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Objective: After reading Part IV of this series of nuclear
cardiology articles, the reader should be able to describe: (a)
the differences between SPECT and PET techniques; (b) the
various radiopharmaceuticals and imaging protocols used for
detecting viability with SPECT; (c) the different radiopharma-
ceuticals and imaging protocols used for detecting viability
with PET; and (d) the imaging patterns observed after
reconstructing myocardial images.
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The differentiation of viable from nonviable myocardium in
patients with chronic coronary artery disease (CAD) and left
ventricular (LV) dysfunction is clinically important (1). It is
generally accepted that impaired LV function is not necessarily
an irreversible process. Regional myocardial contractile dysfunc-
tion at rest has been observed to improve after restoration of
adequate blood flow. The ventricular function can significantly
improve even in patients who have had markedly reduced LV
ejection fraction before intervention.

Abnormalities of ventricular function may be due to persis-
tently depressed blood flow, prolonged myocardial cellular
dysfunction after transient ischemia, or myocardial infarction.
This article reviews the role of nuclear medicine in monitoring
myocardial viability.

Myocardial stunning is a condition of prolonged but revers-
ible dysfunction after a period of acute ischemia followed by
reperfusion (2–5). Acute coronary occlusion followed by throm-
bolysis (6), a period of unstable angina (7,8) or exercise-
induced ischemia (9) can cause this situation. In all these
situations the acute reduction of perfusion results in an acute
reduction in contraction that may persist for days to weeks after
restoration of blood flow (10).

Hibernation describes a situation of chronically reduced

myocardial perfusion at rest associated with an impairment in
contractile function, which can be reversed after revasculariza-
tion (11,12). The reduction of contractile function may be a
protective response of the myocardium to meet the reduced
supply of oxygen and substrates, leading to a new situation of
perfusion-contraction matching, to prevent cell death (13,14).
Vanoverschelde et al. (15) have postulated that the majority of
myocardial regions of patients with chronic myocardial dysfunc-
tion have subnormal to normal perfusion. It is possible that
repeated episodes of ischemia can induce a chronic reduction in
contractility (16,17). This phenomenon is referred to as repeti-
tive stunning (15).

Cardiac imaging techniques that evaluate myocardial viabil-
ity on the basis of myocardial perfusion, cell membrane
integrity, metabolic activity and residual coronary reserve have
been developed with clinical success. These methods provide
great precision in assessing viable myocardium. The clinical
purpose is to predict which myocardial regions are viable and
will improve systolic function after revascularization.

Echocardiography with low-dose dobutamine infusion to
increase systolic contraction in dyssynergic regions is an
alternative method for assessing myocardial viability (18).
Nuclear medicine imaging uses two techniques: SPECT
and PET.

SPECT TECHNIQUES

Thallium-201

The myocardial cell wall is a semipermeable membrane that
selectively allows some substances to pass into and out of the
cell. This membrane has a sodium-potassium pump mechanism
that actively transports Na1 to the outside and K1 to the inside.
The energy for this process is provided by the breakdown of
adenosine triphosphate (ATP). ATP is an important intracellular
compound whose breakdown yields energy.

Conventional SPECT using201T1 as a perfusion tracer can be
used to predict myocardial viability (19). The mechanism of
201Tl uptake in perfused myocardial cells is parallel to the
mechanism of K1 uptake (20). Myocardial uptake of201Tl is
most dependent on the functioning of the sodium-potassium
pump. After the uptake phase, there is a continuous washout of
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the tracer from the myocardium. Thallium-201 is continually
clearing from normally perfused myocardium and recirculating
in the vascular compartment. This process of continuous
exchange forms the basis of201Tl redistribution.

Redistribution of201Tl is seen if serial imaging is performed
after an early stress injection. Fill-in of an ischemic defect is
due to more rapid washout from normal segments and slower
washout from ischemic segments. In addition, reuptake of201Tl
into low-flow myocardium from persistent blood levels also
occurs (21). Myocardial necrosis shows an initial defect after
201Tl injection and no delayed201Tl redistribution. Different
201Tl protocols have been described for detecting myocardial
viability.

Thallium-201 has a long physical half-life of 73 h. It
produces low-energy photons, which are below the optimal
range for gamma camera imaging. The emitted x-rays (69–80
keV, 98%) are used for detection, not the gamma rays (135–167
keV, 2–8%). These x-ray photons are easily attenuated by body
tissues, often resulting in apparent perfusion defects, which are
due to breast, chest wall or diaphragmatic attenuation (22).

Possible Protocols for Thallium-201 Viability Imaging: Stress
Protocols. In our department imaging is performed with a
tomographic triple-head gamma camera, equipped with low-
energy high-resolution (LEHR) collimators. Each detector
rotates over a 120° orbit acquiring 24 projections per head, 30 s
per projection in a 643 32 matrix and a zoom of 1.2 resulting in
a pixel size of 5.93 mm. The raw data of only 180° (RAO=
LAO) are reconstructed by filtered backprojection using a
Hanning filter (0.6 cycles/cm) into transaxial slices, long-axis
and short-axis slices. The posterior projections of LAO= RAO
cannot be used because of the attenuation.

Myocardial 201Tl scintigraphy is most often performed in con-
junctionwith exercise stress (bicycle, treadmill or pharmacologi-
cal). This test permits the detection of stress-induced ischemia
and simultaneous assessment of regional myocardial viability.

The traditional 201Tl imaging protocol involves injecting
90–130 MBq201Tl at peak exercise on a treadmill or bicycle.
The long half-life of201Tl limits the dose that can be injected. A
fasting state is recommended for the stress test. The washout of
the tracer makes the starting time of the acquisition after stress
critical. The acquisition should not be started earlier than 10
min postinjection to reduce the frequency of the upward creep
artifact.

The uptake of201Tl in the heart reaches a maximum 5 min
postexercise. Perfusion defects observed on the201Tl images
obtained after exercise indicate transient ischemia or scar, or a
combination of both. Delayed images obtained after 3–4 h make
it possible to differentiate viable from nonviable myocardium.
If redistribution occurs, the myocardium is viable. In addition,
irreversible defects on stress-redistribution201Tl scintigraphy
do not always represent scarred myocardium. Persistent defects
with not more than 25–50% reduction in201Tl counts, compared
with normal counts on poststress and delayed images, also are
indicative of viability (23).

The serum tracer concentration influences the201Tl redistribu-
tion. The delayed uptake is mainly due to continued exposure of
the myocardial cell membrane to the tracer levels recirculating

into the blood from other organs. Late redistribution imaging at
24 h can demonstrate redistribution not clearly seen on 4-h
redistribution images. A limitation of 24-h delayed imaging is
the suboptimal count statistics that increase noise in images. At
least a 50% longer imaging time should be used to enhance
counting statistics.

There are 3 different reinjection technique protocols. All 3
protocols start with a stress test. In the first protocol a
reinjection of201Tl is performed immediately after the stress
test if an area of uptake of less than 50% is seen. The
redistribution images are performed after 4 h. In the second
protocol reinjection also is performed immediately after obtaining
the stress images and followed by imaging 1 h after reinjection. This
procedure may eliminate the need foradditional 3–4-h redistribu-
tion imaging and offers reduced imaging time and may increase
patient throughput (23).

In the third protocol the redistribution images are taken 4 h
after stress imaging and a reinjection of201Tl is performed, if
there is an area of decreased uptake of less than 50% on the re-
distribution images. The reinjection images are taken after 24 h.

The detection of viability by201Tl reinjection may be
explained by the hypothesis that a sufficient concentration of
201Tl in the blood is necessary to allow the visualization of the
redistribution of201Tl in severe perfusion defects. Redistribu-
tion in a 201Tl perfusion defect will never occur if201Tl blood
levels are too low (24).

Possible Protocols for Thallium-201 Viability Imaging: Rest
Protocols.For rest201Tl scintigraphy, imaging is performed 15
min after injection of the tracer. Overnight fasting for this
protocol is not necessary. With this protocol, 2 SPECT studies
are acquired: a resting SPECT at 15 min postinjection and a 4-h
redistribution SPECT (23). There is substantially slower wash-
out of 201Tl over time from chronically underperfused regions,
as compared with more rapid201Tl washout from nonischemic
regions. An initial perfusion defect at rest that shows subse-
quent redistribution is indicative for viability.

Technetium-99m-Labeled Agents

Technetium-99m-labeled perfusion agents can be used to
detect myocardial ischemia and distinguish viable from irrevers-
ibly damaged myocardium. The99mTc isonitriles and99mTc-
tetrofosmin seem to be the most promising of this group of
agents for determining myocardial viability.

Myocardial uptake of99mTc-sestamibi is proportional to the
regional blood flow. In the cell99mTc-sestamibi is concentrated
in the mitochondria. Technetium-99m-sestamibi uptake appears
to be dependent on cell membrane integrity and mitochondrial res-
piration (25). Despite the differences in kinetics between99mTc-
sestamibi and201Tl, the regional myocardial uptake of the two
tracers is similar. Minimal redistribution of99mTc-sestamibi
allows an uncoupling of time of injection from the time of imaging.

Initial studies claim that resting99mTc-sestamibi SPECT
studies can be used to obtain information on myocardial
viability. It is stated that quantified99mTc-sestamibi activity 1 h
after rest injection is similar to redistribution201Tl activity. This
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suggests that99mTc-sestamibi is more than a pure flow tracer
(26,27).

Imaging Protocol for Technetium-99m-Sestamibi SPECT.
Sixty minutes before the start of the acquisition, 555 MBq
99mTc-sestamibi are injected at rest and flushed with 10 mL
saline. Approximately 30 min after injection, patients drink 2
glasses of whole milk to enhance hepatic clearance of the
isotope. In our department cardiac imaging is performed on a
triple-head system. Images are acquired with a low-energy
high-resolution collimator. Each detector rotates over a 360°
orbit acquiring a total of 72 projections, 15 s per projection in a
64 3 32 matrix and a zoom of 1.2, resulting in a pixel size of
5.93 mm. A 20% window centered on the 140-keV photopeak is
used. The projections are processed with a Butterworth filter
with a cutoff of 0.52 cycles/cm and an order of 5 and are
reconstructed with a ramp filter into transaxial slices, long-axis
and short-axis slices.

Gated SPECT Imaging.Gated SPECT imaging evaluates
ventricular function at rest during a myocardial perfusion study.
It gives an appreciation of wall thickening, wall motion and left
ventricular volumes. The higher count statistics and better
imaging characteristics of99mTc make it the most preferred
radiopharmaceutical for gated studies.

The differentiation between viable and nonviable myocar-
dium is possible with this technique. In patients with perfusion
defects, gated SPECT imaging is helpful in detecting myocar-
dial viability and differentiating with attenuation artifacts. A
perfusion defect still showing wall thickening and/or motion
can be identified as a viable region. Wall motion and photon
activity are the basis for viability (28–30).

Imaging Protocol for Technetium-99m-Sestamibi Gated
SPECT.In our department imaging is performed with a rotating
triple-head gamma camera, equipped with a high-resolution
parallel-hole collimator. The patient is injected with 740 MBq
99mTc-sestamibi in the fasting state at rest. Thirty minutes
postinjection 2 glasses of milk are given to decrease gallbladder
activity. Sixty minutes postinjection the patient is positioned
comfortably on the scan table and 3 electrodes are placed on the
left arm, right arm and right leg to obtain a clear R-R wave
signal. Special care must be taken to establish a stable ECG for
each patient. Once a stable ECG pattern is obtained, the gate
interval is calculated. Each detector rotates over a 360° orbit
acquiring a total of 72 projections in step-and-shoot mode in a
64 3 32 matrix and a zoom of 1.2, resulting in a pixel size of
5.93 mm. Each cardiac cycle is divided into 8 frames. Acquisi-
tion time per projection is determined by the individual heart
rate and results in an effective acquisition time of about 1 min
for each projection (the 3 heads summed). Beats within 10% of
the mean length are accepted. The raw sestamibi projections are
processed with a two-dimensional Butterworth filter with a cutoff
of 0.4 cycle/cm and an order of 10, and are reconstructed with a
ramp filter into transaxial slices, long-axis and short-axis slices.

Physical Limitations. Attenuation is a major problem in
interpreting cardiac SPECT images. Attenuation means that
photons interact with electrons of the surrounding tissue, lose
some energy and change their direction. These photons will not
be detected by the system. The heart is surrounded by tissues of

different densities (breast, lung, liver) causing nonuniform
attenuation of the photons.

No global solution is available, however, an individual
correction for each patient is needed. A transmission scan of the
thorax is acquired and an individual attenuation map is calcu-
lated. The emission images are corrected with this map (31,32).
Attenuation correction offers some benefits, but there are also
some limitations.

Artifacts can be caused by misalignment between the emis-
sion and the transmission scans when they are acquired
consecutively. A shift between transmission and emission
results in nonhomogeneous activity distribution (33–36). An-
other source of artifacts is the truncation of the patient during
transmission. This occurs when the patient’s body is too large
and falls out of the field of view between transmission source
and fanbeam collimator (34–36).

Photons emitted by the radiopharmaceutical interact with the
electrons of the surrounding tissue and lose some energy. These
scattered photons are detected at a lower energy, as compared to
the original energy, and are detected at the place of interaction.
An important portion of scattered photons is detected by the
window around the photopeak.

One of the scatter correction methods is the triple-energy
window method. This method uses a window above and below
the usual one. The measured photopeak can be split up into a
primary photopeak, or the unscattered peak, and a scatter peak
(34,37).

Free Fatty Acid Analogs

Cardiac work is highly energy consuming. In normal,
nonischemic conditions with a good oxygen supply, oxidation
of circulating long-chain fatty acids is the major source of
cardiac energy, at least in the fasting state. This process is
oxygen-consuming and very sensitive to the regional blood
oxygen content. Decreased oxygen supply (hypoxia) as encoun-
tered in myocardial regions perfused by narrowed vessels, will
result in a dramatic reduction ofb-oxidation, replaced by
catabolism of glucose (glycolysis) to produce the necessary
energy. This feature constitutes the basis of the scintigraphic
methods for viability assessment with radiolabeled metabolic
tracers, relying mostly on a comparison between a flow tracer
and either fatty acid or glucose analogs. In an attempt to image
oxidative metabolism,123I-labeled fatty acids have been devel-
oped, of which the 2 most frequently used are the iodophenyl
pentadecanoic acid (IPPA) and the 3-methyl iodophenyl pen-
tadecanoic acid (BMIPP).

With IPPA, a straight-chain free fatty acid,b-oxidation
occurs as for native free fatty acids and image quality is not
stable over the course of time. To overcome this problem, the
structure of the fatty acids has been modified by adding a
‘‘branch’’ to the straight chain, thereby precluding complete
b-oxidation, significantly prolonging the cardiac retention time
and thus allowing stable high-quality SPECT imaging. BMIPP
is currently the most widely used of these branched free fatty
acid analogs in clinical practice.

BMIPP Kinetics.BMIPP behaves primarily as a flow tracer,
and its initial uptake depends on regional blood flow. After
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injection, the123I-BMIPP is rapidly extracted by the myocar-
dium and is actively transported into the cells where it
undergoes the initial steps ofb-oxidation. In animal studies it
has been demonstrated that the uptake of BMIPP is closely
related to the intracellular concentration of the adenosine
triphosphate required to initiate fatty acid oxidative catabolism
(38). Afterwards, because of the presence of its branched group,
further catabolism is avoided almost completely and the
partially metabolized BMIPP is incorporated into the intracellu-
lar lipid storage pool (39). Only a limited proportion is oxidized
and is probably responsible for the limited washout observed in
clinical studies (about 5.6–13.0% between 20 min and 3 hr
postinjection at rest (40), while backdiffusion of nonmetabo-
lized BMIPP is very limited (62.1% in dogs). Although it does
not follow the complete catabolic pathways of native free fatty
acids, BMIPP can be used to image their metabolism.

In pathological conditions of decreased oxygen supply, the
amount of backdiffused, nonmetabolized BMIPP increases
significantly, resulting in a decreased uptake in the ischemic
area compared to the normal regions. The severity of this defect
is related significantly to the severity of coronary stenoses or to
regional wall motion abnormalities (41).

Clinical Applications for Viability. BMIPP can be used to
assess flow and metabolism consecutively with a single injec-
tion when early (dynamic) imaging is followed by a delayed
acquisition because its uptake is primarily dependent on
regional blood flow (42). In the setting of myocardial viability
studies, however, most published data rely on the comparison
between BMIPP and a perfusion tracer.

In acute myocardial infarctions, a strong association has been
reported between a ‘‘negative’’ mismatch (BMIPP less than
perfusion) and jeopardized but viable myocardium and between
a matched decreased uptake of both tracers and nonviable
tissue. Compared to dobutamine stress echocardiography, the
combined use of BMIPP and99mTc-sestamibi has demonstrated
a similar accuracy to predict functional recovery after acute
myocardial infarction (43).

In chronic infarctions, the number of segments with less
BMIPP than perfusion has been shown to be the strongest
predictor of adverse cardiac events at follow-up (44), while the
presence of a negative mismatch has the same significance
regarding residual contractile reserve during dobutamine stress
echocardiography (45) or functional recovery after revascular-
ization than in the acute phase. A ‘‘positive’’ mismatch with
more BMIPP than perfusion, altough rarely encountered, also
has been described by some authors and seems associated with
unstable conditions or severe wall motion abnormalities (46).

PET currently is the gold standard for viability studies.
BMIPP results have been validated against this technique.
Compared to11C-palmitate, which demonstrates fatty acid
metabolism, or to18F-fluorodeoxyglucose, concordant findings
were noted in 81% and 82%, respectively (47).

From an analysis of the literature, it can be concluded that the
combined evaluation of BMIPP and perfusion reliably differen-
tiates between viable and nonviable myocardial tissue in both
acute and chronic phases of ischemic heart disease. It is also a
useful tool for viability assessment with SPECT. A negative

mismatch with less BMIPP than perfusion identifies viable
tissue, whereas a matched decreased uptake of both tracers
corresponds to myocardial scar.

Acquisition Parameters.For the perfusion study, either201Tl
or a 99mTc-labeled compound can be injected at rest, using a
standard acquisition protocol. However, because of the similar
physical characteristics of123I and 99mTc, the use of99mTc-
labeled perfusion tracers should be recommended whenever
possible.

For the BMIPP study, a dose of 111–148 MBq123I-BMIPP is
injected at rest after administration of 400–600 mg potassium
perchlorate to block thyroidal uptake of free iodine. Until now
at least 6 h fasting before tracer administration was recom-
mended, although it has been suggested recently that image
quality is at least as good in nonfasting patients.

Unless dynamic acquisition is performed, the patient is
allowed to eat during the 20–30-min waiting time. The acquisi-
tion is performed using a 360° orbit, noncircular body con-
toured and step-and-shoot protocol. Ideally, the camera should
be equipped with medium-energy collimators (48). Otherwise,
low-energy, all-purpose collimators are preferred to high-
resolution because of a better signal-to-noise ratio. Using a
triple-head gamma camera, 90 projections (30/head) of 60 s
duration are acquired using a 1283 128, 1283 64 or 643 64
matrix. Because of a significantly high scatter level in the
BMIPP images, scatter correction should be applied if possible
(49). If desired, a second (delayed) acquisition can be per-
formed between 1 and 3 h after the first using the same
parameters, to calculate washout rates. Reconstruction is per-
formed with appropriate filtered backprojection in a 643 64
matrix using the 360° data.

PET TECHNIQUES

PET is known to accurately identify viable tissue myocardium
in patients with impaired left ventricular function. PET is a
technique that enables the measurement of small amounts of
radiopharmaceuticals labeled with positron-emitting radioiso-
topes. To produce these positron-emitting radionuclides, a
nuclear particle accelerator (cyclotron) is used. The cyclotron-
produced positron-emitting radionuclides15O, 13N, 11C and18F
are very useful for incorporation into compounds of physiologic
interest. A positron emitted from a nucleus will annihilate with
an electron and produce simultaneously two 511-keV gamma
rays traveling in opposite directions which can be detected by
PET. The superiority of PET over other nuclear imaging
techniques is based on its high sensitivity, high spatial resolu-
tion, the availability of attenuation correction and absolute
quantification of tracer uptake (50).

Viability of the myocardium in patients with CAD can be
evaluated by the combined measurement of regional myocar-
dial perfusion and metabolism. In this context, viable myocar-
dium refers to areas of dysfunctional myocardium recovering
after revascularization. To differentiate dyssynergic but viable
myocardium from necrotic tissue, it is necessary to integrate
information on myocardial perfusion and glucose uptake.
Myocardial blood flow is often studied using radioactive-
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labeled ammonia (13NH3) while myocardial metabolism can be
investigated using18F-fluorodeoxyglucose (FDG).

Nitrogen-13-Ammonia

Nitrogen-13-ammonia is one of the most frequently used
PET tracers to quantify myocardial blood flow. Nitrogen-13-
ammonia has a 10-min physical half-life and high tissue
retention fractions (51).

Imaging Protocol for Nitrogen-13-Ammonia.A 2-min
rectilinear scan for positioning the heart within the field of view
and a 15-min transaxial transmission scan using a68Ge ring for
photon attenuation correction is performed before each study.
In our department the dose of13NH3 to be injected is calculated
by dividing the patient’s weight by 4 up to a maximum amount
of 20 mCi (370 MBq). The13NH3 in 5 mL saline followed by a
20-mL flush of saline is infused slowly with a pump at a
constant rate of 10 mL/min. The acquisition is started simulta-
neously with the injection of13NH3. In each patient 21 dynamic
frames are recorded (123 10 s, 43 30 s, 33 2 min, 13 3 min,
1 3 7 min). The total acquisition time is 20 min.

The first frames of the perfusion studies are reconstructed
using a Hanning filter with a cutoff frequency of 0.3. A summed
frame is constructed using frames 18–21. The long axis of the
left ventricle is indicated manually on the summed frame. The
myocardial image is resampled into 16 radial slices. The radial
slices are delineated using an algorithm developed in our
department, resulting in an endocardial and an epicardial
contour and a basal plane. From the radial slices, a correspond-

ing set of short-axis slices is constructed (52,53). The delinea-
tion is used to construct a polar map. For every pixel of the
polar map, the corresponding position in the left ventricular
wall is known (Fig. 1). A three-compartment model is used to
calculate absolute flow values (54,55).

Fluorine-18-Fluorodeoxyglucose

In the fasting state, free fatty acid (FFA) levels are high,
whereas glucose and insulin levels are low. After eating, the
glucose and insulin levels rise. The increase in insulin levels
induces an enhanced myocardial glucose uptake and inhibits the
oxidation of FFA. In the postprandial state, glucose becomes
the preferred substrate for cardiac energy production (56).
Under ischemic conditions with decreased oxygen delivery,
oxidative metabolism of FFAs is decreased and exogenous
glucose becomes the preferred substrate for the myocardium
(57). Increased glucose utilization relative to blood flow is one
of the metabolic hallmarks of myocardial ischemia.

The initial uptake of FDG is related closely with glucose
uptake. The clinical applicability of FDG is based on the
effective intracellular trapping after phosphorylation to FDG-6-
phosphate. In contrast to glucose-6-phosphate, FDG-6-phos-
phate is not a substrate for further metabolism.

Imaging with 18F-FDG is widely accepted as a metabolic
marker of viable myocardium. Although adequate myocardial
perfusion is a key factor for tissue viability, measurement of
flow values alone does not permit categorizing myocardial
segments as being viable or nonviable. Hypoperfused but viable

FIGURE 1. (A) An example of radial and short-axis slices with the corresponding polar map. (B) A three-dimensional delineation of the left
ventricular wall to construct a polar map.
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segments of the myocardium can be identified from necrosis
using PET. A PET viable pattern consisting of hypoperfusion
with relatively preserved FDG uptake (PET mismatch) or
normal flow and metabolism is an indicator of viability,
whereas a combined reduction of both parameters (PET match)
suggests necrosis (transmural or nontransmural). Patients with
CAD and a PET viable pattern are known to improve function
after revascularization, while a necrosis PET pattern (concor-
dant decrease of flow and FDG uptake) predicts the absence of
contractile recovery after bypass surgery (19,58) (Fig. 2). The
identification of viable, reversibly dysfunctional myocardial
segments with PET has important clinical implications.

Imaging Protocol for Fluorine-18-FDG. The amount of
FDG to be injected is calculated by dividing the patient’s
weight by 8 with a maximum of 10 mCi (370 MBq)18F
administered. Two different types of acquisition are possible: a
static acquisition and a dynamic acquisition. A dynamic acquisi-
tion is performed if quantification of the data is necessary. This
quantification provides valuable information about the regional
glucose utilization in the myocardium.

Since glucose uptake varies considerably under fasting and
postprandial conditions, much attention has been paid to the
optimal conditions during which FDG imaging should be
performed. There are 3 possibilities to optimize the glucose

FIGURE 2. Three cases of hypokinesia of the anterior wall. The first map of each case represents the 13N-NH3 uptake, the second the
18F-FDG uptake and the third map is the interpretation image. Relative 13N-NH3 uptake is coded as intensity and the combined patron in color.
(A) Decreased flow and preserved metabolism in the anterior wall. The interpretation image shows PET mismatch, represented in red (arrow).
The patient had viable myocardial tissue. (B) Normal flow and normal metabolism. The interpretation image shows PET match normal (viable),
represented in green. (C) Severely reduced flow and metabolism in the anterior wall. The interpretation shows PET match represented in dark
green (arrow). This patient had necrosis of the myocardial tissue that is not viable.
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uptake rate in a patient: hyperinsulinemic euglycemic clamping;
Acipimox (Pharmacia & Upjohn, Marino Del Tronto, Italy); and
oral glucose loading.All studies occur after an overnight fast.

In the hyperinsulinemic euglycemic clamping method, cannu-
las must be placed in the left and right antecubital veins. One
cannula is used for infusing glucose and insulin. The contralat-
eral vein is used to withdraw plasma samples to monitor
glucose levels. The insulin infusion rate is adjusted to the
patient’s weight. Fifty units insulin (0.5 mL) are dissolved in
49.5 mL 0.9% NaCl. A syringe pump is used for the injection.
Normal glycemia is obtained with 20% glucose infused at an
appropriate rate. Every 5 min a 1-mL blood sample is taken to
determine plasma glucose levels. The glucose clamp is opti-
mized during myocardial perfusion imaging. The FDG is
injected in a bolus after stabilizing the glucose level between 85
mg% and 95 mg% and not earlier than 50 min after13NH3

injection to allow for13N decay. The insulin infusion is stopped
15 min before the end of the acquisition.

Clamping is a rather time-consuming and laborious tech-
nique. The clamping technique is particularly useful in patients
with impaired glucose tolerance or diabetes mellitus, since oral
glucose loading frequently results in inadequate image quality
in these patients (59). Currently we use this technique in our
department only for patients with diabetes mellitus and for
research protocols.

An alternative approach using a potent nicotinic acid deriva-
tive, Acipimox, was introduced because glucose clamping has
been suggested to be too complicated for routine clinical use.
The principle of this approach is based on the importance of
serum FFA concentrations in regulating myocardial glucose
uptake. Serum FFA concentrations are strikingly reduced after
giving Acipimox leading to enhanced myocardial glucose
utilization. Myocardial uptake of glucose is stimulated to the
same degree as insulin clamping (60).

A cannula is placed in the left antecubital vein to measure
plasma glucose. The hyperinsulinemic euglycemic clamping
procedure is used if the plasma glucose level is higher than 100
mg%. If the plasma glucose level is below 100 mg%, the patient
receives a single dose of 250 mg Acipimox orally, followed by a
carbohydrate- and protein-enriched meal. FDG is injected 90
min after the meal. This method is a simple and safe alternative
to hyperinsulinemic glucose clamping.

The patient receives 75 g glucose in an aqueous solution,
followed by a carbohydrate- and protein-enriched meal, in the
oral glucose loading method. The meal must be consumed 30
min after the oral glucose load. FDG is injected 15 min after the
meal. After oral glucose loading, glucose levels are significantly
higher than during clamping and after Acipimox (60). High
glucose levels are inversely correlated with image quality.

The static acquisition is started 30 min after injecting FDG if
the hyperinsulinemic euglycemic clamping procedure is used.
The static acquisition starts 45 min after injecting FDG if either
the Acipimox or the oral glucose loading procedures are used.
Eight frames are recorded for 5 min each. Total acquisition time
is 40 min. The 8 frames of the metabolic PET study are
reconstructed using a Hanning 0.4 filter. A summed frame is
constructed using all the frames. The creation of radial slices,

delineation and polar maps is done in exactly the same way as
for flow studies (cfr imaging protocol for13N-ammonia).

For a dynamic acquisition, glucose levels are controlled
using the glucose clamp. The dynamic acquisition starts
immediately after injecting the FDG. Dynamic frames are
recorded as follows: 8 frames for 15 s each; 4 frames for 30 s
each; 2 frames for 1 min each; 2 frames for 2 min each; and 6
frames for 10 min each. Total acquisition time is 70 min.

The 22 frames of the metabolic PET study are reconstructed
using a Hanning 0.4 filter. The creation of radial slices is
performed as described above. Regional glucose utilization
values are estimated by applying a Patlak graphical analysis
using frames 8 to 22 (61).

Carbon-11-Acetate

Measurement of the oxidation of acetate provides an indirect
noninvasive measure of regional oxygen utilization. Initial high
uptake of 11C-acetate depends on myocardial blood flow,
suggesting that early images may be useful to study myocardial
blood flow. After uptake by the myocardium, acetate forms
acetyl-CoA to be oxidized in the mitochondria of viable
myocytes. Carbon-11 activity is cleared in the form of CO2. The
oxidation of11C-acetate is suppressed in ischemia. The regional
uptake and clearance of11C-acetate have been used as a
noninvasive approach to calculate myocardial oxygen consump-
tion (62–64).

Imaging Protocol for Carbon-11-Acetate.A rectilinear and
a transaxial transmission scan are performed before each study.
Fasting is not necessary. The weight of the patient divided by 4
determines the amount of11C-acetate with a maximum amount
of 20 mCi (740 Mbq) injected. The volume is diluted with 0.9%
saline to 5 mL and is injected as a bolus. Dynamic frames are
recorded as follows: 8 frames for 30 s each; 6 frames for 60 s
each; and 8 frames for 2 min each. The total acquisition time is
26 min.

Polar maps of each of the 22 frames are constructed.
Absolute blood flow and oxydative metabolism are calculated
using a 3-compartment model (65,66).

Collimated and Coincidence Imaging of FDG

PET is an expensive technique and is not available in every
department. Two new options for imaging FDG in the myocar-
dium without a PET system have been reported: collimated and
coincidence detection. Both can be used to examine myocardial
viability. The first method uses 511-keV collimators to image
511-keV photons in a manner similar to SPECT imaging of
other radionuclides (67,68). The second method uses special
electronic circuits on a fully digitized dual-head gamma camera
to detect the 511-keV photons, similar to PET with a coinci-
dence circuit (69,70). This method is under clinical evaluation
in the U.S. and Europe.

The design and construction of modern gamma cameras is
optimized for detecting photons in the range of 80–400 keV.
Detector shielding is unsuitable for 511-keV photons and, in
particular, the thickness of the NaI crystal (scintillator) is
insufficient for their efficient detection. Efficiency increases
markedly when thicker crystals are used but thicker crystals
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degrade intrinsic spatial resolution. Ultra-high energy collima-
tors have been developed to permit the imaging of 511-keV
photons. These collimators have thicker septa and are consider-
ably heavier than low- and medium-energy collimators. The
hole diameter is increased to improve sensitivity and length is
increased to maintain reasonable spatial resolution. This form
of imaging is restricted to counting photons independently as
singles, the line of emission being defined by the collimator
characteristics. The disadvantages of this approach are de-
creased sensitivity and poor resolution (71).

The FDG SPECT technique can be used for applications with
high tracer uptake, such as in the myocardium. Direct compari-
sons between FDG SPECT and FDG PET have shown that the
assessment of myocardial viability is comparable for both
techniques (72,73) The 3 methods to optimize the glucose
uptake rate in a patient and the injection time of FDG are the
same as described above. The same acquisition and reconstruc-
tion protocols used for201Tl scintigraphy can be used for
FDG (73).

More recently, coincidence detection with a dual-head SPECT
scintillation camera has been used to image positron-emitting
radionuclides. Converting a double-head gamma camera to
perform PET seems to be an excellent, low-cost alternative. The
digital detectors of this system have a higher sensitivity and a
better resolution than high-energy collimators (71,74). Limited
data are available about this technique.

CONCLUSION

The differentiation of viable from nonviable myocardial tissue
in patients with CAD and LV dysfunction is clinically impor-
tant. LV function can be improved significantly through various
interventions if myocardial tissue is viable. Nuclear medicine

techniques, both SPECT and PET, have been described using a
variety of tracers and instrumentation. Echocardiography with
low-dose dobutamine also can be used to assess myocardial
viability.

SPECT techniques use201Tl, 99mTc-sestamibi and other
perfusion agents. Currently the most widely used free fatty acid
analog is123I-BMIPP. PET techniques are the gold standard for
viability studies. PET viability tracers include13N-ammonia,
18F-FDG and11C-acetate. The glucose uptake rate must be
optimized for18F-FDG myocardial imaging. Table 1 summa-
rizes the imaging patterns observed when viable myocardial
tissue is present.

Instrumentation advances include gated SPECT and coinci-
dence detection. Attenuation and scatter are still characteristics
that degrade image quality.
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