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Conventional 201TIand hexakis 2-methoxy-2-isobutyl isonitrile stud

ies are less accurate as compared to FDG PET in the prediction of
functional recovery after revascularization in patients with injured but
viable myocardium. The introduction of a dual-head variable-angle-

geometry scintillation camera equipped with thicker crystals (jj in.)
and high-resolution, ultrahigh-energy collimators capable of 511 keV

imaging has permitted FDG SPECT to provide information equiva
lent to that of PET for the detection of injured but viable myocardium
in patients with chronic ischemie heart disease. The development of
standardized glucose-loading protocols, including glucose-insulin-

potassium infusion and the potential use of nicotinic acid deriva
tives, has simplified the method of obtaining consistently good-to-

excellent quality FDG SPECT cardiac studies. FDG SPECT may
become the modality of choice for evaluating injured but viable
myocardium because of enhanced availability of FDG, logistics,
patient convenience, accuracy and cost-effectiveness compared to

PET.
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Ahe identification of hibernating myocardium in patients with
poor ventricular function has become increasingly important as
investigators demonstrate an improvement in ventricular per
formance in patients with injured but viable myocardium who
undergo revascularization (1-8). Modifications of 201T1redis
tribution protocols and rest/stress 99mTc-labeled hexakis 2-me-

thoxy-2-isobutyl isonitrile (M1BI) perfusion studies continue to

underestimate viability compared to perfusion/metabolic imag
ing with '3N-ammonia or 82Rb/18F-labeled fluorodeoxyglucose

(FDG) PET (9).
Advances in scintigraphic camera technology (10-18) com

bined with data from numerous investigators have demonstrated
that FDG SPECT used in combination with cardiac perfusion
agents, either sequentially (17,19) or with dual-isotope simul

taneous acquisition (DISA) (20,2J), provides an acceptable
alternative to PET for the detection of injured but viable
myocardium.

The purpose of this article is to describe the state-of-the-art
imaging characteristics and capabilities of modified scintillation
cameras to perform cardiac FDG SPECT. Topics discussed
include camera modifications, ultrahigh-energy collimation,
single-head versus 90Â° dual-head collimation, coincidence

counting techniques, patient preparation, imaging protocols and
outcome data.

Received Feb. 3, 1998; revision accepted May 26, 1998.
For correspondence or reprints contact: Martin P. Sandier, MD, Department of

Radiology and Radiological Sciences, Vanderbilt University Medical Center, 21st Ave.
South and Garland, Nashville, TN 37232-2675.

CAMERA MODIFICATIONS
In recent years, manufacturers have devoted much effort to

the optimization of the scintillation camera for low-energy
imaging, since a vast majority of nuclear medicine procedures
involve radionuclides with energies below 200 keV. The need
for imaging of 511 keV photons has made it necessary to
reverse some of these efforts and/or apply the technology that
was developed for low-energy imaging to high-energy imaging
applications.

The first step in this process was to expand the pulse-height-
analyzer energy range of the scintillation camera. Some manu
facturers have introduced a high-energy mode by simply reduc
ing the high voltage and recalibrating the pulse-height analyzer.
Due to the difficulty in resolving the low-energy peak from the
noise (caused by the reduction in gain), this resulted in some
difficulty in imaging at low energies (e.g., 70 keV for 201T1)

when simultaneous imaging of low and high energies was
desired. Some systems can acceptably resolve the 70 keV peak
of 201T1,but there is still the problem of interference of lead
x-rays and the effect of reduced activity of 20IT1 (4-5 mCi) as
compared to WmTc (10-25 mCi) used in myocardial imaging.

However, acceptable simultaneous imaging at 140 and 511 keV
has been accomplished using this technique (22).

The energy dependence of flood-field uniformity is well
known, and manufacturers have typically used low- and medi
um-energy linearity and sensitivity correction maps to provide
images of excellent uniformity throughout the diagnostic range.
Extending the diagnostic range to 511 keV therefore requires
linearity and sensitivity correction maps in the high-energy range.
This can be done by simply using the medium-energy maps but is
better accomplished by generating new high-energy maps. Some
manufacturers use a combination of the two (e.g., medium-energy
linearity maps and high-energy sensitivity maps).

COLLIMATED SINGLES COUNTING WITH SPECT
Collimator design for high-energy imaging with SPECT is

relatively straightforward. First, it is necessary to significantly
increase septal thickness to absorb the high-energy photons. For
adequate sensitivity, the hole diameters must be increased, and
to maintain reasonable spatial resolution, the hole length must
be increased (22). These modifications typically result in very
heavy collimators with low sensitivity and medium resolution
as compared to conventional low-energy, high-resolution colli
mators. Table 1 shows a summary of the range of parameters
reported for currently available collimators. In reviewing these
parameters, it must be observed that the quoted septal penetra
tion values are calculated for a single septum. Septal penetration
may actually account for 30%-50% of detected events in a

clinical situation.
Initially, there was some concern about the capability and

mechanical stability of the camera gantries when using high-

FDG SPECT TOASSESSMYOCARDIALVIABILITYâ€¢Sandier et al. 2035



TABLE 1
Parameters of Currently Available Collimators

CollimatorLEHEWeight(Ib)88224-475FWHMat
10cm(mm)7.28.2-17.0Sensitivity(cpmVCi)16043-150Septalpenetration(%)0.23.9-7.3Septalthickness(mm)0.21.7-3.4Holelength(mm)3560-104Holediameter(mm)1.52.5-5.1

LE = Elscint low-energy, high-resolution collimatori HE = high-energy collimator; FWHM = full width at half maximum.

energy collimatore weighing in excess of 300 Ib (136.4 kg) each
and the additional shielding that may be necessary for high-
energy imaging. Current systems appear to support this addi
tional weight adequately without modifications to the gantries.
However, it is important to measure the center of rotation
(COR) using the high-energy collimators and routinely to
perform COR corrections, if necessary.

Radiation leakage through the detector housing is also of
concern when imaging high-energy photons, especially in older
systems being upgraded to perform 511 keV imaging, and
leakage testing should be performed before accepting a system
for high-energy imaging applications. Manufacturers are now
fabricating systems with shielding designed for high-energy
imaging.

CRYSTAL THICKNESS
Currently available scintillation cameras typically use - in.

(9.525 mm) thick Nal(Tl) crystals because of their excellent
intrinsic spatial resolution. The system in use at Vanderbilt
University Medical Center (VariCam; Elscint Ltd., Haifa,
Israel) has a 3.8 mm full width at half maximum (FWHM) at
140 keV. However, although crystals of this thickness have a
photopeak efficiency of approximately 84% at 140 keV, the
photopeak efficiency at 511 keV is approximately 13%. Re
cently, because of the demand for increased efficiencies at 511
keV, manufacturers have increased the crystal options to j (12.7
mm), j (15.875 mm) and '- in. (19.05 mm). Table 2 shows the

approximate increase in the photopeak efficiencies of a - in.

crystal at the energies commonly used for imaging, compared to
those of the j in. crystal (e.g., the measured increase in
photopeak efficiency of a - in. crystal is 10% higher than that

for a j in. crystal). The relative intensities of the multiple
energies of 67Ga and "'in are taken into consideration in these

calculations.
If high-energy imaging were the only goal, obviously the

thicker the crystal the better. However, increasing crystal
thickness typically results in degraded intrinsic spatial resolu
tion at lower energies. Recent data indicate that these degrada
tions are not clinically significant (Table 3) because although
the intrinsic spatial resolution of 201T1and 99mTc is degraded by

0.5 mm, the extrinsic spatial resolution with a low-energy,
high-resolution collimator is only degraded by 0.2 mm at 10 cm
from the collimator face.

DUAL-HEAD CAMERAS
Imaging studies with phantoms and in patients comparing

180Â°versus 360Â°SPECT image acquisition of the myocardium
have shown that superior image resolution is obtained with 180Â°
acquisition (76), as is the case for 201T1 and 99mTc imaging
protocols. Thus, dual-head cameras with fixed 180Â°geometries
have limited advantages over single-head cameras for this
application. However, dual-head cameras in a 90Â°geometry

(either fixed or variable) provide twice the sensitivity of a
single-head camera for 180Â°acquisition. This added sensitivity
permits the use of new high-energy collimators with improved
spatial resolution (and reduced sensitivity). High-energy colli
mators are now in use that have the same spatial resolution at
140 keV as the low-energy, high-resolution collimators com
monly used for the imaging of low-energy photon emitters. This
added sensitivity also permits the performance of simultaneous,
dual-isotope gated SPECT, which makes it possible to evaluate
ischemia, metabolism, wall motion and ejection fraction from a
single data acquisition.

COINCIDENCE IMAGING
The recent introduction of coincidence imaging capabilities

using a dual-head scintillation camera has created much inter
est. Coincidence imaging is accomplished with the detectors
positioned at 180Â°with electronic collimation (coincidence

timing window) used to simultaneously detect an annihilation
photon resulting from a positron decay (the technique used in
PET) in each detector. This process places significant demands
on camera electronics because many singles events are being
recorded in each camera as both primary and scattered photons
interact with the detector. Typically fewer than 1% of the
detected events are the result of true coincidences. Therefore, at
least 1 million cps must be recorded in each detector to be able
to detect 10,000 coincidences per second. Also as the counting
rate rises, the possibility of random coincidences increases.
Thus, the camera must be capable of handling extremely high
counting rates, and the timing window must be very small
(typically 15 nsec).

Currently, coincidence imaging with the scintillation camera
is performed using either a two-dimensional or three-dimen
sional approach. In two-dimensional imaging, slit (septa) col
limators (slits positioned perpendicular to the imaging table)
with graded absorbers are used to reduce the singles rate from
activity outside of the region of interest (ROI) and to reduce the

TABLE 2
Predicted and Measured Increases in Efficiency Due to Increased Crystal Thickness (|-| in.)

CrystalThicknessPredictedMeasured201-n0%0%"Tc
111ln13%

29%10%
â€”67Ga11%â€”131,50%â€”18p62%100%
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TABLE 3
Intrinsic Spatial Resolutions (FWHM of line source of fluorine) for

|- and | -in. Thick Nal(TI) Crystals

Isotope201JIEnergy (keV)70

140Resolution

for
2-in. crystal

(mm)5.63.8Resolution

for
g-in. crystal

(mm)6.1

4.3

FWHM = full width at half maximum.

effects of low-energy scattered radiation. The graded absorbers
are thin sheets of lead, copper and tin that preferentially absorb
low-energy photons, preventing these photons from reaching
the crystal and inflating the counting rate. Coincidence events
are recorded from relatively thick (1-2 cm) transverse slices as
the detector heads rotate around the patient. In the three-
dimensional approach, only graded absorbers may be used to
absorb low-energy photons, and acquisition is not limited along
the z-axis (axis of the imaging table). Tomographie image
reconstruction is accomplished by using iterative reconstruction
techniques or by reformatting the data into planar projection
arrays and then using routine filtered backprojection algo
rithms. The use of multiple-pulse-height analyzer windows
during acquisition to record Compton-scattered events as well
as photopeak events occurring in the detectors makes it possible
to increase the sensitivity of the techniques. The three-dimen
sional technique has the advantage of sensitivity over two-
dimensional techniques using septa collimators because of the
removal of the septa collimators and an increase in the axial
acceptance angle to the maximum value, permitting a three-
dimensional acquisition. In the two-dimensional technique with
septa, the axial acceptance angle is small (e.g., 8Â°), and

acquisition is limited to a series of thick transaxial slices. On the
other hand, two-dimensional techniques may provide images of
higher contrast due to reduced singles rates from activity
outside of the ROI as well as reduced random coincidence rates.
The singles rate is reduced by absorption of photons in the lead
septa; therefore, the randoms are reduced since they depend on
the singles rate. Current capabilities provide the spatial resolu
tion of PET with improved sensitivity over that of collimated
single photon imaging but still less than that of modern PET
scanners.

ARTIFACTS
As stated earlier, one of the primary applications of high-

energy imaging is the simultaneous acquisition of images of
two radionuclide distributions (specifically 99mTc and 18F).

Using general-purpose, high-energy collimators, one may ob
tain acceptable diagnostic images of the myocardium from both
99mTc and 18F distributions, although the spatial resolution at

140 keV is worse than that of low-energy, high-resolution
collimators. Because of the increased sensitivity gained by
using dual-head, variable-angle-geometry scintillation cameras
with - in. crystals oriented at 90Â°,high-resolution, high-energy

collimators can be used for imaging. Spatial resolutions com
parable to those of low-energy, high-resolution collimators can
be obtained at 140 keV and are only slightly degraded at 511
keV, since the myocardium is typically imaged using a 180Â°
rather than a 360Â°acquisition, as described above.

One concern about the dual-isotope technique is the contri
bution to the 99mTc window from downscatter caused by the
presence of 18F. Phantom measurements performed on a cardiac
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FIGURE 1. Energy spectra from cardiac phantom containing distributionsof
"Te and 18Fwith an activity ratio of 3.2:1. The 20% windows at 140 and

511 keV were used for imaging, and 20% window at 170 keV was used for
downscatter correction.

phantom containing a solution of 99mTc and I8F in a 3.2:1 ratio

(the minimum ratio anticipated at the time of imaging) in the
myocardium from the administration of 25 mCi 9mTc-MIBI

and 10 mCi FDG showed that the downscatter contributed only
5.9% of the total counts in the 99mTc window. The contribution
of 99mTc photons to the downscatter window were 5% of the

total counts (20). In five patients who underwent DIS A SPECT
and were judged to have normal distributions of both radio-
pharmaceuticals in the absence of disease (confirmed by coro
nary angiography), the contribution of I8F was 3.7% or 6.6% of
the total counts in the 99mTc window (20). Thus, in patients

with normal global perfusion and normal metabolism, the
downscatter effect was judged to be insignificant. However, in
patients with ischemie heart disease manifested by decreased
global perfusion and/or increased metabolism, the possibility
exists for errors in the quantification of ischemie regions (22).

To further evaluate this effect, a downscatter correction was
implemented. To correct for the downscatter of 18F into the
99mTc window, a third window, first described by Yang et al.

(25), was added to the DISA protocol using a 20% window
centered on the 170 keV backscatter peak (Fig. 1). Cardiac
phantom measurements using only ' 8F were obtained to deter

mine the fraction of the scatter window counts (scatter factor)
that were recorded in the 20% 99mTc window at 140 keV.
Phantom measurements using only 99mTc were also obtained to
determine the contribution of 99mTc to the scatter window. The

image-processing protocol was modified to provide a set of
scatter-corrected SPECT MIBI images in addition to the routine
FDG images and unconnected MIBI images. The corrected

images were obtained by first using the scatter window counts
and the scatter factor to determine the number of counts to
subtract from the 99mTc window on a projection-by-projection

basis, and then images were reconstructed after the routine
protocol. Twenty-five patients were studied using the DISA
protocol with the scatter correction in place. Unconnected and
scatter-corrected SPECT images were presented at the daily
clinical review session at Vanderbilt University Medical Cen
ter, in which nuclear medicine physicians and cardiologists
reviewed the results. This study showed that there was no
difference in diagnostic information content in the corrected
versus unconnected images.

Simultaneous imaging of 20IT1and 18Fis more complex. The
low-energy (70 keV) of 20IT1 and the lower activities com
monly used (2-4 mCi) make the downscatter effect more
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FIGURE 2. A 59-yr-old woman with history of left anterior descending
coronary artery disease and stenting was referred for DISA SPECT after an
episode of acute chest pain. Stress "Tc-MIBI (A) and rest FDG ventrical
long-axis (B) images obtained with fixed dual-head camera demonstrate
normal study. (C) Three-dimensional 99rTTc-MIBI image reconstruction con
firms normal myocardial perfusion. (D) Dual-head coincidence images ob

tained before DISA SPECT demonstrate diminished inferior wall metabolic
activity (arrow) secondary to attenuation artifact.

significant, and the energy recalibration used for high-energy
imaging often makes it difficult to effectively resolve the 201T1

photopeak, as previously described.
Attenuation of photons from the inferior wall of the left

ventricle (LV) by the diaphragm frequently results in an artifact
with cardiac SPECT. This is more apparent with low-energy
photon emitters such as 20IT1 and 99mTc and may result in a

misdiagnosis of ischemia. One approach to identifying this
problem is to image the patient in the prone position, in addition
to the routine supine position, and to compare the two sets of
images. Attenuation of the inferior wall may occur in the prone
position but will generally be reduced compared to supine
imaging. A second approach is to use an external source to
obtain a transmission image that can then be used to perform an
attenuation correction of the emission data from 99mTc. Several

manufacturers are now offering either a fixed or scanning line
source (usually l53Gd) to perform this correction geometrically.

In dual-isotope studies, it is possible to collect simultaneously

emission data from the distribution of the two radionuclides and
transmission data from the external source so that additional
imaging time is not required.

Attenuation of 511 keV photons in SPECT imaging is not as
significant as for low-energy photon imaging. However, this is

not the case in coincidence imaging (Fig. 2) because it requires
the simultaneous detection of the annihilation photons that
result from positron decay. Therefore, both photons must pass
through the patient without interaction, and the probability of
the occurrence is less than that for only one of the photons. The
methods for attenuation correction of coincidence data in PET
are well known (24), and these techniques are now being
developed for use with dual-head-camera coincidence imaging.
In the absence of attenuation correction, superior cardiac image
quality is seen with SPECT versus dual-head coincidence
(DHC).

PATIENT PREPARATION
Because glucose plays a critical role in the metabolism of the

ischemie myocardium, the glucose analog FDG is frequently
used for clinical imaging. FDG competes with glucose for
uptake and phosphorylation to FDG-6-phosphate by hexoki-
nase. In the myocardium (unlike other organs), FDG-6-phos-
phate does not undergo further metabolism and remains trapped
intracellularly. FDG uptake is increased or preserved in several
altered myocardial states that are associated with contractile
dysfunction and/or reduced perfusion, thereby indicating the
persistence of metabolic activity and hence residual viability
with the potential for recovery. Increased or preserved FDG
uptake has been observed during ongoing ischemia (25),
postischemic stunning (26), chronic hibernation (27) and after
heart transplantation (28). In patients with coronary artery
disease, all these conditions imply jeopardized myocardium
requiring therapy, most often by revascularization.

Although the clinical value of FDG uptake by myocardial
tissue remains undisputed, there is considerable controversy
regarding the value of FDG as a quantitative probe for the
measurement of myocardial glucose utilization. One issue is the
adequacy of the tracer kinetic model, in particular the stability
of the lumped constant that relates uptake and phosphorylation
kinetics of FDG and glucose (29). For instance, ischemia
affects the translocation of glucose transporters, the expression
of transporter subtypes and the affinity of hexokinase, all of
which may affect the lumped constant (30). The use of FDG
also requires steady-state metabolic conditions during tracer
delivery, not easily achieved in clinical practice. Because the
myocardium uses several substrates (31), including free fatty
acids (FFAs), glucose, lactate, ketone bodies or amino acids,
depending on fuel delivery and hormonal status, adequate
image quality can only be obtained by increasing glucose
availability. Most glucose-loading protocols do not ensure
stability of the hormonal and metabolic milieu such that the
quantification of glucose metabolism cannot be easily obtained.

GLUCOSE LOADING
One of the major drawbacks to the widespread use of FDG

cardiac imaging has been the complexity of the glucose-loading
protocol. The long patient preparation time observed with oral
glucose loading is due in large part to the occurrence of
abnormal glucose tolerance and insulin resistance in a signifi
cant proportion of patients with ischemie heart disease (32,33).
The presence of impaired glucose tolerance and insulin resis
tance cannot be determined prospectively at the time of the
procedure, but patients with a fasting blood glucose of greater
than 100 mg/dl have a high likelihood of having diabetes or
impaired glucose tolerance (34). The need for frequent blood
glucose monitoring and supplemental insulin administration,
using an oral glucose-loading protocol, results in significant
logistical problems.

In nondiabetic patients, a threefold increase in myocardial
glucose utilization occurs after a 30-min infusion of a fixed
concentration of glucose-insulin-potassium (GIK) solution
(35). Martin et al. (36) performed DISA SPECT imaging on 98
consecutive nondiabetic patients after preparation with a fixed
concentration GIK infusion administered at a standardized rate
of 3 ml/kg/hr, corresponding to an insulin infusion of 1.78
mU/kg/min and a glucose infusion of 10 mg/kg/min. The GIK
solution consisted of 16 U of aqueous regular insulin in 500 ml
20% dextrose plus 10 mEq KC1 in a glass bottle. Each patient
was primed with an intravenous bolus injection of 5 U regular
insulin and 50 ml 20% dextrose immediately before initiation of
the GIK infusion. Blood glucose was monitored at 15 and 30
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min. If blood glucose rose above 200 mg/dl, additional intra
venous bolus injections of regular insulin were administered
(5-10 U). During the stress protocol and image acquisition,
20% dextrose without insulin was infused at 2-3 ml/kg/hr, and

the patient was fed a snack on completion of the acquisition to
avoid delayed insulin-induced hypoglycemia. Using the GIK
infusion protocol, the mean preparation time for the average
patient was decreased by approximately 1 hr compared to oral
glucose loading, and scan quality was consistently good to
excellent, with only 1% of images being uninterpretable. This
compares favorably to the 2%-33% incidence of uninterpret

able images reported in the literature with oral glucose loading.
An additional advantage of the GIK protocol compared to oral
loading is the ability to continue the infusion when logistical
delays occur, without sacrificing good image quality. Standard
ized infusion of a fixed concentration of GIK before FDG
administration and continued during myocardial FDG uptake is
an effective yet simple method of obtaining consistently good-
to-excellent quality FDG cardiac scans. This method is prefer
able to conventional oral glucose loading because patient
preparation time is decreased and image quality is improved.

Uninterpretable FDG scans have been reported in 10%-28%

of diabetic patients (37,38). Consequently, diabetic subjects are
prepared using a formal or modified euglycemic hyperinsulin-
emic clamp protocol (39-42). Oral glucose loading and the

GIK loading protocol are not appropriate for use in diabetic
patients. Using a modified euglycemic hyperinsulinemic clamp,
several investigators have reported excellent image quality in
small populations of diabetic patients (39-42). After attaining
near-euglycemia by the infusion of intravenous insulin at 4
mU/kg/min, glucose is administered intravenously at a rate of 6
mg/kg/min. Blood glucoses are monitored every 5-10 min, and

the glucose infusion rate is altered appropriately to achieve
blood glucoses of 80-150 mg/dl. FDG is injected after approx
imately 20 min of "stable" blood glucose. This technique is

adequate for clinical work but remains labor intensive.

NICOTINIC ACID
Knuuti et al. (43) have demonstrated that oral administration

of a nicotinic acid derivative (acipimox) may be an alternative
to either oral glucose loading or euglycemic clamping. Acipi
mox inhibits peripheral lipolysis, thus reducing plasma FFA
levels, and has a mechanism of action which is similar to that
postulated for nicotinic acids but is 20 times more potent; it also
has a longer duration of action as compared to nicotinic acids
(44). After oral ingestion, peak plasma levels of the drug are
reached within 2 hr (45).

Knuuti et al. (43) have performed a direct comparison
between hyperinsulinemic euglycemic clamping and acipimox
in 12 patients with coronary artery disease. The clamping
protocol was performed according to well-described standards
(46). For the acipimox protocol, patients were administered 250
mg acipimox orally 3 hr before FDG injection, followed by a
second dose of 250 mg acipimox 1.5 hr before FDG injection.
As expected, insulin levels were high during clamping and low
after acipimox administration. Plasma levels of FFA were
comparably low after acipimox and during clamping. FDG
activity in the myocardium and blood was higher after acipimox
as compared to the clamping protocol. The myocardium-to-
blood ratio (frequently used as a measure of image quality) was
comparable after both approaches. No side effects of acipimox
(besides flushing) were observed. The myocardial FDG uptake
patterns were compared visually and showed no significant
differences.

Bax et al. (47) recently compared all three approaches

TABLE 4
Substrate Levels During Clamping, After Acipimox Administration

and After Oral Glucose Loading*

Clamping
Acipimox
Oral loadGlucose

(mmol/liter)5.1

Â±0.8
5.1 Â±0.6
8.0 Â±1.7*FFA

(mmol/liter)0.04

Â±0.01
0.03 Â±0.01
0.16 Â±0.07fInsulin

(mU/liter)109.8

Â±34.6
66.3 Â±24.3T

101.3 Â±17.1

"Based on data from reference 47.

fp < 0.01 vs. other protocols; FFA = free fatty acid.

(acipimox, clamping and oral loading) in eight nondiabetic
patients (seven with coronary artery disease). The oral glucose-
loading and clamping protocols were performed according to
established criteria (46,48). The acipimox protocol was slightly
modified from that used by Knuuti et al. (43 ) in that a single
dose (250 mg) of acipimox was administered, and patients
received a carbohydrate-and-protein-enriched meal to stimulate
endogenous insulin release, thereby further promoting myocar
dial and peripheral FDG uptake. FFA levels were low with
acipimox and during clamping but were significantly higher
after oral glucose loading. Insulin levels were raised in all three
protocols (Table 4). The myocardium-to-blood activity ratios
were comparable after acipimox and during clamping but
significantly lower after oral glucose loading. The FDG clear
ance rate from blood was significantly lower after oral loading
compared to acipimox and clamping (T [^] oral load = 16.2
min, T [j] acipimox = 10.7 min and T [^f clamp = 8.1 min).
Visually, the FDG images were superior after clamping and
acipimox compared to oral glucose loading. Although Bax et al.
(47) included only nondiabetic patients, Knuuti et al. (43)
included seven patients with diabetes mellitus type II. In these
patients, the image quality was also equivalent after acipimox
administration compared to clamping.

Limited results with cardiac FDG imaging after acipimox
administration are encouraging, but larger studies are needed in
patients with and without diabetes mellitus. Still, the available
evidence, although limited, shows that good image quality can
be obtained using acipimox (comparable to clamping and
superior to oral glucose loading) and may be sufficient for
clinical assessment of viability.

IMAGING PROTOCOLS
Identification of hibernating myocardium with FDG can be

performed using either sequential or DISA imaging protocols
(77,79-27).

Sequential Acquisition
Assessment of hibernating myocardium with PET requires

the performance of sequential imaging to detect regions of
myocardial perfusion/metabolism mismatch. PET cameras that
are not capable of performing simultaneous transmission/emis
sion tomography require a separate transmission scan. The
development of coincidence detection with simultaneous atten
uation correction, using DHC scintillation cameras, has permit
ted cardiac viability studies to be obtained using DHC with
resolution equivalent to PET. However sequential imaging
using perfusion/metabolism mismatch to identify hibernating
myocardium is still necessary.

Both Burt et al. (17) and Bax et al. (79) have demonstrated
the ability to identify hibernating myocardium using sequential
201T1/FDG SPECT imaging. Data generated by Bax et al. using
20IT1/FDG imaging to identify hibernating myocardium have
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FIGURE 3. A 63-yr-old patient with historyof chronic ischemie heart disease
(LVEF 20%) referred for DISA SPtCT to ascertain presence of hibernating
myocardium. Stress 99rTTc-MIBI (A) and rest FDG short-axis (B) images
detect a region of inferolateral mismatch. Perfusion (C) and metabolic bull's

eye (D) images detect multiple viable segments in ischemie inferolateral wall.
Patient underwent multivessel coronary artery bypass grafting after DISA
SPECT. Repeat echocardiogram 3 mo postsurgery revealed normal infero
lateral wall motion and LVEF of 40%. Images were obtained with 90Â°
variable-angle camera.

been shown to be comparable to results obtained with I3N-

labeled ammonia/FDG PET (49).

Simultaneous Acquisition
DISA cardiac studies with FDG/**"Tc-MIBI SPECT have

been performed to evaluate hibernating myocardium and pro
vide PET-comparable images and results. Delbeke et al. (21)
reported their experience in a series of patients undergoing
DISA SPECT using a rest perfusion-rest metabolism 9 mTc-

MlBl/FDu SPECT imaging protocol. With stenosis greater
than 70% used as the diagnostic criterion for coronary artery
disease, DISA SPECT had a sensitivity of 100% and a positive
predictive value of 93%. Sandier et al. (20) described the use of
DISA SPECT to evaluate myocardial ischemia and viability
according to a rest metabolism-stress perfusion protocol using
FDG/y""'Tc-MlBl (Fig. 3). When stenosis of greater than 70%

was used as the diagnostic criterion for coronary artery disease,
DISA SPECT had a sensitivity of 100% specificity of 88%,
positive predictive value of 93%, negative predictive value of
100% and an accuracy of 96% (20). The development of 90Â°
dual-head acquisition using high-resolution ultrahigh-energy
collimators with jÂ¡in. thick crystals has permitted cardiac gating
with assessment of wall motion and geometric ejection fraction
values to be obtained with DISA SPECT (Fig. 4).

DATA ANALYSIS
Several approaches to analyze FDG data have been de

scribed, including absolute quantification, semiquantitative
analysis and visual analysis.

Absolute Quantification of Myocardial FDG Uptake to
Assess Regional Glucose Utilization

This approach requires dynamic PET imaging and is, thus far,
not possible with FDG SPECT. Absolute myocardial glucose
utilization can be calculated using the Patlak analysis (50). This
approach requires arterial plasma sampling and was adapted by
Ghambir et al. (57) using blood-pool and myocardial FDG
time-activity curves. Although permitting assessment of abso
lute myocardial glucose utilization, the approach remains com
plex and suffers from the restrictions imposed by the use of the
lumped constant.

FIGURE 4. A 55-yr-old man with past history of myocardial infarction was
referred for DISA SPECT after an episode of atypical chest pain. Stress
"Tc-MIBI (A) and rest FDG short-axis (B) images detected anteroseptal
myocardial scar (arrows). End-diastolic (C) and end-systolic (D) quantitative
gated SPECT (LVEF = 27%) acquired during DISA protocol demonstrate

normal lateral wall motion with diffuse LV hypokinesis. Images were obtained
with 90Â°variable-angle camera.

Semiquantitative Analysis Using Static FDG Imaging
Most cardiac FDG studies have used static imaging and some

form of semiquantitative analysis. In the initial study by
Marshall et al. (25), circumferential profiles were compared
with reference values obtained in normal individuals. Regions
with diminished flow and normal or increased FDG uptake
were considered to represent viable myocardium (flow-metab
olism mismatch), whereas regions with concordantly reduced
flow and FDG uptake (flow-metabolism match) were consid
ered to represent scar tissue. This approach is based on
"slice-analysis," whereas more recent reports have used the

profiles of all short-axis slices displayed in polar maps (52).
This approach allows evaluation of the entire LV in a single
image. The flow and FDG polar maps can be compared with
separate normal databases (52), or the regional FDG uptake can
be normalized to the region with maximum flow.

Some investigators have used FDG in isolation to identify
viable myocardium (53,54). These studies have normalized
regional FDG uptake to the maximum tracer uptake per slice or
in the entire polar map. Viable tissue is considered to be present
when the normalized FDG activity exceeds 50%. While com
bined flow FDG imaging has been shown to predict functional
recovery after revascularization (55 ), the use of a 50% cutoff
criterion has never been validated against revascularization.

Visual Analysis
Recently, Vom Dahl et al. (56) analyzed their FDG and flow

data visually and compared the results with functional recovery
after revascularization. The authors scored the segments on a
4-point scale, ranging from normal tracer uptake to absent tracer
uptake. The segments with a flow-metabolism match did not
recover function after revascularization, and the majority of the
segments with a flow-metabolism mismatch demonstrated an
improvement in function. Notably, the segments with a mild
reduction in flow and FDG uptake did not recover function after
revascularization. Hence, FDG imaging alone would not have
resulted in adequate prediction of functional recovery. In their
conclusion, the authors emphasized that visual analysis may be
preferred for routine clinical imaging.

CLINICAL VALUE OF FDG SPECT
Assessment of myocardial viability with FDG to identify

injured but viable myocardium in patients with severe coronary
artery disease and ischemie LV dysfunction, but who are
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eligible for coronary revascularization, is an all-important
indication for FDG imaging (57). It has now become clear that
impaired LV function is not necessarily an irreversible process,
because recovery of LV function after revascularization has
been demonstrated, even in severely dyssynergic myocardial
regions (58). Hibernation and repetitive stunning have been
introduced to explain a situation of reversibly impaired LV
function (27,59). Hence, in the presence of jeopardized but
viable myocardium, improvement of LV function can be
expected after revascularization, whereas no improvement will
occur when the dysfunction is caused by scar tissue. While
patients with a poor LV function are at high risk for perioper
ative events, any improvement in LV ejection fraction (LVEF)
will have a significant impact on their long-term prognosis (60).
PET using FDG is considered one of the most accurate
techniques to identify injured but viable myocardium (61) and
select the most appropriate form of therapy (medical, revascu
larization or heart-transplantation) in patients with impaired LV
function.

It has also become apparent that the assessment of viable
myocardium in these patients provides important prognostic
information. Four studies (62-65) using FDG PET have re

cently emphasized this issue. All of these studies were consis
tent in snowing a high cardiac-event rate in patients with
ischemie but viable myocardium who did not undergo revascu
larization. Although FDG PET provides important clinical
information in patients with ischemie LV dysfunction, the
restricted availability of the technique does not meet the
increasing demand (66). The FDG SPECT approach, however,
does allow widespread FDG imaging for the assessment of
hibernating myocardium.

In a recent study, 55 patients with chronic coronary artery
disease and LV dysfunction were evaluated with FDG SPECT
before revascularization (49). Functional follow-up was ob
tained 3 mo after revascularization. To allow prediction of
functional recovery after revascularization on a regional basis,
the LV was divided into 13 segments. Resting echocardiogra-
phy revealed abnormal wall motion before revascularization in
305 segments; 281 of these segments were adequately revascu-
larized. Three months after revascularization, 94 segments
showed improved function, with 80 segments classified viable
by FDG SPECT. Conversely, 187 segments did not improve in
function after the revascularization, with 120 segments classi
fied nonviable by FDG SPECT. The sensitivity and specificity
were 85% and 75%, respectively. In a subset of 22 patients with
an LVEF < 30%, the sensitivity and specificity to predict
improvement of regional function were 89% and 72%, respec
tively. The results are in line with data obtained from a pooled
analysis of 332 patients undergoing FDG PET, yielding a
sensitivity of 88% and a specificity of 73% (55).

In the study with FDG SPECT, resting LVEF was also
determined before and 3 mo after revascularization. A patient
was considered a surgical candidate when three or more
dysfunctional segments were classified viable on FDG SPECT.
In the patients (n = 14) with three or more viable segments, the
LVEF improved significantly from 25% Â±6% to 32% Â±6%
(p < 0.01). Alternatively, in the patients (n = 8) with no more
than two viable segments, the LVEF remained unchanged (24%
Â±6% versus 25% Â±6%) (NS). Although the available data
were obtained in a small number of patients, FDG SPECT
accurately predicts functional recovery after revascularization.

The most frequently used techniques to assess hibernating
myocardium, besides FDG imaging, are 201T1scintigraphy and

low-dose dobutamine echocardiography.
The 20IT1 protocols used most frequently include stress-
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FIGURE 5. Receiver operating characteristic display, indicating sensitivities
(left) and specificities (right) with their 95% confidence intervals (squares/
rectangles) for various techniques. Data are based on studies that evaluated
FDG SPECT versus other techniques, using improvement of function after
revascularization as the gold standard for viability (data derived from refer
ences 53,75,76). Sensitivities of different techniques are identical. In these
studies, FDG SPECT had the highest specificity. (TI RR = ^'thallium
rest-redistribution; TI Reinj = 201thallium reinjection; LODE = low-dose

dobutamine echocardiography).

redistribution-reinjection imaging (67) and rest-redistribution

imaging (68). While the reinjection protocol allows detection of
both viability and ischemia, rest-redistribution only permits
viability assessment. One study compared FDG SPECT with
201Tl reinjection imaging (69). Seventeen patients were studied

with both techniques before revascularization. Regional wall
motion was assessed by echocardiography before and 3 mo
after revascularization. The agreement for the detection of
viable and nonviable segments between the techniques was
70%. Both approaches had a high sensitivity in predicting
improvement of function (93% for 201T1 and 89% for FDG)

(Fig. 5). The specificity of FDG SPECT, however, was signif
icantly higher than for 20lTl reinjection (77% versus 43%, p <

0.05).
Thus far, only preliminary data are available on the compar

ison between 20IT1rest-redistribution and FDG SPECT (70). In

24 patients, both techniques were tested against revasculariza
tion. Resting echocardiography was used to evaluate regional
contractile function before and after revascularization. A total
of 106 dysfunctional segments were revascularized adequately.
The sensitivity of FDG SPECT and 201T1 rest-redistribution

were comparable: 89% versus 78%. The specificity of FDG
SPECT was higher: 81% versus 59% (Fig. 5). Hence, these
comparative studies show that FDG SPECT and 20IT1 imaging

are equally sensitive in predicting functional recovery after
revascularization, but the 2C)IT1protocols tend to overestimate

functional recovery (i.e., lower specificity). Pooled analysis of
the available 20IT1 studies in patients undergoing revasculariza

tion has detected the same trend (55).
Echocardiography during the infusion of low-dose dobut

amine is frequently used to identify injured but viable myocar
dium. The viable myocardium is characterized by the presence
of a contractile reserve, i.e., improvement of wall motion in a
segment with resting dysfunction (77). Various studies have
demonstrated the use of this technique to predict functional
recovery after revascularization (55). In 17 patients with
chronic coronary artery disease and LV dysfunction, both
techniques were compared. The agreement for the identification
of viable and nonviable segments between the techniques was
80%. The sensitivity and specificity of dobutamine echocardi-
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ography were 85% and 63%, respectively, whereas these values
were 89% and 77% for FDG SPECT.

CONCLUSION
The introduction of a dual-head variable-angle-geometry

scintillation camera equipped with thicker crystals (- in.) and high
resolution, ultrahigh-energy collimators capable of 511 keV im
aging has permitted FDG SPECT to provide information
equivalent to PET for the identification of injured but viable
myocardium in patients with chronic ischemie heart disease.
Accuracy in predicting functional recovery after revasculariza-
tion with FDG SPECT is comparable to the accuracy of FDG
PET. The development of standardized glucose-loading proto
cols, including GIK infusion, and the potential use of nicotinic
acid derivatives have simplified the method of obtaining con
sistently good-to-excellent quality FDG SPECT cardiac studies.
FDG SPECT may become the modality of choice for evaluating
injured but viable myocardium because of the enhanced avail
ability of FDG, logistics, patient convenience, accuracy and
cost-effectiveness compared to PET.
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