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Degradation of SPECT images results from various physical fac-
tors. The primary aim of this study was the development of a dig-
ital phantom for use in the characterization of factors that
contribute to image degradation in clinical SPECT studies.
Methods: A 3-dimensional mathematic cylinder (3D-MAC)
phantom was devised and developed. The phantom (200 mm
in diameter and 200 mm long) comprised 3 imbedded stacks
of five 30-mm-long cylinders (diameters, 4, 10, 20, 40, and 60
mm). In simulations, the 3 stacks and the background were
assigned radioisotope concentrations and attenuation coeffi-
cients. SPECT projection datasets that included Compton scat-
tering effects, photoelectric effects, and g-camera models were
generated using the electron g-shower Monte Carlo simulation
program. Collimator parameters, detector resolution, total pho-
tons acquired, number of projections acquired, and radius of ro-
tation were varied in simulations. The projection data were
formatted in Digital Imaging and Communications in Medicine
(DICOM) and imported to and reconstructed using commercial
reconstruction software on clinical SPECT workstations. Re-
sults: Using the 3D-MAC phantom, we validated that contrast
depended on size of region of interest (ROI) and was overesti-
mated when the ROI was small. The low-energy general-purpose
collimator caused a greater partial-volume effect than did the
low-energy high-resolution collimator, and contrast in the cold
region was higher using the filtered backprojection algorithm
than using the ordered-subset expectation maximization algo-
rithm in the SPECT images. We used imported DICOM projection
data and reconstructed these data using vendor software; in ad-
dition, we validated reconstructed images. Conclusion: The de-
vised and developed 3D-MAC SPECT phantom is useful for the
characterization of various physical factors, contrasts, partial-
volume effects, reconstruction algorithms, and such, that con-
tribute to image degradation in clinical SPECT studies.
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Nuclear medicine image quality is often different
among products and vendors. Some technologists acquire
and process nuclear medicine images using the recom-
mended parameters of the vendor, without understanding
the reasons for the applied parameters. Thus, appropriate
parameters are not always used for specific scan conditions.
It is useful for technologists to understand the fundamentals
of reconstruction such as Nyquist sampling (projection
pixels, detector resolution, projection angle), statistical
noise (scan time), noise-reduction filtering, scatter correc-
tion, attenuation correction, and so on.

For this reason, a numeric digital phantom for use in

computer simulations is valuable for basic education on
image quality and quantification in clinical SPECT studies.

Some feasible digital phantoms exist (e.g., MCAT phantom
(1) and NCAT phantom (2)); however, they are difficult to

use for understanding parameters of fundamental perfor-
mance such as uniformity, spatial resolution, contrast
resolution, and pixel resolution of SPECT images. In

addition, their data are not in a format that can be imported
easily into commercially available data-processing devices.

We devised and developed a 3-dimensional mathematic

cylinder (3D-MAC) phantom that can be used for basic
performance evaluation and produced SPECT projection

data for various imaging conditions. To create various
projection datasets, we generated SPECT data using
a Monte Carlo simulation program (3) that modeled

accurately most of the physical phenomena of emission
imaging (4–6). We imported these data into a commercially

available data-processing device and validated the recon-
structed SPECT images using the reconstruction software
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of the vendor. Here, we report on our evaluation of the
utility of the proposed 3D-MAC phantom in terms of image
contrast, partial-volume effect, scatter correction, attenua-
tion correction, and image reconstruction methods.

MATERIALS AND METHODS

3D-MAC Design
We designed a phantom that made it easy to evaluate param-

eters of fundamental performance (image contrast, partial-volume
effect, spatial resolution, and uniformity) in SPECT images.
Figure 1 shows the phantom. The 3D-MAC phantom is a 200-
mm-diameter, 200-mm-long cylinder with 3 imbedded objects.
Figure 2 shows the 3 objects. Each object consisted of 5 stacked
cylinders. The cylinders have 4-, 10-, 20-, 40-, and 60-mm
diameters, and each was 30 mm long. Relative radioactivities
were 1, 0, 2, and 4 for background, cold stack, and 2 hot stacks,
respectively. Figure 3A shows sample ideal images, and Figure 3B
represents the slice locations.

Simulation Conditions
We used an electron g-shower (EGS4) Monte Carlo simulation

program to generate SPECT projection data of the 3D-MAC
phantom. In the simulation program (7), Narita et al. (8) in-
corporated a means of saving true and scatter events separately
within each designated acquisition energy range.

The simulations we performed took into account the parameters
of the Compton scattering, photoelectric effect, and degradation of
spatial resolution due to collimators modeled in simulations.
SPECT acquisition parameters were collimator type (low-energy
high-resolution [LEHR] with a 0.14-cm hole diameter, 2.7-cm
bore length, and 0.018-cm septal thickness; low-energy general-
purpose [LEGP] with a 0.23-cm hole diameter, 3.9-cm bore
length, and 0.03-cm septal thickness), pixel sizes (2 · 2 mm, 4 ·
4 mm, and 6 · 6 mm), acquired maximum number of photons in
1 pixel in a projection (50 and 100), number of projections (60 and
120), and radius of detector rotation (150, 200, and 250 mm).
Several attenuation maps with different attenuation coefficients
(water, 0.05, 0.10, 0.15, and 0.20 cm21) can be used for the
evaluation of attenuation correction. Energy resolution was set at
10% in full width at half maximum. The triple-energy window
(TEW) setting was used for the evaluation of scatter correction
using the TEW method (9,10). Primary and scattered photons
were saved in separate files. We generated projection data with
ideal images to show in Figure 3A. These generated projection

data are defined as ideal SPECT projection data. Ideal SPECT
projection data were generated as reference (standard) data. Figure
4 is an array of SPECT projection data of the 3D digital phantom
produced by the simulation. Radioactivity was assumed to be from
99mTc (140-keV single-photon peak). In all cases, the phantom
material was presumed to be water, and the report by Berger and
Hubbell (11) was referred to for cross-sectional areas to calculate
photon scattering and attenuation. The parameters used in creation
of projection data of the phantoms are listed in Table 1.

Performance Index Criteria
A Butterworth filter (order, 8; cutoff frequency, 0.5 cycles/cm)

was used for preprocessing, and the filtered backprojection (FBP)
method was used for image reconstruction, with a ramp filter used
as a reconstruction filter. Iterative image reconstruction was also
performed. We used ordered-subset expectation maximization
(OSEM) and performed 3 iterations with 10 subsets. Scatter
correction was performed using the TEW method (12) (sub-
window; Butterworth cutoff frequency, 0.07 cycles/cm). For cases
using FBP reconstruction, attenuation correction (13,14) was
performed using the iterative Chang method with a linear atten-
uation coefficient of 0.15 cm21. In the OSEM method, we
performed embedded processing of an attenuation map (m-map)
within the detection probability.

We generated DICOM projection data from the 3D-MAC
phantom using an EGS4 program on a personal computer with
DICOM formatting. We imported those projection data to com-
mercially available software reconstruction programs. We pro-
cessed SPECT image data using reconstruction software on
a GMS-5500 workstation (Toshiba), and we inspected image
contrast, partial-volume effect, image reconstruction method,
and attenuation correction.

Contrast. We evaluated the variance of measured contrast value
due to region-of-interest (ROI) size. The collimator was LEGP,
radius of detector rotation was 200 mm, pixel size was 4 mm (3D),
maximum photon counts in a single pixel was 100, and total
component was in a main window. Data-processing conditions
were as follows: prefilter, Butterworth (order, 8; cutoff frequency,
0.5 cycles/cm); reconstruction method, FBP; no scatter, attenua-
tion, or resolution corrections.

FIGURE 1. Projection view (A) and surface-rendered image
(B) of 3D-MAC phantom.

FIGURE 2. Dimension specifications of 3D-MAC phantom (A)
and its detailed components (B).
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Partial-Volume Effect. We evaluated partial-volume effect due
to cylinder dimensions, collimator type, and rotation radius. Three
datasets were used. For the first, the collimator was LEHR, radius
of detector rotation was 200 mm, pixel size was 4 mm (3D),
maximum photon counts in a single pixel was 100, and total
component was in a main window. For the second, the collimator
was LEGP, radius of detector rotation was 200 mm, pixel size was
4 mm (3D), maximum photon counts in a single pixel was 100, and
total component was in a main window. For the third, the collimator
was LEHR, radius of detector rotation was 150 mm, pixel size was
4 mm (3D), maximum photon counts in a single pixel was 100, and
total component was in a main window. Data-processing conditions
were the same as described for contrast evaluation.

Reconstruction Method. We investigated the difference between
FBP and OSEM reconstruction methods (15–17). Data-processing
conditions were as described for contrast and partial-volume effect
evaluation. We investigated the differences between these 2 re-
construction algorithms with regard to image quality and contrast.
The collimator was LEHR, radius of detector rotation was 150 mm,
pixel size was 4 mm (3D), maximum photon counts in a single
pixel was 100, and total component was in a main window.

Attenuation Compensation. We evaluated the image changes
produced by combinations of each type of compensation and their
properties. We also evaluated the relationship between scatter
correction to maintain uniformity and the attenuation coefficients
in the count profile curves. We generated an attenuation co-
efficient map, and we varied its value between 0.05, 0.1, 0.15, and
0.2 cm21 and produced a distribution of the attenuation co-
efficient (m-map) for each value. Then we evaluated each value in
terms of the count profile curve for the uniform region of the
images. Three datasets were used. For the first, the collimator was
LEHR, radius of detector rotation was 200 mm, pixel size was
4 mm (3D), maximum photon counts in a single pixel was 100,
and total component was in a main window. For the second, the
collimator was LEHR, radius of detector rotation was 150 mm,
pixel size was 4 mm (3D), maximum photon counts in a single
pixel was 100, and total component was in a main window. For
the third, the collimator was LEGP, radius of detector rotation was
200 mm, pixel size was 4 mm (3D), maximum photon counts in
a single pixel was 100, and total component was in a main
window.

RESULTS

Contrast

Figure 5 shows the ROI settings at the location of the 40-
mm-diameter stacked cylinder. ROIs were set on the
background and on a cylinder. ROI sizes were 65% and
100% of the stacked cylinder. Contrast values were ob-
tained using the average counts in the ROIs. The obtained
contrast values were 0.66 and 0.53 for 65% and 100%,
respectively.

FIGURE 3. (A) Ideal images of each
stacked cylinder diameter and uniform
parts of 3D-MAC phantom. Image matrix
is 128 · 128, and pixels are 2 · 2 mm. (B)
Because this is 3D-MACl phantom, slice
range of each volume is automatically
calculated when image reconstruction
range is set from 1 to 128 (64). Phantom
volume at image matrix and pixel size is
shown in table. (C) Reconstruction image
range. f 5 diameter.

FIGURE 4. SPECT projection dataset. (A) Total component in
main window. (B) Primary component in main window. (C)
Scatter component in main window. (D) Total component in low
subwindow.
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Partial-Volume Effect

The results for partial-volume effects are shown in
Figure 6. The graph shows relative SPECT counts for each
cylinder in LEHR 150-mm, LEHR 200-mm, and LEGP
200-mm images. A SPECT count for the 60-mm cylinder in
the LEHR 150-mm image is set to 1.0. Despite the fact that
the same count value was set even for different cylinder
diameters, the smaller the stacked cylinder diameter, the
further this value decreased in all data.

Reconstruction Method

The results for the reconstruction method are shown in
Figure 7. The graph shows the count profile curve for the
image of the 20-mm-diameter cylinder. The FBP method
generates a higher contrast image in the cold region. The
OSEM method generates a less noisy image. In comparison
with the FBP method, we had less fluctuation in count in
the background. When the percentage coefficient of vari-
ation was evaluated for the 60-mm cylinder diameter, the

OSEM method provided better uniformity (15% fluctua-
tion) than did the FBP method (38% fluctuation).

Attenuation Compensation

Figure 8 shows SPECT images of the uniform region
with and without attenuation correction and these combi-
nations with scatter correction. Without scatter and atten-
uation correction, these SPECT images show a striking
attenuation in the central portion due to the effect of the
water and other substances inside the phantom. With scatter
correction only, there was a striking reduction in the count
density distribution of the central portion when compared
with the absence of both types of correction. With atten-
uation correction only, the effect of scattered photons
increased the count density distribution in the central
portion. When the attenuation coefficient was varied,
uniformity of the radioisotope distribution was maintained
at the theoretic value of 0.15 cm21.

Imported DICOM Data

We generated DICOM projection data from the 3D-
MAC phantom with an EGS4 simulation program and
imported those data to the following commercially

TABLE 1
Parameters of 7 Simulations

Simulation no. Collimator

Radius of

rotation (mm)

Pixel

size (mm)

Maximum counts

in single projection

Field of

view (cm) Matrix size

1 LEHR 200 4 100 25.6 64 · 64

2 LEGP 200 4 100 25.6 64 · 64
3 LEHR 150 4 100 25.6 64 · 64

4 LEHR 150 2 100 25.6 128 · 128

5 LEHR 200 4 50 25.6 64 · 64

6 LEHR 200 6 100 38.4 64 · 64
7 LEGP 200 6 100 38.4 64 · 64

Projection sampling angle is 3.

FIGURE 5. Images displaying ROI settings for contrast
evaluation; ROIs are set at 100% or 65% against slice of 40-
mm-diameter stacked cylinder of 3D-MAC phantom and are
adapted to processed images. Processed images are data
generated using LEGP collimator with rotation radius of 200 mm
and 100-count maximum in 1 pixel in projection.

FIGURE 6. Graph shows relative count values for each cylinder
in HR/150, HR/200, and GP/200 images. SPECT count values
for 60-mm cylinder in HR/150 image is set at 1.0 HR/200-LEHR,
radius of detector rotation is 200 mm; GP/200-LEGP, radius of
detector rotation is 200 mm; HR/150-LEHR, radius of detector
rotation is 150 mm.
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available software reconstruction programs: a GMS-5500
workstation (Toshiba), LEONARDO (e.soft) workstation
(Siemens Medical Systems), an Odyssey workstation
(Picker International), and a GENIE workstation (GE
Yokogawa Systems). Table 2 shows the total counts and
the counts for each set of projection data imported to the
vendor workstations. Figure 9 shows the SPECT images
reconstructed with commercially available software. In the
reconstructed images, total counts were a little different;

the same image quality was also obtained from these
images.

DISCUSSION

We developed and investigated the utility of a 3D-MAC
phantom that provides an understanding of various image
distortion factors that occur during SPECT image recon-
struction and investigated its utility. Using a vendor soft-
ware program (GMS-5500 workstation), we evaluated data
with the 3D-MAC phantom, and by comparing reference
images with processed images, we could gain an under-
standing of image distortion factors such as contrast,
partial-volume effect, reconstruction algorithms, and vari-
ous compensations.

We evaluated the contrast between the cold stacked
cylinders and the background area. A smaller ROI resulted

FIGURE 7. These images provide comparison between
OSEM and FBP methods. At top are images obtained with
each reconstruction method, and at bottom is count profile
curve of stacked cylinder with 20-mm diameter.

FIGURE 8. SPECT images of slice of uniform volume of
phantom with and without scatter correction and with and
without attenuation correction in uniformity. (A) Without scatter
and attenuation correction. (B) With scatter correction only. (C)
With attenuation correction only. (D) With scatter correction and
attenuation correction.

TABLE 2
DICOM Data Imported to 4 Commercially Available

Data Processors

Parameter GMS-5500 e.soft Odyssey GENIE

Pixel
size (mm) 2 2 2 2

Total counts 39,624,470 39,628,232 39,628,040 39,628,233

Projection

maximal

counts

for angle. . .

0 82 85 85 85

45 96 95 95 95

90 92 91 91 91

135 88 87 87 87

180 85 84 84 84

225 94 93 93 93

270 81 80 80 80

315 88 87 87 87

FIGURE 9. Reconstructed images of projection data imported
to these commercially available data-processing devices:
GENIE (A), GMS-5500 (B), e.soft (C), and Odyssey (D). f 5

diameter.
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in the average count being overestimated, showing that
contrast depends on size of the measured ROI. We
confirmed that contrast values depend greatly on ROI size,
suggesting that the calculated contrast is highly dependent
on the location and form of the ROI and that scrupulous
evaluation is required in clinical studies.

Figure 6 showed the partial-volume effect that occurs
between the spatial resolution of the stacked cylinder
diameter itself and the pixel resolution during acquisition.
In terms of differences between collimators, the LEGP,
which is inferior in spatial resolution, had a greater pro-
portion of lower counts than did the LEHR, and in terms of
differences in rotation radius, it was striking that the greater
the rotation radius, the lower the count. Obviously, then, in
systems with low spatial resolution, areas occur in which
the count is low because of the partial-volume effect,
a point that necessitates caution when SPECT images are
used for diagnosis.

In the compared reconstruction methods, the contrast in
the cold region was higher for the FBP method than for the
OSEM method, meaning that the FBP method yielded better
image contrast results. It may be that it is difficult for the
count to converge to zero in a contrast evaluation of the cold
region, because the OSEM method is itself an iterative
algorithm. It is also conceivable that because values less than
1 are forcibly converted to zero by the FBP method, contrast
was improved in the cold region. Conversely, image unifor-
mity is better with the OSEM method, because contrast was
low. In general, the FBP method compares favorably with
iterative reconstruction algorithms in terms of spatial reso-
lution and contrast. However, this method has the disadvan-
tage of being susceptible to the effects of statistical noise
and artifacts in high-density regions and cannot provide
accurate compensation for included attenuation and resolu-
tion correction in the image reconstruction.

We have evaluated quantitatively SPECT images with
and without attenuation and scatter correction. Figure 10A
shows count profile curves in a uniform region for
combinations of scatter and attenuation correction. In the
noncorrection case, a decrease in counts is observed in the
central portion. When scatter correction alone, compared

with the absence of both types of correction, was per-
formed, removal of scattered photons resulted in a decrease
in counts. This difference may be due to an increase in
counts because of the effects of scattered photons. When
attenuation correction only was performed, the count in the
central portion increased markedly as a result of the effects
of attenuation compensation. When both scatter and atten-
uation corrections were performed, a small degree of
variation occurred, but it was possible to confirm that the
count density distribution was uniform. Figure 10B shows
the count profile curve for changes in the value of the
attenuation coefficient in data for which scatter correction
had been performed. A uniform count density distribution
was obtained at the true value of the attenuation coefficient
for 99mTc water of 0.15 cm21. Accurate scatter and
attenuation correction are important to improve the image
quality of SPECT images, and we were able to demonstrate
this using the present phantom.

CONCLUSION

We have developed a 3D-MAC phantom that can be used
to understand the factors that contribute to image degrada-
tion in SPECT. We have also evaluated its utility. We
generated simulation projection datasets using an EGS4
Monte Carlo simulation program that included factors such
as photon scatter, attenuation, pixel size, rotation radius,
and collimator type. Because the 3D-MAC simulated pro-
jection data are in DICOM format, they can be imported
into various vendor workstations and reconstructed with
vendor software, enabling SPECT image reconstruction
processing and investigation on specific software programs.
The 3D-MAC phantom provides an extremely convenient
tool for discovering basic properties of SPECT image
processing and would be useful for training on SPECT
image processing for clinical studies. This study evaluated
an important function by producing simulation projection
data with which to evaluate the different causes of image
degradation and the effectiveness of compensation. We
were able to easily evaluate image degradation on clinical
SPECT studies generated by various projection data from
3D-MAC phantoms.

FIGURE 10. We have created count
profile curves that normalized by count
of edge in uniform image. (A) Com-
binations of scatter correction and at-
tenuation correction. (B) Count profile
curves are shown for following values of
linear attenuation coefficients: m 5 0.05,
0.1, 0.15, and 0.20 cm21. 1Sc 5 with
scatter correction; 1Ac 5 with attenua-
tion correction; 2Sc 5 without scatter
correction; 2Ac 5 without attenuation
correction.
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The 3D-MAC phantom can be downloaded from the Web
site of the Nuclear Medicine Subcommittee of the Japanese
Society of Radiological Technology.
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