adenosine (140 mcg/(kg min)) with rapid bolus injection
of gadolinium-based contrast during rapid multislice im-
age acquisition. Dependent upon the pulse sequence used
and the heart rate of the patient, three to five slices can
be acquired during every heartbeat while gadolinium is
injected into a peripheral or central venous catheter. This
process requires coordination of effort by CMR operators
and results in an image sequence for each slice where
gadolinium traces blood flow through the heart for each
R–R interval. Dynamic rest and stress CMR first-pass im-
ages are frequently viewed side by side to visualize and
compare blood flow through the myocardium.
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Data in animal models with direct comparison to SPECT
have come from a study by Lee and colleagues who
imaged 18 chronically instrumented dogs using first-
pass perfusion CMR and compared results to stress/rest
SPECT for coronary stenoses of varying severity [65]. The
gold standard for assessment of myocardial perfusion
in this study was obtained by postmortem microsphere
quantification. Although data in this study were limited
to the animal model, perfusion across the transmural my-
ocardial extent was visually and quantitatively apparent
for reductions in flow of greater than or equal to 50%. Fur-
ther, reductions in flow of greater than or equal to 50% that
were not identified by dual isotope SPECT were apparent
in first-pass CMR (see Fig. 13.16).

Two studies in patients examined first-pass CMR at
rest and during pharmacologic stress with comparison
to cardiac catheterization. Al-Saadi and colleagues stud-
ied 34 patients with CAD and compared signal time–
intensity curves on first-pass MR perfusion images ac-
quired before and after dipyridamole infusion to results
at coronary angiography [66]. Sensitivity and specificity
in this patient population were 90 and 83%, respectively,
with low intraobserver variability. Nagel and colleagues
[67] studied 84 patients referred for primary diagnostic
coronary angiography with rest-adenosine first-pass MRI.
Sensitivity and specificity using a quantitative analysis
of signal intensity curves for multiple slices were 88 and
90%, respectively, while the corresponding values were 70
and 78% for visual assessment. In an additional study by
this group [68], 79 patients were studied by dobutamine
stress cine MRI and by adenosine stress first-pass perfu-

sion and results were compared to coronary angiography.
In their study, 53/79 patients had coronary artery stenoses
greater than or equal to 50% and data revealed that the
sensitivity and specificity for detection by dobutamine
wall motion were 89 and 80%, while the corresponding
values for adenosine first-pass perfusion were 91 and 62%,
respectively.

In addition, a few studies have compared first-pass
CMR perfusion imaging to radionuclide methods and
to invasive angiography. Ishida and colleagues studied
104 patients using first-pass CMR during dipyridamole
and isometric handgrip exercise and compared stress/rest
201Tl SPECT (69/104 patients) and invasive coronary an-
giography (104/104 patients) [69] (see Fig. 13.17). Over-
all, the sensitivity of first-pass CMR for detection of CAD
was 90%, with sensitivities for one-, two-, and three-vessel
coronary disease of 85, 96, and 100%, respectively. ROC
analyses suggested that stress/rest first-pass CMR was
more accurate than stress/rest thallium imaging for de-
tection of significant coronary lesion. Schwitter et al. stud-
ied 48 patients using a multislice first-pass CMR approach
during dipyridamole versus 13N-ammonia PET and quan-
titative coronary angiography [70] (see Fig. 13.18). ROCs
for CMR and PET suggested that PET had sensitivity
and specificity of 91 and 94%, respectively, for detection
of CAD, while the corresponding values for the CMR
approach employed were 87 and 85% (see Fig. 13.19).
These preliminary studies are important work to begin
understanding whether perfusion CMR may be addi-
tive to information provided by established radionuclide
techniques.

Figure 13.18 In this patient with stenoses in the left anterior descending

coronary artery and the right coronary artery, the transit of CM through

the left ventricular myocardium during hyperemia demonstrates delayed

wash-in in both the subendocardial and subepicardial layers of both arter-

ies (a through e, arrowheads). (f) Representative signal intensity–time curves

are shown for normal myocardium (red curve, sector 8) and hypoperfused

myocardium (blue curve, sector 2). Th2 and Th8 indicate thresholds for full-

wall thickness data in corresponding sectors derived from the ROC analyses

(Fig. 13.2). On the parametric slope map (g), pixels below/above the thresh-

old (Th) are encoded in shades of blue/red, respectively. On the PET image

(h), reduced hyperemic flow is demonstrated in corresponding sectors. (Re-

produced with permission from [70].)
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Figure 13.19 ROC of CMR upslope data is shown for the detection of

CAD defined by quantitative coronary analysis (one or more artery with

≥50% diameter stenosis). The diagnostic performances of MR and PET are

comparable. Numbers in parentheses represent sensitivity, specificity, and

area under the ROC, respectively. (Reproduced with permission from [70].)

The clinical utility of CMR for detection of myocardial
ischemia is presently under intense investigation by mul-
tiple groups. Whether CMR will be useful in this regard is
at present unclear.

Summary

CMR techniques for assessment of ventricular volumes,
regional and global function, and cardiac viability are es-
tablished in clinical practice and arguably represent a stan-
dard by which other noninvasive imaging modalities can
be compared. The image resolution and reproducibility
of CMR cine imaging permit very accurate and repro-
ducible assessment of biventricular volume and function.
Although GBP and gated perfusion SPECT correlate well,
accuracy and reproducibility of CMR mean this modality
is currently regarded as the gold standard for measure-
ment of biventricular volume and function.

There is evidence that the delayed gadolinium-contrast
enhancement CMR technique for assessment of myocar-
dial viability is a precise and reproducible method that
compares favorably to echocardiographic, SPECT, and
PET assessments of viability. The place of ceCMR in com-
parison to current clinical techniques for assessment of
myocardial viability is not yet well defined. However, it is
possible that superior spatial resolution of ceCMR viabil-
ity imaging may lead to altered clinical management and
improvement in detection of viability in selected patient
populations.

CMR first-pass perfusion imaging is a promising tech-
nique that currently presents practical challenges and is
the subject of ongoing clinical research.
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Introduction

Noninvasive cardiac imaging is now central to the diag-
nosis and management of patients with known or sus-
pected chronic coronary artery disease (CAD). While rest
echocardiography has become the most common of the
techniques, nuclear cardiology, and more recently cardiac
computed tomography (CCT), and cardiac magnetic reso-
nance (CMR) play important roles in this regard. CMR has
been reviewed in Chapter 13. This chapter examines the
current applications of CCT and the interactions between
CT and nuclear cardiology procedures.

Which of these methods is most appropriate as the ini-
tial test depends on the clinical question being asked.
Among asymptomatic patients, the clinical question fre-
quently revolves around the presence of subclinical coro-
nary atherosclerosis for delineation of long-term risk for
developing clinical CAD. Here CT coronary calcium test-
ing can help determine who needs aggressive medical
management. But in symptomatic patients, as the a pri-
ori risk for CAD increases, a second question becomes
increasingly important: “What is the shorter-term risk of
myocardial infarction (MI) or cardiac death?’’ – a question
that appears to be best answered by determining the ex-
tent and severity of inducible ischemia, often using gated
myocardial perfusion SPECT. In patients with advanced
disease and extensive ventricular dysfunction, the ques-
tion frequently becomes “Is improvement in ventricular
function, survival or symptoms likely with revasculariza-
tion or should surgical reshaping of the left ventricle be
performed?’’ Here the answer may depend on the extent
of viable and nonviable myocardium – possibly best ad-
dressed by positron emission tomography (PET) or mag-
netic resonance imaging (MRI).

Cardiac CT scanning for assessment
of subclinical atherosclerosis

Vascular calcification has been associated with atheroscle-
rosis since the 1920s [1]. In 1959, Blankenhorn and Stern de-
scribed the importance of coronary artery calcium (CAC)
as a marker of coronary atherosclerosis [2]. For many
years, the assessment of CAC using fluoroscopy was rec-
ognized as providing clinically useful information. In fact,
Diamond et al. incorporated a subjective fluoroscopic as-
sessment of CAC into their original algorithm for assess-
ing the likelihood of angiographically significant CAD by
Bayesian analysis [3]. The advent of CT scanning provided
a technique which was potentially quantifiable, avoiding
the subjectivity of fluoroscopy. While CAC measurements
were first described using electron beam CT (EBT), in-
creasingly investigators are recognizing that recent gen-
eration multislice CT (MSCT) and EBT provide compa-
rable measurements for practical clinical purposes [4,5].
In standard practice, the presence and extent of coronary
calcium is expressed by the Agatston coronary calcium score
(CCS), related to the extent and the density of calcification
in the coronary tree. Examples of coronary calcium scans
obtained with EBT are shown in Fig. 14.1.

Acquisition of the CT coronary calcium
scan and measurement of coronary
calcium

Whether using EBT or MSCT, the acquisition of the CCS
is performed in a single breathhold. There is no need for
patient preparation. With either approach the amount of
radiation is small, estimated to be approximately 0.8 rad,

337



Clinical Gated Cardiac SPECT

Figure 14.1 Examples of normal and abnormal coronary

calcium scans obtained by electron beam tomography.

Abbreviations: LAD, left anterior descending artery; LCX,

left circumflex artery; RCA, right coronary artery.

somewhat lower with EBT than with MSCT [6]. No special
patient preparation is required, except in patients with
heart rate over about 80 beats per minute who are having
MSCT, in whom β-blockers may be needed. The scoring
of these scans typically involves a reproducible semiauto-
matic computer method as exemplified in Fig. 14.2. The
CCS is defined for each focus of calcium in the coronary
tree, with areas containing calcium being defined by hav-
ing Hounsfield units (HU) greater than 130. The software
generally calculates lesion-specific scores as the product
of the area of each calcified focus and peak CT number
(scored as 1 if 131–199 HU, 2 if 200–299 HU, 3 if 300–399
HU, and 4 if 400 HU or greater) according to the Agatston
method [7]. These are summed across all lesions identified
in the coronary arteries to provide the total CCS.

In common practice, this score is often also expressed
as a coronary calcium percentile score based on age and

gender using one of many available databases [8–10].
While initially developed for EBT, methods for approxi-
mating the density-weighted Agatston score using MSCT
have been developed and validated. Most of the available
software programs also often provide a calcified volume
score developed by Callister [11], which has been reported
as more useful for monitoring the progression (or regres-
sion) of calcification over time, in particular following in-
tercurrent treatment with statin therapy [12]. With the use
of calcium phantoms as standards, the mass of calcium
in the coronary tree can also be accurately measured by
EBT or MSCT; however, whether calcified coronary mass
will become the standard assessment of the future is not
yet clear, and given the large body of evidence developed
with the CCS, it is likely that the CCS will remain the stan-
dard for clinical coronary calcium measurement for some
time.

Figure 14.2 Illustration of measurement of the coronary calcium volume (Callister method) and the coronary calcium score (Agatston method). Scoring is

determined semiquantitatively by Netra MDTM (ScImage, Inc.).
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Angiographic and pathologic correlates
of CT coronary calcium

It became clear from early coronary calcium scanning ex-
perience that the presence of CAC had low specificity
for angiographically significant CAD (≥50% stenosis); i.e.,
calcification implies atherosclerosis but not necessarily the
presence of a stenosis. This phenomenon is explained by
a process referred to as the Glagov phenomenon ([13]
(Fig. 14.3). Characteristically, in the early stages of coro-
nary atherosclerosis, and often in the more advanced
stages, plaque accumulation produces an outward remod-
eling (expansion) of the external elastic membrane. During
this phase, there is little or no encroachment of the plaque
on the vascular lumen. In simplistic terms, in most cir-
cumstances, only after maximal outward remodeling does
a narrowing of the lumen develop. Due to this process,
there is only a weak relationship between the plaque bur-
den and the percent of the coronary artery tree supplied by
vessels with greater than 50% stenosis. However, if more
mild luminal narrowing is considered, for example, the
number of segments demonstrating greater than or equal
to 20% stenosis by coronary angiography, the total CCS as
determined from EBT has been shown to correlate strongly
with the angiographic extent of atherosclerosis (r = 0.77)
[14]. Thus, assessment of coronary calcium allows detec-
tion of atherosclerotic lesions often long before they be-
come hemodynamically significant.

Figure 14.3 Diagrammatic representation of progression of

atherosclerosis as described by Glagov. The white area indicates the

presence of plaque, without consideration of the distinction of calcified

and noncalcified plaque. Positive remodeling during the minimal and

moderate phases of plaque buildup can occur without compromise of the

lumen. However, as the plaque volume becomes large, the artery no longer

enlarges at a rate sufficient to prevent narrowing of the lumen. While this

is a highly simplified illustration of a complex and variable process, this

phenomenon is the likely explanation for the observation that vast majority

of coronary plaques are not associated with coronary stenosis. (Adapted

with permission from [13].)

Table 14.1 Early detection and quantification of atherosclerosis.

� Most accurate noninvasive test for early detection: abnormal

study implies coronary atherosclerosis
� Strong quantitative relationship between coronary calcium score

and plaque burden
� High sensitivity for ≥50% angiographic stenosis (but low

specificity)
� Independent and incremental information over risk factors for

predicting extent of angiographic CAD and prognosis

In contrast, stress nuclear cardiology techniques (as
with all stress imaging methods) require the presence
of a hemodynamically significant lesion, either fixed or
dynamic, before an abnormality becomes evident. In the
study noted above, without the CCS [14], stress myocar-
dial perfusion SPECT (MPS) provided significant infor-
mation for the prediction of the number of segments with
20% or greater maximal coronary stenosis at angiography,
along with age, male gender, and cholesterol measure-
ments in a multivariable model. However, once the CCS
was known, the radionuclide perfusion score and conven-
tional risk factors were no longer a significant predictor.
While this study represents only one of a number of stud-
ies that have demonstrated that the CCS provides inde-
pendent and incremental information over risk factors for
predicting the extent of angiographic CAD, it gives insight
into the perceived discordance between angiographic and
CAC results, and is illustrative of the concept that the pres-
ence of CAC is expected to be more sensitive than MPS or
even the angiographic “gold standard’’ in the detection
of early coronary atherosclerosis. Table 14.1 summarizes
the implications of coronary calcium measurements by
EBT/MSCT for early detection and quantification of coro-
nary atherosclerosis. Currently, third-party payers gener-
ally do not reimburse for CCS measurements, although
we expect this to change within a few years.

Limitations of CCS

Although considered virtually pathognomonic of coro-
nary atherosclerosis, the site of CCS is not site specific
for coronary stenosis as noted above. Furthermore, macro-
scopic calcification – the amount necessary to be visualized
by CT – is a relatively late phenomenon in atherosclero-
sis, considered to be a response of the body to wall off
coronary inflammation (i.e., provide plaque stability). In
some patients (estimated to be approximately 5% of those
with acute coronary syndrome), vulnerable plaques may
rupture causing coronary thrombosis at a time in which
there is no coronary calcification. Furthermore, CCS re-
quires at least a four-slice scanner with rotation time of
500 milliseconds or less [5].
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CT coronary angiography

Beyond its use in assessment of coronary calcium, car-
diac CT scanning is increasingly being used for nonin-
vasive coronary CT angiography (CTA), which has been
demonstrated to have high sensitivity and specificity for
detecting coronary stenosis[15–17]. While virtually all EBT
scanners and most recent generation MSCT scanners are
capable of the CCS measurements, coronary CTA is tech-
nically more demanding. At the present time, further de-
velopment of the EBT scanners are not being pursued by
industry. Current EBT scanners are limited in their z-axis
resolution (1.5 mm), diminishing their value for coronary
CTA. On the other hand, with 16-slice or greater MSCT
scanners operating with rotation times of 420 milliseconds
or less, clinically useful results have been reported with
coronary CTA. Since tomography with CT requires ap-
proximately 210◦ acquisition (slightly greater than with
SPECT), the fastest of the currently available scanners,
operating at a 330-millisecond rotation time, has a sin-
gle beat acquisition time of approximately 180 millisec-
onds. This limitation of temporal resolution limits the ap-
proach to heart rates of 65 beats per minute or less for
single beat acquisitions, generally necessitating the use of
β-blockers prior to acquisition. The most recent genera-
tion of scanners produces images with as low as 0.4-mm
isotropic spatial resolution. Manuscripts showing approx-
imately 90% sensitivity and 90% specificity for greater
than 50% coronary stenosis have consistently been re-
ported with 16-slice scanners [18–21]. Several manuscripts
in press have documented that the 64-slice approach also
results in very high sensitivity and specificity for CAD
and it appears to be associated with a smaller number
of uninterpretable segments due to motion or the pres-
ence of coronary calcium [22–30]. With the 64-slice scan-
ners, covering between 20 and 40 mm with each rotation,
fewer heartbeats are required for acquisition, and con-
trast volumes of less than 100 cm3 are routine. The low
contrast dose reduces problems associated with higher
contrast loads in terms of potential nephrotoxicity, of
particular concern if the CT findings result in diagno-
sis of a condition that requires urgent contrast coronary
angiography.

The most common protocol involves the administra-
tion of 100 mg atenolol 1 hour before scanning to slow
the heart rate (unless the baseline heart rate is less than
60 beats per minute), and the insertion of an 18–20 gauge
IV for the power injection of contrast. After placement
of electrodes for R-wave markers, the patient lies on
the CT table, and a scout film is obtained to localize
the heart. As with the CCS acquisition, imaging is per-
formed in a single breathhold, beginning shortly when
sufficient contrast reaches the aorta. With some systems

a small timing bolus (∼10 cm3) is required, while with
others the arrival of the bolus can be accurately timed
automatically during the contrast injection of the CTA
study itself. The entire coronary CTA procedure can be
performed in approximately 10 minutes, and rapid re-
construction possible with new computer systems makes
the study available for final interpretation within a few
minutes.

Interpretation of coronary CTA

Currently, interpretation relies on visual assessment of
the CTA data on a three-dimensional workstation. While
the axial images provide perhaps the most useful in-
formation for this purpose, it is routine to take advan-
tage of the three-dimensional data sets, which, due to
the isotropic voxels of the recent generation systems, can
be viewed in any orientation without significant reduc-
tion in image resolution. Despite early developments of
software intended to objectify the assessment of stenosis,
these software programs are not yet validated for rou-
tine clinical use. Thus, there is a great deal of subjec-
tivity at the present time in the assessment of coronary
stenosis.

Of additional note, coronary CTA can visualize not only
the vessel lumen but also the wall, potentially allowing
the noninvasive assessment of the presence and the size
of noncalcified coronary plaque [31], but this assessment is
even more difficult at the present time than the assessment
of coronary stenosis. Potentially, this approach can also
become of value in the emergency department setting, and
has the potential to provide assessments of pulmonary
embolism, acute coronary syndrome, and aortic dissection
in a single study (i.e., “triple rule out’’). Figure 14.4 shows
an example of a normal 16-slice coronary CTA from our

Figure 14.4 Example from our laboratory of a normal coronary CTA

using a 16-slice MSCT scanner (Philips).
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Figure 14.5 An example of a 64-slice CTA (Siemens) in a 33-year-old

male with chest pain who had PCI with stent to LAD nearly three years ago.

CTA revealed a nearly obstructive lesion (arrow) within the proximal portion

of the stent of LAD. Conventional coronary angiography after the showed

subtotal stenosis of proximal LAD following by restenosis in the stent.

laboratory, and Fig. 14.5 illustrates a published 16-slice
example of coronary stenosis [20].

While reimbursement for coronary CTA has not yet been
broadly established, it is likely that reimbursing will be
accepted for coronary CTA very shortly. Currently, the
Centers for Medicare and Medicaid Services (CMS) have
implemented procedural codes for tracking utilization of
CTA.

Limitations of coronary CTA

The principal limitation of coronary CTA, given the
most recent generation scanners, is the presence of
dense calcification of the coronary arteries. While mod-
est amounts of calcification do not pose a problem for
these scanners, with dense calcification it is not possible
to assess the degree of luminal obstruction within the cal-
cified zone. Other limitations include the need for a reg-
ular heart rhythm and a relatively low heart rate (usu-
ally considered less than 65 as noted above). To date, it
is not possible to perform adequate CTA in patients with
atrial fibrillation. Additionally, a tendency of the coronary
CTA to overestimate the degree of stenosis has been de-
scribed, resulting in a frequent need for a confirmatory
functional test after the anatomic CTA reveals a border-
line stenosis [32]. Of course, coronary CTA also involves
radiation exposure to the patient. However, with beam

modulation, involving full beam x-ray exposure only dur-
ing the portion of the cardiac cycle with the least coronary
motion – now standard on most systems, the amount of
radiation associated with these procedures becomes sim-
ilar to that received with the standard nuclear cardiology
procedures.

SPECT/CT and PET/CT

The availability of PET/CT and SPECT/CT will add
further complexity to the concepts regarding appropri-
ate selection of tests, with their ability to provide both
detection of coronary stenosis and assessment of func-
tional significance [33]. With the development of cardiac
dedicated CT/PET and CT/SPECT systems, it may be
that a large body of data will be available in the fu-
ture providing information regarding coronary calcium,
coronary stenoses, and stress-induced ischemia. Such
databases would be a source of evidence regarding which
test or combination of tests is the most appropriate in
a given setting. Since rest/stress PET or SPECT stud-
ies could be performed as a routine in conjunction with
coronary CTA, the possibility of taking “all comers’’ re-
gardless of the amount of coronary calcium that they
have would enhance the usefulness of the noninvasive
coronary angiography. One of the main potential ad-
vantages of SPECT/CT and PET/CT in cardiology may
be that of assessing plaque vulnerability – through the
combination of CT for the plaque volume and PET or
SPECT assessment of an aspect of plaque activity (see
below).

Contrast CT for assessment of left
ventricular volumes, ejection fraction,
and mass

The data sets that are used for coronary CTA con-
tain the information that can be used to reconstruct
the ventricular data to assess left ventricular volumes,
ejection fraction, and mass. With most current systems,
these reconstructions can be performed obtaining 8–10
frames per cardiac cycle. From these reconstructions,
it has been demonstrated that left ventricular volumes
and left ventricular ejection fraction measurements can
be obtained [34]. Currently, these measurements gener-
ally require manual assignment of regions of interest.
There is a slight underestimation of left ventricular ejec-
tion fraction due to the limited number of reconstructed
frames, as has been reported with eight-frame gated
SPECT.
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Figure 14.6 Risk stratification for each category of

Framingham risk (from low to high) according to calcium

score (p < 0.001 across risk groups ). Event rate is

predicted mortality at 5 years. (Adapted with permission

from [37].)

Contrast CT for assessment of myocardial
scar or necrosis

Recently, it has been shown that a second CT scan with
lower x-ray dose, obtained a few minutes after the contrast
injection, provides an opportunity to visualize areas of
infarcted myocardium as regions of increased myocar-
dial concentration of contrast, directly analogous to the
delayed enhancement imaging with CMR described in
Chapter 13. Unlike CMR, this application of CT could be
applied in patients with pacemakers or metallic implants,
but it would increase the radiation burden of the exam-
ination (though at reduced dose compared with the CT
angiogram).

Prognostic applications of cardiac CT: CCS

The prognostic applications of gated MPS are the subject
of the entirety of Chapter 8. There has not yet been suf-
ficient time to gain experience with the prognostic impli-
cations of coronary CTA. The coronary CTA and the CCS
also have potentially wide prognostic applications. In con-
trast to MPS, however, which provides useful information
across the spectrum of patients with known as well as sus-
pected CAD, it is not considered likely that the assessment
of CCS will provide incremental prognostic discrimina-
tion in patients with known CAD. In such patients prog-
nosis is governed more by functional parameters such as
ischemia and left ventricular function than by measure-
ments of atherosclerotic disease burden. Rather, the prin-
cipal prognostic value of CCS is likely to reside in asymp-
tomatic patients with a low to intermediate likelihood of
CAD (e.g., 15–50% range) based on age, gender, and risk
factors, which is basically another way of expressing a
group with intermediate long-term risk by Framingham
Risk Score (FRS) [30,35,36].

Prognostic significance of CCS

A large number of studies have demonstrated that CCS
provides incremental prognostic information over con-
ventional risk factors in assessing the risk of hard car-
diac events. For example, a publication of results in over
10,000 asymptomatic patients followed over 5 years for
all-cause mortality demonstrated that in both men and
women the previously described categories for degrees
of CCS abnormality were strongly predictive of all-cause
mortality and that CCS provided significant incremen-
tal information over that provided by conventional risk
factor analysis alone (Fig. 14.6) [37]. Similarly, Kondos
et al. [38] demonstrated in 37-month follow-up of 5635
initially asymptomatic low- to intermediate-risk adults
(1484 women) that cardiac events (death, MI, or revas-
cularization) were predicted by the CCS in both genders
using multivariable analysis. Similarly, Greenland et al.
[35] demonstrated that the CCS adds to the FRS in pre-
diction of nonfatal MI or cardiac death in asymptomatic
individuals. Their conclusion from their data is consis-
tent with the recommendations from the Bethesda con-
ference supporting the concept that the CCS is useful for
risk assessment in patients with an intermediate risk cat-
egory. Regarding the definition of the intermediate risk
category, while the consensus document of the Bethesda
conference suggested this category should be expanded
to 6–20% rate of hard cardiac event over 10 years (which
would detect more women than the more commonly used
10–20% range), others still consider that this range should
be 10–20%, since even with the relatively narrow range,
there is a large proportion of the adult population of the
United States (11.9%) that would be in need of testing
[39,40].

Most recently, two prospective, population-based tri-
als have demonstrated the incremental prognostic value
of CCS over the traditional Framingham risk assessment.
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The St. Francis Heart Study [41] determined relationship
of CCS by EBT to standard coronary disease risk factors
and C-reactive protein in the prediction of atherosclerotic
cardiovascular disease events in 4613 asymptomatic per-
sons aged 50–70 who underwent electron beam computed
tomographic scanning of the coronary arteries and were
followed up at a mean of 4.3 years. One hundred nine-
teen had sustained at least one atherosclerotic cardiovas-
cular disease event. For CCS threshold greater than 100 vs.
less than 100, relative risk was 9.6 (6.7–13.9 95% CI) for
all atherosclerotic cardiovascular disease events, 11.1 (7.3–
16.7 95% CI) for all coronary events, 3 and 9.2 (4.9–17.3 95%
CI) for nonfatal MI and death. The CCS predicted coronary
disease events independently of standard risk factors, and
C-reactive protein (p = 0.004), was superior to the Fram-
ingham risk index in the prediction of events (area under
the receiver operating characteristic curve of 0.79 + 0.03
vs. 0.69 + 0.03, p = 0.0006), and enhanced stratification
of those falling into the Framingham categories of low,
intermediate, and high risk (p < 0.0001) [41]. In a sec-
ond prospective study, Taylor et al. reported a prognos-
tic population-based study of a younger, male cohort [42].
Of a cohort of 2000 nonreferred, asymptomatic, healthy
men and women aged 40–50 years, incident MI, acute
coronary syndromes, and sudden cardiac death were as-
certained via annual telephonic contacts, with follow-up
(mean 3.0 ±1.4 years, range 1–6 years) in 99.2% of the
cohort.

A total of nine acute events occurred in men at a mean
age of 46 years, including 7 of 364 men with coronary cal-
cium (1.95%) and 2 of 1263 men without coronary calcium
(0.16%; p < 0.0001 by log-rank). No events occurred in
women. In young men, the presence of any coronary cal-
cium was associated with an 11.8-fold increased risk for
incident coronary heart disease (p = 0.002) in a Cox model
controlling for the FRS. Among those with CAC present,
the risk of coronary events increased incrementally across
tertiles of coronary calcium severity (hazard ratio 4.3 per
tertile). In this study of relatively young individuals, the
authors concluded that the presence of coronary artery cal-
cification provides substantial, cost-effective, independent
prognostic value in predicting incident coronary heart dis-
ease that is incremental to measured coronary risk factors
[42].

The evidence is now strong that CCS is valuable for
purposes of risk assessment of asymptomatic patients
with intermediate clinical risk. There is now, therefore,
widespread support that third-party carriers should pay
for testing in this patient group, rather than having it be a
test only for patients who can afford to pay for it.

The CCS may be limited in ruling out disease in symp-
tomatic patients. While several reports have shown that
approximately 95% of patients suffering a first MI have
an abnormal CCS within days of the MI, implying that it

Figure 14.7 Exercise stress sestamibi/rest thallium-201 MPS images in a

64-year-old male with recent onset angina raising suggesting unstable

CAD. The clinical and ECG responses to stress were ischemic. Large

reversible defects are seen in the anterior, septal, inferior, and apical walls

consistent with a critical LAD stenosis.

is unusual for coronary atherosclerosis to result in acute
MI before the development of any coronary calcifica-
tion [8,43–45], the increasing experience with CT coro-
nary angiography suggests that the latter, rather than the
CCS, will become the most commonly used CT method
of choice to triage these patients, due to the observation
that approximately 5% of patients with documented acute
infarction have no coronary calcium. The images illus-
trated in Figs. 14.7 and 14.8 illustrate this potential draw-
back of relying on the CCS to rule out an acute coronary
syndrome.

Guiding patient management decisions
by CCS

One of the important applications of noninvasive testing
is in determining the appropriate therapy in an individual
patient. In asymptomatic patients with coronary risk fac-
tors, the CCS may be of particular use in this regard. For

Figure 14.8 EBT for CCS performed as part of a research study after MPS

of the patient in Fig. 11.7 shows minimal calcification in LAD – an almost

imperceptible small calcified area was seen (CCS 7.5). Subsequent coronary

angiography revealed 80% stenosis in proximal LAD and subtotal occlusion

of first diagonal branch. This case example illustrates how an acute

coronary syndrome might be misclassified by noncontrast CT alone.
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example, in patients with borderline cholesterol elevations
or borderline hypertension, the CCS can help the primary
care physician decide whether or not to treat aggressively
to prevent the development of clinical atherosclerotic dis-
ease. On the basis of available data, the CCS may be used
to determine the appropriateness and aggressiveness of
medical therapies, such as statin use, or need for stress
testing, among patients presenting with an intermediate
10-year risk of MI or cardiac death by the FRS.

One group of patients affected in this manner are those
with the metabolic syndrome – characterized by vary-
ing combinations of abdominal obesity, insulin resistance,
lipid abnormalities, and hypertension, many of whom are
at intermediate risk. Approximately, one-fourth of these
patients have a CCS greater than or equal to 75th per-
centile, which has been designated by the National Choles-
terol Educational Program as a criterion to stratify the
patient into more intensive risk factor management [46].
The use of the CCS to guide management is one of the
most common reasons that the test is currently ordered by
physicians.

Part of guiding management decisions is the man-
ner in which a test result affects the choice of subse-
quent testing. From the above discussion, it would seem
clear that asymptomatic patients with extensive coronary
atherosclerosis by CCS would benefit from additional test-
ing for ischemia. This concept fits with recommendations
made years ago by Rumberger [47]. For purposes of cost-
effectiveness, it would not be appropriate for all patients
with atherosclerosis who had undergone EBT to be re-
ferred for further testing.

There are now several published manuscripts that have
been helpful in determining the CCS threshold above
which asymptomatic patients merit referring for stress
imaging. He et al. [48] evaluated the frequency of stress-
induced ischemia by MPS in patients who had undergone
EBT scanning. These investigators evaluated 370 patients
undergoing both MPS and EBT for coronary calcifica-
tion. They divided their patients into the traditional cat-
egories of no (CCS 0), minimal (CCS 1–10), mild (CCS
11–100), moderate (CCS 101–399), and extensive coronary
calcium (CCS >400) [47]. Only 1 patient of more than
100 with CCS less than or equal to 100 had abnormal
MPS. Twelve percent of patients with moderate CCS had
abnormal MPS and 47% of patients with extensive CCS
had abnormal MPS. Moser et al. [49] recently reported
results of combined SPECT and CCS testing in 102 pa-
tients, with these investigators employing MSCT for CCS.
In this smaller group, none of 19 patients with a CCS less
than 100, 6 of 51 (12%) patients with CCS 100–400, and
13 of 32 (41%) patients with CCS greater than or equal to
400 had an abnormal SPECT study. They concluded that
a CCS threshold of greater than 400 was useful in deter-
mining the need for subsequent MPS.

Figure 14.9 The frequency of an ischemic MPS (≥5% ischemic) and of a

moderate to severe ischemia (>10% ischemic) for patients divided into six

CAC score groupings. ∗p < 0.0001 for trend. (Adapted with permission

from [50].)

Data from our institution have confirmed the findings
of previous studies with respect to the patients with CCS
greater than or equal to 400 [50]. In 1195 consecutive pa-
tients with no history of CAD who had undergone EBT
and MPS, among the patients with a CCS less than 100,
MPS ischemia was rare, occurring in less than 2% of such
patients [50]. This low frequency of ischemia with a CCS
less than 100 was present in patients with and without clin-
ical symptoms, although a trend toward more ischemia in
symptomatic patients with scores 10–99 was observed. As
the CCS increased in magnitude above 100, the frequency
of myocardial ischemia on MPS increased progressively
(Fig. 14.9). Among patients with CCS exceeding 1000, 20%
manifested an ischemia by MPS. Our results further indi-
cate that the likelihood of myocardial ischemia by MPS is
more tightly related to the absolute CCS rather than age-
gender-stratified CCS percentile. These three studies were
concordant that the CCS greater than 400 threshold gener-
ally appeared appropriate for guiding the decision to refer
for stress MPS.

Another aspect of our study was of particular impor-
tance in documenting the insensitivity of MPS for detect-
ing coronary atherosclerosis (in contrast to detecting pa-
tients with hemodynamically significant CAD). Of 1119
patients with normal MPS, a large proportion had high
enough CCS that there would be consensus that aggressive
medical management is warranted: 56% had CCS greater
than 100 and 31% had CCS greater than 400 (Fig. 14.10).
These findings suggest that if testing begins with MPS
in a given patient, further assessment of atherosclerotic
burden by CAC testing may be useful in assessment of
the need for aggressive attempts to prevent coronary
events.

In a more recent study, we further examined the rela-
tionships between CCS and MPS according to the pres-
ence of the metabolic syndrome [51]. In patients with
the metabolic syndrome and CCS 100–400, the frequency
of abnormal MPS was as high as in patients with no
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Figure 14.10 Distribution of CAC scores for the 1119 patients

manifesting a normal MPS (left) and the 76 patients with an ischemic MPS

(right). (Adapted with permission from [50].)

metabolic abnormality with CCS greater than or equal
to 400 (15.0% vs. 14.8%, respectively). Thus, in this group
of patients a lower threshold for determining the need
for assessment of stress ischemia may be indicated; i.e.,
additional testing with MPS might be appropriate in pa-
tients with the metabolic syndrome and CCS greater than
or equal to 100. Similarly, Anand et al. [52] reported that
there was an intermediate to high frequency of abnormal
MPS studies in diabetic patients with CCS greater than or
equal to 100.

The data from these studies suggest an important dis-
tinction between short- and long-term risk. Whereas a
low CCS with a high percentile ranking in young patients
may be indicative of long-term risk for developing cardiac
events [53–55], this same score is probably not predictive of
short-term risk, given the finding that such patients rarely
have evidence of ischemia on MPS. Thus, further testing
by MPS of patients found to have high CCS percentile but
a CCS less than 100 would not appear to be needed in
most patients. In contrast, MPS appears excellent for de-
termining short-term risk, but due to the insensitivity of
the method for detecting subclinical atherosclerosis, MPS
may not be as effective as atherosclerosis imaging in de-
termining long-term risk.

Based on the available data, the following three sum-
mary statements might be made regarding combined MPS
and CCS testing: (1) It appears that the referral of patients
for MPS is generally not needed when the CCS is less
than 100 due to the very low likelihood of observing in-
ducible myocardial ischemia in such patients. Conversely,
when the CCS is greater than or equal to 400, stress imag-
ing would appear to be generally beneficial, because the
frequency of inducible ischemia is substantial, even in
asymptomatic patients. (2) CCS of 100–400 constitutes a
“gray zone’’ relative to the issue of who may require stress
test referral following CAC imaging. For CAC scores in
this range, clinical factors, such as gender, concomitant
chest pain, or specific combinations of coronary risk fac-

tors, are likely to determine whether ischemia testing is
needed, but prospective studies are needed in this re-
gard. (3) The wide range of CCS in patients with normal
MPS studies exposes an important limitation relevant to
all forms of stress testing: they do not effectively screen
for subclinical atherosclerosis [50]. However, there are no
available data to compare the relative short- and long-
term risk for cardiac events among patients with vari-
ous combinations of MPS results and CAC scores, such as
those presenting with the combination of very high CAC
scores but normal MPS results. It is reasonable to hypoth-
esize that such patients might be at low short-term risk
but high long-term risk for cardiac events, as supported by
a preliminary analysis [56]. If born out by further study,
CAC could then be unmasking a subgroup of patients
who would receive more aggressive anti-atherosclerotic
intervention than would have been indicated based on
the results of MPS testing alone. Accordingly, future study
that incorporates the prognostic follow-up data from pa-
tients undergoing both studies would now be of interest,
to determine which patients with normal stress imag-
ing tests are best suited for undergoing subsequent CAC
scanning.

Prognostic applications of coronary CTA

To date, the majority of published reports dealing with
coronary CTA using MSCT have described the diagnostic
accuracy of this test. As discussed extensively in the first
part of this review [57], many published manuscripts have
reported high sensitivity and specificity of 16-slice MSCT
for detection of CAD [58], and manuscripts are beginning
to be reported with the 64-slice scanners [25–30,59]. One of
the key advantages of coronary CTA over nuclear testing
is that the method is very unlikely to be normal in pa-
tients in whom revascularization would be warranted, in
contrast to MPS in which balanced reduction in flow can
occasionally result in a normal study despite the presence
of severe and extensive CAD.

It should be noted that whether CCS should also be
measured in patients undergoing coronary CTA is a mat-
ter of controversy, due to the added radiation burden –
approximately 25% as much as the coronary CTA. While
the CCS cannot be accurately measured during the con-
trast infusion acquisition of the CTA itself, many in-
vestigators consider the ability to assess the presence
and extent of coronary calcium adequate to provide
sufficient information regarding early atherosclerosis to
guide management decisions without the additional radi-
ation exposure. This visual estimate of the coronary cal-
cium is routinely reported with coronary CTA. The cur-
rent clinical applications of coronary CTA are listed in
Table 14.2.
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Table 14.2 Clinical applications of CTA.

� Screening: no application
� Diagnosis of CAD

– Intermediate likelihood of disease

– After equivocal/discordant stress imaging

– Coronary anomalies

– Prior to valvular surgery

– Nonischemic vs. ischemic cardiomyopathy

– Acute chest pain

– Bypass graft patency/location
� Risk stratification (known CAD)

– After equivocal/dicordant stress imaging

While the diagnostic use of CTA as the first test in symp-
tomatic patients with a low to intermediate likelihood
of CAD is increasingly being accepted, there is no data
yet regarding the use of CTA for risk stratification of pa-
tients with known or suspected CAD. There has not yet
been adequate time for the collection of the prognostic
data needed to fully investigate this potential of CTA with
MSCT. Nonetheless, since the extent and severity of coro-
nary obstructive lesions on selective coronary angiogra-
phy has been known to be a potent predictor of outcome
and to identify subgroups of patients likely to benefit from
revascularization [60], it is likely that coronary CTA will
also have strong prognostic power. In some patients, suf-
ficiently high risk may be defined by the location of sever-
ity of CT defined coronary stenosis, leading directly to
selective coronary angiography after the CT procedure.
However, the ability of selective coronary angiography to
predict benefit from revascularization in randomized tri-
als has been shown to be dependent on the presence of
inducible ischemia [61,62]. Furthermore, in these previ-
ous trials, inducible ischemia was evaluated only by tra-
ditional ECG stress testing [60,61]. We consider it likely
that in a large proportion of patients found to have coro-
nary lesions by CTA, further assessment of the extent and
severity of ischemia by SPECT or PET will prove useful in
effective identification of patients who are likely to derive
a survival benefit from coronary revascularization.

Conceptual framework for the use of
cardiac CT and gated myocardial
perfusion SPECT or PET in patients with
known or suspected CAD

Screening for coronary atherosclerosis:
asymptomatic patients

Figure 14.11 illustrates our conceptual approach to the use
of atherosclerosis imaging, coronary CTA, and nuclear

testing in CAD diagnosis and risk stratification with re-
spect to screening of asymptomatic patients. While screen-
ing for CAD with imaging is not yet widely reimbursed,
the approach is gaining acceptance. In the asymptomatic
patient, the initial assessment involves estimation of the
10-year risk of developing MI or cardiac death, based on
measures such as the FRS, as recommended by standard
ATP III guidelines with addition of family history of early
CAD and assessment of the metabolic syndrome. Then,
patients are assigned to groups corresponding to less than
10%, 10–20%, and greater than 20% 10-year risk of MI or
cardiac death categories recently advocated as low, in-
termediate, and high risk [63]. Patients with a very low
risk would only need counseling regarding diet and exer-
cise. Patients with a high 10-year risk (>20%) are consid-
ered to have a CAD risk equivalent, meriting treatment
using secondary prevention guidelines. In these patients,
atherosclerosis testing is not generally recommended, al-
though it might be appropriate in order to determine
the need for ischemia testing. In this regard, on the ba-
sis of data from the Detection of Ischemia in Asymp-
tomatic Diabetics (DIAD) study [64], in conjunction with
data from Anand et al. regarding the relationship between
CCS and ischemia in diabetics [52], it has been suggested
that CCS might be routinely performed in asymptomatic
diabetic adults. Given the high frequency of silent is-
chemia in diabetics, atherosclerosis imaging may be useful
to identify those with advanced coronary atherosclerosis
in whom stress MPS would be appropriate. The remain-
ing large group of patients with an intermediate 10-year
risk (10–20%) are excellent candidates for atherosclerosis

Figure 14.11 Approach to the use of coronary calcium scanning and

nuclear testing in screening for CAD in asymptomatic patients (see text).
∗Beware ancillary markers. Abbreviations: CCS, coronary calcium score by

electron beam tomography or multislice spiral computed tomography;

revasc: revascularization.
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screening, currently using the CCS or the carotid intimal-
medial thickness (IMT).

Patients would then have the intensiveness of their med-
ical therapy guided by the degree of CCS or IMT abnor-
mality. As shown in Fig. 14.11, scores less than 100 are
generally considered low enough that aggressive medical
therapy may not be needed. Scores greater than 100 are
generally accepted as the cut-off for recommending ag-
gressive medical therapy with target low-density lipopro-
tein less than 70 and the target blood pressure 120/80
mm Hg [63]. Patients with scores greater than or equal
to 10 but less than 100 might be considered as appropri-
ate for aggressive medical therapy when CCS is greater
than or equal to 90th percentile for age and gender [50],
although the exact thresholds remain controversial. Re-
garding further testing, patients with CCS greater than
400 would be candidates for further testing with MPS for
purposes of risk–benefit assessment with respect to the
possible need to consider revascularization. The specific
cut-points for CCS shown in Fig. 14.11 are somewhat ar-
bitrary. In this regard, an increasing proportion of car-
diologists interested in prevention are treating aggres-
sively at cutoffs lower than 100. The exact cutoff above
which patients should be referred for stress imaging is
also unclear; however, as noted above, in asymptomatic
patients, the threshold of 400 for this referral may be ap-
propriate. In the CCS category 100–400, it would not be
cost-effective to refer all patients for myocardial perfu-
sion scanning; however, if tailoring this referral to the
individual patient, based on age, sex, and risk factors,
selective referral for stress imaging might be appropri-
ate. In this regard, recent manuscripts have suggested
that the category of 100–400 would deserve testing if the
patient is diabetic [52] or has the metabolic syndrome
[51].

A modification of this approach has recently been
adopted by the Association for the Eradication of Heart
Attacks (AEHA) in developing a National Screening for
Heart Attack Prevention and Education (SHAPE) pro-
gram, as shown in Fig. 14.12 [65]. In an attempt to eradicate
heart attacks rather than to simply reduce their frequency,
this group recommends screening of all men over age 45
and women over age 55, since a substantial proportion
of heart attacks occur in patients with low Framingham
risk. After atherosclerosis imaging, the intensity of ther-
apy and the need for ischemia testing is governed by the
post-atherosclerosis imaging assessment of risk. In gen-
eral, the use of coronary CTA or MPS would not be
recommended for initial testing, as reflected for the lat-
ter in recent guidelines [66]. However, in some high-
risk asymptomatic individuals, particularly those with
high-risk occupations, MPS or coronary CTA might be
appropriate.

Figure 14.12 An approach to screening for atherosclerosis proposed in

the SHAPE program [65].

Detection and management of CAD:
symptomatic patients

Figure 14.13 illustrates our approach to patients with symp-
toms of possible ischemic origin in the setting where
16-slice or greater coronary CTA is available. In symp-
tomatic patients, the pretest likelihood of angiographi-
cally significant CAD, employing age, gender, risk fac-
tors, and symptoms, as initially suggested by Diamond
et al. [3,67], becomes the starting point for the clinician –
rather than the 10-year risk used for screening. While

Figure 14.13 Approach to Diagnosis and Management of CAD in

symptomatic patients using CTA and stress SPECT or PET. ∗No critical

stenosis: (>90%); ∗∗critical stenosis (>90% proximal lesion); ∗∗∗beware of

ancillary markers (e.g., transient dilation, lung uptake, stunning).

Abbreviations: Abnl, abnormal; CT angiography; CTA, coronary; Equiv,

equivocal.
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various pretest likelihood cut-points have been recom-
mended, we have adopted the cut-points of 15 and 85%
based on our prognostic observations [68], resulting in
three likelihood groups: low (<15%), intermediate (15–
85%), and high (>85%). In general, patients with chest
pain symptoms or shortness of breath have at least a 15%
likelihood of CAD. Since the value of diagnostic testing
is greatest in patients with an intermediate likelihood of
disease, patients with an intermediate likelihood of CAD
(15–85%) become excellent candidates for the CT coro-
nary angiogram – the test with the highest accuracy, com-
bining sensitivity and specificity. This patient group in
general has an intermediate risk of developing a clinical
cardiovascular event over 10 years (10–20%) [63], as de-
scribed for the asymptomatic patients above. While exist-
ing guidelines recommend exercise testing without imag-
ing for these patients [69], since coronary CTA provides
a far more sensitive test for CAD in this population, we
consider it more useful than the exercise ECG in select-
ing patients for aggressive medical management and for
additional testing. After the coronary CTA, further testing
and therapy would be guided by the posttest likelihood of
CAD and the extent and severity of the observed disease.
If the coronary CTA (including the estimated or measured
CCS) is normal, primary prevention would be appropri-
ate. It is likely that the definitive ability to rule out CAD
will become a principal driving force in the application of
coronary CTA. If critical proximal stenoses are observed
(e.g., >90%), direct referral to selective coronary angiog-
raphy would appear to be recommended. If the results of
the coronary CTA are equivocal for a proximal coronary
stenosis or if the CTA is clearly abnormal but the anatomy
is not “compelling’’ regarding the need for revasculariza-
tion, referral for ischemia testing with MPS would appear
appropriate to determine the need to consider coronary
revascularization. In older men and very elderly women
with an intermediate likelihood of CAD, the frequency
of a CCS of greater than 400 is quite high. In these pa-
tients, it may be more appropriate to begin with the CCS
and MPS, since in the presence of dense coronary calcium,
coronary CTA is nondiagnostic for the presence of CAD
[20].

Patients deemed to have a high (>85%) likelihood of
CAD or those with known CAD are often directly catheter-
ized, particularly if they have symptoms that persist af-
ter maximal medical therapy. In those without limiting
symptoms, it may be most effective to start with MPS
for purposes of determining the need for consideration
of revascularization. Since these patients in general have a
greater than 20% 10-year risk of CAD, they would usually
already be suited for secondary prevention treatment. The
likelihood of disease is sufficiently high that it is generally
assumed that their symptoms are from the disease. We
have recently reported data supporting the effectiveness

and cost-effectiveness of this approach [70]. Similar find-
ings have also been reported by the Mayo Clinic group
[71], who showed that even in patients with a normal rest-
ing ECG, if the clinical risk of CAD is high, a low-risk
treadmill test alone is insufficient to result in a low risk of
cardiac events. If the resting ECG is abnormal or otherwise
uninterpretable (e.g., digoxin or left bundle branch block)
or the patient cannot exercise adequately, there is concor-
dance of opinion that direct referral to a stress imaging
procedure is appropriate [66,69].

If stress imaging is performed, patients with extensive
ischemia by nuclear testing (or those who are for other
reasons considered to be at high risk by clinical assess-
ment after stress imaging) would be candidates for coro-
nary angiography. As discussed in Chapter 8, patients
with ischemia of lesser magnitude might be candidates
for angiography depending on the clinical presentation.
In this regard, we have described that there are a number
of clinical and nonperfusion MPS indicators of risk that
should be considered in making the decision regarding
the need for coronary angiography (Table 14.3). Patients
considered to be at high risk despite having only 5–10%
ischemia include low left ventricular ejection fraction [72],
transient ischemic dilation [73], lung uptake [74], diabetes
[75,76], atrial fibrillation [77]. In patients with equivocal
MPS or those with marked discordance in between the
clinical or ECG responses to stress and the MPS results,
coronary CTA after MPS might be useful.

Figure 14.14 illustrates our approach to the symptomatic
patient in settings where the coronary CTA is not available,
contraindicated (e.g., allergy to contrast, renal failure), or
cannot be accurately performed (e.g., atrial fibrillation).
While not yet shown to be cost-effective in the lower range
of intermediate likelihood of CAD (15–50%), most inves-
tigators would agree that MPS would appear to be the
initial test of choice in patients with a high intermedi-
ate likelihood (≥50–85%) or high likelihood of CAD. In

Table 14.3 Clinical (nonnuclear) and nuclear factors useful in guiding the

decision to proceed with selective coronary angiography after stress MPS.

Nonnuclear factors Nuclear factors

Symptoms/clinical presentation Extent and severity of perfusion defects

Comorbidities (e.g., diabetes,

metabolic syndrome)

Stress, rest, late

Exercise duration Lung uptake

Exercise hypotension Transient ischemic dilation

Heart rate reserve and recovery Left ventricular function

Duke treadmill score Left ventricular ejection

Type of stress fraction

Hemodynamic response to Left ventricular volume

pharmacologic stress

ECG evidence of ischemia
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Figure 14.14 Approach to Diagnosis and Management of CAD in

symptomatic patients using CCS, stress SPECT or PET, in situations where

coronary CTA is unavailable. This approach is the same as that employed

for screening, except that the starting point becomes the likelihood of CAD

rather than 10-year risk of events. ∗Based on age, sex, symptoms, and risk

factors; ∗∗beware ancillary markers.

those within the lower intermediate range, it may be suffi-
cient to perform atherosclerosis imaging as the initial step
(Fig. 14.14). In those sent directly to MPS, the manage-
ment after MPS would be as described in the previous
paragraph. An important distinction, however, is worthy
of mention. In selected patients with normal or nearly nor-
mal nuclear scans, CCS might be appropriate after MPS in
order to evaluate the extent of atherosclerosis and help
guide medical management decisions [78], and to avoid
missing extensive atherosclerosis simply because there is
no stress-induced ischemia. While atherosclerosis imaging
may not be needed in patients who are already following
an aggressive medical management approach using sec-
ondary prevention guidelines, a CCS in this setting may
help motivate patients to follow medical approaches to the
control of CAD, as well as to guide the intensity of medical
management in settings in which the need for secondary
prevention is not clear. We have also found that CCS after
MPS is very effective in defining further management in
patients with equivocal MPS results, occasionally helping
recognize patients in whom the MPS severely underesti-
mates the ischemic burden.

In patients with poor ventricular function, the approach
to testing often includes the assessment of myocardial
viability as discussed in Chapter 10 (and with CMR in
Chapter 13). While the cardiac CT with contrast may have
some potential in this regard, at present the assessment of
these patients most commonly involves scintigraphic as-
sessment of ischemia and viability with PET or SPECT, or
the assessment of scar and contractile reserve with CMR
(Chapter 13), or dobutamine echocardiography.

Conclusion

The extent of CAC in asymptomatic patients provides
incremental information over traditional risk factor as-
sessment in the identification of patients with subclinical
atherosclerosis who may benefit from aggressive medi-
cal therapeutic options. Coronary CTA, with its very high
sensitivity, high specificity, and its characteristic of being
highly unlikely to miss the presence of high-risk angio-
graphic disease, is likely to become a first-line diagnostic
test in symptomatic patients with an intermediate like-
lihood of CAD. However, in patients with a high likeli-
hood of CAD or known CAD, there is greater information
gained and far more outcome data with assessment of the
extent and severity of ischemia using myocardial perfu-
sion SPECT. The anatomic (CT) and functional imaging
(SPECT/PET) methods are complementary, each playing
a role in particular patient settings, and at times being
useful in the same patient. CMR offers the opportunity
to assess both anatomic and functional conditions effec-
tively, although CT is superior to CMR for noninvasive
coronary angiography at the present time. We consider
it likely that with an increased emphasis on prevention
and a concomitant aging of the population, many forms
of noninvasive cardiac imaging will continue to grow, with
nuclear cardiology continuing to grow but at a slower
rate than observed over the last 20 years, partly related
to growth in the application of cardiac CT and to a lesser
extent CMR.
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multivessel disease, PET, 301–302
myocardial contrast echocardiography, 261, 263
myocardial hibernation, 269
myocardial infarction (MI)

acute see acute myocardial infarction (AMI)
non-ST elevated see unstable angina/non-ST elevation myocardial

infarction (UA/NSTEMI)
ST-elevation see ST-elevation myocardial infarction (STEMI)

myocardial perfusion
defects

delayed contrast-enhanced cardiac magnetic resonance
imaging, 324, 324, 325

LVEF quantification, 105, 106
function integration, reporting of results, 168

myocardial perfusion quantification, 69–91, 70
AMI see acute myocardial infarction (AMI)
attenuation-corrected normal limits, 73–74, 75
automatic LV reorientation, 70
cardiac magnetic resonance imaging see cardiac magnetic

resonance imaging (CMR)
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instrumentation, 80
motion artifacts, 81, 81
noncoronary disease, 82
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LV reconstruction, 69–70
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manual overrides, 70, 71
Quantitative Perfusion SPECT, 70, 71

manual interaction, 69
motion-frozen quantification, 82–83, 83, 84
normal limits vs., 72–73

gender-matching, 72–73, 73, 74
PET see positron emission tomography (PET)
polar sampling, 70–72, 72, 73
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quantification programs, 72
Quantitative Perfusion SPECT, 71–72, 72
3D voxel analysis, 72
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quantitative perfusion parameters, 75–77, 76

limitations, 77
Quantitative Perfusion SPECT, 76
range of, 76
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stress–rest measures, 77
threshold-based methods, 76–77
total perfusion deficit (TPD), 76
Wackers-Liu software, 76, 76

regional quantification, 77
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result interpretation see below
segmental scoring models, 77–78
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precision, 85, 85
voxel-based techniques, 85–86

validation, 78–80, 80
animal models, 80
coronary angiography, 78–79, 79, 80
delayed-enhancement MRI, 79, 79, 80
human quantification agreement, 80, 80
MRI, 79–80
PET, 80
phantom studies, 80, 80

voxel-based, 82, 82
myocardial perfusion quantification, result interpretation, 144–153

abnormality ascribing, 146, 147, 149, 149, 150
attenuation correction, 150
display, 144, 145

multiple image semiquantitative scoring, 150
myocardial viability assessment, 151, 155
nomenclature, 144, 145–146, 146
“nonperfusion” abnormalities, 151, 153

transient ischemic dilation, 148, 153, 156
overall assessment, 153
% myocardium abnormal, 147
quality control, 144
quantitative analysis, 151, 152, 154–155
segmental scoring, 146, 146
segmentation, 144–145
summed scores, 146–147

summed stress score (SSS), 146, 147, 148
myocardial viability, 258–259

assessment see below
myocardial hibernation, 269
pre-/post-revascularization, 258, 268

myocardial viability assessment, 257–271
cardiac magnetic resonance imaging see cardiac magnetic

resonance imaging (CMR)
clinical relevance, 259–260, 259, 260

global LV function prediction, 260, 260
outcome prediction, 259, 260
PET vs., 260, 260
prognostic value, 260, 261

contractile reserve assessment, 264–265, 264
dobutamine MCE, 267–268
dobutamine stress echocardiography, 264, 266
gated SPECT vs. PET, 267, 267
metabolic imaging, 265, 265
outcome prediction, 266–268, 266
technetium-99m tetrofosmin, 265–266
thallium-201, 265

contractile reserve vs. perfusion, 265–266
myocardial contrast echocardiography, 261, 263
myocardial perfusion quantification, 151, 155
PET see positron emission tomography (PET)
SPECT vs. PET, 297–298
technetium-99m, 262–263
techniques, 261–263, 261
see also specific techniques
thallium-201, 261–262

specificity, 262, 262
myocardium, 1–25

function measurement, 9–10
hypertrophy, 105–106
ischemia, artifacts, 180
mass, ventricular function quantification, 122–123
oxygen demand, 1

transmural variation, 2–3
perfusion quantification see myocardial perfusion quantification
regional wall motion see regional myocardial wall motion
scars/stenosis

cardiac computed tomography, 342
soft tissue artifacts, 173

viability see myocardial viability
wall motion, 108
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nitrogen-13 ammonia see positron emission tomography (PET)
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nomenclature, myocardial perfusion quantification, 144, 145–146, 146
noncoronary disease, myocardial perfusion quantification, 82
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quantification, result interpretation
nonperfusion risk markers, CAD prognostic testing, 202–203, 203
non-ST elevation myocardial infarction see unstable angina/non-ST
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112
“normalcy” concept, CAD diagnostic testing, 193
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myocardial perfusion quantification, 144

normal scans, CAD prognostic testing, 198, 200
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nuclear information, reporting of results, 167

obesity, PET, 293–294, 293, 294
organ motion (upward creep), 41
outcomes

CAD prognostic testing, 192, 195
contractile reserve assessment, 266–268, 266
myocardial viability assessment, 259, 260

oxygen-15 water see positron emission tomography (PET)

paired rest–stress scans, myocardial perfusion quantification, 84, 85
parallel-hole collimators, 36
partial volume-based methods, ventricular function quantification,

97, 98
patient information, interpretation of results, 139
patient motion, 41
patient position, interpretation of results see interpretation of results
peak systolic blood pressure, 1
pediatric population, PET, 294
% myocardium abnormal, myocardial perfusion quantification, 147
Perfit, 73
phantom studies, myocardial perfusion quantification validation, 80,

80
pharmacologic stress testing, 53–57

CAD prognostic testing, 199, 203–204
dobutamine see dobutamine
F-18 fluorodeoxyglucose PET, 296
myocardial perfusion assessment AMI, 221
PET, 289

vasodilators, 55–57
A2a agonists, 57
antianginal medications, 56
caffeine withholding, 56, 204
cardiac event likelihood, 161–162
diagnostic accuracy, 55–56
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exercise vs., 55
see also specific vasodilators
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diaphragmatic attenuation artifacts, 174
left arm attenuation artifacts, 177

platelet aggregation, UA/NSTEMI, 234
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myocardial perfusion quantification see myocardial perfusion

quantification
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poor ventricular function, symptomatic CAD screening, 349
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positron emission tomography (PET), 285–315
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base to apex flow quantification, 299, 300
cold-pressor stress testing, 303–304, 304
computed tomography combination, 306–308

benefits, 306
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rubidium-82, 291, 291
suspected CAD, 341
transmission scan, 289, 306–307

contractile reserve assessment, 265
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cost-effectiveness, 304–305, 304
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vs., 326, 327
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dosimetry, 287
glucose loading, 296
mechanism of action, 295–296
mismatch vs. matched patterns, 296–297
myocardial viability imaging, 295–297
pharmacological stress, 296
rest vs. stress, 296, 296
wall motion imaging, 296

future work, 307–308
image uniformity, 286, 292–294, 292
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gender, 292
obesity, 293–294, 293, 294
regional quantification, 293
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SPECT vs., 292–293, 293
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disease progression, 302–303
end-stage liver disease, 301
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multivessel disease, 301–302
validation, 80

myocardial viability imaging, 260, 260, 295–299
high-risk, 297
importance, 297–298
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pathophysiology, 258–259
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studies, 298–299, 298
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dosimetry, 287
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protocol, 287
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cold-pressor stress testing, 304
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cost-effectiveness, 305
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filtered backprojection, 290
gated imaging, 289, 290, 291
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technical problems, 305–306
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dosimetry, 287
see also specific tracers

post-referral bias, CAD prognostic testing, 190–192, 191, 204
post-transplant vasculopathy, PET imaging, 302–303
predefined vascular maps, myocardial perfusion quantification, 77
preload, myocardial oxygen demand, 1
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pressure drop (�P), stenoses, 12
pressure-flow relationship, stenoses, 13, 14

pressure gradient measurement, stenoses, 13–14
principal-axis transformation, automatic LV reorientation, 70
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AMI see acute myocardial infarction (AMI)
CAD see coronary artery disease (CAD)
coronary calcium scores see coronary calcium scores (CCS)
long-term

contractile reserve assessment, 264
thallium-201, 262

myocardial perfusion assessment AMI, 223
myocardial viability assessment, 260, 261
PET, 294–295

prone/supine imaging
interpretation of results, 142, 142
myocardial perfusion quantification, 74, 75
stress testing/protocols see stress testing/protocols

prostacyclins, microvascular (autoregulatory) resistance (R2), 3
protocols, 33–37

acquisition by time vs. counts, 37
acquisition length, 34–35, 35
acquisition zoom, 36
collimators, 36–37
detector rotation orbits, 35–36

artifact reduction, 35–36, 36
frame number, 35
isotopes, 33–34
myocardial viability assessment, 263
single vs. multi-detector cameras, 34, 34, 35

“pseudo-continuous” detector rotation orbits, 36

QGS see Cedars-Sinai QGSTM

qualitative polar maps, breast attenuation artifacts, 174
quality control

myocardial perfusion quantification, 144
myocardial perfusion quantification, result interpretation,

151
ventricular function quantification, result interpretation, 153

quantification programs, myocardial perfusion quantification, 72
quantitative errors, arrhythmias, 100, 102
quantitative gated blood pool SPECT, 273–284

acquisition, 273–274
algorithms, 276
analysis/quantification, 276–280
clinical applications, 280–281

cardiac resynchronization therapy, 280–281, 281
comparison/validation, 276–280, 277, 278–279

algorithm comparison, 279–280
automation, 277
left ventricular function measurements, 279
right ventricular validation, 279

processing, 274–275
rationale, 273
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quantitative perfusion parameters see myocardial perfusion
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Quantitative Perfusion SPECT (QPS)
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myocardial perfusion quantification, 71–72, 72, 76
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radiopharmaceuticals see tracers (radiopharmaceuticals)
reader confidence improvement, CAD diagnostic testing, 193–194
receiver operator curve (ROC) analysis, 210

cardiac magnetic resonance imaging, 330
delayed contrast-enhanced cardiac magnetic resonance imaging,
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reconstruction

LVEF quantification, 105
quantitative gated blood pool SPECT, 274–275

“recovery coefficient curves,” ventricular function quantification,
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referral bias, CAD testing, 190, 190, 191
regional function improvement

contractile reserve assessment, 264, 265
myocardial contrast echocardiography, 263
myocardial viability assessment, 263

regional myocardial perfusion see myocardial perfusion
quantification

regional myocardial wall motion, 108
abnormalities, ventricular function quantification, 116
myocardial wall motion, 108
myocardial wall thickening, 108
PET, 291
semiquantitative assessment, 113–114, 113
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technical considerations, 108–111
validation, 112–113

algorithm variation, 112, 112
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Consensus Statement, 139
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CAD likelihood, 161, 167
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nonnuclear information, 167–1168
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technical details, 165–166, 167
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quantification
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ventricular function quantification, 114–115, 118–120, 119

reprojection, quantitative gated blood pool SPECT, 276
resolution

LVEF quantification, 107
PET, 286

respiratory gating, PET/CT imaging, 307
response variation, PET cold-pressor stress testing, 304
rest-redistribution imaging, thallium-201, 261
rest-stress protocols

Cedars-Sinai dual-isotope protocol, 59–60, 62
rest thallium-201/stress technetium-99m, 51

result interpretation see interpretation of results
revascularization

LVEF, 258
PET, 297
symptomatic CAD screening, 348
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260

reversible defects
reporting of results, 167
ventricular function quantification, 115–116, 118

right ventricle, quantification, 99
cardiac magnetic resonance imaging, 321–322
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see also ventricular function quantification

risk predictors, CAD prognostic testing, 198–200
risk stratification

CAD prognostic testing, 197–198, 197
STEMI see ST-elevation myocardial infarction (STEMI)
UA/NSTEMI, 234
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110–111
rubidium-82 see positron emission tomography (PET)
R-wave gating, artifacts, 183

scanner comparisons, rubidium-82 PET, 290–291
scatter, 42

LVEF quantification, 107
PET, 292
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Screening for Heart Attack Prevention and Education (SHAPE), 347
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sensitivity
CAD diagnostic testing, 193, 194
chest pain (in emergency department), SPECT imaging, 241, 245
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septal dyskinesia, regional myocardial wall motion, 108
serial changes, myocardial perfusion quantification see myocardial

perfusion quantification
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artifacts, 173
single-detector cameras, multi-detector vs., 34, 34, 35
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LVEF quantification, 103
protocol choices, 35
quantitative gated blood pool SPECT, 273
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soft tissue artifacts see artifacts
software, PET, 291, 291
specificity

chest pain (in emergency department), SPECT imaging, 245
thallium-201, 262, 262
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cardiac magnetic resonance imaging vs., 318–319, 331, 332
CT combination, suspected CAD, 341
image uniformity, 292–293, 293
limitations, 285–286
perfusion imaging, 331, 332
PET vs., 292–293, 293
sensitivity, 285
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prognostic value, CAD prognostic testing, 196
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cardiac death predictors, 230, 230
reproducibility, 230

intervention, 218
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risk stratification, 218, 226, 226
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recommendations, 233, 233
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thrombolytic therapy, 232
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arterial remodeling, 13
hemodynamics, 11–13, 12, 13

flow (Q), 12
pressure drop (�P), 12
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intact circulation effects, 13, 13
pressure-flow relationship, 13, 14
transmural variation, 15

myocardial perfusion quantification, result interpretation, 146
PET, 301, 302, 302
pressure gradient measurement, 13–14
severity estimates, 13, 15

“step-and-shoot,” detector rotation orbits, 36
stress–rest measures, myocardial perfusion quantification, 77
stress testing/protocols, 47–68

aortic stenosis, 58
attenuation correction, 62, 64
Cedars-Sinai dual-isotope protocol, 55, 56, 57, 58–60, 61

advantages, 58
angiography referral rates, 58
defect reversibility, 60
rest-stress protocol, 59–60, 62
thallium-201, 58–59

dual isotope, 51–52, 51
Cedars-Sinai see above
LVEF quantification, 104
rest thallium-201/stress technetium-99m, 51
separate, 51–52, 52, 53–54
simultaneous, 51, 51

exercise see exercise stress protocols
gating, 52
history, 47
inadequate, myocardial perfusion quantification, 82
left bundle branch block, 58
optimization, 57–60
PET, 289
pharmacologic stress protocols see pharmacologic stress testing
prone imaging, 60–62, 62

artifact decrease, 60
technetium-99m, 60, 63

radiopharmaceuticals see tracers (radiopharmaceuticals)
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symptomatic CAD screening, 348
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subclinical atherosclerosis screening, cardiac computed tomography,
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perfusion quantification, result interpretation
summed stress scores (SSS), 77, 84, 146, 147, 148
supine/prone imaging see prone/supine imaging
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survival rates, risk adjusted, 210–211
symptomatic patients

CAD screening see cardiac computed tomography (CCT)
coronary calcium scores, 343, 343

symptom improvement, contractile reserve assessment, 264

tachycardia, coronary pressure-flow relationships, 6, 7
TACTICS-TIMI 18 trial, 236
technetium-99m

LVEF quantification, 104
myocardial perfusion assessment AMI, 221, 222
myocardial viability assessment see myocardial viability

assessment
prone imaging, 60, 63
thallium-201 vs., CAD diagnostic testing, 193, 193, 194
ventricular function quantification, 116
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technetium-99m sestamibi, 47–48, 50–51, 50

advantages, 49
chest pain (in emergency department), 239–240, 241, 243
clinical trials, 240, 242–243, 248
dipyridamole, 222, 222
high flow levels, 48
interpretation of results, 143–144
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same-day low-dose rest/high-dose stress protocol, 50–51, 50
same-day low-dose stress/high-dose rest protocol, 50, 51
STEMI see ST-elevation myocardial infarction (STEMI)
technetium-99m tetrofosmin vs., 48–49
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rapid imaging, 49
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advantages, 49
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contractile reserve assessment, 265–266
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same-day low-dose rest/high-dose stress protocol, 50–51, 50
same-day low-dose stress/high-dose rest protocol, 50, 51
technetium-99m sestamibi vs., 48–49
thallium-201 vs., 48

technical details, reporting of results, 165–166, 167

temporal component, CAD prognostic testing, 198–200
temporal filtering, image reconstruction, 38
thallium-201, 47–48

Cedars-Sinai dual-isotope protocol, 58–59
chest pain (in emergency department), SPECT imaging, 239, 243
contractile reserve assessment, 265
interpretation of results, 143
LVEF quantification, 104
myocardial perfusion assessment AMI, 219
myocardial viability assessment see myocardial viability

assessment
potassium pool vs., 47
redistribution, 48
technetium-99m vs., 193, 193, 194
“washout rate,” 48

32-frame, LVEF quantification, 103
three dimensional polygonal representation, automatic LV

reorientation, 70
three dimensional voxel analysis, myocardial perfusion

quantification, 72
threshold-based methods

myocardial perfusion quantification, 76–77
quantitative gated blood pool SPECT, 276
ventricular function quantification, 97–98

Thrombolysis in Myocardial Infarction (TIMI), 223
Thrombolysis in Myocardial Infarction IIIA (TIMI IIIA) trial, 234
Thrombolysis in Myocardial Infarction IIIB (TIMI IIIB) study, 235,

236–237
Thrombolysis in Myocardial Infarction II (TIMI II) study, 226
thrombolytic therapy

myocardial perfusion assessment AMI, 222–223
STEMI technetium-99m sestamibi imaging, 232

TID ratio
LVEF vs., 108
ventricular function quantification, 121–122

time–volume curves
arrhythmias, 100, 103
Cedars-Sinai QGSTM, 95
ventricular function quantification, result interpretation, 157, 157,

158
tissue retention, tracers, 16
TOPS (Treatment of Post-thrombolytic Stenoses) trial, 223–224, 224
total perfusion deficit (TPD), myocardial perfusion quantification,

76
tracers (radiopharmaceuticals), 47–49

PET see positron emission tomography (PET)
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transmyocardial extraction, 16, 16, 17
see also specific types
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compressive resistance (R3), 2, 4–5
coronary pressure-flow relationships, 5–6, 7
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treadmill exercise protocols, 52, 55
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myocardial perfusion quantification, 73
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left ventricular function assessment, 237–238, 238
recommendations, 238, 238

pathophysiology, 234
platelet aggregation, 234
risk stratification, 234
RITA-3 study, 236–237
stress myocardial perfusion imaging, 234–238, 235, 236, 236

clinical trials, 235–237
diagnosis vs. prognosis, 234–235
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TACTICS-TIMI 18 trial, 236
TIMI IIIB study, 235, 236–237
“upward creep,” interpretation of results, 140
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quantification
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VANQWISH (Veterans Affairs Non-Q Wave Infarction Strategies
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AMI stress testing clinical trials, 224
UA/NSTEMI imaging, 235–236
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vasodilation

CAD, 14
collateral circulation, 15
stress testing/protocols see pharmacologic stress testing

velocity-encoded imaging, cardiac magnetic resonance imaging, 319,
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ventricular function quantification, 93–137
algorithms, 93–99, 94

elastic surface method, 98–99
image inversion method, 99
partial volume-based methods, 97, 98
reproducibility, 118–120, 119
threshold-based methods, 97–98
variation, 112, 112
see also specific types

function parameters, 99–115

diastolic function, 99
LVEF see left ventricular ejection fraction (LVEF)
right ventricular quantification, 99

“recovery coefficient curves,” 97
regional myocardial wall motion see regional myocardial wall

motion
reports/data, 120–123, 120, 121, 122

lung/heart ratio (LHR), 121
LV shape, 123
myocardial mass, 122–123
parameters, 120
TID ratio, 121–122

reproducibility vs. repeatability, 114–115, 117–118
interobserver reproducibility, 114–115
intraobserver reproducibility, 114–115
masking, 116
repeatability measurements, 114
reproducibility measurements, 114–115

result interpretation, 153–160
combined rest/poststress regional function analysis, 160
discordances, 159–160
display, 157–159
left ventricular volume, 113, 117–118, 160
overall interpretation, 160, 161
quality control, 153, 155
quantitative wall motion/thickening analysis, 160
17-segment wall motion analysis, 158–159, 159
17-segment wall thickening analysis, 159
time–volume curve, 157, 157, 158

stunning, 115–116, 118
volumes, 107–110, 109, 110, 111

gating effects, 103, 108
LVEF vs. LV cavity volume, 108
LVEF vs. TID ratio, 108
pixel size, 108

ventricular hypertrophy
fractional flow reserve, 19
microvascular function, 19
viability markers, thallium-201, 261–262

visual assessment, coronary computed tomographic angiography,
340

volumes, ventricular function quantification see ventricular function
quantification

voxel-based techniques, myocardial perfusion quantification, 82, 82,
85–86

Wackers-Liu software, 76, 76
wall motion

abnormalities, post UA/NSTEMI, 237
diaphragmatic attenuation artifacts, 175
F-18 fluorodeoxyglucose PET, 296

wall thickening
diaphragmatic attenuation artifacts, 175
regional myocardial wall motion, 108–110
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gating intervals, 103
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