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Abstract

Objective.—Contrast recovery coefficient (CRC) is essential for image quality (1Q) assessment
in positron emission tomography (PET), typically measured according to the NEMA NU 2
standard. This study quantifies systematic uncertainties of the CRC measurement by a numerical
investigation of the effects from scanner-independent parameters like voxel size, region-of-interest
(ROI) misplacement, and sphere position on the underlying image grid.

Approach.—CRC measurements with 2D and 3D ROIs were performed on computer-generated
images of a NEMA 1Q-like phantom, using voxel sizes of 1-4 mm for sphere diameters of 5-40
mm - first in absence of noise and blurring, then with simulated spatial resolution and image noise
with varying noise levels. The systematic uncertainties of the CRC measurement were quantified
from above variations of scanner-independent parameters. Subsampled experimental images of

a NEMA 1Q phantom were additionally used to investigate the impact of ROl misplacement at
different noise levels.

Main results.—In absence of noise and blurring, systematic uncertainties were up to 28.8%

and 31.0% with 2D and 3D ROls, respectively, for the 10-mm sphere, with the highest impact
from ROI misplacement. In all cases, smaller spheres showed higher uncertainties with larger
voxels. Contrary to prior assumptions, the use of 3D ROIs did not exhibit less susceptibility for
parameter changes. Experimental and computer-generated images both demonstrated considerable
variations on individual CRC measurements when background coefficient-of-variation exceeded
20%, despite negligible effects on mean CRC.

Significance.—This study underscores the effect of scanner-independent parameters on
reliability, reproducibility, and comparability of CRC measurements. Our findings highlight the
trade-off between the benefits of smaller voxel sizes and noise-induced CRC fluctuations, which is
not considered in the current version of the NEMA IQ standards. The results furthermore warrant
adjustments to the standard to accommodate the advances in sensitivity and spatial resolution of
current-generation PET scanners.

rbayerlein@ucdavis.edu .
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1. Introduction

The National Electrical Manufacturers Association (NEMA) NU 2 standardized
measurements [1] are commonly used for evaluating the performance of clinical positron
emission tomography (PET) scanners. PET image quality (IQ) is typically assessed in a
standardized imaging situation aiming to simulate clinical imaging conditions with hot
lesions, using the NEMA 1Q phantom. As a figure of merit, PET IQ is hereby characterized
through measurements of contrast recovery coefficient (CRC) and background variability for
spheres of different diameters. CRC measurements aim to quantify the scanner’s ability to
correctly recover the activity concentration of a hot spherical lesion in a warm background
in a reconstructed PET image. The NEMA IQ phantom consists of a radioactive background
compartment with a volume of about 9.8 liters filled with 18F in aqueous solution with

an activity concentration of 5.3 kBg/mL, a low-density non-radioactive lung insert at the
center, and six hot spheres that are arranged circumferentially around the lung insert. The
spheres have internal diameters of 10, 13, 17, 22, 28, and 37 mm and are filled with an
activity concentration ratio of 4:1 with respect to background according to the NEMA NU
2-2018[1]. In earlier standards, the largest two spheres were filled with non-radioactive
water[2].

For a lesion with a given size and activity concentration, CRC is significantly affected

by the reconstruction algorithm, and the reconstruction protocol, as well as the scanner
characteristics, such as spatial resolution and time-of-flight (TOF) resolution. Furthermore,
noise properties of the image affect the reproducibility of the CRC. Particularly, in iterative
image reconstruction algorithms, such as the commonly used ordered subsets expectation
maximization (OSEM) algorithm, a trade-off between contrast and noise occurs because at
higher iterations the algorithm converges to higher-contrast images[3], at the expense of
increased correlated noise, as demonstrated previously in experimental data [4, 5]. Similarly,
TOF has an indirect impact on CRC by increasing the OSEM convergence rate, resulting in
improved contrast recovery and signal-to-noise ratio compared to non-TOF reconstruction
with the same number of iterations [6]. The effect of scanner spatial resolution and

TOF on lesion contrast has been previously studied in human subjects, where improved
spatial resolution and TOF have led to a higher measured lesion contrast and improved
quantification using the same number of iterations, as expected [7]. Additional effects on
CRC can be expected when resolution modelling (RM), also referred to as point spread
function (PSF) modeling, is incorporated into the image reconstruction algorithm, with the
aim of modelling the phenomena that degrade the resolution within the system matrix of
the reconstruction algorithm. These could include positron range, photon noncollinearity,
and detector-related effects. RM generally results in faster convergence and significant
improvements in image resolution and contrast [8, 9], which, consequently, leads to

higher CRC values for all sphere sizes of the NEMA 1Q phantom, as demonstrated for
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example by Spencer et al. 2020[4]. It might be worth noting that the use of RM proves
most impactful for contrast and lesion detectability when TOF-based reconstruction is
used[10]. However, RM can cause artifacts near sharp boundaries, similar to the commonly
known Gibbs phenomena in truncated Fourier series, which can distort CRC measurements
by causing ringing artifacts or unexpectedly higher results for individual sphere sizes

[8]. This has been demonstrated in image quality assessments of the Biograph Vision
Quadra (Siemens Healthineers, Knoxville, TN, USA) [5] and Biograph Vision (Siemens
Healthineers, Knoxville, TN, USA) [11] PET/computed tomography (CT) systems.

In addition to scanner- and reconstruction-dependent factors, CRC measurement is also
affected by some scanner-independent systematic uncertainties, introduced by partial
volume effects due to image voxelization. In clinical PET imaging partial volume effects
can be observed as contributions from different tissue types with potentially different tracer
uptake that are combined in a single voxel (tissue-fraction effect) [12]. In scans of the
NEMA 1Q phantom partial volume can cause degradation of the contrast. The magnitude
of these effects is governed by parameters such as voxel size, sphere position relative

to the image grid, placement of the region of interest (ROI), or a combination of all

the above. In general, using smaller voxel sizes is expected to improve the CRC, due to
reduced partial volume effect. This has been shown in several studies, including Epley et al.
(2018) who quantitatively demonstrated the benefit of using smaller voxel sizes for contrast
recovery of an 8-mm lesion with a 2.5:1 lesion-to-background activity concentration ratio
[13]. Similarly, Koopman et al. (2017) reported that phantoms with spheres of 13 mm or
less show higher CRC values with 2-mm isotropic voxel sizes compared to 4 mm[14].

The position of the spheres on the underlying grid in the reconstructed image is almost
impossible to control in a realistic scan and therefore poses another source of uncertainty
on the CRC. Mansor ef al. (2017) used 12 scans of the NEMA 1Q phantom to demonstrate
that randomly repositioning the phantom (over a range of less than 2 cm) has an impact

on quantitative PET[15]. They also found that the impact of the phantom position on the
contrast was furthermore dependent on the voxel size, and that larger voxel sizes would
show larger susceptibility to position changes. Finally, a misplacement of the ROI will cause
a reduction of the calculated activity concentration enclosed by that ROl and will therefore
have a direct impact on the CRC. The magnitude of this effect and its relation to other
parameters have not been quantified to date and are therefore subject of this study.

The NEMA NU2 CRC measurements performed on state-of-the-art commercial PET
scanners [4, 5, 11, 16, 17, 18, 19] show a general trend towards an increased CRC with
increasing sphere size and decreasing voxel size. However, there are prominent deviations
in the experimental results, examples of which are shown in Figure 1 in a comparison of
the NEMA NU 2-2018 CRC measurements performed on four different PET/CT scanners,
all using different implementations of the TOF-OSEM image reconstruction algorithm

with RM. This includes the Vereos Digital PET/CT (Philips Healthcare, Amsterdam, The
Netherlands) using 2-mm isotropic voxels, 3 iterations, and 17 subsets, the Biograph Vision
(Siemens Healthineers, Knoxville, MA, USA) using 1.6-mm isotropic voxels, 8 iterations,
and 5 subsets, the Biograph Vision Quadra (Siemens Healthineers, Knoxville, MA, USA)
using 1.65-mm isotropic voxels, 8 iterations, and 5 subsets, and the uEXPLORER total-body
PET/CT scanner (United Imaging Healthcare, Shanghai, China) using 1.17-mm isotropic
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voxels, 4 iterations, and 20 subsets. While the NEMA protocol aims to compare the image
quality of different scanners for clinically used settings, the different image reconstruction
implementations, and different voxel sizes in combination with the different levels of
convergence, in addition to physical and geometrical differences of the scanners, make

the comparison of the results between individual scanners challenging. Nevertheless, when
evaluating CRC measurements of individual scanners, certain anomalies can be observed,
where CRC is not increasing monotonically as the sphere size is increased. This can be seen
in the CRC results of the UEXPLORER, where the highest CRC is obtained with the 17-mm
sphere, and also for both the Vision and the Vereos, where the 22-mm sphere yields larger
CRC compared to the 28-mm sphere. Finally, both the Biograph Vision and the Biograph
Vision Quadra show unexpectedly higher CRCs for the smallest sphere. While this might

be a result of the Gibbs-like phenomenon, which particularly affects small objects [11, 16],
and has been assumed by the conductors of these measurements, it could also originate from
voxelization effects, or a combination of both effects.

These observed anomalies have fueled the interest in a thorough investigation of scanner-
independent systematic uncertainties in the CRC measurements of the NEMA 1Q phantom.
Although the general trends and the sources of these uncertainties are well-understood, the
magnitude of the introduced errors into CRC measurements have not been quantified to
date. In this work, the errors introduced by scanner-independent systematic uncertainties are
quantified numerically using computer-generated images of a NEMA 1Q-like phantom. This
approach provides the benefit of taking scanner-dependent effects and the reconstruction
process out of the equation and allows for an investigation of the partial volume effect due
to image voxelization on the outcome of CRC measurements in PET with purely numerical
methods.

In this work, the systematic uncertainties on the calculated CRC values have been calculated
for all six spheres of the NEMA 1Q phantom, originating from variations in voxel size,
sphere placement, and ROI alignment. Image noise or smoothing is expected to reduce the
impact of these parameter changes on the obtained CRC values; however, the extent of this
mitigation is not well understood. This is particularly interesting for the state-of-the-art PET
scanners, which offer improved spatial resolution and sensitivity, in which the voxelization
effects on CRC curves may become more prominent in absence of post-reconstruction
smoothing. To investigate these assumptions and to quantify the fluctuations of CRC in the
presence of noise, Poisson noise was added to computer-generated images, and a Gaussian
filter was used to mimic detector blurring.

Lastly, we present a comparison of our findings to CRC measurements performed on
experimental image data, subsampled to different noise levels, obtained from NEMA 1Q
scans performed on the uEXPLORER PET/CT scanner — a total-body imaging camera with
a 194-cm-long axial field of view [20]. The scanner provides an up to 68-fold increase

in sensitivity compared to conventional PET scanners for whole-body imaging and has a
NEMA spatial resolution of 3.0 mm FWHM [4].

This work has implications for the reliability, comparability, and reproducibility of image
quality assessments obtained via the CRC analysis of the NEMA 1Q phantom for all
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previous and future scanner characterizations [1, 2, 21]. Use of 3-dimensional (3D) ROIs

— often referred to as volumes of interest (VOIs) — instead of 2-dimensional (2D) ROIs has
been proposed and was investigated for the CRC calculation regarding its ability to mitigate
above effects. Early NEMA standards used 2D ROIs most likely for computational reasons,
which in modern times are much less an issue for image analysis.

2. Materials and methods

2.1. Computer-generated noise-free images

3D voxelized images of the NEMA NU2 1Q phantom were generated in MATLAB R2020b
v9.9.0 (MathWorks, Natick, MA, USA), containing six hot spheres with diameters of 10,
13, 17, 22, 28, and 37 mm embedded in a warm background. The activity distribution

was a noise-free representative of an ideal image, to exclude the effects from scanner
sensitivity, spatial resolution, and image reconstruction software, and exclusively quantify
the theoretical uncertainties in CRC measurement, due to image voxelization, sphere
position with respect to the image grid, and the ROI analysis method. Spheres of given
radii were discretized on the underlying image grid. A voxel was given a value of 4.0,
representing the activity concentration in the spheres, if its distance from the sphere’s center
was smaller than the sphere’s radius and was otherwise given a value of 1.0. The center

of each sphere was initially assigned to the center of a voxel. To take into account partial
volume effects at the spheres’ edges due to voxelization, each voxel was sub-divided into
125,000 sub-voxels (i.e., 50x50x50). The value of these voxels was then determined by the
fraction of sub-voxels that lie within a distance to the sphere’s center smaller or equal to
the radius of the sphere, as shown in an example image generated using 2.85-mm isotropic
voxels in Figure 2. A sphere-to-background activity concentration ratio of 4:1 was used for
all images, although it must be noted that the numerical analysis in this section will be
independent of the activity concentration ratio.

2.2. Calculation of contrast recovery coefficient

An image quality assessment based on the NEMA NU 2-2018 protocol was performed

to measure the CRC of each sphere. 2D ROIs were placed on the image slice where the
centers of the spheres were located using a semi-automated process, and the average activity
concentration was calculated for each ROI. For computer-generated images the centers of
the ROIs were aligned with the sphere’s center, while in experimental images, the ROIs
were scanned over the spheres in a range of +2 voxels in x- and y-direction in steps of

0.01 voxels and the location with the highest average activity concentration was taken.
Additionally, in accordance with the NEMA standard, twelve ROIs were placed in the warm
background on five consecutive central image slices (i.e., 60 ROIs in total) to calculate the
mean background activity concentration. The mean activity concentration in each ROl was
calculated from the weighted average of all voxels within the ROI, in which a weighting
factor in the range of 0 to 1 was used for each voxel corresponding to the fraction of sub-
voxels contained within the ROI. Each voxel was divided into 8000 sub-voxels (20x20x20)
for the calculation of the weighting factor.
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2.3. Investigated parameters

To study the effect of voxel size on CRC uncertainty, noise-free images of the NEMA 1Q
phantom were generated using isotropic voxel sizes of 1.6 mm, 2.85 mm, and 4.0 mm,
thereby covering a reasonable range of typical voxel values. The 2.85-mm voxels correspond
to the standard voxel size of the UC Davis in-house reconstruction framework, while the
vendor’s reconstruction software uses 2.344 mm voxels for clinical studies (see section 2.7.
Experimental PET image data). Furthermore, CRC uncertainty varies by the total share of
voxels that are affected by partial volume effects due to voxelization and is consequently
affected by the sphere size. Therefore, a second set of noise-free images was generated for
sphere diameters in the range of 5 mm to 40 mm, in steps of 1 mm, with each sphere being
modeled separately on a warm background.

To study the effects from ROI misplacement and sphere position relative to the image grid
on CRC calculation, noise-free images of the six sphere sizes of the NEMA NU 2 1Q
phantom were generated with an isotropic voxel size of 2.85 mm, corresponding to the
default voxel size of the UC Davis in-house PET image reconstruction framework [22]. The
ROIs were first shifted with respect to the spheres’ centers in an interval between 0 and 1
voxels in steps of 0.1 voxels. Second, each sphere was shifted by up to 0.5 voxels in one
dimension in steps of 0.1 voxels, keeping the ROIls aligned and centered on the spheres.
CRC was calculated in each case for the six investigated sphere sizes. Table 1 summarizes
all investigated parameters.

2.4. Estimation of systematic uncertainties

The above listed scanner independent parameters pose a source for systematic uncertainties
on the calculated CRC for each sphere. The upper bound on the uncertainties was estimated
in the investigated parameter space for each sphere of the NEMA 1Q NU 2 phantom
separately, by calculating the square-root of the summed squares of the largest CRC
deviation from the default value introduced by the individual parameters:

0 = Cpx + ORor + 03
(1)

where ¢,,,, oros and o, are defined as the maximum CRC deviations from the default value
due to variations in voxel size, ROI placement, and sphere position, respectively. The default
CRC value was calculated using the parameters listed in the third column of Table 1.

2.5. Using 3D ROIs

NEMA standard suggests use of 2D ROIs placed onto the central image slice of the spheres
for the CRC measurement[1]. This method is susceptible to errors in phantom positioning,
resulting in selection of a nonoptimized slice for all spheres. It is, however, unclear whether
using 2D ROls suffers from larger uncertainties in CRC measurement compared to using
3D spherical ROIs. The fraction of voxels that lie at the edge of the ROI and that are only
partially covered by the ROI contribute to partial volume effects. This fraction is different
for 2D ROIs and 3D ROIls, which suggests the need for also exploring the use of 3D
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ROIs and investigating their susceptibility to scanner independent parameters. To quantify
the uncertainties in CRC measurement in absence of the effects from statistical noise, the
influence of voxel size, ROl misalignment, and sphere placement was examined for 3D
ROIs and was compared to the CRC calculated following NEMA standard with 2D ROIs.
Also, the systematic uncertainties were calculated using 3D ROIs and compared to the
results from the NEMA standard.

2.6. Including Poisson noise and Gaussian blurring

Next, since PET reconstructed images include blurring effects due to finite spatial resolution
of the detectors, a Gaussian smoothing kernel with a full-width-at-half-maximum (FWHM)
of 3.0 mm was applied to the noise-free images. This value represents the spatial resolution
of the UEXPLORER total-body PET scanner [4]. To model the effect of statistical noise
present in PET reconstructed images, a simplified model was used where Poisson noise was
artificially added to computer-generated Gaussian-smoothed images. It should be mentioned
that this is an approximation as the image noise in iteratively reconstructed PET images is
not strictly Poisson but correlated.

Then, the effects of voxel size, ROl misalignment, and sphere position on the image grid
were investigated with the noisy images. The computer-generated noise-free image was first
scaled; Poisson noise was subsequently added to the image by interpreting each voxel value
as the mean of a Poisson distribution and the image was rescaled with a division by the
scaling factor. As a measure of the image noise level, the coefficient of variation (CV) was
measured in the 60 2D ROIs with 37 mm diameter placed on the warm background, defined
as:

CV =

=la

(2)

where ¢ is the standard deviation of all voxels in all background ROIs and p represents their
mean value. Images with CVs between 10.0% and 44.6% were generated, corresponding

to scaling factors ranging from 5 to 100. Table 2 lists all computer-generated images with
their corresponding scaling factors and CVs. Figure 3 shows four examples of computer-
generated images including Poisson noise, with CV varying from 10.0% to 44.6%. A

voxel size of 2.344 mm was chosen, matching the uEXPLORER vendor-reconstructed
images, allowing for a better comparison between the computer-generated images and the
experimental images. For every noise level, 30 realizations were created, and the mean and
standard deviation of the CRC was calculated. Subsequently, the effects of sphere placement
and ROI misalignment on CRC were re-evaluated in presence of noise and detector blurring.
Finally, the impact of voxel size on the CRCs measured in blurred noisy images was
investigated, in 30 noisy realizations of the NEMA 1Q-like image with CV of 19.7%, using
isotropic voxel sizes of 1.6 mm, 2.344 mm and 4.0 mm.
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2.7. Experimental PET image data

The findings from the numerical simulations were compared to the CRCs measured on
experimental PET images obtained with the UEXPLORER total-body PET scanner. A
NEMA NU 2 1Q phantom with a sphere-to-background activity concentration ratio of 3.9
to 1 was scanned for 30 min following the NEMA NU 2-2018 protocol. The list-mode
dataset was randomly subsampled to create multiple fully independent noisy datasets, each
with a predefined fraction of the total amount of the original list-mode events representing
virtual frame lengths with identical count density. Using subsampling ratios (SR) of 1/180,
1/90, 1/60, and 1/30, virtual frame lengths of 10°s, 20 s, 30 s, and 60 s were created,

with 30 realizations each. Furthermore, 15 realizations with a subsampling ratio of 1/15,
10 realizations with a subsampling ratio of 1/10, and 6 realizations with a subsampling
ratio of 1/6 were created, representing virtual frame lengths of 120 s, 180 s, and 300 s,
respectively. Images were reconstructed with the vendor’s image reconstruction software,
using a list-mode TOF-OSEM algorithm with 4 iterations, 20 subsets, and a 2.344-mm
isotropic voxel size. No PSF modeling was used, and no post-reconstruction filter was
applied. These reconstruction parameters were selected based on the standard clinical
reconstruction protocol at our institution [23]. Similar to the previous section, the noise level
was quantified using CV, with values ranging from 11.8% to 63.0%. Mean and standard
deviation of the CRCs were calculated from all realizations of each subsampling ratio.

Figure 4 shows the reconstructed images of four examples of the subsampled datasets
generated from a 30-min scan of the NEMA NU2 IQ phantom on the uEXPLORER, with
CVs varying from 11.8% to 44.5%. Table 3 provides a full overview of all generated
datasets together with their corresponding subsampling ratios, CV, and the number of
realizations. The reconstructed images of the subsampled datasets were subsequently
analyzed to quantify the CRC variations due to ROI misalignment, by shifting the ROls

by 0.5, 0.8 and 1.0 voxels for all available noise levels and measuring the CRC at each step.

3. Results

3.1. Computer-generated noise-free, unblurred images

Voxelization effect on the CRC for different sphere sizes—Figure 5 (a) shows the
calculated CRC for sphere sizes in the range of 5 mm to 40 mm, using three different voxel
sizes of 1.6 mm, 2.85 mm, and 4.0 mm. The CRC curves show fluctuations which grow
larger as the sphere size is decreased and voxel size is increased, in which the oscillation
periods seem to be correlated with the voxel sizes. Higher CRCs are observed on average
when smaller voxel sizes are used, as expected. However, due to the large fluctuations of the
CRC, exceptions can be observed in some datapoints, in which CRCs of a given sphere size
are higher when a larger voxel size is used (e.g., using a voxel size of 4.0 mm yields a higher
CRC than using 2.85-mm voxels for sphere sizes of 5 mm, 6 mm, 12 mm, 13 mm, and 29
mm). Similar CRC fluctuations were also observed when CRC measurements were plotted
for any given sphere size of the NEMA 1Q phantom as a function of voxel size, as shown

in supplementary figure 1, in which the magnitude of CRC fluctuations was substantially
higher in smaller spheres with larger voxels. Similarly due to the large fluctuations in CRC,
it can be observed that CRC is not always higher for larger sphere sizes at a given voxel size.
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Figure 5 (b) shows the CRC as a function of the sphere size, calculated using spherical 3D
ROIs. A general trend can be observed when comparing the 2D and the 3D analysis results,
in which the CRC values obtained with 3D ROIs are lower than with 2D ROIs. For the 1.6
mm, 2.85 mm, and 4.0 mm voxels, the 3D ROIs yield 2.9 %, 4.7%, and 5.2% lower values,
respectively, on average over the displayed sphere size range. However, in contrast to 2D
ROIs, using 3D ROIs reduces the amplitude of the oscillations of the CRC for some sphere
sizes in the NEMA-relevant range starting at 10 mm. Considering the example of 4.0-mm
voxel size, the difference between the CRC of the 17 mm and 21 mm sphere is 10.7% using
2D ROIs and 8.0% using 3D ROlIs, respectively.

Effect of ROl misplacement—Figure 6 shows the effect of ROI placement error of up to
one voxel on the calculated CRC of the six spheres of the NEMA NU 2 1Q phantom, when
2D ROIs ((a), (c), and (e)) or spherical 3D ROIs ((b), (d) and (f)) are used with isotropic
voxel sizes of 1.6 mm, 2.85 mm, and 4.0 mm. As expected, sub-voxel misplacement of the
ROI leads to underestimation of CRC in all cases; and larger underestimations are observed
as the ratio of the misplacement error to sphere size increases (i.e., larger effects with larger
voxel sizes and smaller sphere sizes). Shifting a 2D ROI up to one voxel could lead to 3.3%
— 8.7% underestimation of the CRC for the 37-mm sphere using voxel sizes of 1.6 — 4.0
mm, respectively, whereas CRC underestimation up to 10.3% —22.5% is observed for the
10-mm sphere. In all cases, the percentage changes represent the absolute changes in CRC,
which itself is expressed in percentage. While using 3D ROIs leads to lower CRC values in
all cases, as expected, the percentage of CRC underestimations due to ROl misplacement are
similar to using 2D ROls, ranging from 3.3%- 8.4% in case of the 37 mm sphere to 11.2% —
21.1% with the 10-mm sphere.

Effect of the sphere position on the image grid—Figure 7 shows the CRC values
obtained with 2D ROIs and spherical 3D ROIs, when the sphere position on the image grid
is shifted up to half a voxel, using three isotropic voxel sizes of 1.6 mm, 2.85 mm, and 4.0
mm. Due to the symmetry and absence of noise, there is a periodicity in changes of CRC,
such that shifting the sphere center position by 0.1 voxels yields the same CRC as a shift
by 0.9 voxels. Similar to the ROI placement errors, larger effects on the calculated CRCs
can be observed when the ratio of the voxel size to sphere diameter is increased; however,
overall, the magnitude of the effects resulting from sphere positioning on the image grid is
smaller than for ROl misplacements, and a sphere position shift from the voxel center does
not necessarily translate into reduced CRC. As expected, the largest effect is observed with
the 10 mm sphere, in which the 2D ROl CRC increases by 5.1% when the sphere position is
shifted off-center by 0.5 voxels, using a 4.0-mm isotropic voxel size, and the CRC changes
up to 2.3% in the case of 1.6-mm voxel size. The effect is evidently reduced for larger
sphere sizes, where in the case of the 37-mm sphere, CRC changes of 0.3% and 1.5% were
observed with the 1.6-mm and the 4.0-mm voxels, respectively.

Furthermore, a shift of the sphere can result in non-monotonic increase of the CRC as a
function of sphere size, as commonly observed in some experimental results [5, 11]. As an
example, with 2.85-mm isotropic voxels, positioning the spheres at the center of an image
voxel (i.e., no shift) results in lower CRC for the 13-mm sphere compared to the 10-mm
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sphere; whereas, when the spheres are shifted, the curve becomes monotonic. A similar
effect can be observed for the 13-mm and the 17-mm spheres when 4.0-mm isotropic voxel
size is used.

Using 3D spherical ROIs mitigates the effects of sphere position on the calculated CRC. The
effect of the sphere position shift on the calculated CRC of the 10-mm sphere is reduced
from 2.3% to 1.0% in the case of the 1.6-mm voxels, and from 5.1% to 4.1% for the 4.0-mm
voxels. Sphere sizes above 22 mm show almost no deviation resulting from a sphere shift.

Systematic uncertainties of the CRC measurement in the absence of noise—
The combined effect of the studied parameters results in systematic uncertainties of the
calculation of the CRC, which are shown in Figure 8 for the NEMA 1Q sphere sizes using
2D and 3D ROIs. The systematic uncertainties increase with decreased sphere size, as
expected, and for 2D ROIs range from 6.5% for the largest sphere to 28.8% for the smallest
sphere of the NEMA 1Q phantom, and for 3D ROIs range from 6.7% to 31.0%.

3.2. Computer-generated images with Poisson noise and Gaussian blurring

Effect of noise—Figure 9(a) shows the mean CRC measured on 30 blurred and noisy
realizations of the NEMA 1Q image, generated with three different noise levels with
corresponding CVs varying from 10.0% to 44.7%. The results are compared to an ideal
noise-free, unblurred images. The standard deviation of the measured CRC values on the 30
noisy realizations of the NEMA 1Q image are additionally shown in Figure 9(b). All three
mean CRC curves from noisy images yield similar values independent of their noise level,
and any deviations are well within the standard deviation; however, the standard deviation
strongly depends on the noise level and increases with increased noise and smaller sphere
sizes, as expected. The ideal noise-free and unblurred image of the same voxel size shows up
to 12.7% and 2.3% larger CRC for the sphere sizes of 10 mm and 37 mm, respectively.

Effect of Voxel size in the presence of noise—Figure 10 shows the CRC measured
on 30 noisy realizations of the NEMA 1Q image quantified with a CV of 19.7%, generated
with three different isotropic voxel sizes of 1.6 mm, 2.344 mm, and 4.0 mm. The error bars
indicate the standard deviation of the CRC measurements. While all CRC measurements for
all three voxel sizes show decreased CRC compared to the noise-free and unblurred case,
certain features caused by voxelization are preserved as shown by the dip at 17-mm sphere
size in case of 4.0-mm voxels, which was also observed in the noise-free case (see figure
7(e)). Moreover, larger sphere diameters seem negligibly affected by a change of voxel size,
and they show similar measured CRCs.

Effect of ROI misplacement in the presence of noise—Figure 11 (a) shows the
effect of ROl misplacement on the mean CRC values measured on 30 noisy realizations
of the NEMA 1Q image generated with a CV of 19.7%. An ROI shift by one voxel

in the noisy image causes a CRC underestimation between 9.5% and 3.4% for the 10-
mm and 37-mm sphere sizes, respectively, which are slightly lower than the 13.7% and
4.4% underestimations obtained by one-voxel shift on the noise-free, unblurred image.
Additionally, Figure 11 (b) shows the effect of an ROl misplacement by one voxel of the
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NEMA 1Q image generated with 3 different noise levels, with corresponding CV values
between 10.0% and 44.7%. Independent of the noise level, the mean CRC is on average
reduced by the same value in all three cases and the deviations are well within the calculated
standard deviations.

Effect of the sphere position on the image grid in presence of blurring and
noise—Figure 12(a) shows the effect of changing the sphere position on the image grid on
the mean CRC values measured on 30 noisy realizations of the NEMA 1Q image generated
with a CV of 19.7%. Shifting the spheres on the underlying image grid by half a voxel
causes CRC drifts of 3.2% and 0.1% compared to the default central sphere positions

for the 10-mm and 37-mm sphere sizes, respectively, whereas in the noise-free, unblurred
image, the same sphere shift causes deviation of 4.7% and 0.1%, respectively. Figure 12(b)
compares the effect of half a voxel sphere shifting on the mean CRC values measured

on 30 noisy realizations of the NEMA 1Q image generated with 3 different noise levels,
with corresponding CV values between 10.0% and 44.7%. Similar to the previous section,
negligible effects from noise level are observed on the mean CRC values while the position
deviations lie within the calculated standard deviations.

3.3. Experimental PET image data

Effect of noise—Figure 13(a) shows the mean CRC measured on multiple realizations
of the UEXPLORER images of the NEMA 1Q phantom subsampled at various noise
levels with corresponding CV values of 11.8%, 25.6% and 44.5%, representing subsample
ratios (SR) of 1/6, 1/30, and 1/90 from a NEMA standard 30-minute acquisition duration,
respectively. Any deviations observed among the individual mean CRC values are within
the corresponding standard deviations shown in Figure 13(b). The standard deviation
expectedly increases at higher noise levels, similar to the computer-generated images with
noise, however, the standard deviation of the CRC is larger in experimental images than
in computer-generated images with added Poisson noise and Gaussian blurring. Since the
sphere position on the image gird is close to impossible to control in an experiment, these
errors are inherently included in the results.

Effect of ROl misplacement—Figure 14(a) shows the effect of ROI misplacement of up
to one voxel on mean CRC values measured on multiple realizations of the ~EXPLORER
images of the NEMA 1Q phantom, subsampled by a factor of 1/30, corresponding to a
noise level with a CV of 25.6%. Like computer-generated images, the uEXPLORER images
show a clear susceptibility to ROI misalignment, however, slightly less prominently: the
absolute CRC underestimations were 8.4% and 2.3% for the 10-mm and 37-mm spheres,
respectively, whereas for the computer-generated noisy images the CRC decreased by

9.5% and 3.4%, respectively. Figure 14(b) additionally shows the effect of one-voxel

ROI misplacement on the mean CRC values measured on multiple realizations of the
UEXPLORER images of the NEMA 1Q phantom, subsampled at different noise levels with
corresponding CVs between 11.8% and 44.5%. Like in computer-generated images, the
mean CRC changes due to ROl misplacement are independent of the noise level. All three
depicted noise levels show similar mean CRC vales and deviations are within the calculated
standard deviations.

Phys Med Biol. Author manuscript; available in PMC 2024 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bayerlein et al.

Page 12

4. Discussion

4.1. Systematic uncertainties due to scanner independent parameters

The three investigated parameters of voxel size, ROl misplacement, and sphere position

on the image grid pose a source of systematic uncertainties in the NEMA 1Q CRC
measurements. These uncertainties have been shown to depend on the sphere size, as
expected, varying from 6.5% in case of the 37-mm sphere up to 28.8% with the 10-mm
sphere, in absence of detector response blurring and statistical noise, when 2D ROls are
used. The current generation of PET scanners are expected to have similar uncertainties
when comparing the CRC of the larger spheres of the NEMA 1Q phantom. However,
particular attention must be given to measurements of the smaller spheres with regards to
reproducibility, reliability, and comparability of quantitative image quality assessment given
their higher susceptibility to systematic variations.

In case of noise-free, unblurred computer-generated images, the effect of voxel size on CRC
measurements was quantified and was shown to be more pronounced for larger voxels. The
general trend towards lower CRC values observed with larger voxel sizes is expected due to
an increased partial volume effect, however, the higher fraction of partial voxels contributing
to the ROI results in larger fluctuations in the CRC measurement for smaller ROI sizes. In
images with added Poisson noise and simulated detector blurring, the effect of voxel size on
the CRC measurement is significantly reduced especially for larger sphere diameters, where
all three investigated voxel sizes yielded little variations in the obtained CRC, as shown in
Figure 10. While using the same voxel size might improve comparability of CRC results
obtained in different acquisitions or on different scanners, scanner dependent influences,
reconstruction algorithm, and image noise will remain as limiting factors.

Sub-voxel ROI misplacement was shown to have the largest effect on the CRC
measurements with up to 22.5% CRC underestimation observed in case of the 10-mm
sphere using 4.0-mm voxels. Smaller sphere sizes are more affected, and the magnitude of
this effect increases for larger voxel sizes, as expected (Figure 6). On the other hand, an

ROI misplacement reduces the number of partial voxels contributing to an ROI, which was
found to smooth out the non-monotonic behavior of the CRC-curves. These findings point
out the necessity of utilizing standardized analysis tools, which most importantly comprise a
well-designed, semi-automated procedure for accurate placement of the ROIs.

Furthermore, the exact position of the sphere on the underlying image grid has been shown
to have smaller effects on the CRC measurements than ROl misplacement and voxel size
(Figure 7). However, CRC errors of up to 5% were observed with the 10-mm sphere using
4.0-mm voxels. As expected, images with larger voxels were more affected.

Effects of ROI misplacement and sphere position on CRC measurements were still
considerable, when Poisson noise and Gaussian blurring were included in the computer-
generated images, and CRC was up to 9.5% underestimated. Additionally, the effect of ROI
misplacement on CRC measurements could also be confirmed with the experimental image
data, in which up to 8.4% CRC underestimation was observed. The peculiar bump in the
CRC at 17-mm sphere size in the experimental image data (Figure 14(a)) could originate
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from voxelization effects and the specific sphere position on the image grid, as a similar
feature has been observed in computer-generated image data independent of their noise level
as seen in Figure 12(b).

Introducing the Gaussian blurring into images reduced the effects from ROI misplacement
and sphere position. The effect of an ROl misalignment of one voxel was reduced by up

to 4% in images with Gaussian blurring and Poisson noise compared to the noise-free
unblurred images. Despite the existence of semi-automated positioning tools using high-
quality CT scans, investigations of ROl misplacements are necessary since we could show
that even with a small voxel size of 1.6 mm a sub-voxel ROl misplacement can cause up to
3% difference in CRC.

Similarly, sphere position changes of 0.5 voxels had about 1% less influence in noisy and
blurred images compare to noise-free, unblurred ones. Despite the relatively small effect of
sphere positioning observed in this study, in experimental scans of the NEMA 1Q phantom,
it is almost impossible to predict or to control the position of the sphere centers with respect
to the grid of the reconstructed image. And according to the NEMA protocol, images should
be reconstructed using the standard parameters for whole body studies [1] limiting the
options for adjustments of the image grid after data taking. Therefore, the sphere position
will remain a factor of systematic uncertainty to be considered.

4.2. Exploring the use of 3D ROIs

The use of 3D ROIs instead of 2D ROIls for CRC measurements has proven to somewhat
mitigate the effects from voxelization and sphere position on the image grid, however,
contrary to prior expectations, using 3D ROIs did not yield lower systematic uncertainties,
as shown in Figure 8. 3D ROls provide an average over more partial voxels than 2D ROls,
therefore showing smaller fluctuations in the CRC curve for sphere diameters in the range
from 5 mm to 40 mm for the three investigated voxel sizes of 1.6 mm, 2.85 mm and 4.0 mm
(Figure 5). Nevertheless, the CRC values for the six NEMA 1Q sphere diameters happen to
be similarly affected by voxel size for both 2D and 3D ROls, therefore, contributing to the
systematic uncertainty to similar extent within the given parameter space.

Furthermore, CRC measurements using 2D and 3D ROls are similarly affected by ROI
misalignments, and no improvement of the reliability of CRC measurements can be expected
by using 3D ROIs instead of 2D ROIs. The effect of sphere position on the image grid

was only marginally reduced by the use of 3D ROIs compared to 2D ROIs, and since

this effect was small to begin with, the improvement with 3D ROIs did not have an
appreciable influence on the total systematic uncertainty, nor improve the reproducibility of
CRC measurements. Furthermore, lower CRC values are obtained with 3D ROIs compared
to 2D due to the higher fraction of partial voxels contributing to the 3D ROI. Considering
the marginal benefit in reduction of systematic uncertainty from using 3D ROIs our findings
do notwarrant a suggested change to the NEMA standard analysis. Nevertheless, 3D ROIls
might still be a better choice, because now all scanners use 3D reconstructions and therefore
3D ROlIs can better capture the 3D reconstruction artifacts such as the Gibbs artifact.
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One limitation of this investigation was that only one-dimensional shifts of the sphere
position on the underlying image grid and the ROI position on the spheres were evaluated.
The quantitative results might change if other dimensions were included.

4.3. The effect of image blurring and noise

Negligible effects from increased Poisson noise on the mean CRC measurements can be
observed, in both computer-generated (Figure 9(a)) and experimental images (Figure 13(a)).
Thus, the reduction of mean CRC in noisy, blurred images compared to the CRC in noise-
free, unblurred images originates from the blurring introduced by the Gaussian filter rather
than the Poisson noise.

Despite the largely unaffected mean CRC, considerable variations occurred between the
results of individual CRC measurements, constituting a limiting factor for the reproducibility
of CRC measurements. In the case of conventional PET scanners with limited sensitivity,
individual scans of the NEMA 1Q phantom could result in CRC measurements with
substantial deviations from one another, especially for the smaller sphere diameters.
Additionally, noise in the background has the potential to create a global bias to the

CRC of all spheres, which is especially impactful for conventional scanners. Although
background variability is included as a part of the NEMA 1Q analysis as a figure of merit
that intrinsically includes effects from statistical noise, as well as nonuniformities that could
be a result of errors in the normalization, we believe that additional reports on the CV as a
direct measure of noise could be beneficial for comparability of the results. Furthermore, the
30-min standard acquisition of the NEMA 1Q phantom might not be sufficient to compare
CRC measurements of different scanners in the same source count setting, due to differences
in scanner sensitivities. Performing a significantly longer scan of the phantom, beyond 30
min, would be beneficial for obtaining reference CRC values that are more representative of
the mean CRC measurements. This would provide the opportunity to perform additional
reconstructions with smaller voxel sizes than at clinical conditions, while limiting the
influence of noise and could provide more informative results, particularly in cases where
large fluctuations in the CRC curves are expected due to voxelization. Since performing
multiple fillings and scans of the NEMA 1Q phantom is technically impractical, multiple
delayed scans of the phantom or shorter frames of the original scan should be analyzed

and compared to the reference CRC measurement to quantify the noise effects on the CRC
measurement in different scenarios.

Lastly, the CRC analysis performed on the experimental image data are in good agreement
with the computer-generated images that include noise and blurring, with a similar
magnitude of the mean CRC changes observed due to ROI misplacement and the
introduction of noise. The experimentally measured mean CRC for all spheres is lower

than the CRC on computer-generated images — which is independent of the noise level. This
difference is due to scanner specific properties and depends on the reconstruction algorithm
and its parameters. Besides that, the standard deviation of the CRC measurements in the
experimental image data is larger than the computer-generated images, when compared at
similar noise levels quantified by background CV. This may be attributed to the convergence
of the reconstruction algorithm and the fact that the noise in iteratively reconstructed PET
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images is not strictly Poisson but correlated and often rotation symmetric or isotropic [24]
and are apparent in Figure 4. Especially when resolution modeling (RM) is included, the
noise distribution in the image can get substantially altered [16]. Based on the previously
mentioned references [5, 8] to the potential occurrence of Gibbs-like artifacts, one could
make the recommendation of performing NEMA IQ CRC measurements both with and
without RM.

As an alternative to using numerically generated images with added Poisson noise,
reconstructed images from simulation data could be used, which would show similar
correlated noise patterns as the real images. Numerical images provide the advantage of
singling out every individual voxelization effect in the absence of noise which is crucial

for an understanding of the impact of each of the scanner-independent parameters on the
measured CRC and for the calculation of the systematic uncertainties. However, we would
like to mention the advantage of simulations over experimental data in terms of position
control of the spheres on the underlying image grid, which is why simulation data taken with
SImSET are subject to ongoing investigations.

5. Conclusion

In this work, we have demonstrated and quantified the magnitude of the effects from three
scanner-independent parameters on the CRC measurements of the NEMA 1Q phantom
used in image quality assessment of clinical PET scanners. This includes the effects from
changing the voxel size, alignment of the ROI on the individual spheres of the phantom,
and the exact position of the spheres on the underlying image grid. These influences pose
a source of systematic uncertainties on the measured CRC, which could vary between
6.5% and 28.8% when 2D ROIs are used, in addition to the inevitable uncertainties due

to statistical noise. In the presence of blurring and noise, the average CRC obtained

from several noisy realizations of the image is slightly less affected by these systematic
uncertainties, however, large deviations can occur between individual measurements.
Against prior expectations, using 3D ROIs could not substantially mitigate these systematic
uncertainties compared to 2D ROIs. Our findings have important implications for the
improvement of the next iteration of the NEMA standard for quantitative image quality
assessment of PET scanners with one main goal being to limit the impact of noise and
voxelization on the CRC measurement. Any changes to the standard must be particularly
adapted to the significant advances in sensitivity and spatial resolution of the current-
generation PET scanners.
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CRC of four clinical PET/CT scanners: Vereos [16], Digital Biograph Vision [11], Biograph

Vision Quadra [5] and uEXPLORER [4].
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Figure2.
Example of the central slice from a computer-generated 3D noise-free image using an

isotropic voxel size of 2.85 mm and sphere-to-background activity concentration ratio of
4:1. A zoomed version of the 28-mm sphere illustrates the partial voxel filling. Arbitrary
units (a.u.) were used.
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Figure 3.
Examples of computer-generated images with different levels of Poisson noise. From left to

right ((a) to (d)), the images have a CV of 44.6%, 31.6%, 19.7%, and 10.0% resulting from
an image scaling factor of 5, 10, 25, and 100, respectively.
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Figure 4.
Reconstructed images of four examples of subsampled datasets generated from a 30-min

scan of the NEMA NU2 IQ phantom on the uEXPLORER. From left to right ((a) to (d)), the
subsample ratios (SR) were 1/90, 1/60, 1/15 and 1/6, representing virtual frame lengths of 20
s,30s, 120 s, and 300 s, resulting in CVs of 44.5%, 36.3%, 18.2%, and 11.8%, respectively.
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CRC values obtained with 2D ROIs (a) according to NEMA NU 2 protocol and 3D spherical
ROIs (b) for sphere sizes in the range of 5 mm to 40 mm, using three different voxel sizes of
1.6 mm, 2.85 mm, and 4.0 mm.
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CRC measurements obtained for the six sphere sizes of the NEMA NU 2 1Q phantom when
2D ROIs ((a), (c), (e)) and 3D ROIs ((b), (d), (f)) are shifted up to one voxel, using three
isotropic voxel sizes of 1.6 mm ((a), (b)), 2.85 mm ((c), (d)), and 4.0 mm ((e), (f)).
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CRC measurements obtained for the six sphere sizes of the NEMA NU 2 1Q phantom when
2D ROIs ((a), (c), (e)) and 3D ROIs ((b), (d), (f)) are used and sphere position is shifted from
the center of the voxel up to half a voxel, using three isotropic voxel sizes of 1.6 mm ((a),

(b)), 2.85 mm ((c), (d)), and 4.0 mm ((e), (f)).
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Figure 8.
Systematic uncertainties of the CRC measurement, originating from variations in voxel size,

ROI misplacement, and different sphere positions with respect to the image grid.
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Figure9.

Mean (a) and standard deviation (b) of the CRC measured on 30 noisy realizations of

the computer-generated NEMA 1Q images including Poisson noise and 3-mm Gaussian
blurring. Images with 3 different noise levels, quantified using CV, are compared to an ideal
noise-free image without Gaussian blurring. An isotropic voxel size of 2.344 mm was used
in all cases.
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Mean CRC measured with 2D ROIs on 30 noisy realizations of computer-generated NEMA
1Q images including Poisson noise and 3-mm Gaussian blurring using three different voxel

sizes. Errors indicate the standard deviation of the CRC measurements for each sphere

diameter.
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ROI misplacement: 1 voxel
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(a) Effect of ROI misplacement on mean CRC measured on 30 noisy realizations of the
computer-generated NEMA 1Q images with a CV of 19.7% and ROI misplacements of up
to 1.0 voxels. (b) Effect of one-voxel ROI misalignment on the mean CRC values of the
image generated with 3 different noise levels, with corresponding CV values between 10.0%
and 44.7%. The error bars indicate the standard deviation of the CRC measurement from all

realizations for each sphere size and ROl misplacement.
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(a) Effect of sphere position on the image grid on mean CRC measured on 30 noisy
realizations of the computer-generated NEMA 1Q images with a CV of 19.7% compared for
sphere position shifts of up to half a voxel. (b) Effect of a sphere position shift by half a
voxel on the mean CRC values measured on 30 noisy realizations of the NEMA 1Q image
generated with three different noise levels with corresponding CV values between 10.0%
and 44.7%. The error bars indicate the standard deviation of the CRC measurement from all
realizations for each sphere size and sphere shift.
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Mean (a) and standard deviation (b) of the CRC measurements performed on multiple

realizations of the UEXPLORER images of the NEMA 1Q phantom, subsampled at various
noise levels with subsampling rates (SR) corresponding to CV values of 11.8%, 25.6%, and
44.5%.
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Figure 14.
(a) Effect of ROl misplacement up to one voxel on mean CRC measured on multiple

realizations of the UEXPLORER images of the NEMA 1Q phantom, subsampled to a CV

of 25.6% using a subsampling rate (SR) of 1/30. (b) Effect of one-voxel ROl misalignment
on the mean CRC values measured on multiple realizations of the UEXPLORER images of
the NEMA 1Q phantom, subsampled to three different noise levels, with corresponding CV
values between 11.8% and 44.5%. The error bars indicate the standard deviation of the CRC
measurement from all realizations for each sphere size and ROI misplacement.
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Table 1.

Range and default values of the parameters investigated as sources of systematic uncertainty on the CRC
measurement.

Parameter Range Default value

Voxel size (mm) 1.0-4.0 285
ROI misplacement (voxels) 0.0-10 0.0
Sphere position offset (voxels) 0.0-05 0.0
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Image scaling factors and the resulting CV of computer-generated images with Poisson noise.

Table 2.

Image scaling factor

Coefficient of variation (%)

10
25
50
100

44.7
31.6
19.7
14.1
10.0
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Table 3.

Page 34

Overview of all experimental subsampled datasets generated with different subsampling ratios from a 30-min
scan of the NEMA NU2 IQ phantom on the UEXPLORER, resulting in different noise levels quantified by CV.

Coefficient of Variation (%) Subsampleratio

Virtual framelength (s)

Number of realizations

11.8
15.0
18.2
25.6
363
445
63.0

1/6
1/10
1/15
1/30
1/60
1/90
1/180

300
180
120
60
30
20
10

10
15
30
30
30
30
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