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Background: Butterworth, Gaussian, Hamming,
Hanning, and Parzen are commonly used SPECT
filters during filtered back-projection (FBP) recon-
struction, which greatly affect the quality and size
accuracy of image. Materials and Methods: This
study involved a cardiac phantom in which 1.10 cm
thick cold defect was inserted into its myocardium
wall and filled with 4.0 uCi/ml (0.148 MBqg/ml) 9mTc
concentration. The cardiac insert was then put into a
cylindrical tank which was filled with 1.2 pCi/ml
(0.044 MBg/ml) 99mT¢ concentration as background.
272 combinations of filter parameters were selected
from those filters and applied on image. The
measurements of count in myocardium, background,
and defect regions of interest (ROI) were performed
on each filtered image. Those measurements were
then used to calculate contrast, signal-to-noise ratio
(SNR), and defect size. For every filter, each criterion
was graded (1 to 100) and then summed at their
specific setting for total comparison. Results: The
results show that, the different filter types produced
myocardial image with different contrast, SNR, and
defect size. For contrast and SNR, Gaussian filter was
the best, while Parzen filter was the best in producing
accurate defect size. However, Butterworth filter was
found the best for trade off between contrast, SNR,
and defect size accuracy. Conclusion: Selection of
filter should consider the type of analysis, whether
qualitatively or quantitatively. Qualitative analysis
depends on image quality which is denoted by high
contrast and SNR, thus Gaussian filter was
suggested. Instead, the Butterworth filter was
suggested for quantitative analysis as it is greatly
dependent on both, image quality and size accuracy.
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INTRODUCTION

Filtered back-projection (FBP) is the
widely used method for SPECT image
reconstruction. In clinical practice, filter is

used during reconstruction to reduce image
noise, increase contrast and signal-to-noise
ratio (SNR), and enhance the ability to
detect any abnormalities. In principle, filter
is a mathematical function that is applied to
pixels in an image. The goal of filtering is to
eliminate as much noise and retain as much
signal as possible @, This includes smooth-
ing, edge enhancement, and resolution
recovery. Most of filters are characterized by
cut off frequency and order parameters. The
cut off frequency defines the frequency from
which higher frequencies will be suppressed
and therefore denotes the bandwidth of the
filter. The amplitude of the filter at cut off
frequency is dependent on the type of the
filter. Some filters such as Butterworth and
Gaussian are defined by a second parame-
ter, the order of the filter. This parameter
tunes the filter by changing the slope of the
filter function and allows the wuser to
optimise the trade off smoothness—
sharpness of the image @.

The choosing of filter and its parame-
ters depend on several factors @. First, it
depends on the number of counts (limited by
patient radiation burden and by movement
artefacts related to study time). Second, it
depends on the organ of study. The different
organs have different amount of radiotracer
administered, thus need to a different filter
parameters ®.
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Third, it depends on the background of noise
level. If the background of noise level is too
low and the contrast is already sufficient for
clinical evaluation, filtering is not neces-
sary. Fourth, it depends on the choice of in-
terpretation. It is because the optimal filter
parameters for qualitative or visual analysis
may be quite different from optimal filter
parameters for quantification 4 5.

However, there is no standard filter for
universal application in clinical studies and
only very limited literature exists on selec-
tion of appropriate filter parameters for
practical purposes @ ©. The choosing of the
appropriate filter, cut off frequency and or-
der is a matter of trial and error and ought
to be the function of the specific radioiso-
tope, protocol, and imaging system used (78,
Inappropriate filtering of the raw back-
projected tomographic data may signifi-
cantly degrade image quality and affect the
accuracy of quantitative results ¢ 9 -1 So,
this study was carried out so that the effect
of SPECT filters on myocardial image qual-
ity could be compared, thus determined the
optimum filter for visual and quantitative
analyses.

SPECT Filters
Ramp

The ramp filter is a high pass filter used
in SPECT imaging. Its mathematical func-
tion is shown in equation 1.

Ho(k k) =k = k?+k? (1)

Ramp filter is always used during FBP
reconstruction to reduce the 1/r blurring or
star artifact @. Ramp filter enhance high
frequency noise in the image, which is
associated with low counting statistics. In
practice, ramp filter is not used alone but
with combination of additional filter (low
pass filter) to reduce the enhancement of
high frequency noise.

Butterworth
The Butterworth filter is one of the
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most popular low pass filters used in
SPECT imaging especially in nuclear
cardiology (2. It is because the ability to
change 1its shape through the cut off
frequency and order parameter which
allows better adaptation of the filter
function to the frequency characteristics of
the projection data . Butterworth filter in
spatial frequency domain (£ ) has two
parameters; the cut off frequency (£), and
the order of the filter (1) (equation 2) 12,

B(f)=—1

T N\
1+ (fJ @)
/e
Gaussian

The Gaussian filter is a band pass
spatial frequency filter which has two
variables; the displacement from the origin
(£) and the spread (n ) as described in
equation 3. The equation is one-dimension
of Gaussian filter function, which (£) is
spatial frequency (13,

-(f-£)?
G(f)=e 2 u>0 3)

Hamming

The Hamming filter is one of low pass
filter used to remove high frequency noise in
SPECT imaging. It is simpler than Butter-
worth filter, having only a single parameter
to describe its shape, referred to as the cut
off frequency (4. This filter is defined in
frequency domain as shown in equation 4,
where (£ ) is cut off frequency and (£) is
spatial frequency.

0.54+0.46cos(”7f] o<|f<f.

c

(4)

0 otherwsge

Hanning

The Hanning filter is also a low pass fil-
ter which has only a single parameter to
describe its shape; that is the cut off
frequency (4. Its filter function is quite
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similar to Hamming filter as shown in
equation 5, where (£ ) is cut off frequency
and (£ ) is spatial frequency (5. The
difference of Hanning to Hamming filters is
only on the amplitude at the cut off
frequency, which the amplitude of Hanning
filter at that point is going to zero.

O.50+0.50c03(%} o<|fl< /.

c

H(f)= (5)

0 otherwise

Parzen

The Parzen filter is a smoothing filter
which it application can result a low
resolution and low noise level in an image
@, This filter is obtained by piecing together
two fourth-degree polynomials separately
defined in two subintervals of the frequency
range (0,£) as shown in equation 6 19,

ol () (et

/ [f7< /1< f;j ©

P =<2(fll1-—
0 f[ f]
0 (1712 1)

MATERIALS AND METHODS

Preparing Phantom

Myocardial wall chamber (250 ml) with
1.1 cm thick cold defect made of plastic at
the anterior (figure 1) was filled with water
and 1000 uCi (37 MBq) of #mTc, yielded a
99mTec concentration of about 4.0 pCi/ml
(0.148 MBg/ml). The cardiac phantom was
then placed into the cylindrical tank (10
litres) and its position was adjusted to
mimic human heart relative to the gamma
camera. The cylindrical tank was then filled
with water and 1200 pCi (44.4 MBq) of
9mTe, yielding a 9mTc¢ concentration of
about 1.2 pCi/ml (0.044 MBq/ml) as back-
ground.

99m
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___ Anterior
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Figure 1. The plastic rod (cold defect) was located at the
anterior position of cardiac insert (viewed from vertical axis).

Data Acquisition

Data acquisition was obtained with dual
head, large field of view gamma camera
(ADAC Forte Imaging System), equipped
with low energy high resolution (LEHR)
collimators. 64 projections (25 sec per
projections) was taken in 64 x 64 matrix
(pixel size was 6.47 mm) using step and
shoot acquisition over 180° arc from 45°
right anterior oblique (RAO) to 45° left
posterior oblique (LPO) position, with
radius of 29.7 cm. The distance between
detectors and phantom was approximately 2
cm. A single energy window at 140 keV was
used.

Calculation of Background-Target Counts
Ratio

The background-target counts ratio
(BTR) was calculated from raw image using
Lung-Heart Ratio program. Two regions of
interest (ROI) were defined over the cardiac
zone and a representative background
region of an anterior or left anterior oblique
(LAO) 45° projection image. Then, the
program automatically calculated the
counts ratio.

Data Processing

Data processing was performed using
AutoSPECT program. SPECT slices were
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reconstructed from raw image using filtered
back-projection (FBP) with ramp filter. In
AutoSPECT ramp filter is automatically
utilized in reconstruction process. Five
filters with 272 combinations of filter
parameters were combined with ramp filter
as follow: Butterworth (cut off: 0.20-0.80 Nq
with step 0.05, order: 3-12 with step 1),
Gaussian (cut off: 0.20-0.80 Nq with step
0.05, order: 10-22 with step 2), Hamming
(cut off: 0.20-1.00 Ng with step 0.05),
Hanning (cut off: 0.20-1.00 Nq with step
0.05), Parzen (cut off: 0.20-1.00 Nq with step
0.05). The SPECT slices obtained were then
reoriented into three standard views, which
were along short axis, vertical long axis and
horizontal long axis.

Calculation of Contrast, Signal-to-Noise
Ratio, and Defect Size

There were 272 SPECT slices were
selected for calculations. For each slice, a
line was drawn on vertical long axis view of
phantom image at defined region of interest
(ROD) to measure the maximum count in

normal myocardium (Bmax (myo), minimum
count in defect (Bmin @er), and minimum
count in background (heart hole region)
(Bumin tote). To determine the defect size, a
line was drawn on the defect. Two peaks of
different count (because of different
attenuation) were observed. The number of
pixel between the smaller peak and the
steep of the other peak having same count
(V pive) was measured. All of these measure-
ments were performed using Count Profile
program (figure 2). Then, by using all of
these  measurements, the maximum
contrast, signal-to-noise ratio (SNR), and
size of defect were calculated according to
these formulas:

Max Contrast

C = Rmax (myo) — Rmin (def') @)
’ R

max (myo)
SNR S = Rmax (myo ) — Rmin (def ) (8)
R min  (hole )

Defect Size,D = N ., x6.47 mm 9)

pixel

where 6.47 mm is a pixel size.

Figure 2. The measurements of maximum count in normal myocardium (Rmax myo)) (A), minimum count in defect (Rmin en) (B),
minimum count in background or heart hole region (Rmin (hoie)) (C), and number of pixel between the smaller peak and the steep of
the other peak having same count (N pixer) (D) using Count Profile program.
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Analysis of Data

The determination of the optimum filter
for qualitative (visual) myocardial SPECT
would consider the ability of each filter type
in producing high contrast and SNR. There-
fore, the contrast and SNR for every filter
were analyzed. However, there are many
contrast and SNR values in every filter type
due to the different combination of filter
parameters used. To analyze the whole
ability of that filter (in producing contrast
and SNR), the mean contrast and mean
SNR were calculated. The filter which has
the highest mean contrast and SNR was
chosen as the optimum filter for qualitative
analysis.

While, the determination of the optimum
filter for quantitative myocardial SPECT
would consider the ability of each filter
types in producing high contrast, SNR, and
defect size accuracy. Therefore, the total
grade (trades off between contrast, SNR,
and defect size) was analyzed. To calculate
total grade, the grading method used by
Takavar et al, (2004) was applied 07. For
every filter, each parameter (contrast, SNR,
and defect size) were first graded from 1 to
100; 1 for worst and 100 for the best
contrast and SNR, while 1 for the longest
and 100 for the nearest defect size to the
true size (1.10 cm). For the sake of simplic-
ity in grading process, the SPECT slices
having defect size below the true size were

99m
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excluded.

RESULTS

Raw Image and SPECT Slices

Figure 3 shows the raw image of cardiac
phantom and SPECT slices in short-axis,
vertical long-axis, and horizontal long-axis
views. Average total counts are approxi-
mately 20.5 million which is about 320
kcounts per projection. The calculated back-
ground-target counts ratio is 0.60. In the
short-axis and vertical long-axis views, a
defect can be observed at the anterior of
myocardial wall chamber.

Contrast

Table 1 summarizes the contrast for five
filters calculated from 272 SPECT slices
with different combination of filter parame-
ters. The Gaussian shows the highest maxi-
mum contrast, that is 0.82. The plotted
mean contrast shows Gaussian is the best
filter for contrast, that is 0.64 + 0.08 (figure
4A).

Signal-to-Noise Ratio

Table 2 summarizes the SNR for five fil-
ters. The SNR range for Gaussian filter is
very large compared to others, which the
maximum 1is 1038.00. The plotted mean
SNR shows Gaussian is the best filter for
SNR, that is 58.28 + 172.73 (figure 4B).

Transverse

Raw image :
slice

Vertical Horizontal

Short-axis - X
long-axis long-axis

9

o

ORI

Figure 3. The raw image and SPECT slices in three standard views. The defect could be observed visually, located at the anterior
position in short-axis and vertical long-axis images.
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Defect Size

Table 3 summarizes the defect size for
five filters. The maximum defect size for
Butterworth and Gaussian filters are
approximately double of its true size (1.10
cm), those are 2.04 cm and 2.82 cm
respectively. Parzen filter shows the
smallest changes, which its mean values is
the nearest defect size to the true size (1.27
+0.08 cm) (figure 4C).

Total Grade

Table 4 summarizes the total grade for
five filters. The maximum total grade for
Gaussian filter is the highest (75.94), how-
ever its mean value is the lowest (35.25 +

7.93). The maximum total grade for Ham-
ming, Hanning, and Parzen are same
(67.00). The Butterworth filter has the

highest mean total grade, that is 55.59 +
9.23 (figure 4D).

Table 1. Summary of contrast for five filters.

178

Filter Contrast
Minimum | Maximum Mean Std. Deviation
Butterworth 0.53 0.62 0.60 0.02
Gaussian 0.53 0.82 0.64 0.08
Hamming 0.51 0.54 0.52 0.01
Hanning 0.51 0.53 0.52 0.01
Parzen 0.50 0.51 0.50 0.00
Table 2. Summary of SNR for five filters.
Filter SNR
Minimum | Maximum Mean Std. Deviation
Butterworth 2.33 3.27 2.99 0.21
Gaussian 2.57 1,038.00 58.28 172.73
Hamming 2.09 2.33 2.22 0.09
Hanning 2.11 2.29 2.20 0.08
Parzen 1.84 1.91 1.88 0.03
Table 3. Summary of defect size for five filters.
Filter Defect Size (cm)
Minimum | Maximum Mean Std. Deviation
Butterworth 1.17 2.04 1.86 0.23
Gaussian 1.24 2.82 1.88 0.37
Hamming 1.20 1.51 1.37 0.12
Hanning 1.17 1.47 1.33 0.12
Parzen 1.16 1.35 1.27 0.08
Table 4. Summary of total grade for five filters.
Filter Total Grade (1 to 100)
Minimum | Maximum Mean Std. Deviation
Butterworth 26.67 68.20 55.59 9.23
Gaussian 29.16 75.94 35.25 7.93
Hamming 34.00 67.00 50.23 14.49
Hanning 34.00 67.00 49.95 15.92
Parzen 28.13 67.00 47.70 18.27
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Figure 4. Comparison of mean contrast (A), SNR (B), defect size (C), and total grade (D) among the five filters.

DISCUSSION

The raw image in this study has
sufficient total counts based on the fact that
a total of 6 million counts were required to
reconstruct tomographic 1images with
statistical noise (assuming for an object
occupies 75 % of total image area in a 64 X
64 matrix typically used in SPECT) (®. The
calculated background-target counts ratio is
analogous to the lung-heart ratio (LHR), a
quantitative parameter in describing
myocardial uptake relative to the lung. This
study shows that the background-target

counts ratio is 0.60. According to Germano
(2006), the preliminary data for 9mTc
suggests an upper limit of normal is 0.44 (9,
All filters used in this study are passive
filters, which the Butterworth, Hamming,
Hanning, and Parzen filters are low pass
filters (which allows low frequencies pass),
while the Gaussian is band pass filter
(which allow certain range of frequencies
pass) (1310 However, in FBP reconstruction
with ramp filter, the combined low pass
filters also function as a band pass filter.
Different mathematical functions of
those filters affect the image quality
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differently especially for Butterworth and
Gaussian filters. While the effect of
Hamming, Hanning, and Parzen on image
quality are quite similar. There are
disagreement between high contrast and
SNR, and accurate defect size. For qualita-
tive analysis, the weighing down should be
on contrast and SNR, while the size preci-
sion is important for quantitative analysis.
The high contrast and SNR are also needed
in quantitative analysis as it can facilitate
the detection process by algorithms.

The Gaussian filter shows the best in
producing image with high contrast and
SNR, however it is worst in producing
accurate defect size. In this study, the defect
size for Gaussian filter can increase more
than double of its true size. This is risky for
quantitative analysis of myocardial SPECT
as it tends to give false results. The total
grade of Gaussian filter is interesting to be
analyzed, which their maximum shows the
highest among the five filters, but their
mean value is the worst. It means that
several of Gaussian filter parameters are
appropriate for usage. A further study
should be performed to determine the cut off
frequency and order for Gaussian filter
which produces the best contrast and SNR.

The Butterworth filter is moderate for
all parameters among the five filters.
Although the mean contrast, SNR, and de-
fect size of Butterworth filter are not the
best, but its mean total grade shows the
highest. It means that the Butterworth
filter has the ability to balance between the
needs of high contrast, SNR, and accurate
size. This ability is important especially for
quantification, which is greatly dependent
on the image quality and size precision.
Usually, the quantifications are performed
automatically by computer using specific
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algorithms. This is an advantage of Butter-
worth filter, making it the most popular
SPECT filter used in myocardial SPECT im-
aging (12,

CONCLUSION

It is important to choose the right filter
during FBP reconstruction. We suggest the
Gaussian filter to be used for visual analysis
of myocardial SPECT because of its ability
to produce the high quality image. Instead,
the Butterworth filter is suggested for
quantitative analysis because of its ability
to balance between image quality and size
accuracy.
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