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INTRODUCTION

STRESS-REST THALLIUM-201 (Tl-201) single-photon emis-
sion computed tomography (SPECT) is a well-estab-
lished imaging method for evaluating the presence and

extent of coronary artery disease (CAD).1,2 However, the
diagnostic accuracy of myocardial SPECT is adversely
affected by specific physical effects including attenua-
tion, scatter, and blur.3,4 Of these, attenuation artifacts
are arguably the most serious in the assessment of myocar-
dial perfusion.3,4 For non-uniform attenuators like those
in the thorax, a patient-specific attenuation coefficient
map is necessary.4,5 Transmission computed tomography
(TCT) with an external gamma-ray source has been pro-
posed3,6–8; however, this method is not widely used in the
clinical setting because it yields low-quality TCT images
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resulting from low photon flux, involves additional ex-
pense for software and hardware, and requires longer scan
times.9 While attenuation coefficient maps generated from
X-ray CT images9–11 represent a simple, potentially use-
ful clinical alternative, only a few studies have addressed
the clinical usefulness of patient-specific attenuation cor-
rection (AC) using X-ray CT images.9,10

In the present study we evaluated the clinical useful-
ness of X-ray CT based AC SPECT imaging using a
SPECT/CT system. We compared myocardial perfusion
SPECT images with and without AC based on the results
of coronary angiographs performed for the diagnosis of
coronary arterial stenosis.

METHODS

Patients
Using cases entered into our radiologic database between
August 2003 and December 2003, we retrospectively
reviewed stress-rest myocardial SPECT images obtained
in 30 patients (18 men, 12 women; age 48–79 years; mean
age 68 years) who had been examined with our combined
SPECT/CT system. All patients referred for stress-rest
myocardial SPECT imaging presented with atypical chest
pain (n = 18) or were suspected of having myocardial
ischemia based on the results of a treadmill exercise test
(n = 7) or echocardiography (n = 5). They were recruited
based on the following criteria: (a) no known CAD, (b) no
coexisting valvular heart disease or cardiomyopathy, and
(c) availability of CAG within two weeks after the stress-
rest Tl-201 myocardial SPECT and X-ray CT images
obtained with a SPECT/CT system. Of the 30 patients, 25
were exercise stress tested; the other 5 underwent pharma-
cologic stress testing. For emission, 111 MBq (3 mCi) of
thallium-201 (Tl-201) was used in all patients. Imaging
began within 15 min after the intravenous injection of Tl-
201.

Our institutional review board approved both the mul-
tiple imaging studies and the retrospective analyses of
these data; the protocol and the types of examinations
were explained to all patients and their informed consent
was obtained.

Data Acquisition and Processing
Figure 1 is a photograph of our combined SPECT/CT
system with its adjacent gantry-free SPECT and multide-
tector CT scanners. As the examination table extends
from the CT scanner into the gantry-free SPECT system,
sequential imaging with both scanners is possible with-
out having to reposition the patient. The gantry-free
SPECT system was a Skylight (ADAC Laboratories,
Milpitas, CA). Dual-head detectors were equipped with
low-energy, general-purpose parallel-hole collimators;
the heads were at 90 degrees to each other. A 30% window
was centered at about 77 keV for the emission data.
Projections were digitized onto a 64 × 64 matrix. A total

of 32 projections were sampled over 90 degrees for
each detector. Each view was acquired for 60 sec. The 8-
row multidetector CT scanner was a LightSpeed Ultra
(General Electric Medical System, Milwaukee, WI); the
tube voltage was 120 kV, the tube electric current was 20
mA. The slice thickness was 5 mm, the rotation speed 4
sec/rotation under free breathing. The CT dose index (vol)
was 6.8 mGy.

AC was performed with HYOGO CM software (Hyogo
College of Medicine, Nishinomiya, Hyogo)9 on a Pegasys
workstation (ADAC Laboratories). The process of AC
was as follows: 1, image registration of the X-ray CT and
SPECT images; 2, a creation of an X-ray CT-derived
attenuation map; 3, the SPECT image reconstruction with
AC by means of a maximum likelihood expectation
maximization (ML-EM) algorithm. CT slice data were
retrieved from an Advantage Windows 4.0P workstation
(General Electric Medical System) via DICOM. CT slices
were then converted into a SPECT-like data volume (5.9
mm × 5.9 mm × 5.9 mm) for fusion of the SPECT and CT
images. Registration of SPECT and CT images was
performed manually by use of the margin of the heart as
an internal marker by a radiologist (D.U.), and then the
validity of image registration was evaluated on the com-
puter display by two diagnostic radiologists (D.U. and
S.T.) based on consensus. One (D.U.) had nine years
experience and the other (S.T.) had 20 years experience in
both nuclear medicine and CT imaging. After the CT
images were registered with the SPECT images, the CT
number was converted into the linear attenuation coeffi-
cient (µ) of Tl-201 (73 keV) on a pixel-by-pixel basis. The
following equation was used for the relationship between
CT number and µ (/cm): µ = 0.181 × (CT + 1000)/1000.

Using the attenuation coefficient map generated from
the CT images, the AC SPECT images were created by the
ML-EM method. Transaxial images were reformatted to

Fig. 1   Photograph of our combined SPECT/CT system with its
adjacent SPECT and CT scanners without need for repositioning
of the patient. The patient table from CT scanner extends into the
gantry-free SPECT system.
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produce short-axis, vertical long-axis, and horizontal long-
axis displays. The reoriented reconstructed data sets and
the Bull’s eye display were then used for visual evalua-
tion. For comparison, NC-SPECT images were also cre-
ated by the ML-EM method.

Coronary Angiography
Cardiac catheterization was performed according to stan-
dard techniques, with access through the femoral or
brachial artery. All segments of the coronary circulation
were visualized in at least two projections. The resulting
coronary angiograms were evaluated by an angiographer
of seven years experience (T.H.). A notation of abnormal
was made when at least one of the three major vascular
territories (left anterior descending [LAD], left circum-
flex [LCX], right coronary artery [RCA]) exhibited lumi-
nal narrowing of 50% or greater.

Image Interpretation
Images were viewed on a computer monitor by two
readers (T.N. and S.S.) blinded to the patients’ age, and
clinical status. Reader 1 (T.N.) had eight years experience
and reader 2 (S.S.) had 10 years experience in nuclear
cardiology. They were presented both in shades of gray
and with a rainbow color scale. Grouped stress and rest
studies were presented. The readers interpreted the im-
ages for the overall presence of CAD and its presence in
each of the 3 main vascular territories (LAD, LCX, or

RCA) on a 4-point scale where 1 = normal, 2 = probably
normal, 3 = probably abnormal, and 4 = abnormal. Two
different reading sessions were held. In the first, NC-
SPECT images, and in the second, two weeks after the
first, AC-SPECT images were interpreted. Images were
presented in random order to each of the readers at each
session. Visual evaluations were performed indepen-
dently so as to determine interobserver agreement be-
tween the two readers. In the absence of consensus, the
more severe interpretation was accepted as the final deter-
mination. Interobserver variability was assessed with
kappa statistics. Kappa values were reported as follows: 0
= agreement is a random effect; less than 0.20 = poor
agreement; 0.21–0.40 = fair agreement; 0.41–0.60 =
moderate agreement; 0.61–0.80 = substantial agreement;
and 0.81–1.00 = almost perfect agreement.12 The results
of myocardial SPECT imaging were compared with those
of CAG. We compared diagnostic accuracy between AC-
and NC-SPECT images for the overall detection of CAD
and for the localized detection of CAD in the LAD, LCX,
and RCA territories. We used a scan score of 3 or 4 to
indicate abnormal and a score of 1 or 2 to indicate normal
in this analysis. McNemar’s test was used to analyze the
statistical significance of differences in assessing the
diagnostic accuracy of each SPECT image. P values of
less than 0.05 were considered statistically significant.

RESULTS

Of the 30 patients, 13 had CAD (8 single-vessel, 2 double-
vessel, 3 three-vessel CAD). A total of 21 significant
stenosis (10 in LAD, 6 in LCX and 5 in RCA, respec-
tively) were present in these patients. The other 17 pa-
tients were normal by CAG. Diagnostic accuracy in the
detection of coronary arterial stenosis was evaluated for

Table 1   Overall diagnostic accuracy for AC- and NC-images

Sensitivity Specificity Accuracy

AC 16/21 (76%) 64/69 (93%) 80/90 (89%)
NC 14/21 (67%) 59/69 (86%) 73/90 (81%)

Note. AC = attenuation correction, NC = non correction

Table 2   Diagnostic accuracy for AC- and NC-images in each
of three vascular territories

(LAD)

Sensitivity Specificity Accuracy

AC 8/10 (80%) 18/20 (90%) 26/30 (87%)
NC 7/10 (70%) 19/20 (95%) 26/30 (87%)

(LCx)

Sensitivity Specificity Accuracy

AC 4/6 (67%) 23/24 (96%) 27/30 (90%)
NC 3/6 (50%) 23/24 (96%) 26/30 (87%)

(RCA)

Sensitivity Specificity Accuracy

AC 4/5 (80%) 23/25 (92%) 27/30 (90%)
NC 4/5 (80%) 17/25 (68%) 21/30 (73%)

Note. AC = attenuation correction, NC = non correction

Fig. 2   Short-axial images of a 63-year-old female with normal
coronary artery. In NC-images (upper), RCA territory shows
decreased tracer uptake artifact. In AC-images (lower), RCA
territory shows normal perfusion.
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each territory and each patient. Interobserver agreement
for visual assessment was substantial or almost perfect.
For AC-images, the observer consensus for analysis was
0.84 for the LAD-, 0.87 for the LCX-, and 0.71 for the
RCA territory. For NC-images, it was 0.91, 0.71, and
0.78. The overall diagnostic accuracy results are pre-
sented in Table 1. On AC-images, specificity and accu-
racy were higher than on NC-images and the difference in
diagnostic accuracy was statistically significant (McNemar
test, p = 0.03).

The diagnostic accuracy results in each of three vascu-
lar territories are presented in Table 2. In the RCA terri-
tory of the normal subject shown in Figure 2, AC yielded
improved radioactivity in the inferior wall. Diagnostic
accuracy was significantly higher on AC- than NC-im-
ages because of increased specificity in the RCA territory
(McNemar test, p = 0.01). In the LAD and LCX territory,
there was no significant difference between AC- and NC-
images.

In 17 normal subjects, the percentages with the pres-
ence of artifacts of decreased tracer activities were 35%
(6/17) and 12% (2/17), respectively, for NC- and AC-
images. For NC-images, artifactual decreased perfusion
was observed in the RCA- (5/6) and LAD territories (1/6).
For AC-images, artifactual decreased perfusion was ob-
served in the RCA- (1/2) and LAD territories (1/2).

DISCUSSION

Non-uniform AC is important in efforts to improve image
quality and quantification measurements in myocardial
perfusion SPECT imaging.3,9,13,14 In X-ray CT based AC,
anatomically accurate image registration between SPECT
and CT is essential.9,10 Our imaging system that combines
a gantry-free gamma camera with a 8-row multidetector
CT scanner allows for accurate image fusion between
SPECT and CT. Compared to simultaneous transmission
methods that employ external sources or hybrid scanners,
the primary advantage of our SPECT/CT system is its
ability to obtain high-quality anatomical images simulta-
neously. Multidetector CT is a promising method for the
non-invasive visualization of coronary arteries.15 Image
fusion of myocardial perfusion SPECT and coronary CT
angiographic images will be important in future nuclear
cardiology because it features both non-uniform AC and
image fusion functions.

In our study, the increased accuracy of disease local-
ization on AC-images resulted from an increase in the
specificity in the RCA territory. Comparison of AC- and
NC-images disclosed no changes in the specificity in the
LAD or LCX territories. Ohyama et al.13 evaluated the
clinical usefulness of AC for Tl-201 myocardial SPECT
imaging using a three-detector SPECT system equipped
with a Tc-99m line source and fan-beam collimators. Our
results were similar to theirs, although our study popula-
tion was relatively small. We suggest that X-ray CT

based AC is also useful in clinical practice. Vidal et al.16

reported that the increase in specificity obtained with AC
in the RCA territory was accompanied by a significant
decrease in the sensitivity of defect detection in the LAD
territory. A decrease in sensitivity in the LAD territory on
AC-images was not observed in this study. However,
there was decreased tracer uptake in the LAD territory on
the AC- but not the NC image in one normal subject on
CAG. Reconstructed counts are artificially enhanced in
the regions of high tissue density when scattered events
are not removed from the projections prior to AC.13,17

This may be one of the main reasons why a decrease in
activity appears in the LAD territory with AC. We postu-
late that over-correction of the inferior wall resulted in a
relative decrease in tracer distribution in the LAD terri-
tory and we recommend the combined interpretation of
AC- and NC-images. Furthermore, the addition of scatter
correction may reduce the drawback of over-correction of
the inferior wall.18

There are several limitations in our study. First, the
conversion from CT values to the attenuation coefficient
of gamma rays is complex because the energy spectrum of
gamma rays is finite while X-rays are continuous. Second,
our SPECT images were not scatter-corrected which
would have improved image quality and the accuracy of
quantification.19,20 Hendel et al.21 reported that while the
specificity was significantly improved with attenuation/
scatter correction and resolution compensation, the detec-
tion of coronary artery stenosis was similar on corrected
and uncorrected perfusion data. Additional scatter and
resolution compensation are desirable to avoid over-
correction of the inferior wall that results in a relative
decrease in tracer distribution in the LAD territory. Third,
quantitative analysis was not performed in this study,
because visual assessment of myocardial perfusion im-
ages is common in clinical practice. Fourth, we generated
SPECT images with 180-degree data collection, chosen
because anterior 180-degree acquisition is the standard in
the clinical setting.22 Comparison between 180- and 360-
degree acquisitions should be conducted. Fifth, the com-
bined SPECT/CT system is not commonly used due to its
increased cost and comparative lack of availability. In
recent years, there has been considerable progress in the
development of fusion software to co-register different
imaging modalities.23 The development of improved soft-
ware algorithms is necessary to facilitate automatic and
robust image fusion.

In conclusion, the diagnostic accuracy of the localiza-
tion of CAD was higher on X-ray CT based AC-images
than NC-images as evidenced by an increase in the speci-
ficity in the RCA territory. However, X-ray CT based AC-
and NC-images did not differ significantly with respect
to their diagnostic performance in the LAD or LCX
territories. These preliminary data suggest that X-ray
CT based AC in myocardial SPECT imaging has the
potential to develop into a reliable clinical technique.
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Additional studies are underway in our laboratory to test
the usefulness of fusion imaging between myocardial
AC-SPECT and coronary angiographic multidetector CT
images.
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