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The diagnostic value of exercise 201TIsingle photon emission computed tomography (SPECT)
for assessing coronary artery disease (CAD) was comparatively evaluated with exercise [13N]
ammonia positron emission tomography (PET). Fifty-one patients underwent both stress-
delayed SPECT imaging using a rotational gamma camera and stress-rest PET imaging using
a high resolution PET camera. Of 48 CAD patients, SPECT showed abnormal perfusion in 46
patients (96%), while PET detected perfusion abnormalities in 47 (98%). The sensitivity for
detecting disease in individual coronary arteries (>50% stenosis) was also similar for SPECT
(81%) and PET (88%). When their interpretations were classified as normal, transient defect,
and fixed defect in 765 myocardial segments, SPECT and PET findings were concordant in
606 segments (79%). However, 66 segments showed a fixed defect by SPECT but a
transient defect by PET, whereas there were only nine segments showing a transient defect
by SPECT and a fixed defect by PET. PET identified transient defects in 34% of the
myocardial segments showing a fixed defect by SPECT. We conclude that both stress
SPECT and PET showed high and similar sensitivities for detecting CAD and individual
stenosed vessels. Since stress-delayed SPECT with single tracer injection detected fewer
transient defects, it may underestimate the presence of myocardial ischemia, compared with
high resolution PET imaging with two tracer injections.
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.hallium-201 (2Â°'T1)single photon emission com

puted tomography (SPECT) using a rotational gamma
camera has been used for three-dimensional assessment
of myocardial perfusion in coronary artery disease
(CAD). It provides high diagnostic accuracy for detect
ing myocardial infarction (1-3) and stenosed vessels (4,
5). In addition, it is also useful for quantitative assess
ment of infarct size (6), jeopardized myocardial mass
(7), and perfused mass (8,9). However, because of
inherent limitations of poor resolution and relatively
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inadequate counts, this technique may not be suitable
for assessing subtle changes in myocardial perfusion.

Myocardial perfusion study with positron emission
tomography (PET) enables quantitative evaluation of
tracer distribution and hence quantification of myocar
dial perfusion (10-14). We have recently reported a
high diagnostic accuracy for detecting CAD of nitrogen-
13 (13N)ammonia and high resolution PET performed

both at rest and stress (15,16).
Theoretically, PET provides better quality images

with much higher count density and higher resolution
than SPECT (17,18). We postulate that PET perfusion
imaging may have a superior diagnostic accuracy for
the evaluation of CAD compared to thallium SPECT.
This study was undertaken to evaluate the clinical value
and limitations of stress-redistribution thallium SPECT
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in the study of coronary artery disease in comparison
with stress-rest ["N]ammonia PET.

MATERIALS AND METHODS

Patient Population
Fifty-one patients who were referred for coronary angiog-

raphy underwent both stress thallium SPECT and stress [I3N]

ammonia PET. The age ranged from 34 to 71 yr with a mean
value of 56.1 yr old. Thirty-eight patients had a history of
myocardial infarction. The mean interval from the most re
cent infarction to the study was 17 mo (range 1 to 96 mo).

Coronary angiography was performed in multiple views.
Three experienced observers reviewed the coronary angio-
grams without knowledge of the radionuclide data. The nar
rowing was graded according to the lumen diameter involved:
25% or less, 26 to 50%, 51 to 75%, 76 to 90%, 91 to 99% or
100% (5). The consensus was used in the data analysis. All
but three patients had significant stenosis (>50% in diameter)
in at least one of the major coronary arteries. Eighteen had
single-vessel disease, 17 had two-vessel disease, and 13 had
three-vessel disease.

All patients gave informed consent.

Stress Thallium SPECT Imaging
Exercise was performed using an upright bicycle ergometer.

The exercise level started at 25 W and increased an additional
25 W every 3 min. Each patient exercised to 85% of the age
predicted maximal heart rate, the onset of angina pain, dysp
nea, ST segment depression (0.2mV) or to a decrease in blood
pressure. One minute before completion of exercise, 2.5-3
mCi (93 to 111 MBq) of thallium-201 (2Â°'T1)chloride was

injected intravenously.
Tomographie acquisition started ~5 min (stress stage) and

3 hr (delayed stage) after thallium injection using a rotating
gamma camera (General Electric 400 ACT) with a low-energy,
general purpose collimator interfaced to a digital computer
(General Electric MaxiStar). The camera was rotated at 5.6-
degree increments of revolution from 45-degree left posterior
oblique to 45-degree right anterior oblique position of the
patient, collecting 32 views over 180-degree for 30 sec each
(4,5). System resolution in reconstructed images was 17 mm
at full width half maximum (4,5).

A series of contiguous transverse slices of the left ventricular
myocardium were reconstructed by filtered back projection
with Ramp-Hanning filter with a cutoff frequency of 0.5 cycle/
pixel. Attenuation correction was not performed. These im
ages were further processed to obtain the short-axis and long-
axis sections perpendicular to the cardiac axes. Multiple sec
tions with 6-12 mm thickness were obtained in each tomo-
graphic plane. Each reconstructed slice contained 15,000 to
28,000 counts.
Stress |"N|.\mnionia PET Imaging

Nitrogen-13 ammonia was produced by '6O(p,a)'3N nu

clear reaction with water irradiation using an ultracompact
cyclotron (Sumitomo Heavy Industry, CYPRIS 325), followed
by a reduction to [nN]ammonia with titanous hydroxide. The
['3N]ammonia was collected in a saline solution and passed

through a Millipore filter (16).
PET study was performed within 2 wk of the thallium

SPECT study using a whole-body multislice PET camera

(Hitachi, Positologica III) which provided seven tomographic
slices at 16 mm intervals simultaneously (79). The spatial
resolution was 7.6 mm and the axial resolution was 12.6 mm
at full width half maximum at the center of field (19).

First, the patient was positioned in the gantry to obtain
transmission images using a rotating 68Ge/68Gastandard plate

source for attenuation correction through the body. While the
patient lay on the bed at rest, 10-15 mCi (370 to 555 MBq)
of [13N]ammonia was injected intravenously as a bolus. Three

minutes later, myocardial PET scanning was performed for 5
min. Immediately following the first PET scanning, the second
PET scanning was carried out for 8 min to obtain interpolating
PET images. These two PET scannings provided a total of 14
contiguous slices of the myocardium with 8-mm intervals
(20).

Two hours after the initial study, a stress PET study was
performed. The exercise was carried out using a supine bicycle
ergometer attached to a PET patient bed. The exercise proto
col was the same as for the stress thallium study. Another dose
of [13N]ammonia(370-555 MBq) was injected at peak exercise

level and the exercise was continued for another 30 sec after
the injection. The patient was carefully positioned in the PET
gantry according to the orientation lines marked at the initial
study. Stress myocardial PET imaging was performed 3 min
after the injection for 5 min, followed by the interpolating
PET scanning as described in the resting study. Each PET
image contained ~2 to 3 million counts.

Analysis of the Images
The SPECT and PET images were independently inter

preted by three experienced observers without knowledge of
coronary angiographie data. In addition, three transverse
slices, upper, middle and lower sections of the myocardium
were selected from the SPECT and PET images for circum
ferential profile analysis (21). To ensure that the same seg
ments in the same slice was compared on stress and resting
(delayed) images, a series of transverse slices were displayed
before the selection of the three slices of stress and resting
perfusion images. The left ventricular myocardium was di
vided into 60 radial segments at 6-degree intervals from the
center of the left ventricular cavity. Each circumferential
profile curve was compared to those of 12 normal subjects for
objective assessment of perfusion abnormalities (6,16). The
areas with perfusion below the lower limits covering at least
30 degrees of the circumferential profiles were considered as
perfusion defects. To detect the presence of transient perfusion
defects, the resting and stress profile curves of the same slice
were compared. When the % change in perfusion was >10%
at stress compared to the resting perfusion, the areas were
defined as transient perfusion defects.

From the segmental analysis of stress images for visual and
objective assessment, the left ventricular myocardium was
divided into 15 myocardial segments from the three transverse
slices (Fig. 1). A perfusion abnormality in the inferior and
posterior walls was defined as a right coronary artery (RCA)
(or posterior descending artery) lesion, that in the septal and
anterior walls as a left anterior descending artery (LAD) lesion
and that in the posterolateral wall as a left circumflex (LCX)
lesion (4-6,15,16) (Fig. 1). In patients with left circumflex
dominant or balanced coronary artery distribution, the pos
terior descending artery was considered to belong to the right
coronary artery. When the equivocal hypoperfusion in inferior
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FIGURE 1
Schematic presentation of three
transverse slices obtained from
SPECT and PET studies showing 15
myocardial segments, and the distri
bution of three major coronary arter
ies: left anterior descending artery
(LAD), right coronary artery (RCA),
and left circumflex artery (LCX).

and posterior segments was present, the short-axis and long-

axis sections were used for assessing RCA lesions (1,5,20).
The observers assessed both images and profile curves to

determine the presence of abnormalities, their location and
the presence of transient perfusion abnormalities. The consen
sus was used in the data analysis.

Statistical Analysis
Sensitivity was defined as the number of true-positive tests

divided by the sum of true-positive and false-negative tests.
Specificity was defined as the number of true-negative tests
divided by the sum of true-negative and false-positive tests.
The chi-square test with or without Yale's correction was used

to determine the significance of a difference in observed rates
of occurrence. The difference in exercise levels was determined
with two-tailed Student's t-test. A significant difference was

considered to exist when a probability (p) value of 0.05 or less
was observed.

RESULTS

Exercise Levels
The peak heart rate obtained during the SPECT study

was higher ( 130 Â±16)(mean Â±s.d.) than the PET study
(121 Â±15) (p < 0.001). The pressure rate product was

also higher in the former (20,900 Â±4,900 versus 19,100
Â±4,400) (p < 0.001). This difference is considered to
be due to the upright ergometer exercise during the
SPECT study compared to the supine exercise during
the PET study.

Diagnosing Coronary Artery Disease
Of 48 patients with angiographically documented

coronary artery disease, stress thallium SPECT showed
abnormal perfusion in 46 (96%), while stress [13N]

ammonia PET showed abnormal perfusion in 47 (98%).
Three angiographically normal subjects did not reveal
any perfusion abnormalities by either SPECT or PET.

Detecting Individual Vessel Involvement
Segmentai perfusion analysis was performed by stress

SPECT and PET for detecting disease in individual
coronary arteries (Tables 1 and 2). In 91 stenosed
vessels, the sensitivity was similar for stress thallium
SPECT (81%) and [13N]ammonia PET (88%). The

values were similar for detecting RCA lesion (79% vs
76%), LAD lesion (90% versus 93%) and LCX lesion
(65% versus 85%), respectively (Table 1). When the

TABLE 1
Sensitivity for Detecting Disease in Individual Coronary Arteries by Stress Thallium SPECT and [13N]ammonia PET

RCA
LAD
LCX
OverallSPECT23/29

(79%)
38/42 (90%)
13/20(65%)
74/91 (81%)Overall

PET22/29

(76%)
39/42 (93%)
17/20(85%)
80/91 (88%)(Sig)*(N.S.)'

(N.S.)
(N.S.)
(N.S.)InfarcÃ¬

Segments
SPECTPET14/17

22/23
6/6

42/46(82%)

(96%)
(100%)

(91%)14/17

(82%)
23/23(100%)

6/6 (100%)
43/46 (93%)(Sig)(N.S.)

(N.S.)
(N.S.)
(N.S.)Noninfarct

Segmenls
SPECTPET9/12(75%)

16/19(84%)
7/14(50%)

32/45(71%)8/12(67%)

16/19 (84%)
11/14(79%)
35/45 (78%)(Sig)(N.S.)

(N.S.)
(N.S.)
(N.S.)

* Significance.

t Noi significant.
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individual vessels were subdivided into those supplying
infarcted and noninfarcted segments, similar sensitivi
ties were observed by SPECT and PET for the detection
of stenosed vessels supplying noninfarcted segments
(71% versus 78%) as well as infarcted segments (91%
versus 93%), respectively (Table 1).

The specificity for the detection of the absence of
disease in individual vessels is listed in Table 2. The
overall specificity was 92% by thallium SPECT and
89% by PET. Among the vessels which revealed abnor
mal perfusion by SPECT and PET, two had insignifi
cant (25-50%) stenosis by coronary angiography. The

specificity was similar for detecting absence of RCA
lesions (95% versus 86%), LAD lesions (89% versus
100%) and LCX lesions (93% versus 90%), respectively.

Thus, the diagnostic values for detecting the presence
or absence of disease in individual vessels were similar
for SPECT and PET.

Interpretation of Perfusion
The correlations of interpretation for each myocar-

dial segment by stress SPECT and PET studies are
summarized in Table 3. Of 765 total myocardial seg
ments, both SPECT and PET were normal in 393
segments (51%), showed a transient perfusion defect in
107 segments (14%) and showed a fixed perfusion defect
in 106 segments (14%). Thus, their interpretation was
matched in 606 segments (77%).

There were 66 segments (9%) showing a transient
defect by PET but a fixed defect by SPECT. On the
other hand, only nine segments (1%) showed a fixed
defect by PET and transient defect by SPECT (p <
0.001 ). Consequently, PET identified transient defects
in 34% of the myocardial segments showing a fixed
defect by SPECT.

Figure 2 shows two representative slices of stress and
resting perfusion images obtained by SPECT and PET
in a patient with two-vessel disease. Both images showed

a transient perfusion defect in the anteroseptal wall.
They also showed slight hypoperfusion in inferior wall
at both rest and stress, which was better visualized by
short-axis sections by SPECT.

Figure 3 shows stress and resting perfusion images
obtained by SPECT and PET in a patient with three-
vessel disease. Thallium SPECT images showed similar
hypoperfusion in anteroseptal, apical and posterolateral
areas at both rest and stress. On the other hand, [13N]

TABLE 2
Specificity for Detecting Absence of Disease in Individual

Coronary Arteries by Stress SPECT and PET

RCA
LAD
LCX
OverallSPECT21/22(95%)

8/9 (89%)
29/31 (94%)
58/62 (94%)PET19/22

(86%)
9/9 (100%)

29/31 (94%)
56/62 (90%)SignificanceN.S.

N.S.
N.S.
N.S.

TABLE 3
Correlation of Interpretations of Myocardial Segments

by Stress Thallium SPECT and [f3N]Ammonia PET

SPECT

Transient Fixed
Normal defect defect Overall

PETNormalTransientdefectFixed
defect39322191810792566106436195134

Overall 434 134 197 765

ammonia PET images showed an additional decrease
in perfusion in apical through posterolateral areas at
stress compared to mild hypoperfusion in the same area
at rest. Figure 4 shows the circumferential profile curves
of stress and resting perfusion of the representative
SPECT and PET slices. Perfusion in the apical through
posterolateral segments was similarly decreased at rest
and stress by SPECT, while the stress induced hypoper
fusion was clearly demonstrated in the same area by
PET. Stress induced hypoperfusion in this area by PET
suggests the presence of myocardial ischemia, which
was not suggested by SPECT.

DISCUSSION

This comparative study demonstrated that stress thal
lium SPECT study provides as high a sensitivity for
detecting coronary artery disease and identifying disease
in individual coronary arteries as does stress [13N]am-

monia PET imaging.
Both tomographic techniques have the advantages

for three-dimensional assessment of myocardial perfu

sion compared to the planar imaging. They permit
better visualization of segmentai perfusion, particularly
in deep myocardial regions which may allow detection
of regions with lesser ischemia as hypoperfused areas
(5,22). The sensitivity reported in the present study is
similar to our previous studies (4,5,15,16) and to other
studies ( 7,23,24).

Although the exercise level in the PET study was
lower than that in the SPECT study, stress PET imaging
provided a similar sensitivity. In this sense, this high
resolution tomographic imaging may further enhance
the detection of a region of lesser myocardial ischemia.
To verify this hypothesis, another comparative study
for detecting milder coronary lesions between SPECT
and PET using the same exercise load may be war
ranted.

On the other hand, stress SPECT which also provides
reorientation of the data into cardiac short-axis and
long-axis sections of the heart enables a superior three-
dimensional assessment of myocardial perfusion. The-
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FIGURE 2
Two representative slices of stress-delayed thallium
SPECT images (A) and stress-rest [13N]ammonia PET
images (B) of a patient with two-vessel disease. Both
studies demonstrated transient perfusion defect in anter-
oseptal wall.

oretically SPECT might be superior for evaluating le
sions in inferior regions compared to PET imaging,
which provides only transverse sections of the heart
(18), However, this comparative study did not show a
statistically significant difference in the diagnostic val
ues for detecting right coronary lesions. Furthermore,
recent advances in computer software enable recon
struction of oblique-angle tomograms perpendicular to
the cardiac axes in PET as well (20).

It is of clinical importance to differentiate ischemie
and viable myocardial regions from irreversible and
infarcted regions. Analysis of thallium redistribution
has been considered to be useful for detection of is
chemie but viable myocardium (25). Reduced initial
thallium uptake that redistributes in delayed images
(transient perfusion detect) usually represents viable
myocardium, whereas an initial thallium defect that

7
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FIGURE 3
Two representative slices of stress-delayed thallium
SPECT images (A) and stress-rest [13N]ammonia PET
images (B) of a patient with three-vessel disease. SPECT
study shows fixed perfusion defect in anterior, apical and
posterolateral regions, whereas PET demonstrated tran
sient defect in the same area.

persists with time is considered to represent nonviable
infarcted myocardium. However, in some regions with
a fixed perfusion defect on a preoperative study, signif
icant improvements in perfusion and cardiac function
have been observed after coronary revascularization
(26) or coronary angioplasty (27). In addition, recent
preliminary PET data by us (28) and by Brunken et al.
(29) described metabolically active areas in some fixed
perfusion defects by thallium imaging. These data sug
gest that fixed perfusion defects on thallium scan do
not necessarily mean irreversible infarcted myocar
dium. The present study also demonstrated that high
resolution PET with two separate injections of the tracer
can depict transient perfusion defects in approximately
one-third of the segments showing a fixed defect by
stress-delayed thallium SPECT with single injection.
Thus, analysis of redistribution by stress thallium scan,
even with three-dimensional tomographic technique,
may underestimate the presence of myocardial ische
mia.
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Several mechanisms may be considered for this phe
nomenon. In these segments, the coronary flow was
quite reduced, so that no redistribution was observed
or redistribution occurred too slow to be seen within 3
hr. In addition, when the blood concentration of thal
lium was low during postexercise period, the lack of
redistribution may often be observed in noninfarcted
myocardial segments (30). Therefore, stress induced
hypoperfusion can only be delineated by two separate
injection of the tracer at rest and during exercise, such
as with PET imaging. In this respect, the preliminary
reports describing the value of a 24-hr delayed scan for
detecting redistribution which was not observed at 3 hr

(31-33) seem to be attractive. However, because of
inadequate count density of thallium, the image quality
of thallium SPECT at 24 hr after injection may often
be too degraded to assess substantial changes in tracer
distribution.

Another potential reason for the detection of more
transient defects by PET is the higher resolution and
higher count density images of PET (17,18). Conse
quently, it can delineate even subtle changes in tracer
distribution at stress as compared to resting distribution.

A difference in tracer kinetics between thallium and
['3N]ammonia may also be considered. Particularly
metabolic changes of ['3N]ammonia after trapping in
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the myocardium may potentially explain this difference
(34). In this respect, transient perfusion defects by PET
may not represent myocardial ischemia. However, our
preliminary data showed a frequent FDG uptake in the
regions with transient [13N]ammonia perfusion defects,

indicating the presence of metabolic activity in these
areas (35). Furthermore, since a good correlation was
observed between ['3N]ammonia uptake and myocar

dial blood flow measured by microspheres, particularly
in low flow range (77), a significant difference in tracer
kinetics in an ischemie region may be less likely.

Although PET provides high quality images of myo
cardial perfusion, it is not widely available at present.
A generator system combined with PET may enhance
the clinical feasibility of PET study for assessing myo
cardial perfusion in the near future (36).

We conclude that thallium SPECT and [13N]ammo-

nia PET provide high and similar sensitivities for de
tecting coronary artery disease and individual stenosed
vessels. But stress-delayed SPECT with single tracer
injection detects transient perfusion defects less com
monly than stress-rest PET with two separate injections,
which indicates that the current thallium SPECT study
may underestimate the presence of myocardial ische
mia.
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