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Abstract: The accuracy of positron emission tomography (PET) imaging is hampered by the partial
volume effect (PVE), which causes image blurring and sampling. The PVE produces spillover
phenomena, making PET analysis difficult. Generally, the PVE values vary based on reconstruction
methods and filtering. Thus, selection of the proper reconstruction and filtering method can ensure
accurate and high-quality PET images. This study compared the values of factors (recovery coefficient
(RC), uniformity, and spillover ratio (SOR)) associated with different reconstruction and post-filtering
methods using a mouse image quality phantom (NEMA NU 4), and we present an effective approach
for microPET images. The PET images were obtained using a microPET scanner (Inveon, Siemens
Medical Solutions, Malvern, PA, USA). PET data were reconstructed and/or post-filtered. For tumors
smaller than 3 mm, iterative reconstruction methods provided better image quality. For tumor sizes
bigger than 3 mm, reconstruction methods without post-filtering showed better results.
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1. Introduction

As a nuclear medicine functional imaging technique, positron emission tomography
(PET) imaging is a powerful tool for diagnosis of tumor or cardiac function based on the
estimation of metabolic processes. Unfortunately, the image accuracy of PET is relatively
lower than that of other clinical imaging techniques such as magnetic resonance imaging
(MRI) and computed tomography (CT) due to the intrinsic poor spatial resolution associ-
ated with the PET signal capturing principle. A physical solution is the development of
gamma ray detectors (scintillator crystal) or signal processing circuits to correct for time
of flight. Physical solutions are expensive and take a long time. We suggest an image
correction method based on assessment of performance. Poor spatial resolution causes
a partial volume effect (PVE) [1–3]. The accuracy of a PET image is affected by the PVE,
resulting in image blurring and image sampling. Spill-in and spill-out (i.e., spillover) phe-
nomena are generated by the PVE. The radioactivity of tissue may be underestimated due
to spill-in from adjacent high-radioactivity tissue (e.g., tumor) [4]. The radioactivity of a
volume of interest (VOI) may be overestimated due to spillover occurring into the VOI from
high-radioactivity tissue (e.g., heart cavity). When analyzing cardiac perfusion in dynamic
cardiac PET images, perfusion values change with time sequencing. The time–activity
curve (TAC) peak of the myocardium is observed at full blood pool. However, the blood
pool activity is maintained at a constant level from activity uptake in the myocardium,
implying that the TAC of blood pool and myocardium is distorted by spillover and may
need correction. Therefore, spillover creates difficulties in measuring myocardial blood
flow (MBF) in cardiac PET analysis. The spillover phenomenon needs to be corrected
using a recovery coefficient (RC). The RC value may be used in absolute measurement of
myocardial blood flow (MBF) [5].
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The RC, uniformity, and spillover ratio (SOR) of PET images are measured and
assessed using the NEMA NU-4 phantom [6–10]. Soret et al. introduced a simple
PVE correction method in which the measured uptake value in the region of interest
(ROI) was divided by a correction factor, RC. For smaller tumors, tumor uptake value
may be underestimated due to the PVE, and this problem is addressed by RC adaption.
The spillover effect observed in myocardium from blood pool may distort the time–activity
curve (TAC) in myocardium upon cardiac PET imaging. The distortion of the TAC affects
the measurement of MBF and needs correction. The myocardial TAC may be corrected
using the RC because of myocardial thinning.

Moreover, reconstruction methods have been developed and assessed for enhance-
ment of PET image accuracy [11–14]. The PVE is depended on PET image reconstruction
methods. Various PET image reconstruction methods have been evaluated in PET studies
and classified into analytical and iterative approaches. Analytical approaches include
filtered back projection (FBP), Fourier rebinning (FORE), and three-dimensional reprojec-
tion (3DRP). The iterative approaches include two- or three-dimensional ordered-subsets
expectation maximization (OSEM2D or OSEM3D) and maximum likelihood expectation
maximization (ML-EM) algorithms. Another study reported that an iterative reconstruc-
tion method was more accurate than analytical reconstruction methods for the absolute
measurement of MBF [15]. Sondergaard HM et al. reported that the OSEM reconstruc-
tion method produced better image quality and less noise than the FBP reconstruction
method [16]. HS Kim et al. compared reconstruction methods (FBP, OSEM2D, OSEM3D,
and 3DRP) in cardiac PET imaging and reported that the OSEM3D reconstruction method
showed a higher correlation with TTC staining and provided better image quality and
contrast than other methods [17]. Post-filtering produces blurred images but can reduce
the image noise. A filtering size larger than the image pixel size may result in image
distortion. The selection of a suitable filter size can reduce the image noise and improve the
image uniformity.

We executed performance assessment of microPET imaging using a mouse image
quality phantom. The acquired phantom data were reconstructed using various recon-
struction methods and filtered using a Gaussian filter. The accuracy of PET imaging is
hampered by the PVE. The PVE is dependent on reconstruction methods and the selection
of a valid reconstruction method can enhance the accuracy and the quality of PET images.
In this report, we compared the values of factors (RC, uniformity, and SOR) between
reconstruction methods and post-filtering and present a valid reconstruction method for
microPET imaging to enable the selection of a reconstruction, post-filtering, and activity
correction method for image analysis.

2. Materials and Methods
2.1. MicroPET, Reconstruction, and Post-Filtering

The PET images were obtained using a microPET scanner (Inveon, Siemens Medical
Solutions, Malvern, PA, USA) with 20 × 20 lutetium oxyorthosilicate (LSO) crystals (each
measuring 1.5 × 1.5 × 10 mm3). The system comprised 64 detector blocks arranged in
four contiguous rings with a diameter of 16.1 cm, a transaxial field of view (FOV) of 10 cm,
and an axial FOV of 12.7 cm. Acquired data were sorted into 3D sinograms or directly into
2D sinograms. The 3D sinograms were then rebinned using FORE algorithm. The acquired
3D sinograms were reconstructed in 2D using the FBP and OSEM2D algorithms and in 3D
using the OSEM3D and 3DRP algorithms.

PET data were reconstructed using FBP, 2 and 3D OSEM (OSEM2D and OSEM3D,
respectively), and the 3DRP algorithm. In the FBP and OSEM reconstruction methods,
a projection filter was fixed to a Ramp filter (cutoff at Nyquist frequency). A Hann fil-
ter (projection filter) was used only in the 3DRP reconstruction method. In the OSEM
reconstruction methods, subsets were fixed to 16, and iteration numbers were 4, 6, and 8.
The projection cutoff (0.5) was equally applied to all reconstruction methods. We measured
the average reconstruction time per frame. The reconstructed images were filtered using a
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Gaussian smooth 3D filter. The three Gaussian smooth 3D filters were set on a full width
at half maximum (FWHM) sizes of 1, 2, and 4 mm. A total 36 images were generated
as FBP, OSEM2D_I4, OSEM2D_I6, OSEM2D_I8, OSEM3D_I4, OSEM3D_I6, OSEM3D_I8,
3DRP_non, and 3DRP_Hann (multiplied by the four Gaussian filters).

2.2. Phantom Imaging and Measurement Methods

A mouse image quality phantom (NEMA NU-4) offered image resolution, uniformity,
and contrast information for microPET imaging. The NEMA NU-4 image was acquired for
20 min with a 3.7 MBq (100 uCi) 18F solution. In the phantom image, microPET performance
was assessed via image accuracy, RC, uniformity, and SOR values. The resolution portion
contains hot rods of 5, 4, 3, 2, and 1 mm diameter in a cold background for evaluating
contrast resolution. The contrast portion contains water- and air-filled cylinders of 8 mm
diameter in a hot background for evaluating accuracy of attenuation and scatter corrections.
The uniformity portion contains a hot background with no structures for evaluating noise
and nonuniformity artifacts.

The image accuracy was measured with a full width at half maximum (FWHM) of
5 fillable rods in the resolution area. Five fillable rods were used to determine the RC,
defined as the ratio of the measured activity concentration in the rods and the activity
concentration measured in the uniform area (UA).

Recovery Coe f f icient (RC) =
Rodmax

UAmean
(1)

where Rodmax is the maximum value of rods and UAmean is the mean of uniformity area.
The fillable uniform area of the phantom was used to measure the uniformity as a

measure of noise. A lower %SD indicated a lower variability in the dataset. Equally,
a higher %SD showed that the dataset exhibited variations.

%SD =
UAsd

UAmean
× 100 (%) (2)

where UAsd is the standard deviation of uniform area.
The SOR of water- or air-filled area was calculated as follows:

Spillover Ratio (SOR) =
WAmean or AAmean

UAmean
(3)

where WAmean or AAmean are the mean of water or air area.
A circle ROI with a 2.5 mm radius was drawn in a hot rod of 5 mm diameter for

calculation of peak signal-to-noise ratio (PSNR). The peak signal (PS) and mean square
error (MSE) were measured in ROI. The PSNR was calculated as follows:

Peak signal − to − noise ratio (PSNR) = 10 × log10
PS2

MSE
(dB) (4)

2.3. Image Analysis and Statistics

PMOD version 3.310 (PMOD Technologies Ltd., Zurich, Switzerland) and ImageJ
1.48v were used for image analysis. For assessing image accuracy, rod size was calculated
from a line-profile list obtained using ImageJ. Image accuracy was compared via the size
of five fillable rods, calculated using the FWHM method in the hot rod section. Image
uniformity was compared using %SD values obtained from average and standard devia-
tion in uniform area. The average and standard deviation values were measured across
10 regions of interest (ROIs, circles with a radius of 8 mm) drawn in a uniform area.
The SOR values were calculated using mean of uniform area (voxel of interest, VOI) and
mean of water or air area (VOI). In the phantom image, mean of uniformity area, stan-
dard deviation, and maximum value of rods were obtained using PMOD. The recovery
coefficient and %SD were calculated using Equations (1) and (2).



Appl. Sci. 2021, 11, 8707 4 of 8

3. Results
3.1. Image Accuracy

Phantom images are shown in Figure 1A. Image quality, sharpness, accuracy,
and intensity were different following the reconstruction methods. We confirmed the
image accuracy of reconstruction methods in hot rods of 5, 4, 3, and 2 mm diameter for the
NEMA NU 4 mouse image quality phantom (Figure 1B). In the image, the rod size was
measured as FWHM. In 2, 3, and 4 mm rods, the OSEM2D reconstruction method showed
the highest accuracy among all tested methods. The accuracy of OSEM3D in the 2 mm rod
was higher than that in other rods. In the 5 mm rod, 3DRP with Hann filter was the most
accurate reconstruction method. In the iterative reconstruction methods (OSEM2D and
OSEM3D), the measured rod size followed the number of iterations and was not changed
by the specific pattern.
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In the 2, 3, and 4 mm rods, the accuracy of OSEM2D reconstruction method was higher than that of the other methods.

3.2. Recovery Coefficient (RC)

The RC values were obtained for five hot rods of the NEMA NU-4. The RC value is
theoretically limited between 1 and 0. The RC values of FBP and 3DRP without filtering
were similarly obtained from published data (Figure 2A). However, the RC values of
3DRP with Hann filtering were lower than those of FBP and 3DRP without the filtering.
The RC values were overcompensated in the iterative reconstruction methods (black lines in
Figure 2A). We additionally confirmed that RC values varied with post-filtering (Figure 2B).
The RC curve trend in OSEM reconstruction methods with a 2 mm Gaussian filtering was
similar to that in the FBP reconstruction (dotted lines in Figure 2B).

3.3. Image Uniformity

The uniformity of the 3DRP and OSEM3D reconstruction methods was higher than
that of FBP reconstruction method. However, the uniformity of the OSEM2D reconstruction
method was lower than that of the FBP reconstruction method. In iterative reconstruction
methods (OSEM2D and OSEM3D), image uniformity decreased with increasing number
of iterations (Figure 3A). The uniformity values of OSEM2D_I4, I6, and I8 were 8.25, 9.84,
and 11.18%, respectively. However, the increase in the range of uniformity in OSEM3D
was lower than that in OSEM2D. The uniformity values of OSEM3D_I4, I6, and I8 were
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6.03, 6.20, and 6.40%, respectively. We confirmed the effect of post-Gaussian filtering in
iterative reconstruction methods (Figure 3B). The image uniformity was increased with the
use of a Gaussian filter of 1 or 2 mm and decreased with a 4 mm Gaussian filter. Specifically,
the image uniformity in the OSEM3D reconstruction method without Gaussian filtering
was higher than that with the 4 mm Gaussian filter.
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uniformity decreased with the use of a Gaussian filter of 4 mm.

3.4. Spillover Ratio (SOR)

The SOR (Equation (3)) was estimated as mean of uniform area to the mean of water or
air area (Figure 4). The SOR in water (0.205 ± 0.021) was significantly higher than that in air
(Figure 4A) (0.119 ± 0.018) in the reconstruction methods without Gaussian post-filtering
(p < 0.001). In the iterative methods, the SOR slowly decreased with increasing iteration
numbers. The SOR rapidly increased with increasing Gaussian filter size (Figure 4B).
The SOR values of the 1, 2, and 3 mm Gaussian filtering compared with nonfiltering
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increased approximately 1.04, 1.19, and 1.74 times in the OSEM2D reconstruction method
and about 1.04, 1.21, and 1.80 times in the OSEM3D reconstruction method.
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Figure 4. The spillover ratio (SOR) was estimated as the mean of uniform area to the mean of water or air area. (A) The SOR
in water was significantly higher than that in air in the reconstruction methods without Gaussian post-filtering (p < 0.001).
(B) In the iterative methods, SOR decreased with increasing iteration number and increased with increasing Gaussian filter
size (p < 0.05).

PSNR was calculated on the hot rod of 5 mm diameter. The higher PSNR was
22.44 dB in OSEM3D_I8 and the lowest PSNR was 19.32 dB in OSEM2D_I8. The PSNR
values of other methods (3DRP, 3DRP_Hann, FBP, OSEM2D_I4, OSEM2D_I6, OSEM3D_I4,
and OSEM3D_I6) were 19.68, 19.78, 20.52, 19.79, 19.49, 19.77, and 21.48 dB, respectively.

4. Discussion

We confirmed data credibility by comparison to previously reported data [6].
Our recovery coefficient values reconstructed to FBP were similar to those reconstructed to
FBP in another study.

In iterative reconstruction methods, image uniformity decreased depending on the
number of iterations, because image noise increased along with number of iterations
(Figure 3A). However, the increased range of OSEM3D was lower than that of OSEM2D.
This disadvantage could be overcome by Gaussian filtering (Figure 3B). However, a filter
size larger than 2 mm resulted in image distortion due to high blurring. The reconstruction
time of 3DRP was the longest (10:04:40, 43 frames, Table 1).

Table 1. Reconstruction times (hh:mm:ss) measured by embedded Inveon computer.

Reconstruction Methods Total Time Average Time
(Per Frame)

3DRP_non 10:04:40 00:14:03
3DRP_Hann 10:04:46 00:14:03

FBP 00:09:49 00:00:13
OSEM2D_I4 00:11:33 00:00:16
OSEM2D_I6 00:13:02 00:00:18
OSEM2D_I8 00:16:10 00:00:22
OSEM3D_I4 04:08:07 00:05:46
OSEM3D_I6 05:54:34 00:08:14
OSEM3D_I8 07:41:45 00:10:44

The SOR effect in water was stronger than that in air. The SOR effect of the iterative
reconstruction methods trended lower than that in the analytic reconstruction methods.
However, it increased with increased iteration numbers and post-filtering was crucial for
myocardial blood flow (MBF) evaluation in cardiac PET imaging.
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In the PET images, the reconstruction method and post-filtering affected the image
quality, and activity correction of the target (tumor, brain, or heart) was positively necessary
for accurate analysis. Tumor activity should be corrected by the RC value of actual tumor
size. In cardiac PET image analysis, the TAC of blood pool and myocardium needs
correction because of the spillover effect from myocardium to blood pool or from blood
pool to myocardium.

A limitation of this study is that we did not compare new, recently developed recon-
struction algorithms. If the reconstruction algorithms of the Inveon system are updated,
we will perform further study.

5. Conclusions

Image accuracy of the OSEM2D was higher than those of other reconstruction methods.
The overcompensated recovery coefficients filtered by the 2 mm Gaussian filter resembled
the values of FBP. The image uniformity of OSEM3D was higher than those of other
reconstruction methods. The SOR values of the 3DRP and FBP reconstruction methods
were higher than that of iterative reconstruction methods. The reconstruction time (14 min)
of 3DRP was longer than those of other reconstruction methods.

In Inveon microPET imaging, iterative reconstruction methods provided better im-
age quality for tumors smaller than 3 mm. For tumors bigger than 3 mm, the FBP,
3DRP, and OSEM2D reconstruction methods without post-filtering showed better results.
The OSEM3D reconstruction method with 1 mm Gaussian post-filtering enhanced the
image accuracy and image quality. To conclude, we need to select the appropriate recon-
struction method and post-filtering for correct image analysis or interpretation, because
post-filtering enhances image uniformity but impairs image accuracy.

In the myocardial blood flow (MBF) measurement using dynamic PET image, Patlak
analysis with recovery coefficients is widely used. Our future work is on validation of
Patlak analysis with recovery coefficients and the development of the MBF measurement
program using Patlak analysis.
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