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ABSTRACT
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research, we compensated the images for CDR in molecular SPECT by using STIR reconstruction framework.

iteratively reconstructed using an OSEM algorithm with 4 subsets and 32 subiterations.

blobby noise texture is also observed. Furthermore, STIR results are consistent with the experimental ones.

compensation by the STIR framework offers superior SPECT image quality.
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Introduction: It is well-recognized that collimator-detector response (CDR) is the main image blurring factor in SPECT. In this

Methods: To assess resolution recovery capability of the STIR, a phantom containing five point sources along with a micro Derenzo
phantom were investigated. Influence of the lesion size on SPECT quantification was addressed by calculating recovery coefficients
(RCs) as well as spill-over ratios (SORs) for reconstructed NEMA image-quality phantom. Impact of the resolution modeling on
noise properties was also studied. The RCs were then compared with those of experimentally obtained. In all cases, the images were

Results: CDR compensation gives rise to a significant drop in tomographic resolution from 2.45 mm to 1.55 mm. RC for hot rods of
the NEMA 1Q phantom monotonically grows as rod diameter increases, and results in an improvement of the RC up to a factor of
1.24 for the 5-mm rod diameter. PSF modeling also leads to a reduction in SOR from 0.24 to 0.16 averaged for the two cold cylinders.
As a consequence of resolution recovery, a 15.5% overshoot near sharp edges imposing Gibbs ringing artifact occurs. In addition, a

Conclusion: Our findings demonstrate that resolution recovery is required for quantitative molecular SPECT imaging, and CDR
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INTRODUCTION

In molecular SPECT, spatial resolution is of great
importance mainly because of animals’ small-sized
organs, and plays a crucial role in molecular imaging
research [1-3]. In SPECT, the spatial resolution is
primarily determined by collimator-detector response
(CDR). The CDR results in a spatially varying and
asymmetric reconstructed point spread function (PSF),
leading to a blurred tomogram and consequently
significantly affects accuracy and precision of
radioactivity quantification [4].

Both analytic and iterative reconstruction approaches
were implemented to compensate the CDR function,
thus far. While analytic algorithms, utilizing a Metz
filter, are usually fast and also easy-to-implement, but
at the cost of neglecting distance dependency of spatial
resolution. Thus, analytic approaches automatically
result in an approximate compensation [5]. Iterative
methods, whether maximum-likelihood expectation-
maximization (MLEM) or other [6, 7], however can
take both the CDR shape and the distance-dependent
spatial resolution of the camera into consideration and
provide CDR-compensated images superior to the
analytic situations [8].

Tsui et al. [9], in 1988, proposed a method
simultaneously implementing attenuation and detector
response in SPECT. Three years after [10], they
iteratively compensated SPECT images for CDR
using multigrid method. Wang et al. [11], in 1999,
compared analytic and iterative methods for the
purpose of CDR compensation. In 2001, Bouwens and
colleagues [12] tried to recover the lost resolution for
list mode SPECT data. Liu et al. [13], in 2007, worked
on CDR compensation in more details using an NCAT
phantom and decomposing CDR into its components.
Chun et al. [14] compensated SPECT images for CDR
using point spread function (PSF) templates, in 2013.
Zeraatkar and co-workers [15] developed a dedicated
in-house image reconstruction algorithm,
incorporating such a compensation for SPECT, in
2014.

Though, Software for Tomographic Image
Reconstruction (STIR) is extensively used for PET
reconstruction, but there are a limited number of
studies performing the STIR for SPECT data, and to
the extent of our knowledge, no study is benefitted
from the STIR for CDR-compensated molecular
SPECT reconstruction. Therefore, this work is first
directed towards performing the STIR for analytic
simulation of a high-resolution small-animal SPECT
scanner, HiReSPECT [16-18], while CDR of the
scanner is modeled during data acquisition period.
Second, incorporating the CDR functions during
iterative reconstruction, i.e., CDR compensation.
Finally, quantifying the possible effects of CDR

compensation on image quality through various
phantom studies.

METHODS
STIR framework

STIR is an open source, object-oriented library
implemented in C++ for emission tomography
reconstruction. This library has been designed such
that it can be used for many algorithms and scanner
geometries [19]. Its third (current) version, STIR 3.0,
allows for modeling 3D SPECT along with both
attenuation and CDR corrections [20]. It should be
noted that the STIR 3.0 is limited to modeling only
parallel-hole collimated gamma cameras. In other
words, other collimation systems (for example,
pinhole collimators) cannot be currently modeled
within the STIR.

The STIR presents a framework for both analytic (i.e.,
filtered-backprojection) as well as iterative (i.e.,
ordered-subset expectation-maximization (OSEM))
reconstruction algorithms with various data correction
strategies. Furthermore, the STIR offers an
environment for forward-projecting (or Radon
transforming) the object being imaged and
simultaneously degrading the data imposed by
imaging physics. Thus, the STIR is capable of fully
modeling an emission image formation. It should be
noted that such a forward-projecting step is usually
referred to analytic simulation in the literature.

Collimator-detector response

CDR of a SPECT system refers to the image generated
from a point source of activity and the shape of the
CDR is the primary factor determining the image
resolution in SPECT [8]. The CDR is also referred to
PSF in the literature, and is mainly a combination of
four components: (1) geometric (collimator), (2)
intrinsic detector, (3) septal scatter, and (4) septal
penetration responses. The dominant is the geometric
response. Compensating the SPECT images for the
CDR mandates providing a prior knowledge of CDR
functions at different distances from the collimator.
Such prior data can be obtained by using either,
analytic derivations, Monte Carlo simulations, or
experimental measurements.

To experimentally obtain CDRs of the HiReSPECT
scanner, a point source of ®™Tc at various distances
from the collimator’s face was positioned [15]. The
CDR of the scanner at other distances was linearly
interpolated. In order to suppress additional noise
propagation and artifacts during CDR-compensated
image reconstruction, the CDRs are usually fitted to
Gaussian functions, and consequently the fitted
Gaussian shapes were considered as CDRs.

For parallel-hole collimated SPECT cameras, the
spatial resolution is a linearly varying function of
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source-to-collimator distance (SCD) and also is the
same for all points having an identical SCD.
Dependency of standard deviation of the CDR
functions acquired by the HiReSPECT scanner on
distance can be expressed as:

0=0.0155d + 1.17

where o is the standard deviation of the Gaussian-
modeled CDR and d is simply the SCD in mm. The
standard deviation of a Gaussian function is its
FWHM (usually referred as spatial resolution) divided
by 2.355. The above mentioned equation was derived
from the experiments [15].

Resolution recovery

To assess the STIR performance in recovery of the lost
resolution, we designed and then reconstructed a
phantom containing five point sources (12.5 mm
spacing) to cover entire FOV of the head with and
without resolution modeling. Data acquisition was
completely implemented within STIR for 64 equally-
angled projections using a ray-tracing method. During
data acquisition, the CDRs were taken into
consideration.

A digital micro-Derenzo phantom was modeled within
the STIR to characterize the resolution enhancement
as well. The phantom was simply a cylinder with a
diameter of 32 mm and 35 mm length, and contains 6
sections of hot rods with diameters 1.6, 1.8, 2.0, 2.2,
2.4, and 2.6 mm. Having forward projected the
phantom, the images were iteratively reconstructed
using an OSEM algorithm with 4 subsets and 32
subiterations. The radius-of-rotation (ROR) was 25
mm.

Activity recovery

On the way to evaluate influence of object size in
activity recovery, we then reconstructed NEMA NU-4
image-quality (IQ) phantom [21]. The NEMA I1Q
phantom is a cylinder of 30 mm in diameter and 50
mm in length, and contains three parts: (1) five rods
with different diameters (1, 2, 3, 4, and 5 mm) and 20
mm in length, (2) a uniform part (15-cmin length), and
(3) two cold (air-filled) cylinders. Activity recovery
coefficient, or simply recovery coefficient (RC), was
calculated for each rod as follows:

RC = Maximum pixel value in the ROI sourronding eachrod

True activity (%)

The ROIs were outlined so that they entirely surround
each corresponding rod. Data acquisition condition
and image reconstruction parameters were as for the
pervious phantom studies. For a more realistic
research, we added Poisson noise to the projection data

prior to reconstruction using a STIR’s built-in
function.

Spreading out the background activity to the two air-
filled cylinders (cold regions) was quantized as spill-
over ratio (SOR), for a cylindrical volume of interest
(\VOlI) using:

SOR = Mean pixel value ineachVOI
Mean of the background

The VOI was considered such that it surrounds central
part of each cold phantom (6-mm in diameter and 10-
mm in length). All SPECT data were reconstructed
using the OSEM algorithm, with 4 subsets and 32
subiterations. Image grid was 128 x 128 x 64, resulting
in voxel size of 0.3125 mm.

Noise characteristics

Influence of CDR compensation on noise texture was
assessed by the uniform part of the NEMA image-
quality phantom. The phantom was fully modeled
within the STIR. The imaging protocol was 64 views
over 360° and 25 mm ROR. In order to take statistical
nature of the detected counts into account, the
projection data were then subjected to a Poisson noise.
The two datasets (noise-free and noise-present one)
were iteratively reconstructed using the OSEM
algorithm (4 subsets and 32 subiterations). Coefficient
of variation (COV) in the reconstructed image was
reported as noise level in the drawn ROI (a 22.5-mm
diameter circular region over center of the image),
using:

Standard deviation of pixel values inthe ROI

Cov =

Mean pixel value in the ROI

Alternatively, discrete noise power spectrum (NPS) of
the noisy image was calculated as:

2
1

NPS (k. k) = MN

M N
Z Z(I(x,y) —I')exp —2mi (xk, +yk,)

where k, and k, are the spatial frequency
corresponding to the x- and y-dimension, respectively.
M and N are image dimentions, I(x,y) is the noisy
image, and I is the mean of the image I(x, y).

Verification and validation

In the direction of verifying our OSEM reconstruction
procedure, we reconstructed a 3D noiseless Shepp-
Logan phantom using the STIR. Normalized mean
square error (NMSE), as a metric indicating how well
our STIR scheme is working, was then computed as
follows:
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_ I - Bp)?

NMSE = ST

where [;; is the reconstructed image, iij is the original

Shepp-Logan phantom, N and M are the image
dimensions for a 2D slice.

In order to validate our STIR modeling, reconstruction
and compensation, we compared the STIR-provided
RCs with those of experimentally obtained by the
HiReSPECT scanner benefitting from a dedicated
resolution-recovery-embedded image reconstruction
[16]. The experiments had conducted with data
acquisition and condition as for our STIR study.

RESULTS
Resolution recovery

Figures 1a, 1b, and 1c reveal the STIR performance in
recovery of the lost resolution for a phantom
containing five equally-distance point sources. PSF
correction using the STIR results in approximately
uniform spatial resolution throughout the FOV. Figure

1d is line profile of the images across the yellow arrow
comparing the original phantom and its corresponding
PSFs without and with resolution recovery.

The digital micro-Derenzo phantom and its
reconstructions without and with CDR compensation
are depicted in Figures 2a, 2b, and 2c, respectively.
Visual assessment proves that more details would be
resolved in the phantom, when one utilizes CDR
compensation.

Activity recovery

In Figures 3a, 3b, and 3c the hot rods part of the
NEMA 1Q phantom and the reconstructed phantom
with and without PSF correction are depicted.

RC is then calculated for each rod of the phantom
(totally 4 rods) with and without resolution recovery
(Figure 3d), using related equation. Figures 4a, 4b, and
4c¢ refer to the two cold cylinders embedded in a hot
background (a part of NEMA 1Q phantom), and its
reconstruction without and with resolution modeling.

100+
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20 40 60 80 100 120
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Fig 1. Five point-sources study: (a) the original phantom, (b) its reconstruction without CDR compensation, (c) with CDR compensation, and

(d) a line-profile comparing uncorrected and CDR-corrected PSFs.
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(b)

Fig 2. (a) Digital micro-Derenzo phantom, (b) no-PSF modeled reconstruction, and (c) PSF-corrected reconstruction. The images grid are

128x128 and pixel-size is 0.25 mm.
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Fig 3. (a) A slice of hot rods region of the NEMA 1Q phantom, (b) no-PSF modeled reconstruction, (c) PSF-corrected reconstruction, and (d)

RC as function of rod diameter. The images grid are 128 x 128 and pixel-size is 0.3125 mm.

(a) (b)

Fig 4. (a) A slice containing two cold cylinders in the NEMA 1Q phantom, (b) no-PSF modeled reconstruction, (c) PSF-corrected

reconstruction. The images grid are 128x128 and pixel-size is 0.3125 mm.
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Fig 5. (a) A slice of uniform region of the NEMA 1Q phantom, (b) no-PSF modeled reconstruction, (c) PSF-corrected reconstruction, and (d)
line-profile of the images manifesting a ringing artifact in the case of PSF-corrected image. All datasets are noise-free.
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Fig 6. (a) A slice of uniform region of the NEMA 1Q phantom, (b) no-PSF modeled reconstruction, and (c) PSF-corrected reconstruction.

Projection data were corrupted by a Poisson noise.

Noise characteristics

Results from reconstruction of uniform part of the
NEMA phantom with and without resolution recovery
are shown in Figures 5a, 5b, and 5c, respectively.
Figure 5d manifests Gibbs ringing artifact occurred at
the edge of the phantom due to PSF correction process.
Two overshoots are appeared at the sharp edges.

The effect of CDR compensation on image noise
texture is visually highlighted in Figures 6a, 6b, and
6¢. A Poisson noise is added to the projection data. As
can be clearly observed, the resolution modeling
significantly changes the noise texture. Figure 7 shows
a normalized line profile of the 2D NPS of the noisy
image, before and after PSF correction.
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Fig 7. Noise power spectrum (NPS) is shown for the original
Poisson noise and the blobby one (after PSF correction)

Verification and validation

A slice of the 3D Shepp-Logan phantom and its
OSEM-reconstruction using the STIR are illustrated in
Figure 8. NMSE, as described in the previous section,
is 0.058.

(a) (b)

Fig 8. (a) A slice of the 3D Shepp-Logan phantom and (b) its
reconstruction using OSEM algorithm. The CDR is not incorporated
during forward-projection step.

Figure 9, provides a comparison between our STIR
reconstruction data and the experiments, for RCs. A
good agreement (maximum 11% difference for the
largest rod) between the STIR study and the
experimental one is observed.
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Fig 9. Comparison of the STIR-provided RCs with those of the
Moji’s study [16]. All RCs are after PSF-correction.

DISCUSSION

When we look at Figures la, 1b, and 1c, we can
visually understand that the resolution recovery
process inclines to uniformly recover the lost
resolution across the FOV of the scanner. Therefore,
one can conclude that the STIR performance in
reconstruction along with resolution modeling of
molecular SPECT data is promising. The more
quantitative results are provided in Figure 1d, in which
tomographic resolution improves from 2.45 mm to
1.55 mm after compensation of the image for CDR.
Once upon resolution modeling, image contrast is
significantly enhanced, as depicted in Figure 1d. In
Figure 2, a substantial gain in spatial resolution is
observed, and the rods with 1.6 mm diameter become
resolvable when the image is compensated for the
CDR (Figure 2c).

Because of the finite spatial resolution of the camera
as well as discretizing the images into voxels, partial
volume artifact occurs, especially for small-sized
objects. Partial volume effect (PVE) results in
spreading out the activity around the object, and
leading to an underestimation in the case of hot
lesions. PSF correction capability of the STIR makes
the framework feasible to obtain a higher RC. As can
be seen from Figure 3d, when the rod diameter
increases, the RC monotonically increases, because
the rod volume becomes larger in comparison to the
imaging resolution. Referring to both Figures 1d and
3¢, the STIR not only recovers the lost resolution, but
also enhances image contrast and this is the main
reason that the RCs increase. For the 2- and 5-mm
diameter rods, the RC approximately reaches 0.39 and
0.93, respectively.

Averaged SOR for the two air-filled cold cylindrical
regions of the NEMA 1Q phantom was calculated 0.24
and 0.16 without and with CDR compensation in
Figures 4b and 4c, respectively. Falling off the SOR is
primarily because the PSF correction algorithm tries to
avoid spreading out the activity into neighbor voxels.
As such, similar to the hot lesions, PVE is mitigated
via CDR compensation. Hence, the cold cylinders
become more clear and larger.

In addition, the PSF correction process generates edge
artifact (the Gibbs ringing artifact) [22]. The image
oscillates and jumps at sharp edges resulting in an
overshoot near such edges. Based upon Figure 5d, a
15.5% overshoot is observed at the edges of uniform
part of the NEMA 1Q reconstruction. Therefore, there
is strict trade-off between image resolution and Gibbs
artifact. However, various studies are
comprehensively addressed such a compromise [23,
24].

Noise performance after PSF correction is a complex
process in iterative reconstruction of the images,
mostly due to nature of the CDR compensation
algorithms [25]. A CDR compensation algorithm
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tends to behavior as an apodized high-pass filter.
Indeed, PSF correction recovers only those frequency
components that are resolved by the scanner. For this
reason, such a mechanism not only amplifies mid-
frequency, but also simultaneously suppresses high-
frequency components, and automatically gives rise to
a correlated noise texture compared to the original
approximate white (uncorrelated) noise. As a result,
this can lead to a diminished image noise as Rahmim
et al. predicted for PET imaging [22]. COV, as a
spatial measure, of the reconstructed uniform part of
the NEMA 1Q phantom is 8.4% compared to the value
of 6.7% after resolution recovery. Although,
resolution modeling using the STIR yields a subtle
decrease in image noise, but creates a blobby noise
texture, as ismanifested in Figure 6¢. The NPS reflects
frequency-dependence of the image noise. Figure 7
reflects that the NPS of a PSF-corrected image is no
longer flat (as is resulted for the white noise) and is
frequency band-limited. Therefore, the CDR
correction algorithm alters the noise pattern to a
correlated texture.

Referring to Figures 8a and 8b, a NMSE of 0.06 was
found for reconstruction of 3D Shepp-Logan phantom
using the STIR. Furthermore, there is a good
agreement (maximum 11% difference for the 5-mm
diameter cylinder) between the STIR-based PSF
corrected RCs and those reported by the Moji’s study
[16] (Figure 9). The STIR benefits from an on-the-fly
system matrix calculator algorithm for both image
reconstruction and CDR compensation [19, 20],
compared to the Zeraatkar’s rotation-based
projector/backprojector pair strategy [16]. While the
rotation-based image reconstruction and CDR
compensation algorithms are straightforward and fast
but, they considerably suffer from interpolation errors.
On the other hand, the difference between the STIR-
provided results and preclinical data [16] also comes
from other imaging physics phenomena, like photon
attenuation as well as Compton scattering that are not
included in our STIR research.

CONCLUSION

The purpose of this work has been to quantify
compensation of molecular SPECT data for CDR of
the scanner using STIR platform. According our
findings, one can conclude that CDR compensation is
mandatory, particularly in quantitative molecular
SPECT, in order to obtain a high-quality and low-bias
image by reducing PVE. Even though CDR
compensation leads to a higher-resolution images but
it is counterbalanced by a correlated noise pattern as
well as notable edge artifact, and one should pay
attention to such side-effects when compensating
tomograms. There is an obvious advantage of the
STIR for the purpose of quantitative SPECT
reconstruction. Reconstruction capability of the STIR

at the same time benefiting from both CDR and
attenuation correction capabilities of this platform,
makes the STIR a unique framework for quantitative
molecular SPECT reconstruction.
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