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Abstract

Positron Emission Tomography/Computed Tomography (PET/CT) combines meta-
bolic and anatomical information improving the precision and accuracy of oncologi-
cal diagnostics. The standardized uptake value (SUV) measures tumor metabolism,

yet its accuracy is influenced by the partial volume effect (PVE), impacting small lesion
detection. This study aims to refine PVE corrections for small lesions using an in-

house customized, special anthropomorphic phantom. Scans of this phantom which
contained spheres of different sizes were performed across four hospitals at differ-

ent PET/CT systems from various manufacturers (Siemens and Philips analog PET/CT
systems, GE analog and digital PET/CT systems). The phantom contained six custom-
designed cylinders with embedded spheres simulating sub-centimeter (0.3, 0.5, 0.9)
and centimeter (1.3, 1.9, 2.8) lesions. Scans were performed separately for each sphere
in the thorax, abdomen, and pelvis regions at all sites. Recovery Coefficients (RCs) were
calculated to correct SUV values, demonstrating that RCs vary by sphere size and ana-
tomical region but not change significantly among scanners. RCs are approaching
unity for larger spheres, ensuring accurate SUV measurements. However, small spheres
(<0.5 cm) exhibited significant measurement challenges due to PVE. The anthropo-
morphic phantom proved effective in obtaining realistic SUV-corrected values, offering
a promising tool for enhancing the accuracy and standardization of PET imaging

in oncology. This study underscores the necessity for advanced imaging technolo-
gies and standardized RC application in clinical settings to improve the quantification
of PET imaging, particularly in small lesion detection.

Keywords: Partial volume effect, PVE, Partial volume effect correction,
Anthropomorphic phantom, Recovery coefficients, PET/CT, Medical imaging

Introduction

PET/CT imaging integrates metabolic and anatomical information into a single scan,
leveraging the strengths of both modalities. PET/CT studies, using the radiopharma-
ceutical 18F-FluoroDeoxyGlucose (18F-FDG) are primarily used in oncology, facilitating
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tumor detection, staging, and the monitoring of treatment responses [1].

Evaluating PET/CT clinical images involves both qualitative visual assessment and
quantitative analysis. Visual assessment aids in identifying anatomical and metabolic
changes in structures, ranging from tissue necrosis to tumors. Quantitative analysis,
on the other hand, evaluates tumor metabolism by measuring the SUV which aids in
not only distinguishing between benign and malignant tumors, but also evaluation of
therapy response and forecasting tumor aggressivity. The SUV is a semiquantitative met-
ric of radiopharmaceutical activity concentration in a region of interest (ROI) compared
to the overall distribution in the body, normalized by the patient’s body weight and the
injected dose [1].

The quantification of PET/CT images using SUV is influenced by multiple technical
and physiological factors. PVE causes measurement inaccuracies in the concentration of
radiopharmaceuticals within regions smaller than approximately 2—3 times the scanner’s
spatial resolution (4—5 mm) [2-4].

PET-NEMA (National Electrical Manufacturers Association) EIC (Electrotechnical
International Commision) phantoms are designed to evaluate the performance of PET
imaging systems but have limitations when it comes to accounting for different tissue
densities and performing precise sub-centimeter measurements. Furthermore, PET
NEMA EIC body phantom performs PVE corrections with water.

The water is used to create a homogeneous medium that mimics the average density of
soft tissues, allowing for standardization in the evaluation of PET image quality, contrast
recovery, and other performance metrics. However, the human body is inhomogeneous
with varying tissue densities [5-7].

The PVE in PET imaging is influenced by various factors, including spatial resolu-
tion, image sampling, tumor size, tumor shape, and the method used to measure radi-
opharmaceutical concentration within the tumor [8]. This phenomenon causes some
electron—positron annihilations originating within the tumor to be detected as if they
had originated in surrounding tissues, a process referred to as “spill-out” Consequently,
larger tumors may appear to have lower uptake in images than they do. Conversely,
some annihilations originating in surrounding tissues are detected as coming from the
tumor, known as “spill-in”. The spill-in effect causes signal blurring. These effects par-
tially compensate for each other, impacting the accuracy of quantitative measurements
in PET imaging [8, 9].

Scientific studies are being conducted to enhance the detectability and measurement
accuracy of small lesions in PET imaging systems. Bettinardi et al. emphasize that blur-
ring caused by spatial resolution reduces image contrast, thereby limiting the detection
of small lesions [10].

Alavi et al. strongly emphasize the necessity of PVE correction to obtain reliable meas-
urements of tracer activity accumulated in the body, especially in the case of repeated
PET scans. PVE correction is crucial for assessing treatment response, particularly in sit-
uations where significant shrinkage and reduction in tumor size are expected [11].

Multiple PVE correction strategies have been developed to compensate for PVE
in PET imaging, but there is no consensus on standardized application in oncological
PET studies. These strategies generally focus on producing accurate SUV . measure-
ments for lesions and allow for determining tumor metabolic activity. However, SUV, ..
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readings are strongly affected by noise, and highly susceptible to statistical fluctuations,
because they rely on a single voxel. This reliance leads to challenges, including reduced
accuracy in quantification and potential diagnostic errors due to overestimation or
underestimation of tracer uptake [12].

Among all PVE correction methods, more common ones are based on RC model
which involves applying a correction factor to the SUV measured in a region, as pro-
posed by Grings et al. [13].

Srinivas et al. proposed a more realistic model that considers hot spheres in a phantom
with hot background, acknowledging that real tumors are always surrounded by tissues
with some back ground activity [14]. Hoffman et al. suggested PET experimental meas-
urements of RC can be carried out using 18F-FDG radioactive spheres (hot spheres)
[15]. RC coefficients were obtained by calculating the ratio between PET measured and
the actual (known) radioactivity concentration within the hot spheres [16—18]. This
approach was designed to be applied to the PVE correction of PET oncological lesions in
real patients, as radioactive spheres effectively simulate metabolically active oncological
lesions [2]. This method is particularly advantageous because it requires SUV correction
only within the tumor region. This ensures accurate quantification of metabolic activity
while minimizing the need for broader, more complex corrections across non-target tis-
sues. This targeted approach enhances the precision of PET imaging in evaluating tumor
characteristics and treatment response [19].

The main objective of this study is to achieve a high accuracy rate in RC calculations
applied to PVE corrections using our uniquely designed heterogeneous anthropomor-
phic human body phantom. These phantoms mimic human anatomical conditions to
evaluate the performance of correction algorithms (RCs) and determine their effective-
ness and limitations. The research aims to improve PVE correction strategies to enhance
the accuracy and reliability of PET imaging, especially in small lesions.

Results

Sphere and background activities are measured in each site with six different sizes of
spheres (0.3, 0.5, 0.9, 1.3, 1.9 and 2.8 c¢cm) on 4:1 and 8:1 ratio and for each three ana-
tomical regions (Thorax, Abdomen, Pelvis). Accordingly, RC values are calculated for
each sphere. While doing all these calculations, according to F-18 FDG injected time,
to eliminate half time effect, activity decay calculations taken into consideration to get
more realistic results. The calculated RCs are shown in Tables 1, 2, 3 and 4 for each site
separately.

The RCs measure how well the imaging system recovers the true activity concentration
within a ROI such as a lesion or a tumor. After doing all calculations, RC data were ana-
lyzed and fitted to the Asymptotic Regression Model (ARM) function with the following
Eq. 1

Y =a— bc*. (1)

The software facilitated precise curve fitting and data analysis, enabling a thorough
examination of the RC characteristics. The utilization of the ARM provided a robust
framework for understanding the asymptotic behavior of the data. This approach
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Table 1 For acquisitions at n=4:1 and n=8:1, RC values for each anatomical region and each
sphere for Site-1

Sphere (cm) 4:1 Thorax 4:1 Abdomen 4:1 Pelvis 8:1 Thorax 8:1 Abdomen 8:1 Pelvis

0.30 0.122 0.133 0.154 0.075 0.048 0.086
0.50 0.372 0.313 0.297 0.097 0.089 0.075
0.90 0425 0478 0473 0.360 0.347 0.306
1.30 0616 0.500 0.555 0.379 0.361 0.392
1.90 0.629 0.671 0.592 0.556 0491 0451
2.80 0677 0.714 0.799 0.590 0.744 0.624

Table 2 For acquisitions at n=4:1 and n=8:1, RC values for each anatomical region and each
sphere for Site-2

Sphere (cm) 4:1 Thorax 4:1 Abdomen 4:1 Pelvis 8:1 Thorax 8:1 Abdomen 8:1 Pelvis

0.30 0.110 0.133 0.115 0.115 0.093 0.152
0.50 0.251 0.218 0.262 0.243 0.217 0.228
0.90 0430 0.404 0421 0.295 0.305 0.291
1.30 0.549 0.549 0.527 0.581 0.606 0.564
1.90 0.648 0.679 0.635 0.717 0.645 0.615
2.80 0.767 0.847 0.819 0.878 0.815 0.871

Table 3 For acquisitions at n=4:1 and n=8:1, RC values for each anatomical region and each
sphere for Site-3

Sphere (cm) 4:1 Thorax 4:1 Abdomen 4:1 Pelvis 8:1 Thorax 8:1 Abdomen 8:1 Pelvis

0.30 0.085 0.116 0.116 0.118 0.107 0.100
0.50 0.135 0.198 0.116 0.212 0.239 0.187
0.90 0.307 0.336 0.290 0.406 0.349 0.397
1.30 0.533 0.530 0637 0470 0.507 0.514
1.90 0.745 0.805 0.704 0494 0.552 0.534
2.80 0.862 0812 0.818 0.821 0.750 0.746

Table 4 For acquisitions at n=4:1 and n=8:1, RC values for each anatomical region and each
sphere for Site-4

Sphere (cm) 4:1 Thorax 4:1 Abdomen 4:1 Pelvis 8:1 Thorax 8:1 Abdomen 8:1 Pelvis

0.30 0.087 0.129 0.124 0.112 0.102 0.118
0.50 0.186 0.211 0.182 0.227 0.202 0.192
0.90 0476 0.407 0423 0.336 0.305 0.335
1.30 0497 0.517 0.567 0467 0439 0.405
1.90 0.623 0671 0.668 0.600 0.517 0.534

2.80 0.782 0.738 0.768 0.740 0.726 0.706
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ensured the reliability and accuracy of the results (RCs) when comparing clinical data,
allowing for a deeper insight into the underlying trends and patterns.

Figure 1 shows respectively for each site; the curves generated from RCs as a function
of the sphere diameters, for 3 anatomical regions for n=4:1 and n=8:1 concentration
ratio.

We analyzed the relationship between sphere diameter and RC (Fig. 1). The x-axis rep-
resents the sphere diameter used in the study, ranging from very small diameters (a few
millimeters) to larger ones (several centimeters), while the y-axis represents the RCs,
typically ranging from 0 to 1. An RC of 1 indicates perfect recovery, where the meas-
ured activity equals the true activity, whereas an RC less than 1 indicates underestima-
tion. The graphs (Fig. 1) show that for small spheres, the RC is low due to partial volume
effects, where the imaging system struggles to capture the true activity concentration
accurately. As the sphere diameter increases, the RC generally increases because larger
objects are better resolved by the imaging system, leading to more accurate activity
measurements. Eventually, the RC may plateau and approach 1 for larger spheres, indi-
cating that the imaging system can accurately recover the true activity concentration for
these objects. In addition, the spatial resolution of the imaging system plays a crucial
role, with higher resolution systems yielding better RCs for smaller diameters.

When plotting RCs against the diameters of spheres, the graph typically shows how
well the imaging system can recover the true activity concentration for objects of differ-
ent sizes.

Similar curves are generated from RCs as a function of the sphere diameters, for n=4:1
and n=28:1, for all sites, to observe how the RCs varied with tumor sizes (spheres) for 3
anatomical regions; in the thorax (Fig. 2), abdomen (Fig. 3), and pelvis (Fig. 4). These graphs
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provided a visual representation of the RC’s dependency on tumor dimensions, offering

insights into the quantitative relationships across different anatomical regions and varying

“n” values.
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Discussion

Accurate SUV measurements are vital for many tumors where metabolic activity
measurement allows for the assessment of treatment response. Correcting the uptake
obtained from the patient with RC can help to eliminate measurement discrepancies
between devices.

Anthropomorphic phantoms with known properties and corrected SUV values can
assist in calibrating PET scanners, ensuring that the equipment is functioning correctly
and producing reliable data [10, 20].

The use of SUV-corrected values in phantom imaging is essential for ensuring accu-
racy, consistency, and standardization in PET imaging. These values are integral to qual-
ity control, equipment calibration, research, clinical decision-making, and collaborative
studies across multiple centers. Employing these standardized measures allows clini-
cians and researchers to obtain precise and comparable data from PET imaging, which
in turn enhances patient outcomes and drives progress in medical imaging technology
[20].

One major factor contributing to inaccurate SUV measurements is the small size of
the lesion, which frequently leads to underestimation of the measured values. As the
diameter of the sphere (or tumor) decreases, the impact of the PVE becomes more
pronounced. This situation highlights how scatter radiation outside the FOV (Field of
View) significantly reduces counts in smaller-diameter regions by increasing the dead
time of the detection system [21]. Conversely, for larger spheres, the influence of PVE
is less pronounced, and scatter radiation outside the FOV does not significantly reduce
counts in these regions. These findings are consistent with studies by Matheoud et al.
and Krempser et al. and our results are similar [1, 22].

In PET and SPECT imaging, accurate calculation of RCs necessitates accounting for
activity outside the FOV, which is essential for improving the precision of RC-based PVE
correction techniques. This approach is particularly crucial as it addresses the influence
of scattered radiation and spill-over effects, leading to a more comprehensive correction
methodology [22].

In the clinical setting, estimating scatter from outside the FOV is challenging. Never-
theless, the use of anthropomorphic phantoms represents a valuable approach for opti-
mizing the determination of RCs in clinical acquisitions [23].

Analysis of this study’s results, consistent with Krempser et al’s investigation [1], indi-
cates that the variability in sphere diameter among RCs is more pronounced than the
variability related to the # value. Notably, RCs exhibit significant variation as the sphere
diameter ranges from 0.3 cm to 0.9 cm. This observation is critical as it demonstrates
that smaller spheres are more susceptible to variability, which must be accounted for in
quantitative analyses. Furthermore, all RC curves tend to stabilize at the unit value of 1,
indicating that the measured activity concentration equals the known activity concen-
tration as the sphere diameter increases from 0.3 cm to 2.8 cm. This stabilization high-
lights a threshold beyond which further increases in sphere diameter do not significantly
impact RCs, simplifying the interpretation of results for larger spheres.

In addition, it was observed that RCs increase with higher # values, indicating a cor-
relation between these n values and RC stability. This relationship enhances our under-
standing of how sphere diameter, # values, and RCs interact, offering valuable insights
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into the complexities of PVE in PET imaging. This nuanced understanding can enhance
PET imaging accuracy by better accounting for PVE, leading to more reliable quantifica-
tion of metabolic. Acknowledging these factors emphasizes the importance of consider-
ing sphere diameter and 7 values in PET study design and interpretation to mitigate PVE
and improve the robustness of imaging results.

In our study involving the unique anthropomorphic phantom, the primary aim was
not to compare the RC values with those obtained from the NEMA gold standard phan-
tom, due to differences in spherical sizes and phantom characteristics. However, upon
reviewing reference studies that utilized the NEMA phantom, it was observed that all of
its spherical lesion sizes exceed 1 cm. Notably, the 1.3 cm and 2.8 cm lesion sizes from
both phantoms can be directly compared.

In our study, RC determined reached close to 0.9 (equivalent to 90% of recovery
counts) for sphere diameters of 2.8 cm with anthropomorphic phantom studies. In con-
trast, Srinivas et al. reported RCs up to 0.8, and Krempser et al. achieved up to 1 in their
investigations with PET-NEMA phantoms in 1:8 ratio.

Furthermore, when examining the 1.3 c¢m lesion size in both reference studies, we
observed that the RC values differed significantly. In Srinivas’ study, the RC value was
0.25, while in Krempser’s study it was 0.65. In contrast, our study yielded an RC value
of 0.6 for the same lesion size. These discrepancies may be attributed to differences in
phantom characteristics, imaging techniques, or other experimental factors [1, 14].

RCs exhibit a notable specificity based on the unique characteristics of a given scan-
ner and the specific radiopharmaceuticals used. Consequently, they cannot be univer-
sally applied for PVE correction across different scanners or for images obtained with
the same scanner but using a radiopharmaceutical other than F18-FDG, as emphasized
by Gallivanone et al. [19].

In our study, we extended the experimental replication to assess RCs, considering
scanners even from the same manufacturer (Site 1 and Site 4) but of different models.
This approach was motivated by the recognition of the distinct influence exerted by
each detection system and the parameters of image reconstruction algorithms. The find-
ings underscore the need for a tailored and scanner-specific approach when addressing
PVE in quantitative analyses, taking into account both the technological specifications
and reconstruction algorithms of the imaging systems employed [24-26]. This consid-
eration becomes particularly relevant in multi-site or multi-model studies where harmo-
nizing RCs across different systems is essential for accurate and consistent quantitative
assessments.

We observed variability in RCs across different PET/CT systems in different detector
Technologies (digital SiPM, Silicon Photo Multiplier, vs analog PMT, Photo Multiplier
Tube), driven by key factors. Detector technology plays a major role in sensitivity and
temporal resolution. TOF (Time of Flight) technology reduces noise and enhances spa-
tial resolution, while non-TOF systems may struggle with accuracy. Variations in recon-
struction algorithms (e.g. GE’s Q. Clear, Siemens’ HD-PET), axial field of view, system
sensitivity, and equipment age or maintenance of the equipment also contribute to the
observed differences.

We obtained RC values for six different sphere sizes in three regions: thorax, abdo-
men, and pelvis. These RC values have allowed us to standardize the mean SUV
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values of tumors of equivalent sizes obtained from real clinical patients, making them
independent of factors related to the device and patient attenuation. This enables the
elimination of differences in uptake values obtained using different devices, particu-
larly during patient follow-up, providing the opportunity for accurate comparison
and interpretation of PET results conducted at different centers.

Krempser et al. stated in their study [1] that as the # values increase, the RC also
increases. However, in the study conducted at Site-1, it was observed that the RC val-
ues decreased. This discrepancy is thought to be due to the time differences between
the loading of activity and the initiation of imaging.

In delayed imaging, as the activity count within the phantom decreases, the noise
in the images increases, leading to greater uncertainty in the measurements. This rise
in noise levels can significantly affect the accuracy and precision of the RC values,
potentially skewing the results. The increased uncertainty might be attributed to the
diminished signal-to-noise ratio (SNR), which poses a challenge in accurately quanti-
fying the RC, especially in lower activity regions. Future studies should consider opti-
mizing the timing of activity loading and imaging initiation to mitigate these effects
and ensure more reliable and consistent RC measurements.

The primary objective of our study, conducted using standard activity within phan-
toms, was not to compare the performance of different devices. Instead, our focus
was on calculating RC values for various sphere sizes and body localizations specific
to each device. For each system, we generated a curve representing the RC values,
which we have detailed and illustrated in the study.

As observed from the graphs generated in this study, it is evident that the RC values
measured in the thorax, abdomen and pelvis are similar across all centers. This result
indicates that the RC values do not vary significantly with the position of the body.
The consistency of RC values across different anatomical regions suggests that the RC
is not influenced by the specific location within the body. This finding is important as
it underscores the robustness of the RC as a parameter, implying that it can be reliably
used for quantitative assessments regardless of the anatomical region being imaged.
Such uniformity enhances the utility of RC measurements in clinical and research
settings, ensuring that comparisons and interpretations of RC data are valid and not
confounded by positional differences. Further studies could expand on this by explor-
ing other potential factors that might affect RC values, thereby providing a more com-
prehensive understanding of the parameters influencing RC measurements.

Gallivanone et al. applied the statistical ¢-test to obtain p-values for comparing
lesion sizes and SUV values in oncological patient groups [2]. Similarly, Bettinardi
et al., in their review article, highlighted the statistical significance of correlations
between PET biomarkers and biological prognostic indices or survival endpoints [10].
Furthermore, Koopman et al. also employed the ¢-test in their statistical analysis to
compare patient and scan characteristics between two scanning groups, using p-val-
ues for these comparisons [25]. In this study, p-values were calculated using linear
regression analysis; where the RC values calculated at different sites for all three ana-
tomical regions and both # (1:4, 1:8) ratios were processed.
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Two separate linear regression models were applied using R: a Language and Envi-
ronment for Statistical Computing to evaluate the impact of various factors on the
dependent variable (RC).

First model involves all parameters and considers direct effects only. Results of this
first model, parallel to our study, demonstrate that while region does not appear to
influence the dependent variable (p > 0.1), Site-2 (p < 0.001) and Site-3 (0.01 < p < 0.1)
do have a statistically significant impact.

Second model was employed to understand combined effect of sphere size and
sites, where region parameter was removed. The results from this second model
confirms combined effect of sphere size and Site-2 (0.001 < p < 0.01) and Site-3
(0.001 <p < 0.01) has statistically significant effect. These results also show effect of
site increases with increasing sphere size, as all direct site parameters have p > 0.1.

Analyzing the pixel sizes of the PET/CT systems at each center reveals that, for a
system with a resolution of 5 mm and a pixel size of 4 mm, placing a 3-mm sphere
simulating a lesion for measurement illustrates the challenges of detecting activity
uptake in small-scale lesions.

This finding underscores the limitations of current PET/CT technology in accu-
rately quantifying RC values for very small lesions. The discrepancy likely arises due
to the resolution constraints, where the partial volume effect becomes more pro-
nounced, and the activity distribution within such small volumes is not accurately
captured. Consequently, this leads to increased uncertainty and variability in the
measured RC values, making them unreliable for clinical or research applications in
small lesions.

These limitations highlight the need for advancements in imaging technology to
improve spatial resolution, detector sensitivity and reduce pixel size, thereby ena-
bling more accurate detection and quantification of activity in smaller lesions. Future
research should focus on developing enhanced imaging techniques and algorithms
that can better account for these limitations, potentially incorporating high-resolu-
tion imaging systems or advanced image reconstruction methods to achieve more
reliable results in small-scale lesion measurements.

As indicated above, in all devices, the obtained RC value for 0.3 cm is quite low.
The highest value is achieved for the Thorax region at Site-1, while the lowest results
obtained at Sites 3 and 4 are close to each other. Across centers, as the lesion size
increases, the RC values approach each other. Therefore, the sphere simulating the
lesion, with a size of 0.3 cm, is below the resolution limit for all devices, and semi-
quantitative values obtained from lesions of this size are not reliable for diagnosis and
follow-up treatment response.

At Site 4, where the digital PET/CT system is located, although the image quality
is very high, and lesion detection is at an advanced level (since system has TOF and
Q-Clear as well), the low RC values compared to other sites (even in large spheres,
around 0.7, 0.8 ratios) may indicate a potential error in SUV calibration. For each
device and each size, RCs have been obtained that will enable the standardization of
quantitative values. Our results indicate that similar studies could contribute to the
assessment of patients in the future, especially the ones with small tumors. A larger
scale chart study needs to be conducted to provide a more extensive dataset for all
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targeted tumor sizes using similar specialized anthropomorphic phantoms and the
methodology described in this study.

The gold standard for RC calculations is the NEMA phantom, and the spheres within
the NEMA phantom are typically used for measurements. However, since the sphere
sizes in the NEMA phantom are larger than the sub-centimeter spheres used in our
study, a direct comparison of our results with the NEMA phantom was not possible. In
our study, the primary reason for using an anthropomorphic phantom was to take body
habitus into account, which is not considered in NEMA, and to use it as a parameter.
The phantom was designed to account for variations in tissue types, including adipose
tissue, bone tissue, and body shape, organ structures. This was partially achieved with
this study.

While our anthropomorphic phantom simulates a standard body type, future studies
incorporating a wider range of phantom sizes or patient-specific simulations could pro-
vide further insight into the influence of body habitus on PVE correction.

Tumor heterogeneity is outside the scope of this study. While our anthropomor-
phic phantom study partially addresses factors affecting body habitus, we believe that
tumor heterogeneity is not an area that can be evaluated with the phantom we used but
requires a distinct and separate research study.

In this study, we have taken a significant step by utilizing an anthropomorphic phan-
tom as a novel approach with the aim of achieving standardization across all systems in
the future. The primary goal is to introduce the anthropomorphic phantom into the field
of nuclear medicine (NM).

Our objective is not to compare devices, but rather to develop advanced versions of
the anthropomorphic phantom, including organ-specific models and—in the future—
even respiration-triggered ones. Our initial aim is to raise awareness of the potential of
the widespread use of anthropomorphic phantoms.

We acknowledge the continuous evolution of PET/CT technology, particularly with
recent advancements in digital PET systems, machine learning-based image recon-
struction, and other innovations. In light of these developments, we believe that the
framework for calculating RCs and correcting PVE, as outlined in our study, remains
adaptable to future technological advancements. The core methodology, specifically the
use of anthropomorphic phantoms, is designed to be robust and flexible, allowing for
adjustments as new systems and techniques emerge.

To further enhance the generalizability of our findings, we recommend validation
across a broader range of PET/CT systems, including next-generation scanners. By
applying our methodology to newer systems, and potentially incorporating artificial
intelligence-driven reconstruction methods, the proposed PVE correction approach
could be extended and further validated.

Conclusion

This study is pioneering as it marks the first application of an anthropomorphic phan-
tom in lesions smaller than 1 cm (0.3, 0.5, 0.9) in molecular imaging. A primary objec-
tive for future research is to develop phantoms that simulate various life stages—such
as pediatric, adolescent, adult, and elderly patient groups—along with different body
volumes. Ultimately, our aim is to create a virtual phantom using Al-supported
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software to enhance and standardize quantitative data across patient groups by utiliz-
ing recovery coefficient (RC) values derived from these phantoms.

In this preliminary study, we believe we have reached significant initial results to
determine the RC values necessary for accurately measuring the tumoral radiophar-
maceutical uptake in patients.

There are two main reasons for determining corrected SUV values. The first rea-
son is that it allows for the development of a perspective to correct the significant
numerical discrepancies caused by different PET/CT systems operating worldwide.
This correction will guide clinicians on the percentage changes in SUV to consider,
particularly regarding treatment response. The second reason is that it will enable the
use of corrected SUV parameters, independent of the device, in algorithms and evalu-
ations used in the rapidly proliferating artificial intelligence applications, facilitating
their use in patient assessments in a much shorter time.

The standardization of PET imaging results is a fundamental requirement for the
accurate evaluation of molecular imaging outcomes. Therefore, we believe that the RC
values derived from the results of our study using the first prototype of the anthropo-
morphic phantom, which we consider to be the most realistic, could significantly con-
tribute to the increased confidence in the numerical results obtained from molecular
imaging in the coming years. However, there is still a need for the development of
more realistic anthropomorphic phantoms and the use of these phantoms in a mul-
ticenter setting across numerous PET/CT systems to establish generally accepted RC
values.

Materials and methods/methodology

PET/CT scanners

Scans were conducted at four different hospitals using four PET/CT systems from
three vendors, incorporating two distinct technologies. Table 5 provides the techni-
cal; specifications of these systems [24, 27, 28].

At these four sites, a total of 144 scans were performed across the thorax, abdo-
men, and pelvis regions for six different sphere sizes, using both 4:1 and 8:1 activity
ratios (72 scans per ratio). The 18-F FDG radioactivity dose was diluted in saline and
injected into the cylinders and spheres under standardized conditions as outlined in
Table 6.

After phantom imaging at each hospital, the effects of different detector technolo-
gies were examined by calculating RCs for PVE correction.

Table 5 Technical specifications of the PET/CT systems used in this study

Site System Crystal Technology Matrix Pixel sizes Resolution

1 GE Discovery 1Q-4 Ring BGO Q-Clear 192192 3.65 51 mm @1 cm CFOV
2 Siemens Biograph mCT Excel 20 LSO TOF, UltraHD  200%x 200 4.07 44 mm @ CFOV

3 Philips GEMINITF LYsO  TOF 144x144 4 47 mm @1 cm CFOV
4 GE Discovery MI Digital—(SiPM) LYSO TOF, Q-Clear 256x256 2.73 3.95mm

PET
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Table 6 Applied concentration ratio and dose for spheres and cylinders

Saline volume Concentration ratio Concentration
dose (FDG)
Cylinders (Background) 1000 ml 1 2 mdCi
Spheres 4:1 250 ml 4 2 mdCi
Spheres 8:1 125ml 8 2mdi

Anthropomorphic human body phantom
This study used a custom-designed anthropomorphic body phantom to simulate vary-
ing tissue attenuation across the thorax, abdomen, and pelvis regions, as illustrated in
Fig. 5A [29]. The phantom, cylinders, and spheres were produced in-house. Six spheres
of varying diameters (0.3, 0.5, 0.9, 1.3, 1.9, and 2.8 cm) were positioned in cylinders
placed within the phantom (Fig. 5B and C).

Cylinders were filled with an F18-FDG solution with a background concentration of
2 mCi. Sphere-to-background ratios of 4:1 and 8:1 were achieved by filling the spheres
with higher activity concentrations.

Image acquisition, reconstruction, and quantification
Anthropomorphic Body Phantom positioned in PET/CT System as illustrated in
Fig. 6A. Imaging was performed under uniform conditions across all PET/CT systems.
Whole-body PET/CT scans were conducted using static imaging protocols. For each set
of spheres, scans were performed in the thorax, abdomen, and pelvis regions, with the
spheres positioned in successive orders to ensure comprehensive data acquisition.
Images were reconstructed using system-specific algorithms, including TOF, Ultra-
HD, and Q-Clear, according to each manufacturer’s technology. During each acquisition,

Fig. 6 Anthropomorphic human body phantom positioning, image acquisition and reconstruction
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the number of bed positions varied based on the system’s FOV, with each bed position
lasting 2 min (Fig. 6B). Attenuation correction was performed using a CT scan with
standardized parameters across all sites. Image evaluation was performed using post-
processing reconstruction workstation (Fig. 6C).

For quantification, the central slice corresponding to the center of the spheres was
used. Circular volumes of interest (VOIs) were manually drawn over each sphere image
to measure maximum activity concentrations. RCs for each sphere size were calculated
using Eq. 2, taking into account activity decay to ensure accurate quantification:

RC — Measured Activity Conc.(Sphere) — Measured Activity Conc.(BackGround)

Known Activity Conc.(Sphere) — Known Activity Conc.(BackGround)
(2)

The RCs, dimensionless values ranging from 0 to 1, reflect the scanner’s accuracy in
measuring activity concentrations within the spheres, thus accounting for varying tissue
attenuation and enhancing the reliability of the results [1].

We employed linear regression analysis to evaluate the influence of these variables on
the Recovery Coefficient (RC). This enabled us to examine the relationships and statis-
tical significance of predictors such as sphere size, site, and region on RC values. The
results underscore significant predictors, such as sphere size and specific site effects,
while indicating that region-related variables may have minimal or negligible impact.

Abbreviations

EIC International Electrotechnical Commission

FDG Fluorodeoxyglucose

FOV Field of view

NEMA National Electrical Manufacturers Association

PET/CT  Positron Emission Tomography/Computed Tomography

PVE Partial volume effect

RC Recovery coefficients

ROI Region of interest

SNR Signal-to-noise ratio

SV Standardized uptake value
TOF Time of flight

VOl Volume of interest
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