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INTRODUCTION

A PATIENT SPECIFIC ATTENUATION CORRECTION MAP is neces-
sary for better attenuation correction in myocardial single
photon emission tomography (SPECT), since the thorax

is a non-uniform structure, having several kinds of or-
gans with different attenuation values. For this purpose,
transmission CT (TCT) with an external γ-ray source was
proposed to obtain the patient’s specific attenuation cor-
rection map,1 but TCT requires an expensive external
radiation source such as 153Gd or 241Am, and hardware
and software.2 Although 99mTc could be used as an
external γ-ray source, Japanese regulations do not allow
us to divert 99mTc as an external γ-ray source. Attenuation
correction with TCT is reported to increase specificity in
the inferior wall (right coronary artery territory), but it has
a tendency to over correct the attenuation that has caused
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a count decrease in the antero-apical wall in some cases,
i.e., possibility to cause a false positive in the left anterior
ascending artery territory. Therefore, its clinical useful-
ness is still controversial and application is limited to the
practice of myocardial SPECT.

Recently, with hybrid X-ray CT and SPECT, an attenu-
ation correction method was proposed from an attenua-
tion constant map produced by simultaneous acquisition
of X-ray CT and SPECT images,3,4 but the number of
institutions that can use the expensive system is limited.
The idea to use X-ray CT to produce an attenuation map
for attenuation correction was applied to the separate X-
ray CT and SPECT systems.5 In such a case, accurate
image registration (fusion) of X-ray CT and SPECT
images would be essential for reliable attenuation correc-
tion.

In the present study, attenuation correction of 201Tl
myocardial SPECT images was conducted with X-ray CT
images. We investigated the effect of the registration
errors of the images by two methods in a phantom study.
We also investigated the influence of different X-ray CT
scan conditions.

As a control, the TCT attenuation correction method
was performed with 99mTc as an external γ-ray source.

MATERIALS AND METHODS

SPECT system
The SPECT system used was a GCA-9300A/UI (Toshiba
Medical Systems, Tochigi, Japan) equipped with one
cardiac fan beam collimator and two parallel beam colli-
mators, with which TCT data were acquired by using an
external gamma-ray source and 201Tl myocardial SPECT
data for the phantom and a human subject were acquired
(Fig. 1, lower left). The TCT external radiation source was
a sheet-shape made from a bellows tube filled with 740
MBq of 99mTc. The tube was 1 mm in inner diameter and
made of fluorocarbon resin embedded in an acrylic rec-
tangular board measuring 30 cm × 10 cm. Both TCT and
SPECT images were sampled with a matrix size of 128 ×
128, step and shoot mode (30 sec/direction) at intervals of
6 degrees (60 directions, 360-degree collection in total).
Pixel size was 3.2 mm. SPECT images were reconstructed
by ordered subset-expectation maximization (OSEM: It-
eration No. 10, Subsets 5)6 after 15 × 15-point smooth-
ing. The projections were reconstructed with a ramp
convolution filter, and high frequency noise was de-
creased with post-reconstruction Butterworth filtering
(cutoff = 0.44 cycle/cm, power factor = 8).

X-ray CT system
The X-ray CT system used was a ProSeed-SA (GE-

Fig. 1   Overview of the systems used and illustration for
registration errors (shift). Left: TCT map by X-ray CT and 99mTc
using an external γ-ray source. Center: Registration (fusion) of
the images by the three-dimensional method. Right: Direction of
pixel shifting.

Fig. 2   Attenuation corrected Bull’s eye map and short axis images in the phantom study. Left: without
defects. Right: with defects.
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[NRMSE (%): Σ(Xi − Oi)2/ΣOi
2, Xi: Measurement image,

Oi: Standard image, i: pixel number (i = 1～n)] by the
Bull’s eye map was used in the image evaluation of the
phantom study.

To quantify the uniformity, we divided the Bull’s eye
map into 48 sectors. The mean of the normalized SPECT
value and the SD of the 48 sectors were calculated.

RESULTS

Figure 2 shows the results on the attenuation corrected
Bull’s eye map and short axis images in the phantom
study. NRMSE of the TCT to X-ray CT was 2.53 (Fig. 2,
left). As the shift increased on the standard image of ART,
deviations of the NRMSE increased (Fig. 3, left. Table 1).
The extent of the defect area increased in proportion to the
shift and rotation (Fig. 3, right).

In the human study, the attenuation corrected Bull’s
eye map with inspiration X-ray CT was corrected with the
Bull’s eye map by means of TCT better than with expira-
tion X-ray CT (Fig. 4). Mean normalized SPECT values
were as follows: TCT (87.5 ± 6.4, mean ± SD), inspiration

Fig. 3   Bull’s eye maps with and without registration errors
(shift: 6 pixels in x, y and z axes, and 4° in clockwise direction).
ART: Automatic Registration Tool.

Table 1   Bull’s eye map without registration error created by the
three-dimensional registration. The NRMSE (%) was calcu-
lated using image with registration errors (shifts)

NRMSE (%)
Translation (3 mm/pixel) Rotation (2°/pixel)

x-axis y-axis z-axis CW CCW

+3 pixels 6.89 4.97 9.39 — 3.35
+2 pixels 4.65 3.34 5.71 — 2.53
+1 pixel 1.50 1.73 1.82 — 1.50
ART — — — — —
−1 pixel 2.53 1.60 1.60 1.53 —
−2 pixels 3.75 3.48 2.77 3.20 —
−3 pixels 5.00 4.31 3.71 3.50 —

Yokogawa Medical Systems, Tokyo, Japan) at a tube
voltage of 140 kV and a tube electric current of 200 mA.
In the phantom study, slice thickness was 5 mm and
rotation speed was 0.8 sec/rotation. In the human study,
X-ray CT was scanned with three different condition
protocols. (1) Holding his breath on inspiration, slice
thickness of 10 mm, and 3.0 sec/rotation with table feed
of 10 mm/rotation. (2) Holding his breath on expiration,
slice thickness of 10 mm, and 3.0 sec/rotation with table
feed of 10 mm/rotation.

Transformation of CT values to attenuation coefficient
In both phantom and human studies, X-ray CT data were
acquired with a 512 × 512 matrix, then the images were re-
sized to a 128 × 128 matrix to match the SPECT images.
CT values (HU) were transferred into an attenuation con-
stant with straight lines; an attenuation constant of 0/cm in
the air (CT value = −1,000 HU) and those of 0.150/cm
(99mTc) or 0.187/cm (201Tl) in water (CT value = 0 HU).
The image conversion was carried out by straight line
approximation (µ = 1.5 × CT value × 10−4 + 0.15)7  (Fig.
1, upper left).

Myocardial phantom
The myocardial phantom (Data Spectrum Corp.,
Hillsborough, NC) was tested with and without a defect
(20 × 20 mm) in the anterior wall. The uniformity of the
myocardium was evaluated with the images without the
defect. The concentration of 201Tl in the myocardial part
was 92.5 kBq/ml. Reproducibility (extent and severity) of
the defect was also compared.

Registration of X-ray CT image to SPECT image
As registration of the image, three point sources of 201Tl
5 mm in diameter were adhered to the axillae and navel
on the myocardial phantom (Data Spectrum Corp.,
Hillsborough, NC). X-ray CT and SPECT images were
fused and registered with packaged software (Automatic
Registration Tool: ART)8 (Fig. 1, center). The software
can automatically scale the images from the actual length
of the pixels and the position of the table, producing
sagittal images; then determining several corresponding
points and minimizing deviations on the coordination of
these points by successive approximation, but the land-
marks (3 point sources) were put on the body for manual
operation, when the registration error in the images was
visible.

To examine the magnitude of the registration errors on
generating the attenuation map, or the images recon-
structed with the misregistered attenuation map, X-ray
CT (Fig. 1, right) images were shifted 1 to 3 pixels on the
x, y and z axes or 2 to 6° counterclockwise. Then the
transverse images generated with the misregistered at-
tenuation maps were compared with images generated
with a non-shifted attenuation map.

For comparison, the normalized root mean square error
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X-ray CT (87.0 ± 5.8), expiration X-ray CT (86.0 ± 7.4),
and without attenuation correction (82.7 ± 9.9). The SD of
the SPECT value normalized with inspiration X-ray CT
was the smallest (best uniformity).

DISCUSSION

In this study, we corrected the attenuation of myocardial
SPECT images with an attenuation correction map gener-
ated from X-ray CT images. By means of the DICOM
(Digital Imaging and Communications in Medicine) stan-
dard, we could use X-ray CT and SPECT by different
manufacturers. There was no difficulty in using the SPECT
registration software.

Attenuation of myocardial SPECT in the inferior wall
and antero-septal wall was properly corrected, and uni-
form myocardial SPECT images were obtained. The
homogeneity and the count ratio of the defect regions to
the healthy regions in the attenuation correction by X-ray
CT (especially on inspiration) of a phantom were better
than those by TCT correction with an external gamma-ray
source. Since X-ray CT is a widely used routine exam-
ination, our method could be used in many institutions.
Therefore we did not evaluate the affect of the difference
in the X-ray tube voltage, and the difference in the
attenuation coefficient is reported to be small,7,9–10 even
when the tube voltage X-ray was changed.

As shown in the figures, attenuation corrected SPECT
images were affected by the registration errors in X-ray
CT and SPECT images. There have been a number of
studies regarding adjustment of registration.8,11–14 Image
registration of brain SPECT imaging is easy, since it has

a constant shape that is not affected by breathing, but in
the myocardial study, our human results indicated that
respiratory conditions influenced the SPECT images.
Although registration errors are unavoidable when X-ray
CT and SPECT are acquired separately, we felt that the
registration errors would be minimal when three-dimen-
sional registration software was used. It is necessary to
investigate whether the attenuation corrected images with
the registration errors would decrease accuracy or not. In
other words, it is essential to verify that X-ray CT cor-
rected myocardial SPECT imaging would increase accu-
racy in clinical use in future studies.

In conclusion, attenuation correction of myocardial
SPECT with an X-ray CT image is a simple and poten-
tially beneficial method in clinical use. Further clinical
studies on a large number are necessary to verify the
clinical benefit in the diagnosis of myocardial perfusion
SPECT.
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