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ABSTRACT

Background: The development

of wire mesh collimator (WMC), has
improved the performance of Single
Photon Emission Computed tomography
(SPECT) because of its higher sensitivity
whilst maintaining the same resolution.
Consequently, the WMC allows better
detection of early—stage cancer. The
purpose of this study was to find an
optimal filter for image reconstruction for
breast SPECT imaging.

Methods: Half—ellipsoidal breast
phantom in the prone position was
simulated with dual-head SPECT camera
by Monte Carlo N—Particle Transport
Code, version 5 (MCNPS5). Six different
filters were compared with 17 different
cutoff frequencies (Fc), ranging from

0.2 Nyquist frequency (Ng) to 1.0 Ng,
with step 0.05. For Butterworth filter,
order was from 3 to 12 with step 1. A
total of 255 central slices with different
parameters were reconstructed by
filtered back projection (FBP) to compare
the image performance in terms of
contrast, noise level and tumour size.

Results: The values of tumour size,
contrast and noise level were greatly
influenced by different filter types and
the value of Fc. Ramp and Butterworth
produced the best value of tumour size
and contrast, whilst Parzen, Hann and
Hamming filters gave smoother images.
Overall, results showed that Butterworth
filter with the highest mean score.

Conclusion: Butterworth filter
proved to be the provided the best
image quality at a higher sensitivity and
was found to be the optimum filter for
quantitative analysis.

Keywords: Wire mesh collimator,
SPECT breast imaging, filtering, Cut—off
frequency

INTRODUCTION
In breast SPECT imaging, projections
are obtained from many angles
around the breast, and then
these data are reconstructed to
form the tomographic images by
reconstruction techniques such as
filtered back projection or iterative
methods. Imaging filtering is a key
element of image reconstruction
process and is intimately related
to optimum image quality. A well-
known filter, named as Ramp filter,
is a type of a high—pass filter that
reduce the 1/r blurring effect and
preserves high frequencies, while
filters like Parzen, Hann, Hamming,
Shepp—logan, and Butterworth are
all low—pass filters, which act as a
function window that can preserve
low—frequency structures and
diminishing high—frequency noise
[1,2]. Typical filters commonly used in
commercial software package are the
product of ramp and one of the five
low—pass filters, as shown in Figure 1.
WMC is a newly designed
collimator to replace the
conventional low—energy high—
resolution (LEHR) parallel-hole
collimators on gamma cameras.
Previously, this collimator had only
been tested for 2D planar imaging
of breast cancers [3—6]. There are
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multiple reports of SPECT imaging
of breast cancers in the literature
[7-10]. However, none of the studies
have investigated the characteristics
of the filter techniques during image
reconstruction process. The choice
of filter is usually a compromise
between the noise and fine detail
suppression of the image area of
interest. In clinical practice, several
factors would affect the choice of
filter [1,11], such as the number
of counts, the background noise
level, the organs being imaged, the
energy of the isotopes, and the
type of collimator. In this study,
we intended to find the optimum
filter for SPECT breast imaging
with WMC using technetium—-99m
source in Monte Carlo simulation
environment.

MATERIALS AND METHODS
Monte Carlo simulation

The SIEMENS Symbia T camera is
a dual-head SPECT camera, which
consists of a removable LEHR
collimator, a sodium iodide (Nal)
scintillation crystal, a light guide and
an array of PMT [12]. The detector
is filled with Nal with density of
3.67g/cm? and size 0.9525 cm in
thickness, 53.3x38.7 cm? in area.
Based on this camera, MCNP5 [13]
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Figure 1. Six commonly used filters in
SPECT image reconstruction

was used to simulate the geometry
structure of SPECT camera with
a WMC. The WMC is a parallel
and square hole type of collimator,
which has 101 interchangeable
layers of wire with the hole size
0.15 cm, septa size 0.02 cm and a
thickness of 4cm [6]. The geometry
of SPECT camera and side view
of WMC is shown in Figure 2(a).
The pixel size is 0.48 cm, and a
hardware zoom factor of 1.23 was
applied, thus vyielding a pixel size
with 0.39 cm [14,15]. A Pyrex slab
with a density of 1.4718 g/cm?® and
thickness of 6.6 cm was used to
address the issue of backscatter by
modelling the backscattering effect
due to the light pipe, PMTs, mu—
metal magnetic shielding or other
structures in a real camera [16].

Half-ellipsoidal breast phantom,
a close approximation of the real
breast was used to simulate the
clinical examination for breast
cancer in the prone position [5].
Based on the early stage of TNM
system [17,18], a stage 1 tumour
was investigated in this study and
a spherical tumour located in the
center of breast phantom with
diameter 1.5 cm was simulated.

In order to make the simulation
approximately close to the real

situation, the activity of breast
should be assigned properly. For
breast imaging, in general a 20 mCi
(740 MBq) dose of technetium-—
99m is injected and the patient
rests for several minutes to allow
thorough distribution of the
radiotracer [19-22]. To approximate
the activity concentration expected
from volumetric breast SPECT, the
activity in the breast is converted to
units of pCi/mL. Many efforts had
been done to measure the activities
in the breast [19,22,23], and the
activity was about 80 nCi/mL for
breast normal tissue. This activity
had also been used in other studies
[3,5,24].

Data collection

Every projection set was acquired
with 120 angles over 360 degrees
with an angle step of 3o for each

projection. The method to generate

the projections from the MCNP5
simulation output files followed the
previous study [25].

After collecting all the projections,
filter was applied to the original
projections. Finally, inverse radon
transformation was performed to
generate the cross—sectional images
of the breast phantom. Figure
3 shows the overall flow chart of
methodology in this study.

The transaxial slices were obtained
by image reconstruction using
filtered back projection with matrix
of 64x64, which yields a voxel size
of 0.39x0.39x0.39 cm®. Images were
corrected by attenuation correction
based on Chang’s method [26] with
a linear attenuation coefficient
of 0.127% cm [2,11,27]. No scatter
correction was applied in this study.

Filter evaluation

Six different filters were compared
with 17 different Fc, ranging from
0.2 Ng to 1.0 Nq, with step 0.05. For
Butterworth filter, order was from
3 to 12 with step 1. A total of 255
central slices with different filter
parameters were reconstructed to
compare the performance in terms
of contrast, noise level and tumour
size.

Tumour size was determined using
full width at half maximum (FWHM)
of the four directions of profiles (0°,
45°, 90° and 135°) in the central
slice image, purple dotted lines as
shown in Figure 5. Carrie et al. [28]
stated the correlation between the
measured full width at 25%, 35%,
and 50% of the maximum intensity
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Figure 2. (a) Geometry of dual-head SPECT camera with WMC as viewed by VisEd; (b)

Half-ellipsoidal geometry for breast phantom
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Figure 3. Flow chart of image reconstruction
in the simulation

profiles at various breast thicknesses
and true tumour diameter. Based
on that, full width at 35% of the
maximum was used to determine the
true tumour size. The terms, contrast
and noise level were calculated in
the following equations:

(1)

where, R_is the mean value in the
tumour area (regions shown by
yellow arrow), while R is the mean
value in the normal breast tissue

(four green rectangular regions
shown in Figure 4).
(o2
N=— (2)
R

b

where 6, is the standard deviation
of the normal breast tissue. This
term also refers to coefficient of
variation.

The determination of the
optimum filter for SPECT breast
imaging would consider the ability
of each filter type in producing high
contrast, low noise, and approximate

tumour size. Therefore, the total
grade (trade off between contrast,
noise level, and tumour size) was
analyzed. To calculate the total
grade, the grading method used by
Takavar et al. [29] was applied. For
every filter, each parameter was
first graded from 1 to 100 contrast
and noise (1 for worst and 100 for
the best) , while 1 for the biggest
and 100 for the nearest tumour size
to the true size.

Tumor

Figure 4. Regions of tumour and
background in the central slice

RESULTS
Tumour size
One example of determined tumour
size by different Fc of Butterworth
filter with order 6 was shown in Figure
5. Low Fc smoothed the slice in a high
degree so that it led to extended
tumour size. As the Fc increased,
spatial resolution was improved and
acceptable tumour size was obtained
from Fc range of 0.55Nq to 0.8 Nq,
which yielded a tumour size about
1.6 cm. Due to high level noise, the
tumour size started to increase when
Fc was higher than 0.8 Nq.

As can be seen from Table 1, the
nearest FWHM to real tumour size was
obtained by Ramp and Butterworth

0.2 0.3 0.4 0.5
frequency(Nq)

0.6 0.7 0.8 0.9 1

Figure 5. FWHM obtained at different Fc of Butterworth filter
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Figure 6. Contrast obtained at different Fc of Butterworth filter

filters, which was about 1.6 cm,
followed by Shepp-Logan filter. The
rest of the filters did not provide an
approximation between the tumour
size on imaging with the actual tumour
size. The lower Fc we set, the bigger
the tumour size obtained. Thus, the
difference between maximum and
minimum value of tumour size was
due to value of Fc. When a very small
Fc was selected, the tumour size was
almost double the real size or even
bigger, which did not correspond with
the clinically known tumour size. In
addition, Butterworth filter yielded

lowest standard derivation (SD) of
0.39, which indicated the value of Fc
has less effect on tumour size than the
other five filters.

Contrast

Smoothing in a high degree by low
Fc lost mage contrast, as shown in
Figure 6. the contrast was only 1.5
when Fc was 0.2 Nq. As Fc increased,
slices with high contrast were
obtained. Contrast was saturated at
maximum value about 4.3 when Fc
was bigger than 0.55 Nq.
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Figure 7. Noise level obtained at different Fc of Butterworth filter

Table 2 summarizes the contrast
for six filters. Ramp filter and
Butterworth almost got the highest
contrast, followed by Shepp-Logan
filter. The rest of the three filters,
yielded a lower contrast. When a
low Fc was selected, slice image was
dramatically smoothed. As we can
see, the minimum value of contrast
for Parzen, Hann and Hamming
filters was about 0.6, which was
substantially decreased the tumour
visibility. ~ Again,  Butterworth
obtained the lowest value of SD.

Noise

Low Fc generally eliminated noise
effectively and led to a smoothing of
the image. However, as we can see
from Figure 7, the minimum noise
level was obtained at Fc 0.4 Nq other
than 0.2 Nq since we calculated the
SD of background to be the noise
level. With higher Fc, it generated
slices with a high level noise.

The noise level for six filters was
shown in Table 3. Apparently Parzen,
Hann and Hamming filters got
smoother images. This is reasonable
because they are designed to reduce
noise effectively. While Shepp—Logan
and Butterworth filters, especially
the Ramp filter, amplified the high
frequencies, which led to a little
noisier image.

Total score

Table 4 summarizes the total score
for the six filters. Butterworth filter
got the highest mean score among
all the six filters, because it obtained
high contrast and approximate
tumour size, and a little low level of
noise. At the same time, Butterworth
filter obtained the highest maximum
value of 93.49 and smallest SD of
12.33. in other words, Butterworth
filter enabled to balance the needs
of high contrast, low noise, and
accurate tumour size.

Figure 8 shows one sample of
central slices for the six different
filers. As we can see, filters such
as Parzen, Hann and Hamming
yielded smoother images than the
other three filters, they enlarged
tumour size and decreased slice
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Table 1. Comparison of FWHM for six filters (cm)

Value i Parzen Hann Hamming Shepp-Logan Ramp Butterworth
Maximum 451 4.44 4.29 347 3.25 3.22
Minimum 1.85 1.72 171 1.63 1.60 1.61
Mean 2.77 2.40 2.30 1.90 1.85 1.83
SD 0.93 0.85 0.77 0.50 0.45 0.39
Table 2. Comparison of contrast for the six filters

Filter .
Value Parzen Hann Hamming Shepp—-Logan Ramp Butterworth
Maximum 3.09 3.63 3.69 4.18 433 4.32
Minimum 0.58 0.65 0.73 1.27 1.56 1.54
Mean 1.90 2.47 2.58 3.57 3.90 3.86
SD 0.86 1.00 0.97 0.84 0.77 0.75
Table 3. Noise comparison for the six filters

Filter .
Value Parzen Hann Hamming Shepp—-Logan Ramp Butterworth
Maximum 0.21 021 021 0.21 0.26 0.24
Minimum 0.08 0.07 0.08 0.07 0.10 0.08
Mean 0.12 0.11 0.11 0.14 0.17 0.15
SD 0.05 0.04 0.04 0.04 0.05 0.05
Table 4. Summary of total score for the six filters

Filter .
Value Parzen Hann Hamming Shepp—-Logan Ramp Butterworth
Maximum 85.13 87 .67 87 .29 91.47 92.55 93.49
Minimum 10.62 9.26 12 .69 32.37 37.72 39.67
Mean 56.12 67.79 70.33 78.04 75.71 78.37
SD 27.13 26 .04 23.58 14.83 14.58 12.33

contrast. Shepp—Logan, Ramp and
Butterworth filters yielded similar
image quality.

The optimum parameters for
Butterworth filter were Fc of 0.45
Ng and Order of 6 (see Figure 9). The
Nyquist frequency in this study was
1.28 cycles/cm (0.5 cycles/pixel). So
the optimum Fc was 0.58 cycles/cm.

DISCUSSION

Image filtering is one of the most
significant factors that greatly
influences the quality of clinical

SPECT images. It should balance
between noise removal and
resolution recovery. Currently, a
number of filters are available in
the 3D reconstruction process.
Image quality can be variously
affected by filter parameters.
Therefore, there is no standard
for the type of the filter and the
filter parameters in all types of
clinical SPECT studies. To choose
the optimum filter for an individual
case is still a main problem in
SPECT image processing.

In this study, Butterworth filter
balanced image quality among the
six filters. Even though the mean
contrast, noise level, and tumour
size obtained with the Butterworth
filter were not the best, its mean
total score was the highest amongst
the six filters, which indicated that
the Butterworth filter enabled to
balance between the needs of high
contrast, low noise, and accurate
tumour size. This ability is significant
for quantification which is greatly
dependent on the image quality. The
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Figure 9. Comparison of Butterworth filter at different cut—off frequencies and order

results showed a good agreement
with the previous studies [29, 30],
which also showed Butterworth filter
to be the best amongst the common
used filters for myocardial SPECT
imaging. Interestingly, the optimal
parameters of Butterworth were well
matched with the reported study
[29], which indicates that the results
of this study may apply to myocardial
SPECT imaging.

It is noticeable that the order
of Butterworth filter has had little
effect on the slice when it was
bigger than value of 6. This finding

was in agreement with a published
study [31], which also found that
there was no major difference in
their influence on the Fc of 0.5
Ng or above when estimating the
optimized values of Butterworth
filter for the quantification of the
cardiac volumes and left ventricular
ejection fraction for technetium-—
99m gated myocardial SPECT.
Therefore, when optimizing the
parameters of Butterworth filter,
many studies optimized the value
of Fc while fixing the value of order
[11, 32-34].

CONCLUSION
The selection of an optimal filter during
the FBP image reconstruction is vital
for cancer detection. The Butterworth
filter is suggested to be optimum for
breast SPECT imaging owing to its
ability to provide a high quality image.
Although an optimum Fc for
Butterworth filter in the breast SPECT
imaging was found to 0.45 Nq in this
study, it actually depends on the image
total counts and other properties of
the image. Therefore, the optimum
Fc need to be decided objectively not
subjectively or by “trial and error”
method. If parameters of Butterworth
were determined subjectively, operator
repeatability decreased, so parameters
should be set objectively to improve
repeatability.
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