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Abstract

Background: Reviewed the previous study with commonly used NEMA IEC Body phantom, we observed that it has a number
of defects, hindering its application for detecting micro-lesions and measuring the performance parameters of computed
tomography (CT). This study aimed to propose a PET/CT phantom designed by National Institute of Metrology (NIM), China,
which is capable of simultaneously testing the performance of PET and CT systems, and to evaluate the quality of imaging.
Methods: The phantom was developed in the current study, the NIM PET/CT phantom, is composed of a PET imaging module
and a CT imaging module, and these modules are connected together through bolts, which can simul- tenuously measure the
imaging performance of PET and CT systems and similar to NEMA IEC Body phantom. Hot spheres were filled with 4:1
sphere-to- background activity concentration using 18F-fluorodeoxyglucose (18F-FDG), and cold spheres were filled with
non- radioactive water. The results of imaging obtained from the NIM PET/CT phantom and the NEMA IEC Body phantom
were compared to assess their diagnostic efficacy. In order to evaluate the generalization ability of the NIM PET/CT phantom,
three different PET/CT systems were used to scan on the same scanning protocol. To evaluate the effects of image
reconstruction algorithms on image quality assessment, VPFX (Vue point FX), VPHD (Vue point HD), ordered subset expectation
maximization (OSEM), OSEM-point-spread function (PSF), OSEM-TOF, and OSEM-PSF-TOF algorithms were employed using
Discovery MI Gen2, 3 ring scanner (GE).

Results: The imaging quality of the NIM PET/CT phantom and the NEMA IEC Body phantom was relatively consistent. The
NIM PET/CT phantom could detect 7 mm spheres without influencing the imaging quality. It was found that PSF
reconstruction exhibited to reduce the speed of convergence, the contrast and background variability of spheres (13-28 mm)
were significantly improved after two iterations. In addition to improve the image contrast and background variability, TOF
could markedly improve the overall image quality and instrument detection limit. TOF-PSF could noticeably reduce noise
level, enhance imaging details, and improve quality of imaging.

Conclusions: The results showed that in comparison with the NEMA IEC Body phantom, the NIM PET/CT phantom
outperformed in evaluating the PET image quality of micro-lesions and the performance parameters of CT.
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I.  Background (Introduction)

Positron emission tomography (PET) has proven invaluable in the diagnosis, staging, and treatment
response evaluation of a broad range of tumors. The technologies adopted and refined in PET systems mainly
address basic imaging parameters, such as resolution, sensitivity, and aperture, influencing the overall quality of
PET images. X-ray computed tomography (CT) is based on differential absorption of X-ray by different tissues
to enable distinction between different anatomical structures, and the CT uses sophisticated mathematical
techniques to construct a two-dimensional (2D), three-dimensional (3D) images. With the development
of medical imaging techniques, fused image with a large amount of information for increasing the clinical
applicability of medical images. In initial staging, PET/CT exhibited a higher sensi tivity in detecting
distant metastases compared to conventional imaging, leading to disease upstaging and the consequent
switch from a local approach to a systemic chemotherapy [2].
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In medical imaging, physical phantoms refer to real objects designed to simulate the human body for
specific clinical conditions. Physical phantoms are used to calibrate imaging systems, evaluate their performance,
and ensure the correct operation of imaging systems before scanning human subjects. They also constitute an
inexpensive way of testing new imaging applications and serve as a well-defined reference for quantitative
measurements. Because of the differences in contrast from one region to another, images typically show a clear

delineation of internal structure (anatomy), morphology, and physiological functions. In 1994, the
National Electrical Manufacturers Association (NEMA) published the NEMA NU2-1994 standard for
performance assessment of PET. Thereafter, the NEMA NU2 standard and the IEC61675-1 standard issued by
the International Electrotechnical Commission (IEC) have been repeatedly

revised. According to the NEMA NU 2-2012 standard, image quality parameters of PET scanners could
be obtained by measuring a specific IEC-61675—1 emission phantom i.e. NMEA IEC Body phantom, This image
quality phantom mimics the shape of an upper human body and is built of acrylic glass. The PET component of
the PET/CT system can be evaluated using the method described in the NEMA standard, and the CT component
is mainly associated with the low contrast resolution. [1].

Although PET-NEMA/IEC body phantom is widely used, it still has a number of shortcomings.
Firstly, the minimum inner diameter of spheres used to measure image quality parameters in phantom
is 10 mm, thus, the phantom cannot meet the requirements of detecting micro lesions. Secondly, the
mentioned phan- tom can only be applied to PET measurement. The third limitation is the requirement
of specific temperature and humidity conditions for storage, to ensure the standardized use of phantom
for repeated measurements and in multicenter trials. Hence, the present study aimed to pro- pose a
PET/CT phantom designed by National Institute of Metrology (NIM), China, which we have designed,
tested their basic model with 7mm smallest sphere and is capable of simultaneously testing the performance
of PET and CT systems, and to evaluate image quality.

Institute of Metrology (NIM), China, which is capable of simultaneously testing the performance of PET
and CT systems, and to evaluate quality of imaging [1].

II. Methods

The NEMA IEC body phantom

The NEMA IEC Body phantom is an anthropomorphic phantom recommended by both NEMA and IEC,
and it is extensively utilized in PET imaging. This phantom mimic the shape of an upper human body and is built
of acrylic glass material. It comprises 6 hollow glass spheres (inner diameters of 37, 28, 22, 17, 13, and10 mm),
which can be inserted into the large phantom compartment. Additionally, a cylindrical insert containing styrofoam
with an average density of 0.3 £ 0.1 g/ml, and is positioned in the center of the phantom. The NEMA IEC Body
phantom simulates hot and cold lesions and reflects the clinical image quality of a PET/CT system. It two largest
spheres (diameters of 37 and 28 mm) as the cold lesions and the other spheres (diameters of 22, 17, 13, and 10
mm) as the hot lesions. Besides, a cylindrical lung inserts, filled partly with a low atomic number material with
an average density of 0.30 + 0.10 g/ cc was used (Fig. 1).

Fig. 1 The NEMA IEC Body phantom

The NIM PET/CT phantom

The phantom developed in the present study is composed of a PET imaging module and a CT
imaging module, and these modules are connected together through bolts. This phantom can
simultaneously assess the imaging performance of PET and CT systems (Fig. 2).
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The structure of a PET imaging module in the NIM PET/CT phantom was found similar to

that of the NEMA IEC Body phantom, in which filling was performed by 18 fluorodeoxyglucose
(F-FDG) solution. It comprises 6 hollow glass spheres (inner diameters of 37, 28, 22, 17, 13, and 10 mm),
a cylindrical lung insert. In addition to the 6 hollow spheres specified in the NEMA NU2 standard, 2
hollow spheres with diameters of 4 and 7 mm were added.

Fig. 2 The NIM PET/CT phantom

Among them, spheres with diameters of 28 and 37 mm were filled with purified water for cold lesions,
and the remaining (inner diameters of 22, 17, 13, 10, 7, and 4 mm), were filled with 18F-FDG solution for hot
lesions. The distribution of spheres in the proposed phantom is shown in (Fig. 3).

The CT imaging module was developed with a diameter of 150 mm and a thickness of 20 mm. The
background was filled with purified water, and was made of a nonmetallic CT-free artifact material, which was
equivalent to water. Besides, three low-contrast CT inserts with the same diameter were inserted, with a triangle
distribution, whose low-contrast resolution was 0.5%, 1.0% and 1.5%, respectively.

Fig. 3 The distribution of spheres in the NIM PET/CT phantom.

Image quality control
Region of interest (ROI)

ROIs were placed on PET and CT images. ROIs of PET images included cold spherical ROIs, hot
spherical ROIs, spherical ROIs, and lung insert ROI; ROIs of CT images involved internal ROIs and background
ROIs. Twelve ROIs (37 mm) are drawn on the background region. Background ROIs for spheres with diameters
of 10, 13, 17, 22, and 28 mm are drawn concentric to the ROIs (37 mm) as indicated in the top background ROI.

All spherical ROIs were drawn on slices centered on the spheres and background ROIs with the same
size and concentric distribution was on the background at the same level. Besides, ROIs were drawn on slices as
close as possible to = 1 and = 2 cm on each side of the central slice. A total of 60 background ROIs, including 12
ROIs on each of five slices, were accordingly drawn (Fig. 4). Lung ROIs were drawn in form of a circle with a
diameter of 30 + 2 mm on the center of the simulated lung tube. ROIs of CT images included internal ROIs of
each insert and the same background ROIs (n = 3) around each insert (Fig. 5).
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PET image analysis

The contrast recovery coefficient (CRC) is the percentage of measured net concentration normalized by
the measured background concentration to true net concentration normalized by true background concentration.
CRC provides information of how accurately the system reproduces the true activity concentration in a specific
volume. CRC for hot sphere is was calculated following cold, background ratios.

(a)

Fig. 4 The layout of background ROIs for PET image quality analysis in (a) NEMA IEC Body phantom and (b)
NIM PET/CT phantom.

Percentage of background variability
The percentage of background variability calculated following standard deviation (SD) of the activity
concentration in the background ROL

Measurement of the residual error using CT-based attenuation and scatter-corrected PET images.

To measure the residual error using CT-based attenuation and scatter-corrected PET images, the relative
error was calculated for each slice by calculating the ratio of the average counts in the lung insert ROI to the
average counts in the background ROIs. Percentage of misplaced counts in the lung insert, following the NEMA
NU 2-2012 guidelines.

CT images with low-contrast resolution

CT images with a low-contrast resolution were presented by calculating differences in CT values, in
which differences with 15, 10 and 5 HU between CT values indicated that1.5%, 1.0% and 0.5% of CT images
had a low-contrast resolution, resolution respectively.

Fig. 5 The layout of background ROIs for CT image quality analysis.

Data acquisition

Hot spheres were filled with 4:1 sphere-to-background activity concentration using 18F-FDG, and cold
spheres were filled with non-radioactive water for cold lesions. Place the phantom on the patient table after
effective assembly, and scanning was started immediately after positioning. Whole-body spiral CT scan was
performed with a matrix of 512 x 512, pixel size of 1.417 x 1.417 mm, a slice thickness of 2.78 mm, and a tube
voltage of 140.00 kV (Helical, full 70cm). Besides, PET acquisition time was about 8 min (Table 2).
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Image reconstruction

Generally, the performance parameters of PET and the visibility of lesions in phantoms are strongly
dependent on parameters of the reconstruction algorithms. In PET, positron range and inter-crystal scattering can
affect measurement resolution, and each can be modeled within system matrix. However, the calculation of such
factors within the system matrix impacts the speed of computation and the convergence of the algorithm.

During investigation of novel scenarios in PET, the accuracy of the system matrix can be chosen to
reflect the application of the system and the speed required during image reconstruction. All PET images were
reconstructed with the matrix size of 256 % 256 and the image dimensions 384 x 384 x 53, VPFX reconstruction
(Table 1).
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The PET data were reconstructed primarily using the VPFX, VPHD, ordered subset expectation
maximization (OSEM) algorithm, and the number of iterations was 2. The main motivation for time of-flight
(TOF)-PET has always been the potential image quality improvement or reduction in image acquisition time of
TOF-PET. TOF-PET data can be easily compared with PET data for the same study as the TOF data can be
ignored during reconstruction. The point-spread function (PSF)reconstruction produces images with the improved
isotropic spatial resolution, the reduced ratio of spill-in/spill-out, and the increased activity concentration in micro
lesions that can be more easily detected and characterized. In order to evaluate the effects of TOF-PET on image
quality assessment, VPFX, VPHD, OSEM, OSEM-PSF, OSEM-TOF, and OSEM-PSF-TOF algorithms were
employed. The PET reconstruction conditions are showed in (Table 3).

Table 2 Comparing the measurement parameters of the NIM PET/CT phantom and NEMA IEC Body

phantom
NIM PET/CT NEMA IEC
phantom Body Phantom
CB (kBg/mL) 6.2 6.2
CH (kBg/mL) 25.6 25.6
A (kBq) 60,820 61,510
T (min) 8 8

Table 3 PET reconstruction conditions (2 iterations)

Phantom Algorithm Matrix Pixel size Thickness
(mm) (mm)
VPEX,
VPHD,
NIM OSEM
PET/CT OSEM-PSF 256 % 256 1417 278
phantom OSEM-TOF
OSEM-PSF-
TOF
NEMA IEC {”Eﬂ);
phb:;ctlim OSEM.PSE- 256x 256 1417 278
TOF

CH, the mean activity concentration in the hot spheres; CB, the mean activity, concentration in the
background; A, the total activity; T, PET imaging time
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III.  Results

PET-dependent parameters for image quality assessment was undertaken for both cold and hot lesions
with different sizes to provide an indicator for the detection of lesions. A number of factors, such as emission
scan duration, 18F-FDG activity concentration, target-to-background activity concentration ratio, and body mass
index of the scanned object can affect CRC and background variability, identified as PET image quality
descriptors. The attenuation correction strategies can be divided into (a) methods based on image segmentation,
(b) machine learning methods, and (c) data-driven approaches, utilizing PET data alone or in synergy with existing
CT data. The lower the residual error is, the higher accuracy of attenuation correction of the PET/CT system is.

The NIM PET/CT phantom and NEMA IEC Body phantom were used to assess the quality of PET
images with the same PET/CT system and the same scanning protocol. Figure 7 shows a similar quality of PET
images by both NIM PET/CT phantom and NEMA IEC Body phantom, indicating that the measurement results
of the two phantoms would be comparable to some extent. Besides, the NIM PET/CT phantom was designed with
2 smaller spheres (4 and 7 mm), and a 7 mm sphere could be observed in the 10 o’clock direction of the phantom
image, which could evaluate the imaging quality of PET/CT in micro lesions.

(a) 26.4 ' (b) 26.4

Fig. 7 PET images of (a) NIM PET/CT phantom and (b) NEMA IEC Body phantom

As presented in Table 3 (a), 3 (b) showing measured ratios in between contrast vs background in the
NIM PET/CT phantom, NEMA IEC Body phantom and NIM PET/CT Phantom images could measure the quality
of PET images and accurately estimate the residual error using the CT-based attenuation and scatter-corrected
PET images according to the current standards, and the added spheres slightly influenced the contrast, background
variability, and residual error (deviation is 0.14%).
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Fig. 8 PET reconstruction images of the NIM PET/CT phantom on different systems

Table 3(a) Image Quality PET-dependent parameters for NIM PET/CT phantom (Deviation is 0.14%)

Description Sy () Measured Ratio
Image Quality 4:1
7mm 19.21
o 10mm 44.52
% Contrast;th feorre each hot Bmm 62.80
17mm 70.52
22mm 73.11
% Contrast for each cold 28mm 85.71
sphere 37mm 96.2
7mm 6.11
10mm 5.66
13mm 4.53
% Background variability 17mm 3.95
22mm 3.27
28mm 2.89
37mm 2.5
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Accuracy of attenuation and scatter corrections
% Relative error for each 50mm 14.6
lung slice
Accuracy of radioactivity quantitation
Radioactivity concentration Background 4.5
in KBg/mL Hot sphere N/A
Table 3(b) Image Quality PET-dependent parameters for NEMA IEC Body phantom
Descriptim‘l Sttt (@) Measured Ratio
Image Quality 4:1
10mm 44.52
% Contrast for each hot 13mm 66.73
sphere 17mm 72.04
22mm 72.93
28mm 85.71
37mm 95.62
10mm 5.13
% Contrast for each 13mm 4.57
cold sphere 17mm 391
22mm 3.11
28mm 2.56
37mm 2.14
Accuracy of attenuation and scatter corrections
% Relative error for 50mm 139
each lung slice
Accuracy of radioactivity quantitation
Radioactivity Background 4.5
con;:(egtqr/argin n Hot sphere N/A

CT-dependent parameters for image quality assessment

The low-contrast module of the NIM PET/CT phantom contained 3 inserts with the low-contrast
resolution of 1.5%, 1.0% and 0.5%, respectively, which could meet the measurement requirements of different
PET/CT systems.

ROIs with an equal size were drawn inside and around each insert (Fig. 5), CT values within each ROI
were measured, and then, differences in CT values, SD, and CNR were calculated (Table 4). The results were in
a good agreement with the truth values. The CT values and the SD values in the background ROIs around the
same insert were similar, thus the background uniformity was satisfactory. Moreover, due to the good water-
equivalent characteristic of the background materials, the background is almost integrated with purified water for
injection (Fig.8). In order to quantify the water-equivalent characteristic of the background, 8 ROIs with an equal
size were selected to verify the imaging characteristic at the boundary between purified water and the background
was calculated (Table 4). According to the measurement results, the SD was relatively small (maximum SD is
3.61 HU as the bold number showed), indicating that the CT value smoothly varied at the boundary and degree
of water-equivalence in the phantom was satisfactory.

To further understand the performance of an integrated CT system, CT values were respectively
measured in the background and the boundary between the background and purified water (Fig. 9), and the CT
values in the main ROI and in the four ROIs were recorded. The CT values at the boundary were found similar
and relatively stable, and the uniformity of CT under background, boundary and purified water mode respectively.

N >t ]
Fig. 8 The verification of water-equivalent characteristic in the background of low-contrast CT module for
injection of purified water. (a) Before, (b)after
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Fig. 9 Noise measurement at the boundary between purified water and bacground. The circles 1-8 represent
ROIs 1-8

Comparison of image reconstruction algorithms

In order to compare the image quality of NIM PET/CT phantom under different reconstruction
algorithms, four different algorithms (primarily VPFX, VPHD, OSEM, OSEM-PSF, OSEM-TOF, and OSEM-
PSF-TOF) were applied to reconstruct PET images with a PET/CT system. It was revealed that PSF-TOF
significantly improved the resolution and the contrast of spheres. However, when only PSF was used, the edge of
spheres remained vague. Besides, TOF effectively improved the edge of spheres, reduced noise level, and detected
more details for imaging. In order to assess the level of improvement of image quality achieved by a reconstruction
algorithm, the image contrast and background variability were calculated, and plotted as a linear graph. It was
found that PSF reduced the noise level and enhanced the image contrast. However, since PSF reconstruction
exhibited to reduce the speed of convergence, the contrast and background variability of spheres (13—22 mm only)
were significantly improved after two iterations. In terms of 37 mm, 28 mm and 10 mm spheres, PSF influences
little on image contrast. In addition to improve the image contrast and background variability, TOF showed to
greatly elevate the overall image quality and instrument detection limit.

Table 4 Results of noise measurement at the boundary between purified water and background (Number in
bold is the maximum SD)
ROIs ROI-1 ROI-2 ROI-3 ROI-4 ROI-5 ROI-6 ROI-7 ROI-8
SD (HU) 341 3.42 3.51 3.61 3.36 3.45 3.26 3.33

Fig. 10 CT value acquisition for image uniformity for (a) background of CT module, (b) boundary between
background and purified water, and (¢)pure water area. The circles 1-4 represent ROIs 1—4, and the circle “c”
represents “ROI-c”

IV.  Discussion

The principle of PET imaging is the detection of gamma rays, originating from the annihilation of
positrons with electrons within the examined object. Positron emitters with short half-life are labelled to specific
biological molecules and injected into patients. Depending on the carrier molecule, the radioisotope is distributed
across different body tissues, providing physiological information from the ROI. Therefore, a critical requirement
for designing a PET imaging phantom is the feasibility to simulate radiotracer activity similar to that expected in
clinical PET studies.

The present study proposed the PET/CT phantom for evaluating the PET image quality of micro-lesions,
which is composed of a PET imaging module and a CT imaging module, and it can simultaneously detect the
quality of PET/CT images. The minimum detectability is one of the most important tasks in a PET system, which
is directly associated with the early diagnosis and staging of lesions. The minimum inner diameter of spheres used
to measure parameters related to image quality in the NEMA IEC Body phantom is 10 mm according to the
international guidelines. The physical size of a lesion is practically difficult to derive from PET images due to
pill-out and partial volume effects. Thus, in clinical studies, the quantification is generally based on the maximum
voxel value or the mean value inside a three-dimensional (3D) contour.
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V.  Conclusions
In summary, this reviewed study significantly improves performance in detection of microlesions using
NIM PET/CT phantom and in comparison, with NEMA IEC Body phantom, and also influence of Computed
Tomography parameters. However, suggested further research needs to be carried out for the proposed phantom.
We have gone thru previous articles and did this comparison study to evaluate above results.

Abbreviations

NEMA: National Electrical Manufacturers Association; PET: positron emission tomography; IEC: International
Electrotechnical Commission; CT: computed tomography; NIM: National Institute of Metrology; 18F-FDG: 18F-
fluorodeoxyglucose; TOF: time-of-flight; OSEM: ordered subset expectation maximization; PSF: point spread
function; 2D: two-dimensional; ROI: region of interest; CRC: contrast recovery coefficient; SD: standard
deviation; 3D: three-dimensional.
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