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INTRODUCTION

SINCE THE PHOTON ENERGY of isotopes used for myocardial
emission computed tomography (ECT) is relatively low,
an accurate correction of intracorporeal attenuation is
required. Attenuation correction using transmission com-
puted tomography (TCT) with an external γ -ray source
of 153Gd or 99mTc has been reported to improve ECT
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min acquisition) on the accuracy of the attenuation correction. Results: Either 1-segment or 2-
segment SAC was sufficient to correct the attenuation. When non-segmentation TCT attenuation
methods were used, rotations of at least 31 minutes were required to obtain sufficiently large counts
for TCT. When the 3-segment SAC was used, the minimal acquisition time for a satisfactory TCT
map was 7 min. Conclusion: The 3-segment SAC was effective for attenuation correction,
requiring fewer counts (about 1/5 of the value for non-segmentation TCT), or less radiation for TCT.
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quantification.1 However, the accuracy of correction us-
ing TCT images would be affected by the counts of TCT
data.2 It has been reported that an acquisition time of 15–
20 min was required to obtain optimal TCT images from
an external 99mTc source (1 GBq) using a gamma camera
with 2 detectors.3 Data acquisition in a shorter period of
time is desirable for reducing radiation exposure and the
length of restraint during examinations.

Recently, segmented attenuation correction (SAC) has
been used in positron emission tomography (PET). With
this method, TCT data are transformed into data maps
with several segments such as air, lungs, and soft tissue.
Detailed TCT data are unnecessary, and so the data acqui-
sition time is reduced.2–5

In a clinical setting, an accurate attenuation-corrected
myocardial image is essential for differentiating non-
ischemic myocardium (uniform radionuclide counts) from
ischemic myocardium (reduced radionuclide counts). In
this study, we evaluated the usefulness of TCT with SAC
in attenuation corrected myocardial SPECT, by examin-
ing various acquisition conditions for the SAC.

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. TCT data were acquired using an external gamma-
ray source while myocardial ECT data were acquired
using phantoms and a human subject (Fig. 1). The TCT
external radiation source was a sheet-shape made from

bellows tube filled with 740 MBq of 99mTc. The tube, 1
mm in inner diameter, was made of a fluorocarbon resin
embedded in an acrylic rectangular board of 30 cm × 10
cm.6 The data processor was GMS-5500A/DI (Toshiba
Medical Systems, Tochigi, Japan). Both TCT and ECT
images were acquired with a matrix size of 128 × 128, and
a step and shoot mode (30 sec/direction) at intervals of 6
degrees (60 directions, 360-degree acquisition in total).
Pixel size was 3.2 mm. Under these conditions, TCT pro-
jection counts/pixel were about 75 in the myocardial
phantom and patients’ myocardial area, and higher than
120 in the blank area. According to the triple-energy
window (TEW) method,7,8 the acquisition window width
was set at 20% of the main window (140 keV) with a
subwindow of 7%.

Fan beam TCT data were transformed to parallel beam
data. Any truncation in the transformed parallel beam data
was corrected using non-truncated parallel beam data.9

An attenuation map was generated using filtered back
projection (FBP). A ramp filter was used as a reconstruc-
tion filter. Butterworth filtering (cutoff = 0.31 cycle/cm,
power factor = 8) was used as a post-reconstruction filter
to decrease high frequency noise. ECT data of two parallel
hole collimators were summed, followed by a 15 × 15-
point smoothing, then reconstructed using ordered sub-
set-expectation maximization (OSEM: Number of itera-
tions: 10, Subsets 5)6 with TEW scattering correction.

Description of the SAC algorithm
Three methods of segmentation were applied; SAC-1 in
which the entire body outline of the myocardial phantom
was regarded as water (a single peak), SAC-2, in which

Fig. 1   The triple headed SPECT system and myocardial phantom used for TCT and ECT acquisition.
The Sheet-like shape of the external γ-ray source, which was made from a bellows tube filled with 740
MBq of 99mTc, was placed at the focus of the fan beam collimator for TCT.
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the body outline was regarded as consisting of 2 peaks
discriminating water and lung, and SAC-3, in which
the body outline was regarded as consisting of 3 peaks
discriminating water, lung and spine. A value for each
segment was determined by linear transformation of
coefficients of TCT map radiation attenuation using a
fixed value,3–5,10 the coefficient being 0.028/cm in lung,
0.095/cm in water, and 0.107/cm in spine.

Phantom study
The TCT data were acquired using the sequential rep-
etition mode, in which a 3-min-rotation was repeated 7
times followed by a 10-min-rotation 4 times (a total of 61
minutes). Then, TCT-attenuation maps with various counts
were generated. As a control, the best TCT-attenuation
map with the highest count was produced by summing
all data acquired over 61 min. ECT images were recon-
structed using these TCT-attenuation maps. Approxi-
mately 100 counts/pixel were obtained from each
direction in the 30-min ECT acquisition. ECT and TCT
acquisition were performed in the sequential mode.11,12

To avoid misregistration between the first (ECT) and
second (TCT) images, the phantom was kept in the same
position over the weekend a waiting the decay of the ECT
data.

Uniform and hot rods phantoms
A cylinder phantom (200 mm in height and 200 mm in
diameter, AZ-660, Anzai-Sogyo, Tokyo, Japan) was filled
with 740 MBq of 99mTc. Hot rod areas (hot rods phantom)
were established as shown in Figure 2. ECT images of
these uniform and hot rods phantoms were generated by

non-SAC (3 min, 30 min) and SAC (3 min, 30 min). ECT
images without attenuation correction were also com-
pared. To evaluate the uniformity of the ECT images, we
compared the profile curves generated by the non-SAC
and the SAC (Fig. 3).

Myocardial phantom
In a myocardial phantom with a defect (20 × 20 mm) in the
anterior wall (Data Spectrum Corp., Hillsborough, NC),
the myocardial compartment was filled with 92.5 kBq/ml
of 99mTc, and the thoracic region with 9.25 kBq/ml of
99mTc. ECT images and Bull’s eye maps were generated
using TCT images of SAC-1, -2, and -3 (Fig. 4). Those
without attenuation correction were also generated.

ECT images and Bull’s eye maps generated by non-
SAC and SAC-3 (3 and 30 min) were compared (Fig. 5).

Fig. 2   The upper panel shows the attenuation image of the cylinder phantom, the middle panel the ECT
image of the uniform phantom, and the lower panel the ECT image of the hot rods phantom. Images are
uncorrected (Non-AC), corrected with the original TCT (Non-SAC) image (3 min or 30 min), or
corrected with the SAC image (3 min or 30 min). A schema of the hot rods phantom is shown in the lower
right.

Fig. 3   Profile curves at the center of the uniform phantom. The
TCT data were acquired over 30 min (Non-SAC, SAC and Non-
AC).
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Human study
The human study was performed in a healthy 36-year-old
male volunteer (Fig. 6). First, TCT was performed in the

sequential repetition mode like in the phantom experi-
ments (over 45 min). Immediately after TCT, 740 MBq
of 99mTc-tetrofosmin was injected intravenously. Ninety

Fig. 4   Attenuation maps with each segment of the myocardial phantom (upper row), and SPECT images
reconstructed using each map (middle) and the polar maps (lower). SAC-1 in which the entire body
outline was regarded as water (a single peak). SAC-2, in which the entire body outline was regarded as
consisting of 2 peaks corresponding to water and lungs. SAC-3, in which the body outline was regarded
as consisting of 3 peaks corresponding to water, lungs and spine. The left side shows Non-AC. From top
to bottom on the left, the myocardial phantom scheme (CT), and the myocardial images of the vertical
long axis and short axis are shown. The CV of the Bull’s eye maps corrected with SAC-1, -2, -3, was
24.24%, 13.92% and 3.09%, respectively. The CV without AC was 17.08%.

Fig. 5   The upper panel shows the attenuation maps (TCT images), the middle panel the SPECT images
(ECT images), and the lower panel the polar maps (Bull’s eye images) of the myocardial phantom.
Images corrected with Non-SAC (3 min, 30 min) and SAC (3 min, 30 min) are shown from left to right
for ECT and Bull’s eye, respectively.
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minutes after the injection, ECT was acquired over 30 min
(continuous mode). Four markers were placed on the
body, and images were fused using the landmark method
with an automatic registration tool (ART13). Images with
TCT data acquired over various sampling times (3, 6, 9,
12, 15, 18, 21, 31 and 41 min) were created by summing
some or all of the rotations. ECT images and Bull’s eye
maps generated by non-SAC and SAC-3 (3 min, 30 min)
were compared (Fig. 6).

Evaluation
The uniformity in the ECT image of the cylinder phantom
was expressed by a normalized mean value ± standard
deviation and coefficient of variance.

For a comparison of non-SAC and SAC over acquisi-

tion time, normalized root mean square errors [NRMSE
(%)] were evaluated (Fig. 7). [NRME (%):   [Σ(Xi − Oi)2

/ΣOi
2] × 100: Xi: Measurement image, Oi: Standard

image (non-SAC: 61 (41) min), i: pixel number (i = 1～
n)].14 In the evaluation of the uniform and hot rod phan-
toms, ECT images were used. In the myocardial phantom
and human subject, Bull’s eye maps were used.

RESULTS

Images and profile curves of the uniform and rods phan-
toms are shown in Figures 2 and 3. The normalized mean
value (%) and CV (%) are 78.54 ± 15.60 and 19.86, re-
spectively, in the images of the uniform phantom without
attenuation correction (30 min). The normalized mean

Fig. 6   The upper panel shows attenuation maps (TCT images), the middle panel SPECT images (ECT
images), and the lower panel polar maps (Bull’s eye images) of a human subject. Images corrected with
Non-SAC (3 min, 30 min) and SAC (3 min, 30 min) are shown from left to right for ECT and Bull’s eye,
respectively.

Fig. 7   Normalized root mean square errors (NRMSE) at each TCT acquisition time (Non-SAC, SAC)
relative to the acquisition time for control data (61 min, Only the Human study is 41 min). (a) Non-SAC.
(b) SAC.

Non-SAC SAC
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value (%) and CV (%) are 92.33 ± 15.60 and 3.81 in the
images of non-SAC TCT (30 min), and 95.96 ± 1.94 and
2.02, in the images of SAC TCT (30 min). The NRMSE
for the rods phantom was considered.

Images of the myocardial phantom (comparison among
SAC-1, -2 and -3) are shown in Figure 4. The CV of the
Bull’s eye maps corrected with SAC-1, -2 and -3, was
24.24%, 13.92% and 3.09%, respectively. The CV with-
out AC was 17.08%.

Images of the myocardial phantom (comparison
between Non-SAC and SAC) are shown in Figure 5. The
defect area established on the anterior wall differed sig-
nificantly between Non-SAC TCT and SAC-3 TCT at 30
min.

Images of the human subject are shown in Figure 6.
The same tendency was observed as in the myocardial
phantom.

The NRMSE of Non-SAC and SAC over acquisition
time are shown in Figure 7. When Non-SAC TCT was
used, NRMSE reached a plateau at about 20 min for both
the uniform and hot rods phantoms (Fig. 7a). When TCT
with SAC was used, NRMSE reached a plateau at about
6 min (Fig. 7b). A plateau was attained at about 20 min
with Non-SAC TCT and 9 min using TCT with SAC.

In the human study, time to plateau for a satisfactory
image was 9 min with Non-SAC TCT (Fig. 7a) and 6 min
for TCT with SAC-3 (Fig. 7b). As shown in Figures 5
and 6, the image obtained by Non-SAC TCT (3 min, 30
min) was equivalent to that obtained by TCT with SAC-
3 (3 min, 30 min).

DISCUSSION

Attenuation correction by TCT with an external
source1,11,15 or X-ray16 is currently available in SPECT
imaging reconstruction. The use of X-rays has an advan-
tage over the use of an external source in spatial resolution
(and is less influenced by the partial volume effect),
resulting in a more accurate AC-map. However, the
accuracy of attenuation correction depends on the image
registration between the AC-map and ECT data.17 There-
fore, the AC-map generated using the X-ray CT method
does not always guarantee accurate attenuation correc-
tion.18

On the other hand, substantial acquisition time (at least
15–20 min) is required to obtain optimal TCT images
using an external source (99mTc of 1 GBq). Although
data acquisition in a shorter time is desirable for clinical
use, short-duration and count-limited TCT images have
too much noise. Recently, PET studies have shown that
segmented attenuation correction (SAC) is useful to re-
duce the acquisition time for TCT without increasing
noise. Meikle et al.3 reported that using SAC, accurate
attenuation correction was achieved with an acquisition
time as low as 2 min without an increase in noise in
reconstructed PET images. In this study, we evaluated

the feasibility of TCT with SAC both in phantom and in
human cardiac SPECT.

We compared the uniformity of TCT images between
the non-SAC and SAC methods. As shown in Figure 2,
uniformity without SAC depended on the duration of the
acquisition time and seemed to require approximately 20
min (i.e., the NRMSE reached a plateau at approximately
20 min, Fig. 7a) to obtain accurate and stable TCT images.
On the other hand, the NMRSE remained constant in the
ECT images obtained using SAC (Fig. 7b). The unifor-
mity of ECT images using SAC was relatively indepen-
dent of the data acquisition time. Indeed, visually there
was little difference in either the SPECT or Bull’s eye
images, as shown in Figures 5 and 6. Thus, the shorter
acquisition time achieved using SAC would reduce the
dose or radiation to the patient.

As shown in Figure 4, the ECT images of the myocar-
dial phantom corrected using the TCT image obtained
with SAC-1 and SAC-2, were sub optimal when com-
pared to the ECT images corrected with TCT using SAC-
3. Similar results were previously reported in PET studies.

However, with SAC of a fixed value,3–5,10 depending
on the number of segments, the value from which the
present weak coefficient differs varies. Therefore, if one
averages the count, there is a danger of affecting the
attenuation value. From this study, although SAC-3 was
of the same grade as Non-SAC (original) TCT and gave
a comparatively good result, it is necessary to examine
dividing a segment in detail further.

CONCLUSION

The 1-segment SAC and 2-segment SAC were insuf-
ficient for attenuation correction in human myocardial
SPECT. The 3-segment SAC was effective for attenua-
tion correction, requiring fewer counts (about 1/5 of the
value for non-segmentation TCT) or less radiation dose.
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