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compensating for the response function of a medium energy (ME) collimator.

The point response functions (PRFs) of a GE ME collimator for the 93, 185
and 300 keV photons of ¥Ga at 5, 10, 15 and 20 cm from the collimator face were
experimentally determined. For small pixel sizes, the PRFs at all source distances
showed hole-pattern artifact. Images from the higher energy photopeaks showed
increased penetration fractions resulting in long tails in the PRFs. For a specified
source distance, a Butterworth filter can be designed to eliminate the collimator
hole-pattern with minimal degradation of the spatial resolution. Compensation for
the distance-dependent collimator-detector response was accomplished using it-
erative reconstruction methods. To evaluate the compensation methods, planar im-
ages and SPECT projection data were acquired from a phantom consisting of 3 hot
spheres with diameters of 1, 1.3 and 1.6 cminside a cylindrical phantom. The itera-
tive reconstruction-based compensation method with appropriate filtering resulted
in improved image resolution and contrast and fewer image artifacts as compared
to filtered backprojection reconstruction without compensations. We conclude that
the degradation caused by ME collimator in ”Ga imaging can be effectively com-
pensated for using these techniques for improved image quality.

T he purpose of this study is to improve ’Ga planar and SPECT images by

I. INTRODUCTION scatter in the collimator. Second, the thick
septaand often long holesused in ME col -
limators tends to reduce the detection ef-
ficiency and generates hole-pattern arti-
fact in the image. One potential way to
improve the image quality is to compen-
sate for the collimator-detector response
degradation. Leichner et al.» showed the
feasibility of SPECT imaging of 511 keV
photons and using Butterworth filter with
order 16 and cutoff frequency larger than

Gallium-67 citrateisacommonly used ra-
diopharmaceutical for demonstrating pri-
mary and metastatic sites of a large vari-
ety of tumors. However, specialy designed
medium energy (ME) collimator is used
and thequality of ¥’Gaimagesisoften poor
for two main reasons. First, Ga emits
photons with several energies, including
high energy photons that degrade the im-
age quality due to septal penetration and
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0.31 pixels* caused no changein FWHM
or FWTM. The hole-pattern was almost
eliminated after filtering. Iterative recon-
struction methods are a promising method
for accomplishing this becausethey allow
oneto model the distance-dependent colli-
mator-detector response function (CDRF),
attenuation and scatter. Zeng et a.?® dem-
onstrated that the iterative reconstruction
algorithm with CDRF compensation
showed improvement in spatial resolution
over thefiltered backprojection (FBP) and
theiterative reconstruction algorithmswith-
out CDRF compensation. The Ordered
Subset Expectation Maximization (OS-
EM) iterative algorithm“® has been found
to be especially useful dueto its speed of
convergence and favorable noise proper-
ties.

II. EXPERIMENTAL DESIGN
AND METHODS

A. Determination of the Total Point
Response Function

A GE dual-camera MAXXUS SPECT
system equipped with a ME collimator
designed for “Gaimaging wasused inthis
study. The collimator has hexagonal holes
with a flat-to-flat size of 3.4 mm, septal
thickness of 1.4 mm and hole length of 42
mm. In order to incorporate CDRF com-
pensation, we experimentally determined
the PRFs of the GE ME collimator. A Ga
point source was placed at 5, 10, 15 and
20 cm from the face of the ME collimator.
Planar images of the point source were
acquired at each position using three 20%
energy windows centered over each of the
three main photopeaks. 93, 185 and 300
keV®. The planar images were acquired
in 512x512 matrices with 1 mm x 1 mm
pixels.

B. Planar Imaging of Phantom

A water-filled cylindrical phantom consist-
ing of 3 hollow spheres was used in the
phantom study. The inner diameter of the
cylindrical phantom was 21.6 cm and the
inner diametersof the hollow sphereswere
0.84, 1.14 and 1.54 cm. They were filled
with Gain concentrations of 129 uCi/ml,
218 uCi/ml and 297 pCi/ml, respectively.
The phantom was placed with its central
axis at about 13 cm from the collimator.
Planar images of the phantom were ac-
quired in 256x256 matrices (2mm x 2mm
pixels) and with the same system and im-
aging protocols as used for the Ga point
source.

C. Filter Design and Data Processing

In this study, the CDRF consists of the
geometric component of the ME collima-
tor and the intrinsic resolution of the de-
tector. A filter was designed based on PRFs
of the collimator. The total PRF of a ME

collimator ( prf,(F)) isgiven by
)

where

aposition vector inthe
reconstructed image plane,

anintrinsic resolution func-
tion of the detector,
an aperture function of the

collimator hole (typically
hexagona),

adelta function array repre-
senting the positions of the
centers of the collimator hole
(typically ahexagonal closed
packed array),
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the average point response
function of the collimator that
includesitsgeometric,
penetration and scatter
components,
0= convolution operator,

» = multiplication operator.

Equation (1) demongtratesthe components
that contribute to the total PRF of a ME
collimator and their relationship. It isuse-
ful in the design of an appropriatefilter to
processtheimages obtained using the col -
limator.

Todesign afilter that will reducethe calli-
mator hole-pattern in planar images with
negligiblelossof spatial resolution, weused
the total PRF of the GE ME collimator at
10 cm for the 185 keV photonsfrom ’Ga.
ThePRFisshownin Figure 1(a) and hori-
zonta and vertical profilesthroughits cen-
ter are shown in Figure 1(b) and (c), re-

shown in Figure 1(a) is due to the point
response function of a single collimator
hole,i.e, inEquation (1). Thehole-
pattern and the shape of each of the hex-
agonal hole are described by and

in Equation (1), respectively.

The Fourier transform (FT) of PRF, i.e,
the transfer function (TF), was calculated
and is shown in Figure 2(a). From Equa-
tion (1), the FT of total response function
of asinglehole, i.e., theFT of the ,
contributes to the central part of the TF
and the overall shape of the TF is spread
out dueto the FT of in Equation (1).

Todesign afilter that essentia ly eliminates
the hole-pattern with little loss of spatial
resolution, afilter isneeded that preserves
the central peak of the TF, which largely
determines the spatial resolution. At the
sametime, thefilter must attenuatethe side

'zontal Pragiectively. The overall shape of the PRF  |obesthat contribute to the hole-pattern®.
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(a) Theimage of a “Ga point source at 10 cm for the 185 keV photon at 20% energy
window and (b) horizontal and (c) vertical profiles through the center of the image
in (a).

Fig. 1
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Fig. 2 (&) The magnitude of the Fourier transform of the “Ga point source image shown in
Figure 1(a). (b) Vertical profile (...) through the center of (a) and a Butterworth
filter (J )with order 5 and cutoff frequency 0.2 cycles/pixel.

Figure 2(b) shows an example of a
Butterworth filter with order 5 and cutoff
frequency at 0.2 cycles/pixel that accom-
plishesthese goals.

D. SPECT Imaging of Phantom

Two hundred and fifty-six projection im-
ages of the cylindrical phantom were ac-
quired over 360° with a 20 cm radius-of -
rotation. Three 20% energy windows cen-
tered at the three ¢’Ga photopeaks de-
scribed above were used. The projection
images were acquired in 128x128 matri-
ces with 4 mm x 4 mm pixels. Another
projection data set was obtained by col-
lapsing the original 128x128 image matri-
cesinto 64x64 matrices. The projection data
sets were reconstructed using FBP algo-
rithm without any compensation. Two and
fiveiterationsof the OS-EM with and with-
out CDRF compensation were also used
in image reconstructions. The CDRF was
calculated as a function of source dis-
tance” and then incorporated in the OS-
EM iterative reconstruction algorithm. For
each projection angle, rotation of the re-
constructed image sampling grid was per-
formed using bilinear interpolation, so that
the rows were parallel to the detector
face®. The pixel valuesin each row were
then convolved with CDRF at the source
distance. Theresulting rowswerethen col-

lapsed to form the projection imagefor the
current projection angle. Backprojection
was performed using asimilar algorithm.

1. RESULTS
A. Total Point Response Function

The total PRF images of 8’Ga acquired
using the GE ME collimator and at 20%
energy windows of the 185 keV photons
at various distances are shown in Figure
3. The images demonstrate the change in
thetotal PRFasafunction of asourcedis-

Fig. 3

Imag%s from the 185 keV energy window

for a ~ Ga point source placed at

(@ 5cm, (b) 10 cm, (c) 15 cmand (d) 20 cm
fromthe collimator face.
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Fig. 4 Imagesofa “Ga point source placed at 10 cm from the collimator face for the
(a) 93 keV, (b) 185 keV and (c) 300 keV photon energy windows.

tance. The PRFs images at 10 cm from B. Planar Images of phantom

the collimator face at the three main ener-
gies are shown in Figure 4. The hole-pat-
ternisclearly demonstrated at al distances
and different photon energies of Ga for
the ME collimator.

© ®
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A sample planar image of the phantomwith
the 3 hot spheresis shown in Figure 5(a).
It demonstratesthe hole-pattern in the un-
processed images. A Butterworth filter of
order 5 and cutoff frequency 0.1 cycles/

Fig. 5

(a) An unfiltered planar
image of the phantom
acquired at 20% energy
window of 185 keV
photon. The processed
images using Butterworth
filter with order 5 and
cutoff frequencies (b) 0.1,
(c)0.2,(d) 0.3, (e) 0.4
and (f) 0.5 cycles/pixel.
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Fig. 6 Horizontal profiles through the center of the leftmost sphere (i.e., the 1.6 cm sphere)

in Figures 5(a), (b), (d) and (e).

pixel substantially reducethe hole-pattern;
however, the processed image shows
poorer spatial resolution as demonstrated
in Figures 5(b) and 6.

At cutoff frequencies of 0.4-0.5 cycles/
pixel, the processed images show good
spatial resolution, but the hole-pattern arti-
fact remains as seen in Figure 5(e) and
5(f). With cutoff frequencies of 0.2-0.3
cycles/pixel, the hole-pattern is reduced
with minimal degradation of spatial reso-
lution, as shown in Figure 5(c) and 5(d).
Figure 6 shows graphically how the filter
function reducesthe hole-pattern with mini-
mal degradation of the spatial resolution.
This agrees with arguments made about
the transfer function in Section I1C.

C. SPECT Images of Phantom

In Figures 7 and 8, we compare the
SPECT reconstructed images of the phan-
tom containing 3 hot spheres obtained us-
ing the FBP and OS-EM algorithms with-
out any compensation and the OS-EM al-
gorithm with approximate compensation of
the CDRF of the M E collimator by model-
ing the geometric component of the CDRF.
The results show that the hole-pattern ar-

tifact was not seen for the 64 x 64 matrix
size as shown in Figure 7. The hole-pat-
tern artifact is seen in the 128 x 128 re-
constructed images for FBP and the OS-
EM algorithm without any compensation
as shown in Figure 8. However, images
reconstructed with OS-EM and an appro-
priate compensation of the distance-depen-
dent CDRF show significant improvement
in resolution and no hole-pattern artifact.

V. DISCUSSION
AND CONCLUSION

The measurements of the PRF of a GE
ME collimator with ¥Gademonstrated that
it is dependent on a source distance. The
hole-pattern artifact isalso seen at all dis-
tances and %’Ga photon energies for im-
ages with small pixel size. For planar im-
aging, we demonstrated that afilter func-
tion could be designed to dramatically re-
duce the hole-pattern artifact with mini-
mal resolution degradation. However, the
filter requires that the distance between
the tumor and the collimator must be
known. Inclinica practice, thedistance can
only be estimated.
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Fig. 7 The 64x64 matrix size reconstructed images obtained using (a) the conventional
filtered backprojection algorithm, the OS-EM algorithm without the CDRF compen-
sation after (b) 2 and (c) 5 iterations and the OS-EM algorithm with the CDRF
compensation after (d) 2 and (e) 5 iterations.
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Fig. 8

©

The 128x128 matrix size reconstructed images obtained using (a) the conventional

filtered backprojection algorithm, the OS-EM algorithm without CDRF compensa-
tion after (b) 2 and (c) 5 iterations and the OS-EM algorithm with CDRF compensa-

tion after (d) 2 and (€) 5 iterations.

In SPECT imaging, the hole-pattern arti-
fact is not seen in reconstructed images
with large pixels. For reconstructed images
with small pixelsand without any compen-
sation using the FBP or the OS-EM ago-
rithm show hole-pattern artifact. With an
appropriate CDRF compensation, we

found a substantial reduction in recon-
structed image artifacts and an improve-
ment in image resolution when using the
OS-EM algorithm.

Inconclusion, in¥Gaimagesitisfeasible
to improve image quality by appropriate
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filtering of the planar images and by com-
pensating for the CDRF of the ME colli-
mator usedin SPECT imaging. The method
is efficient and alows for the incorpora-
tion of the spatially varying in the projec-
tion and backprojection steps of an itera-
tive OS-EM algorithm. Even though only
the average geometric response function
isused, substantial improvementsare seen
in the reconstructed images.
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