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Editorial

Editorial on Special Issue “Quantitative PET and SPECT”

Floris H. P. van Velden 1,* and Lioe-Fee de Geus-Oei 1,2

1 Section of Nuclear Medicine, Department of Radiology, Leiden University Medical Center,
2333 ZA Leiden, The Netherlands

2 Biomedical Photonic Imaging Group, University of Twente, 7522 NB Enschede, The Netherlands
* Correspondence: f.h.p.van_velden@lumc.nl

Since the introduction of personalized (or precision) medicine, where individually
tailored treatments are designed to deliver the right treatment to the right patient at the
right time, the primary focus of imaging has moved from detection and diagnosis to tissue
characterization, determination of prognosis, prediction of treatment efficacy, and mea-
surement of treatment response [1]. Precision (personalized) imaging relies heavily on
the use of hybrid imaging technologies and a variety of quantitative imaging biomark-
ers. The growing number of promising theragnostics, treatment strategies that combine
radiolabeled therapeutics with diagnostics, require accurate quantification for pre- and
post-treatment dosimetry. Furthermore, quantification is essential in the pharmacokinetic
analysis of promising new radiotracers and drugs, and in the assessment of drug resistance.
This Special Issue highlights trending research topics of two quantitative imaging tools
used in nuclear medicine, positron emission tomography (PET) and single photon emission
computed tomography (SPECT).

PET is by nature a quantitative imaging tool, relating the time–activity concentration
in tissues and the basic functional parameters governing the biological processes being
studied. The quantitative accuracy and interpretation of PET images are influenced by
many factors, which are summarized in the review of Rogasch and colleagues, emphasizing
the need to implement quality control and standardized imaging protocols [2]. In this Spe-
cial Issue, three research articles address factors influencing quantitative accuracy and/or
interpretation of PET images, such as image reconstruction. Based on the evaluation of mul-
tiple Bayesian penalized likelihood (BPL) reconstructions of phantom scans, Rijnsdorp et al.
identified the optimal noise penalty factor for BPL reconstruction of clinical 68Ga-PSMA
PET/CT scans in terms of detectability and reproducibility [3]. A second factor impacting
the quantitative accuracy of PET is the spatial resolution, which is influenced by, amongst
others, the positron range of the imaged isotope. In this Special Issue, Yang developed a
convolutional neural network, originally designed to convert magnetic resonance imaging
(MRI) into pseudo computed tomography (CT) scans, to correct for the positron range in
preclinical 68Ga-PET imaging [4]. Third, respiratory motion degrades the quantification ac-
curacy of PET imaging [5] and, when left uncorrected, could thereby impact the evaluation
of selective internal radiation therapy (SIRT) dosimetry. Walker and colleagues showed that
post-therapy 90Y SIRT PET/CT imaging, in terms of tumor quantification and dosimetric
measures, is improved by quiescent period respiratory motion correction [6].

Recent innovations in SPECT reconstruction techniques have allowed SPECT to move
from relative/semi-quantitative measures to absolute quantification [7]. So far, absolute
SPECT is only limitedly translated to diagnostic nuclear medicine, requiring proper vali-
dations with a ground truth, such as imaging phantoms. The review by De Schepper and
colleagues showed that these validations are currently feasible with the use of application-
specific phantoms produced by the current state-of-the-art in additive manufacturing or
3D printing [8].

The strength of PET and SPECT is that they permit whole-body molecular imaging
in a noninvasive way, evaluating multiple disease sites. In this Special Issue, Iqbal et al.
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investigated the diagnostic accuracy of 18F-FDG PET for staging of patients with grade 1–2
estrogen receptor positive (ER+) breast cancer and showed that 18F-FDG PET inadequately
staged almost 30% of these patients, illustrating the urgent need for new radiotracers to
improve the current imaging staging procedures for these patients [9].

Serial scanning allows the measurement of functional changes over time during thera-
peutic interventions. In this Special Issue, Roef and colleagues determined the repeatability
of 68Ga-PSMA lesion uptake in both relapsing and metastatic tumors and showed that a
minimum response of 50% seems appropriate in this clinical situation [10], which is higher
than 30% recommended by the PET Response Criteria in Solid Tumors [11]. In this Special
Issue, three articles investigated the prognostic value of 18F-FDG PET imaging. Chen et al.
investigated whether the combination of primary tumor and nodal PET parameters can
predict survival outcomes in patients with nodal metastatic non-small cell lung cancer
without distant metastasis and demonstrated that by using this combination of PET features
(in specific a combination of total lesion glycolysis values; TLG) with clinical factors risk
stratification can be refined, facilitating tailored therapeutic strategies for these patients [12].
In addition, Kalisvaart and colleagues determined the added prognostic value of PET
features in patients with metastases from soft tissue sarcoma, identifying the maximum and
peak standardized uptake values as independent prognostic factors for overall survival
in these patients [13]. Finally, Hlongwa et al. demonstrated that high whole-body TLG,
and metabolic tumor volumes and TLG of the primary tumor were prognostic factors for
overall survival in patients with malignant melanoma [14].

Images can no longer be treated strictly as pictures but instead must use innovative
approaches based on numerical analysis. Medical images contain much more information
hidden in the millions of voxels that cannot be assessed by the human eye. Recent develop-
ments in computer science have introduced computational methods that can capture this
concealed information, which is studied in the field of radiomics that includes (a variety of)
quantitative imaging biomarkers. Radiomics have the potential to improve knowledge of
tumor biology and, combined with clinical data and other biomarkers, guide clinical man-
agement decisions, thereby contributing to precision medicine [15]. Currently, there is no
consensus regarding the inclusion of regions of central necrosis during tumor delineation
for radiomic analysis. In this Special Issue, Noortman and colleagues showed that central
necrosis of tumors on 18F-FDG PET significantly impacts radiomic feature values but did
not seem to impact the predictive performance of the radiomics model [16].

Only with a dynamic scan is it possible to follow the kinetics (uptake, retention,
clearance) of the radiotracer quantitatively [17]. However, the pharmacokinetic analysis
often requires an arterial input function (AIF) that is acquired by an invasive arterial blood
sampling procedure. As a noninvasive surrogate to the AIF, Fang et al. developed an
image-derived input function using a model-based matrix factorization to measure the
volume of distribution that quantifies the 18-kDa translocator protein (TSPO) of 18F-DPA-
714 PET in the human brain [18]. In another, more exploratory and noninvasive dynamic
PET study to assess the presynaptic dopamine synthesis capacity using 18F-FDOPA in
the human brain, Schalbroeck et al. revealed that, among autistic adults, specific autistic
traits can be associated with reduced striatal dopamine synthesis capacity [19]. Last but
not least, this Special Issue also identifies a potential role for dynamic PET to monitor
treatment response in smoldering myeloma using 18F-FDG, as illustrated by a case report
by Sachpekidis et al. [20].

In conclusion, the manuscripts published in this Special Issue highlight hot topics on
quantitative PET and SPECT, discussing developments in the field of radiomics, the rise of
artificial intelligence techniques, and the problems that have to be solved to be able to move
towards validated and clinically accepted quantitative imaging biomarkers for precision
medicine. We would like to sincerely thank all authors for their contributions and hope
that the readers will enjoy reading this Special Issue.
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Abstract: Various factors have been identified that influence quantitative accuracy and image inter-
pretation in positron emission tomography (PET). Through the continuous introduction of new PET
technology—both imaging hardware and reconstruction software—into clinical care, we now find
ourselves in a transition period in which traditional and new technologies coexist. The effects on
the clinical value of PET imaging and its interpretation in routine clinical practice require careful
reevaluation. In this review, we provide a comprehensive summary of important factors influencing
quantification and interpretation with a focus on recent developments in PET technology. Finally, we
discuss the relationship between quantitative accuracy and subjective image interpretation.

Keywords: positron emission tomography; quantitative accuracy; contrast recovery; signal-to-noise ratio;
image interpretation; image quality

1. Introduction

The purpose of this review is to provide a state-of-the-art overview of factors influ-
encing common quantitative image parameters in positron emission tomography (PET) as
well as image interpretation, which is usually not quantitative. To address this dichotomy,
the chapter on “quantification” relates to factors with a bearing on quantitative accuracy,
while the second chapter “interpretation” focusses on variables that affect the subjective,
reader-dependent, mostly visual interpretation of images and their effects on diagnostic
accuracy and response assessment. Some sections of the article put special emphasis on
[18F]fluorodeoxyglucose (FDG), owing both to the unique clinical importance of [18F]FDG
and its vast literature as well as the issue of dietary preparation and influences of blood
glucose levels on quantification in [18F]FDG-PET.

PET quantification, as defined in this review article, comprises primarily those method-
ological factors that determine how accurately the radiopharmaceutical with its biodistri-
bution in an individual patient is depicted. It focusses on those aspects that are potentially
relevant for daily routine clinical care (Figure 1).

Diagnostics 2022, 12, 451. https://doi.org/10.3390/diagnostics12020451 https://www.mdpi.com/journal/diagnostics5
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Figure 1. Article structure: From patient preparation to image interpretation. Every step of preparing
the patient, acquiring and processing PET images, and choosing criteria to quantify and interpret
the data potentially affects quantitative and diagnostic accuracy. Each of these steps is addressed by
successive subsections of this article.

2. Factors Affecting PET Quantification

The essence of PET quantification is lesion contrast recovery (CR), which describes
the relative recovery of the true focal activity concentration. Figure 2 illustrates the most
relevant factors influencing lesion CR in PET.

Figure 2. The thin line of quantitative accuracy in PET. Quantitative accuracy of PET in lesions (i.e.,
recovery of the true activity concentration) can be imagined as a pair of balances between factors
that promote either under- or overestimation of the true activity. Additionally, the point at which
the combination of these contrasting factors achieves quantitative accuracy is influenced by lesion-
specific and methodological factors (e.g., the choice of standardized uptake value (SUV) parameter).
* Reported lesion SUVs in PET/MRI are lower than those in PET/CT; however, this may not be true
for every lesion in every tissue. PSF, point spread function; PL, penalized likelihood.
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2.1. Patient

The patient’s physiology and constitution influence the biodistribution of radiophar-
maceuticals, especially of [18F]FDG, although they mainly affect standardized uptake
values (SUV) in normal organs, such as the liver, brain, lung, skeletal muscles, and blood
pool [1]. In a number of normal organs, the SUV corrected for body mass is positively
correlated with the body mass index (BMI) [1–3]. This correlation can be partly explained
mathematically by the incorrect estimation of the distribution volume in obese patients
if total body mass is used instead of lean body mass (due to the relatively low [18F]FDG
accumulation in fat tissue [4]) [5]. However, when compared to SUV in prostate-specific
membrane antigen (PSMA)-PET, those in [18F]FDG-PET are more closely correlated with
BMI [5]. This suggests effects on SUV in obese patients that are specific for [18F]FDG,
possibly stemming from the positive correlation between BMI and blood glucose [3,6].

Mildly to moderately reduced kidney function (estimated glomerular filtration rate
<60 ml/min) may not influence either normal organ SUV or blood pool clearance [6,7],
unless kidney function is so far reduced that the patient requires hemodialysis [8]. Normal
brain [18F]FDG uptake varies with age, sex, and the presence or absence of diabetes
mellitus [1,6,9,10]. In women, [18F]FDG uptake in the ovaries and breast tissue varies with
progesterone levels and age [11,12].

Notably, tumor SUVmax and SUVmean were not shown to vary systematically with the
above-named physiological factors in a large meta-analysis of >20.000 individuals [1]. However,
if tumor SUV is related to normal tissue SUV, these factors may have an indirect effect.

2.2. Patient Preparation

[18F]FDG uptake in tumors, inflammatory cells and brain tissue is mainly brought
about by insulin-independent glucose transporters (GLUT) 1 or 3 [13–19]. Their metabolic
rate (i.e., the absolute glucose uptake per time) is mostly constant at varying blood glucose
levels, resulting in a lowering of absolute [18F]FDG uptake (i.e., SUV) by up to 50% if
glucose levels are highly elevated. This is due to the competition of glucose and [18F]FDG
for transporter molecules [6,20,21]. Conversely, raising blood glucose and/or insulin
levels increases [18F]FDG uptake in the liver, skeletal muscles, and myocardium mainly
via GLUT2 and 4 [1,6,22]. Physical exercise increases skeletal muscle [18F]FDG uptake
via GLUT4 [23]. Therefore, to achieve optimal results for lesion-to-background ratios in
[18F]FDG-PET, a low blood glucose level and insulin level should be ensured at the time of
injection, and recommendations regarding physical activity should be observed [24].

Some drugs affect [18F]FDG uptake in normal organs. Examples of this are the vari-
ations in brain and cardiac uptake caused by sedatives [25,26] or elevated bone marrow
uptake following administration of hematopoietic cytokines [27].

Regarding other tracers, specific recommendations to pause potentially interfering
substances may also be important. The influence of somatostatin analogues on the uptake
of neuroendocrine tumors in somatostatin receptor-specific PET [28] and of antihormonal
treatment on PSMA uptake in prostate cancer cells [29,30] are currently under investigation.
Further determinants of the biodistribution of various other radiopharmaceuticals are also
beyond the scope of this article but have been addressed by previous reviews. These include
physiological and pharmacological factors [31], the in vivo degradation of peptide-based
PET radiopharmaceuticals [32], and interactions between the lesion microenvironment and
radiopharmaceuticals [33–36].

Likewise, advances in kinetic modeling and parametric PET imaging [37] for the
prediction and validation of pharmacokinetic models, e.g., in radioligand therapy [38] or in
neurology [39,40], have been discussed elsewhere.

2.3. Partial Volume Effect

A general problem in the quantitative evaluation of PET data is the rather low spatial
resolution. Even though improved scanner technology and reconstruction algorithms lead
to a noticeably improved reconstructed spatial resolution compared to older systems (about
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4 mm vs. 6 mm) [41], it is still much worse than the resolution of computed tomography
(CT) or magnetic resonance imaging (MRI). The low resolution causes unavoidable partial
volume effects, which can lead to a severe underestimation of tracer uptake, depending on
the lesion size. Assuming a spherical lesion with homogeneous tracer accumulation and
a spatial resolution approximated by a Gaussian point spread function (PSF) with 4 mm
full width at half maximum (FWHM), the effect becomes relevant at a lesion diameter of
about 10 mm. Here, the recovery of the maximum activity is still 97%, but it drops sharply
with decreasing diameter, e.g., to 86% for an 8 mm diameter or 63% for a diameter of 6 mm
(Figure 3) [42].

Figure 3. Reconstructed spatial resolution. The effect of limited reconstructed spatial resolution on
lesion contrast recovery (CR) at different lesion diameters is demonstrated here, while the additional
effect of image spacing is disregarded. In this example, spatial resolution is always 4 mm full width
at half maximum (FWHM). The true lesion activity is shown in light grey, and the displayed activity
is shown by the black line. In a 10-mm lesion (left), CR is 0.97, which is close to the optimum of 1.0
but decreases considerably with decreasing lesion diameter despite equal true activity. Please note
that these values are calculated for lesions with absent background activity. If background activity is
present, relative CR increases systematically.

While these figures can easily be computed using the convolution of PSF and object
geometry, they are of limited value in routine clinical practice since they apply only to
the idealized situation described above. The recovery for lesions of a different shape and
inhomogeneous tracer accumulation can differ widely from the figures presented [43], and
it is therefore not possible to achieve reliable partial volume correction using these results.

Another factor besides spatial resolution that contributes to the partial volume effect
is image sampling, meaning, in the context of PET, the distribution of a natural, irregular
volume into cuboid voxels of a fixed size. Each voxel value then reflects the average
activity in this voxel volume. In the case of lesion borders, some of the marginal activity is
projected into the vicinity of the lesion (so-called spill-out; Figure 4A) while, conversely,
activity at the lesion surface is diluted by background activity (spill-in). Furthermore, the
activity within lesions is usually heterogenous due to numerous cell clusters of different
tracer avidity. The projection of such clusters into comparably large voxel volumes with
fixed size inevitably leads to attenuation of the true magnitude of heterogeneity and to
a loss of spatial resolution of small heterogenous areas (Figure 4B). Consequently, PET
systematically underestimates intralesional heterogeneity. The larger the voxel size, the
higher the likelihood of underestimating both the true maximum activity within the lesion
and the variety and heterogeneity of activities [42].
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Figure 4. Image spacing. The effect of image spacing is illustrated in two dimensions (but would have
to be extrapolated to three dimensions for PET data). (A) An idealized homogenous, spherical lesion
is displayed on the left side with the superimposed voxel grid. The depiction of this lesion is shown
on the right. At the lesion border (surface), image spacing results in a dilution of lesion activity by
background activity (spill-in). In the usual case of a hot lesion, this spill-in leads to underestimation
of the average lesion activity. Conversely, some of the marginal lesion activity may be visualized
outside of the true lesion border (spill-out), and the lesion may appear larger than it truly is (dotted
line). (B) In a lesion with heterogeneous activity (illustrated by different grey values), image spacing
leads to an underestimation of intralesional heterogeneity because each voxel only represents an
average activity, and both maximum and minimum intensities are attenuated. The minimum spatial
resolution is determined by the voxel size. In (B), the effects of spill-in and spill-out at the lesion
border are disregarded for simplification.

Both factors must be kept in mind when interpreting the SUV, especially SUVmax, of
small lesions.

2.4. Hardware
2.4.1. Silicon Photomultiplier (SiPM) Technology

The photomultiplier converts the photon emitted from the scintillation crystal into
an electronic signal. Compared to conventional photomultiplier tubes (PMT), silicon
photomultipliers (SiPM) in recently developed PET/CT scanners are smaller, provide up
to 100% coverage of the scintillation crystal surface and offer high photon sensitivity, low
noise, and fast timing resolution [44]. The chief advantages of SiPM are higher effective
sensitivity and improved signal-to-noise ratios (SNR).

To estimate the independent added value of SiPM technology, performance metrics can
be compared with otherwise similar PMT-based scanner models. Most importantly, these
scanners should feature a similar length of the axial field of view (FOV) because the system
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sensitivity (cps/kBq), a main determinant of the SNR, increases quadratically with an
increase in axial FOV (e.g., system sensitivity gain of approx. 80% for an axial FOV increase
of 33%) [45]. The potential gain associated with SiPM is dependent on the relative coverage
of the detector area with SiPM elements and their specific timing resolution relative to the
PMT comparator. If, for example, a SiPM system with low relative coverage of <60% and a
modest timing resolution of 382 ps [44,45] is compared to a bismuth germanate (BGO) PMT
scanner with similar axial FOV length [46], the SiPM system’s sensitivity can be similar or
even slightly inferior (20.8 vs. 23.3 cps/kBq) [45]. In contrast, a SiPM system with 100%
detector coverage and 214 ps timing resolution [47] can offer increased system sensitivity
over a comparable PMT system with lutetium oxyorthosilicate (LSO) crystals [48] that
exceeds the expected difference based on the slightly larger axial FOV (16.4 vs. 9.6 cps/kBq
with a 25.6 vs. 22.1 cm FOV) [47]. If further improvements in timing resolution are achieved
with future generations of SiPM [44], this could bring with it a proportional increase in
effective sensitivity (noise equivalent counts; NEC) [49,50]. Such a gain in counts could
translate into an SNR gain that is equivalent to the square root of the relative improvement
in timing resolution [49,51].

Additionally, the development of small SiPM elements has enabled small voxel sizes
down to 1 × 1 × 1 mm3 [52] with potential superiority over PMT-based systems in recon-
structed spatial resolution and quantitative accuracy in the case of small lesions [53–56].

2.4.2. PET/CT vs. PET/MRI

CT-based attenuation correction (CT-AC) for PET has the advantage of directly and
reliably translating tissue densities from CT Hounsfield units (e.g, acquired with 120 keV)
into linear attenuation correction factors for 511 keV photons [57]. In contrast, MR-based
attenuation correction (MR-AC) in PET/MRI relies on different, vendor-dependent MR
sequences that are used to automatically segment the body into three or four compartments
(air, bone, soft tissue, and fat) [58]. These compartments are assigned specific linear
attenuation correction factors for 511 keV photons. However, several sources of error exist,
including extracorporeal components such as headphones, dense hair or MR coils [59],
incorrect attenuation correction factors for bone and lung tissue [60], incorrect segmentation
of such compartments, and MR image truncation [61]. Systematic underestimation of
SUV in bone tissue or lesions close to the bone of >10% compared to PET/CT has been
described [60,62], whereas SUV differences were <5% in other normal tissues [60]. It should
also be noted that cross-calibration of PET/MRI scanners is generally hampered by water-
filled phantoms, which are commonly used for SUV calibration in PET/CT and can produce
substantial artifacts in the MR-AC sequence with corresponding SUV errors [63,64]. In
such phantoms, inter-vendor differences in MR-AC maps [61] can lead to SUV differences
in phantom spheres of 10–20% [58].

Studies that have investigated normal organ and lesion SUV in patients undergoing
both PET/CT and PET/MRI after a single injection of [18F]FDG were mostly biased by
a non-randomized scan order. Lesion SUV were usually lower on the first examination,
which can partly be explained by the increasing [18F]FDG accumulation in most (malignant)
lesions beyond 60 min after tracer administration. However, systematically different normal
organ SUVs have been reported for [18F]FDG as well, which most likely result from MR-AC
inaccuracies [60,65,66]. Furthermore, as such studies can only compare one single PET/CT
scanner with one PET/MRI scanner and have usually only investigated one specific set of
reconstruction parameters, it is difficult to draw a generalized conclusion regarding the
comparability of SUV in clinical PET/CT and PET/MRI.

2.5. Quality Control

High image quality is of general importance, but special requirements are necessary
in the case of SUV quantification. Three quantities are needed for the computation of SUV:
the injected activity, the activity concentration in the lesion as determined in the image
data, and the distribution volume of the radiopharmaceutical (usually approximated by
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the body mass of the patient). Errors in these quantities lead directly to errors in the SUV
of the same magnitude; e.g., a 10% error in the patient body mass leads to a 10% error in
SUV. An accurate determination of the patient’s body mass is therefore indispensable for
quantitative purposes and of special importance if follow-up studies are to be compared.

The accuracy of the measured target activity concentration depends on accurate
cross-calibration of the scanner with the dose calibrator that is used to measure injected
activities. Frequent verification is therefore mandatory, and the European Association of
Nuclear Medicine (EANM) recommends quarterly cross-calibrations [24]. To determine the
injected net activity, the activity in the syringe has to be measured before and after injection.
Furthermore, since the activity concentration in the lesion and the injected activity are
measured with different devices, correct decay correction requires the two devices to have
synchronized clocks. The optimal way to achieve this is by connecting both devices to
the same time server. If this is not possible, regular verification of a synchronized time is
necessary. Although all these errors are potentially severe, it should be noted that they
can easily be avoided by following existing guidelines published by the EANM [24] or the
EANM Research Ltd. (EARL) initiative [67].

2.6. Acquisition Parameters
2.6.1. Uptake Time after Tracer Administration

Lesional uptake of [18F]FDG is more or less irreversible in neoplastic cells [68,69] due to
intracellular trapping of the phosphorylated molecule, although reversible uptake has been
demonstrated in inflammatory tissue [18]. The SUV of tumor lesions, therefore, increases
steadily over time after [18F]FDG injection [70,71]. Normal organ SUV may either decline
over time (blood pool, bowel, and fat tissue), remain relatively stable (liver and lung) or
increase (cerebellum, spleen, bone marrow, and muscles) [72,73]. Therefore, to ensure
the repeatability of SUV measurements, a similar uptake time should be observed [24].
It should be noted that tumor uptakes of [68Ga]Ga-PSMA-11 [74] and the somatostatin
receptor-specific agents [68Ga]Ga-DOTATOC and -DOTATATE [75] have recently also been
described as irreversible.

2.6.2. Acquisition Duration per Bed Position

SUV are corrected for injected activity and acquisition time per bed position. Due to
this correction, they are less directly affected by changes in these variables than image noise
(Section 3.2.1). This is especially true for SUVmean and, to a lesser degree, for SUVpeak,
which are both relatively stable even after reduction of acquisition time to 50% or less [76–80].
In contrast, SUVmax can vary substantially because this is, by definition, the outlier, which is
most affected by increasing relative errors with declining count statistics [76,80]. However,
systematic SUVmax increases of >5–10% have not typically been observed at acquisition times
per bed position of >30–60s, at least during investigations of SiPM-equipped systems and/or
patients with BMI <25 kg/m2 [79,81,82].

2.6.3. Respiratory Motion Correction

As static PET images require considerable acquisition time for each bed position, a
bed position covers several breathing cycles, and the final image represents the average of
detected activity in each location. The true signal in organs and lesions that are subject to
respiratory motion is thereby distorted and blurred along the vector of motion. This results
in lower maximum activity but higher apparent lesion volume of the target lesion at an
equal relative SUV threshold. This has been reported, e.g., for pulmonary lesions (especially
in the lower and middle parts of the lung), liver lesions, and pancreatic lesions [83–88].
Several techniques for respiratory motion correction have been proposed [89].

In cardiac PET imaging, contraction of the myocardium further contributes to the
quantitative inaccuracy of uncorrected static PET protocols [90,91].
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2.7. Image Reconstruction

The effect of image reconstruction algorithms on quantitative accuracy in PET has
been studied extensively, and three recent reviews cover current knowledge and views
on time of flight (TOF) integration [44] as well as PSF modelling and Bayesian penalized
likelihood (PL) reconstruction [92,93].

Briefly, TOF increases the lesion’s CR and SUV compared to non-TOF PET at a com-
parable level of image noise [94–96]. This effect is especially prominent in low-contrast
lesions [95].

PSF reconstruction, or resolution modelling, refers to compensation for the scanner’s
specific PSF throughout the transaxial FOV as part of the reconstruction process. This
improves reconstructed spatial resolution [97,98] and increases lesion SUV [99,100] but can
lead to overestimation of the true activity due to so-called Gibbs’ artifacts [92,93]. Com-
pared with non-PSF reconstructed images, this can increase lesion SUVmax, SUVmean and
SUVpeak by up to 30% on average [100–102]. To correct for these increases, an additional
Gaussian filter can be applied during image reconstruction or to the final images [100,102].
With appropriate filter width (FWHM) based on sphere CR from standardized phantom
measurements, PSF-induced SUV increases can be negated, resulting in comparable lesion
SUVs to those in non-PSF data. Kaalep et al. showed that by filtering PSF-reconstructed
data that were compliant with the updated EARL2 standard, SUV and metabolic tumor
volumes (MTV) in lung cancer and lymphoma lesions could be achieved that were similar
to non-PSF data (EARL1-compliant) [102]. Houdu et al. demonstrated that prognostically
relevant SUVmax thresholds in patients with lung cancer are only valid in data recon-
structed in compliance with the same standard as the dataset that defined this prognostic
threshold [103]. A harmonization of PET data is therefore recommended when quantitative
data are to be analyzed from different PET systems.

Bayesian PL reconstruction is an iterative method that employs the Bayesian prin-
ciple of integrating estimates about the physical properties of the unknown image as a
prior probability with the aim of improving its prediction [104]. Furthermore, a penaliza-
tion/regularization term beta is included that penalizes large intensity differences between
neighboring voxels and thereby aims at controlling the noise and Gibbs’ artifacts. The beta
factor, which is user-defined, determines the weight (importance) of this penalty [105,106].
Using a commercially available PL reconstruction (General Electric [GE] Q.Clear), several
phantom studies have shown that PL reconstruction can increase the CR of standardized
sphere inserts compared to conventional TOF and PSF reconstruction [41,46,101,107,108].
Although this effect can lead to overestimation of the true activity in larger lesions if the
SUVmax is used [101], the increase in CR may be especially prominent in microspheres
with diameters <10 mm, in which conventional algorithms usually underestimate the true
activity substantially [109]. This has been confirmed by increasing lesion SUVmax com-
pared with TOF and PSF reconstruction, particularly in small pulmonary lesions [110,111].
However, this difference is directly dependent on the user-defined penalization factor beta
during PL reconstruction, and at beta values of 300 to 600, which have been rated as optimal
for visual reading of [18F]FDG-PET images by human readers [107,112,113], inter-method
SUV differences may no longer be significant [41,108,111].

Besides these clinically established algorithms, several reconstruction algorithms
based on artificial intelligence, namely deep learning techniques, have recently been pro-
posed [114].

Any current PET image reconstruction algorithm includes correction for scatter, ran-
doms, dead time, and attenuation. Regarding CT-AC, the presence of an intravenous
contrast agent in the target tissue results in overestimation of attenuation and, therefore,
higher SUV. In tumor lesions, such increases are usually <10% [115–117] and have been
deemed irrelevant for visual assessment in previous studies [118,119]. However, in organs
with a particularly high concentration of the contrast agent (e.g., the liver, kidney, or blood
vessels), these deviations can be higher [116,120,121]. Thus, using a non-contrast-enhanced
CT for attenuation correction is recommended when quantification by SUV is planned [24].
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3. Factors Affecting PET Interpretation

Interpretation of PET images aims at classifying lesions or tissues according to their
differential diagnosis at a single time point or at evaluating changes in lesion or tissue
biology over time. Both may contain prognostic or predictive information.

Figure 5 presents the most relevant factors influencing PET interpretation. Selected
factors are discussed in the following respective sections.

Figure 5. Factors affecting PET interpretation.

3.1. Specificity of the Radiopharmaceutical

In any thorough examination of the factors confounding quantitative accuracy, it should
be kept in mind that the appropriateness of the radiopharmaceutical to assess the tissue
or lesion characteristics of interest may be of utmost importance to the reader’s certainty
and correctness in interpreting PET images. If the radiopharmaceutical does not allow the
classification of a lesion on a biochemical basis, e.g., the differentiation of a malignant or
benign cause, the achievement of quantitative accuracy will not be helpful or relevant.

This becomes most evident with [18F]FDG, which is specific neither to malignant lesions
nor to discrete tumor entities. In oncology, this hampers the differentiation between inflamma-
tory changes and neoplastic tissue [15,18] or benign lesions and well-differentiated malignant
lesions with low [18F]FDG avidity [122–125]. Various radiopharmaceuticals with higher tumor
specificity have therefore been developed to increase diagnostic accuracy for certain tumor
entities, e.g., [68Ga]Ga-PSMA-11 or [18F]F-PSMA-1007 in prostate cancer [126,127], somato-
statin receptor-specific tracers for neuroendocrine tumors [128], radiolabeled peptides in
brain tumors [129] or [18F]fibroblast activation protein inhibitor (FAPI) for different carcinoma
types [130]. However, sources of false positive or negative findings still remain with these
tracers [131–134] and must be considered during image interpretation.

In cardiovascular imaging with [18F]FDG-PET, insufficiently suppressed physiologic
[18F]FDG uptake by the myocardium can complicate the differentiation from inflammatory
changes [135], while postoperative changes or sterile inflammation can be difficult to
differentiate from active infection [136–138]. Alternative tracers that are more specific for
inflammation [139,140] or bacterial infection [141] might facilitate interpretation.

3.2. Image Quality and Lesion Detection

In the visual assessment of PET images in routine clinical practice, quantitative accu-
racy cannot usually be directly assessed because the ground truth is unknown. However,
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the subjective, perceived image quality can be rated, and quantitative measures can be used
to derive an objectified surrogate for image quality. In this sense, a maximized contrast-
to-noise ratio (CNR) reflects high image quality [142], because high lesion CR and low
background noise are both key to achieving high diagnostic accuracy (i.e., to minimize
false-negative and false-positive results). Therefore, all previously discussed factors on CR
and image noise have a direct influence on image quality.

3.2.1. Injected Activity and Acquisition Time

Subjective image quality is affected by the relationship between injected activity per
kilogram body mass and acquisition time per bed position. A low product of the two factors
results in excessive image noise and possibly increased rates of false-positive results and
decreased reader confidence [76,143,144]. The EANM, therefore, recommends a minimum
of 7 MBq/kg*min for [18F]FDG-PET using a contemporary PET system with >30% overlap
between bed positions [24]. Alternatively, a formula that includes the quadratic weight can
be used, which could better compensate for loss in image quality in patients >75 kg [24].
Moreover, EARL also provides a procedure that can be followed to determine a lower
activity prescription for systems with very high sensitivity or improved timing resolution
(e.g., <300 ps) [145].

The anticipated benefits of PET hardware and software improvements over the last
decade are perhaps reflected in figures for the lower minimum of injected activities required
for state-of-the-art PET systems. Using an older non-TOF PET scanner with BGO crystals
and 15.7 cm axial FOV [146], Geismar et al. recommended 10 MBq/kg*min for [18F]FDG-
PET in patients with a BMI >22 kg/m2, while 8 MBq/kg*min was recommended only in
patients with BMI <22 kg/m2 [144]. Using a modern SiPM-equipped PET scanner with
20 cm axial FOV and PL reconstruction [54], Trägårdh et al. proposed 6 MBq/kg*min for
[18F]FDG-PET to achieve acceptable image quality and lesion visibility [76]. Moreover, the
authors recommended 8 MBq/kg*min for [18F]F-PSMA-1007 based on the same scanner
and PL reconstruction [143].

Wickham et al. [147] investigated the relationship between subjective and quantified
measures of image quality in 111 clinical [18F]FDG-PET/CT scans (oncology, hematology,
and infection) using a PMT-based PET scanner with a 22.1 cm axial FOV [148]. The optimal
formula to predict high image quality included sex (higher activity in women), body
mass and height. Neither patient age nor normalized body metrics or different, more
sophisticated measures of body tissue composition provided added value in predicting
image quality [147].

However, although a standardized measure of image quality is used, the studies
cited here are still not directly comparable, as the axial FOV length differed substantially.
To address this problem, the FOV length or–more accurately–the system’s sensitivity in
cps/kBq would have to be included in the formula to calculate the required injected activity.
This becomes especially evident with recent PET systems with extra-large axial FOV of
>25 cm and their potential to substantially reduce required acquisition times [47,149,150].

Furthermore, some publications have relativized the general assumption that injected
activity and acquisition time are linearly interchangeable when aiming at constant image
noise. These studies have demonstrated that image quality (namely image noise) in
overweight patients >80–90 kg benefits especially from increased acquisition time per bed
position [77,151,152].

3.2.2. SiPM Technology

The increase in effective sensitivity enabled by modern SiPM could be translated
into an equivalent reduction in injected activity or acquisition time while retaining equal
image quality as PMT [49,51]. Intraindividual comparisons of clinical PET data between
scanners equipped with either SiPM or PMT are scarce because this requires a second
scan in a randomized protocol to prevent bias from systematically different uptake times
between the scans. Sekine et al. used a randomized protocol to investigate the potential
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to reduce injected [18F]FDG activity required (or acquisition time) through the use of an
SiPM TOF PET/MRI instead of a PMT TOF PET/CT in 74 patients with different types of
malignant tumors. Image quality (artifacts, noise, and sharpness) was rated as acceptable at
up to 40% reduction in simulated acquisition time with the SiPM PET/MRI. However, the
potential to reduce acquisition time with the PMT PET/CT was not specifically investigated.
Moreover, the SiPM PET/MRI had a 25 cm axial FOV compared to the 15.7 cm FOV of
the PET/CT system, which partly explains differences in image quality (especially image
noise) independent of the photomultiplier technology [153].

López-Mora et al. reported higher lesion detection rates with a SiPM PET/CT
compared to a PMT PET/CT in 22 of 100 patients using [18F]FDG or [18F]fluorocholine
(58 patients underwent SiPM PET first; axial FOV were similar). This resulted in a modified
disease stage in 7 of these 22 patients based on SiPM PET/CT [154]. Similarly, Baratto et al.
found higher lesion detection rates in 13 of 94 patients with [68Ga]Ga-DOTATATE using
SiPM vs. PMT PET/CT in randomized order (SiPM, 20 cm axial FOV; PMT, 15.7 cm) [155].

Consequently, SiPM technology may well produce improvements in image quality
and lesion detection rates. However, the magnitude of improvement that can be achieved
in clinical scans is likely to vary with different SiPM designs.

3.2.3. Image Reconstruction

Among the technical factors that affect PET interpretation, image reconstruction
is especially influential because it directly affects both image noise and lesion CR to a
potentially high degree (Figure 6).

 

Figure 6. Fused transaxial as well as coronal PET/CT slices through residual mediastinal lymphoma
tissue of a 23-year-old female patient reconstructed with the OSEM algorithm (A,B) and with OSEM
combined with TOF and PSF (C,D). While the lesional [18F]FDG uptake was defined as Deauville
score 3 based on OSEM reconstruction, it would exceed the liver uptake when assessed based on
images reconstructed with TOF and PSF (=Deauville score 4). This could alter the assessment from
“adequate” to “inadequate” metabolic response.
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Compared to standard ordered subset expectation maximization (OSEM) reconstruc-
tion, OSEM with TOF shows improved noise characteristics [49,94,156–158]. Surti et al.
showed that TOF reconstruction improves detection rates of simulated liver and lung
lesions by human readers. This improvement was pronounced in heavy patients with
BMI ≥ 26 kg/m2 [159]. The same group further demonstrated that TOF improved lesion
detection, especially in low-contrast lesions [160].

PSF compensation can also increase the SNR [157,158] and thereby the subjectively
rated image quality [157,161,162]. Investigations with an anthropomorphic phantom or
with simulated liver and lung lesions have shown that TOF and PSF can have a supplemen-
tary effect on increasing lesion detection rates [161,163]. Conflicting results were reported
by other authors who did not find higher lesion conspicuity or detection rates with PSF in
small patient samples [162,164,165]. These discrepancies may stem from the fact that the
ability of PSF to increase lesion CR is most prominent at the periphery of the transaxial
FOV [98,166,167] and in small, high-contrast lesions [95], such as pulmonary nodules. This
is illustrated by the observation of Schaefferkoetter et al. of an improvement in lesion
detection rates with PSF limited mainly to the lung, while the detection rates achieved with
TOF extended to the liver and lung [161].

Based on the potential of PL reconstruction to systematically improve SNR compared
to OSEM-based algorithms [108,113,168], several authors have reported improved SNR
and image quality with different radiopharmaceuticals, such as [18F]FDG [107,112,113],
[18F]F-PSMA-1007 [143], [68Ga]Ga-PSMA-11 [169,170], [68Ga]Ga-DOTATATE [171] or 89Zr-
labelled tracers [172]. PL reconstruction has repeatedly been shown to increase conspicuity
and detection rates of pulmonary lesions, even compared to OSEM with PSF and/or
TOF [112,113,164,173,174]. Figure 7 shows a case example.

Figure 7. Images of two [18F]FDG-PET/CT examinations in a 63-year-old man with hepatic and
pulmonary aspergillosis. The earlier examination was performed with a scanner equipped with con-
ventional photomultiplier tubes (PMT) and reconstructed with OSEM and TOF (A–D). The second
examination after 5 months used a SiPM-equipped PET scanner and PL reconstruction with a penal-
ization factor beta of 450 (E–H). Two pulmonary lesions that showed only moderate [18F]FDG uptake
during the earlier examination (A,B) appeared substantially more intense on the second scan (E,F).
However, uptake in hepatic lesions declined (not shown), and both pulmonary lesions were unaltered in
the CT scan (C,G), which suggested that the higher conspicuity of the pulmonary lesions was a result of
improved reconstructed spatial resolution and lesion contrast recovery (CR) with the SiPM scanner and
PL reconstruction. Based on phantom measurements, reconstructed spatial resolution was estimated at
7.8 mm full width at half maximum (FWHM) with the PMT scanner and 4.7 mm with the SiPM scanner.
The improvement in image sharpness can also be seen in the myocardium (D,H).
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In contrast, in a small sample of 13 patients undergoing [18F]fluorocholine PET/CT
for prostate cancer staging, PL with different beta values showed a comparable number of
positive lymph nodes to that revealed by OSEM with PSF and TOF [175].

When estimating diagnostic accuracy from reported lesion detection rates, it is im-
portant to recognize that there is usually no gold standard available with which to assess
the correctness of detected lesions and that such analyses are therefore unable to evaluate
specificity. As an exception, Teoh et al. retrospectively investigated the diagnostic accuracy
of OSEM + TOF and PL reconstruction using SUVmax and visual reading in 121 pulmonary
nodules. Here, histological verification was available. Diagnostic sensitivity and accuracy
were similar with both algorithms, while specificity tended to be lower with PL than with
OSEM + TOF, especially in lesions >10 mm diameter [173].

Furthermore, no blanket conclusion on differences in image noise or lesion detection
between reconstruction algorithms should be drawn from isolated results comparing
two algorithms with only one set of parameters each (e.g., number of iterations or type
of in-plane filter). Such parameters, namely the in-plane filter width or, in the case of
PL reconstruction, the beta value, can have drastic effects on image noise and lesion
CR (Figure 2). A higher filter width or beta value systematically decreases both image
noise and CR. Reconstruction algorithms should therefore be compared with multiple
sets of parameters to investigate real systematic differences between the methods [108].
It may otherwise be observed that such differences can only be detected under specific
conditions [41,175].

In a study on 52 patients with lymphoma, 5 patients undergoing [18F]FDG-PET for
restaging were divergently classified as non-responders (Deauville score 4–5) with PL re-
construction but as responders (Deauville 1–3) with OSEM (without TOF or PSF; compliant
with the EARL1 standard) [176].

3.3. Relationship between Objective and Subjective Image Quality

Although CNR, SNR and NEC are surrogates for image quality, none of these single
parameters sufficiently reflects subjective image quality as a whole [147,177]. However, ad-
equately defined quantitative assessments may each measure specific aspects of subjective
image quality, such as image sharpness, lesion contrast or image noise [178].

Several studies on subjective image quality in whole-body [18F]FDG-PET with PL
reconstruction found that image quality was highest at beta values of 450 (to 600) de-
spite lower lesion CR or “image sharpness” at these beta values compared to lower val-
ues [41,108,112,175,179]. This confirms that subjective image quality is a combination of lesion
contrasts and image noise and that readers may demand adequately low noise levels even if
this comes at the expense of lesion CR (i.e., quantitative accuracy). In low-count conditions,
this tendency to prefer smooth, low-noise images with beta values >600 over “sharper” im-
ages could become even more evident [112,170]. Thus, images that are rated best regarding
subjective image quality are not necessarily those with the highest quantitative accuracy.
Conversely, Zhang et al. reported that lesion SUVmax and detection rates in [18F]FDG-PET
remained significantly unchanged despite decreasing acquisition time per bed position from
900 s to 60 s and steadily decreasing subjective image quality [180]. Quantitative accuracy
may therefore not necessarily require optimal (subjective) image quality. As these criteria
may not be equally fulfilled by a single reconstructed dataset, a reconstruction of separate
datasets has been proposed for visual reading or optimized quantification in routine clinical
practice [24,181,182].

3.4. Relationship between PET Quantification and Image Interpretation
3.4.1. Quantitative or Visual Interpretation Criteria?

Interpretation of PET images in routine clinical practice primarily follows visual
criteria, i.e., the assessment of generalized or focal pathologies in tracer accumulation, while
quantitative parameters, including SUV, provide orientation or additional information at
most [24]. As the use of SUV to quantify tracer uptake increased, it was anticipated that this
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would represent a standardized, reliable criterion to classify lesions with their biological
properties and prognostic implications. Consequently, diagnostic SUV thresholds have
been proposed for pulmonary nodules [183], lymph node staging in lung cancer [184],
adrenal lesions [185], musculoskeletal tumors [186], tumor delineation in gliomas [187],
and response assessment in lymphoma [188] among other things. Thus, it is reasonable to
assume that the achievement of quantitative accuracy will bring certainty and correctness
to lesion interpretation.

However, lesion SUVs in [18F]FDG-PET show a test-retest variability in the same
patient with the same PET scanner of up to 20% [189] and are usually even less comparable
between different scanners and centers or under routine clinical conditions [190]. This has
undermined any attempts to establish widely adoptable SUV thresholds unless rigorous
harmonization measures are followed [101,103,181]. Given the inability to derive generaliz-
able SUV thresholds, it has not yet been possible to prove that SUV or any other quantitative
measures used in clinical practice provide additional value over visual assessment alone
for routine clinical diagnostics [24].

3.4.2. SUV: Which Parameter?

If SUV measurements are taken to support the visual assessment of PET images in
routine clinical practice, this probably occurs most often in assessments of the response
to therapy. However, as stated above, the validity of these measures is determined by
the test-retest variability. Despite the common use of SUVmax in clinical practice, arising
from its convenience, SUVpeak and SUVmean have been shown to be slightly less variable
under test-retest conditions [189,191]. However, SUVmean and SUVpeak are affected by
the reproducibility of the size and placement of the volume of interest (VOI) [192], which
requires appropriate standardization or automation. Consequently, the choice of SUV
parameter can fundamentally change the assessment of disease progression or response
to treatment in the majority of cases [193]. A consensus was therefore needed, and Wahl
et al. proposed the PET Response Criteria In Solid Tumors (PERCIST 1.0) in 2009 with the
aim of standardizing the SUV parameters (SULpeak = SUVpeak corrected for lean body
mass), the VOI size, the definition and number of appropriate target lesions and thresholds
for response categories [194]. Still, the repeatability of the liver SULmean under clinical
conditions in the same patient during treatment has been shown to be only fair (intraclass
correlation coefficient <0.6) [195]. Consequently, the use of SUV to support valid clinical
response assessment outside of study conditions remains highly challenging.

3.4.3. MTV: Which Delineation Method?

Treatment decisions based on clinical risk stratification might be further improved by
including the initial tumor volume in [18F]FDG-PET, as this factor has been shown to be
an independent prognostic value for patient survival in conditions such as non-small cell
lung cancer [196,197], different gynecological malignancies [198–201], and head and neck
cancer [202,203]. Initial results also show a prognostic value of PSMA-PET tumor volume
in prostate cancer prior to radioligand therapy with [177Lu]Lu-PSMA-617 [204].

However, measurement of tumor volume is not yet a standardized procedure because
numerous methods have been described to delineate the tumor volume, and considerable
differences have been reported between those methods [205,206]. The most convenient and
common approaches range from the use of fixed absolute or relative activity thresholds to
adaptive methods based on the local signal-to-background ratio. Consequently, optimal
volume thresholds to separate prognostic groups may differ systematically and foster
discordant assessments, although with optimized thresholds, each method on its own may
retain its prognostic value [207–209]. Therefore, for both scientific and clinical use, tumor
volume should be calculated by parameters that are readily available and promise high
reproducibility between different readers and institutions.
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3.5. Inter-Reader Variability

Inter-reader or -rater variability can limit the reliability of PET imaging (Figure 5).
Numerous studies have analyzed the inter-reader agreement of visual PET assessments, par-
ticularly in [18F]FDG-PET for lymphoma and PSMA-PET for prostate cancer. In lymphoma
patients, several studies have reported high inter-rater agreement using the standardized
Deauville criteria [210,211], although conflicting results have also been reported [188,212].
It has been shown that reader training and discussions over divergent assessments increase
agreement even among “expert” readers [213]. It has been suggested that SUV-based
criteria in lymphoma might improve inter-reader agreement because they are unaffected
by visual contrast effects [188]. However, both SUV measurements and visual Deauville
criteria may be affected by image reconstruction, such as PL reconstruction [176]. Further-
more, besides the reader’s subjective assessment of a certain lesion, in a setting in which
several lesions of interest are present (e.g., in restaging in lymphoma or metastatic tumors),
additional inter-reader variability can result from a divergent choice of the decisive target
lesion [213].

A systematic comparison of inter-reader agreement based on quantitative measures
and based on visual reading has rarely been performed, and there is still little evidence
of any additional value of the quantitative approach. Furthermore, any quantitative
criteria and diagnostic thresholds are a result of certain methodological and technical
conditions, which may change over time and require adaptation. However, it has been
demonstrated that inter-rater agreement in response assessment with [18F]FDG-PET in non-
small cell lung cancer or metastatic breast cancer can be considerably improved through
the use of the target lesion SULpeak (PERCIST 1.0 criteria) in comparison with a subjective
assessment [194,214,215].

Regarding PSMA-PET for prostate cancer, several standardized evaluation criteria
have recently been proposed [216–219] with the aim of improving inter-reader agree-
ment [219] and to aid inexperienced readers [220]. However, inter-reader concordance
remains higher between experienced readers [221] and, depending on the specific diag-
nostic task, substantial to almost perfect agreement has usually been reported [220–223].
Similar degrees of inter-reader agreement were achieved with different reporting crite-
ria [224]. However, standardized reading criteria do not negate the dissimilarities in the
images obtained using different types of PET hardware and methods of image reconstruc-
tion, and both SiPM technology [79] and PSF reconstruction [225] have been found to
result in systematically higher lesion conspicuity despite standardized reporting criteria
(PSMA-RADS) [216].

4. Conclusions and Perspectives

As we have demonstrated here, a variety of factors influence PET quantification and
interpretation. All variables should be considered potential sources of error when inter-
preting clinical PET images. Although the added value of quantitative uptake parameters
for clinical decisions is still not well-defined, it should be kept in mind that even simple
quantitative measures such as the SUV are highly variable. The emergence of new PET tech-
nologies such as SiPM and advanced image reconstruction algorithms further contributes
to the complex issue of image quality and quantitative accuracy. Stringent measures of
quality control and standardized imaging protocols should therefore be implemented to
ensure robust and valid imaging results in routine clinical care. This will also be crucial to
explore and validate the clinical utility of machine learning-based image biomarkers. To
ensure comparability, we recommend adhering to the procedure guidelines by the EANM.
Furthermore, the EARL initiative has proposed standards for a systematic standardization
between imaging centers. This may include the reconstruction of different data sets for
image interpretation: (1) a data set for optimal visual lesion detection and (2) a data set for
standardized and quantitative image interpretation.
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Abstract: Functional imaging with 68Ga prostate-specific membrane antigen (PSMA) and positron
emission tomography (PET) can fulfill an important role in treatment selection and adjustment in
prostate cancer. This article focusses on quantitative assessment of 68Ga-PSMA-PET. The effect of
various parameters on standardized uptake values (SUVs) is explored, and an optimal Bayesian
penalized likelihood (BPL) reconstruction is suggested. PET acquisitions of two phantoms consisting
of a background compartment and spheres with diameter 4 mm to 37 mm, both filled with solutions
of 68Ga in water, were performed with a GE Discovery 710 PET/CT scanner. Recovery coefficients
(RCs) in multiple reconstructions with varying noise penalty factors and acquisition times were
determined and analyzed. Apparent recovery coefficients of spheres with a diameter smaller than
17 mm were significantly lower than those of spheres with a diameter of 17 mm and bigger (p < 0.001)
for a tumor-to-background (T/B) ratio of 10:1 and a scan time of 10 min per bed position. With a
T/B ratio of 10:1, the four largest spheres exhibit significantly higher RCs than those with a T/B ratio
of 20:1 (p < 0.0001). For spheres with a diameter of 8 mm and less, alignment with the voxel grid
potentially affects the RC. Evaluation of PET/CT scans using (semi-)quantitative measures such as
SUVs should be performed with great caution, as SUVs are influenced by scanning and reconstruction
parameters. Based on the evaluation of multiple reconstructions with different β of phantom scans,
an intermediate β (600) is suggested as the optimal value for the reconstruction of clinical 68Ga-PSMA
PET/CT scans, considering that both detectability and reproducibility are relevant.

Keywords: 68Ga-PSMA PET/CT; recovery coefficient; quantitative PET; Bayesian penalized likelihood

1. Introduction

Prostate cancer is the most frequent occurring malignancy in men. Global incidence in
2015 was estimated at over 1.6 million with prostate cancer having the highest incidence of
all cancers in Western Europe, United States and Canada [1]. Many prostate cancers have
a relatively indolent behavior and do not lead to significant medical complaints during
the lifetime of a patient. However, patients may eventually progress to metastatic and/or
castration-resistant prostate cancer (CRPC), which is considered an incurable and fatal
stage of the disease. The optimal treatment for metastatic prostate cancer depends on
characteristics of the tumor and of the patient, and may consist of multiple modalities
including hormone therapy, chemotherapy, radiation therapy, and radionuclide therapy [2].
Selection and adjustment of a treatment is strongly dependent on treatment response.
Therefore, there is a need for a tool that provides quantitative, lesion-specific and observer-
independent response evaluation. Functional metabolic imaging with radiolabeled 68Ga
prostate-specific membrane antigen (PSMA) and positron emission tomography (PET) is
potentially such a tool. Although there is a vast amount of literature on PSMA-PET in
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staging and restaging of prostate cancer, response evaluation using PSMA-PET is less well
explored and a standardized quantitative approach still needs to be developed.

It is known that uptake measurements of radiolabeled tracers with in vivo PET are
affected by many parameters, as demonstrated by experience with 18F-fluor deoxyglucose
(FDG), and standardization prior to application as response parameter is required [3].
For 18F-FDG-PET, repeatabilities of around 10% on average and higher are reported [4–7].
Notwithstanding the differences in pharmacodynamics and pharmacokinetics between
FDG and PSMA, this probably applies equally to PSMA-PET. Before quantification of PSMA
uptake can be used as a biomarker or surrogate endpoint to identify response to treatment,
and before we can design sufficiently powered response evaluation studies, a thorough
understanding of parameters affecting the quantitative results is required. Uptake of FDG
and PSMA differ due to pharmacodynamical differences [8–10]. Therefore, comparison of
uptake measurements from scans with different ligands should be approached with caution.

The spatial resolution of PET imaging is limited due to inherent physical characteris-
tics such as positron range and noncollinearity of annihilation photons. Combined with
detector characteristics and image sampling effects caused by discretization of the continu-
ous activity distribution by recording it in finite sized voxels, these result in spillover from
structures with a high activity concentration to those with a low activity concentration and
vice versa, referred to as partial volume effect (PVE) [11,12]. The PVE is particularly of
interest when the object is smaller than 2–3 times the spatial resolution expressed by its
full width at half maximum (FWHM) [13,14] which is typically around 4–5 mm for state-
of-the-art PET/CT systems [15]. As prostate cancer recurrence often involves relatively
small metastatic nodal lesions, these effects are of particular importance with respect to
PSMA signal evaluation. Resolution recovery techniques such as point spread function
(PSF) modelling can be applied in order to partly recover the true shape and uptake of
these lesions. In this study, attention is given in particular to image reconstruction using a
Bayesian penalized likelihood (BPL) algorithm which may be advantageous for the signal
evaluation of such small lesions, due to better signal-to-noise ratios (SNRs) compared to
standard reconstruction techniques.

A potentially relevant difference between 18F-FDG-PET and 68Ga-PSMA-PET is the
positron energy. Positrons emitted by 68Ga and 18F have a mean energy of 0.88 MeV and
0.25 MeV [16] corresponding to mean ranges in water of 2.9 mm and 0.6 mm, respec-
tively [17]. Higher positron energy negatively affects the spatial resolution, which is well
described for high resolution preclinical PET scanners [18–20]. For small nodal lesions,
the resulting blurring effect may have an effect on measured uptake values and lesion de-
tectability. In addition, PSMA exhibits high specificity causing a high tumor-to-background
(T/B) ratio which increases accuracy of quantification for larger lesions and visual detection
of small lesions [21–23].

The BPL algorithm implemented by GE Healthcare (GE Healthcare, Chicago, IL,
United States), Q.Clear, is an iterative reconstruction algorithm which enables users to
define a noise penalty factor β. In contrast to ordered subset expectation maximization
(OSEM [24]) reconstructions, penalized likelihood reconstructions can be run until full con-
vergence leading to higher quantitative accuracy [25], improved lesion visual conspicuity
and maximum standardized uptake value (SUVmax) in small nodules for low β [26] and a
more consistent signal-to-noise ratio [27,28].

Although preferred image smoothness for visual assessment of PET studies is user
dependent, suggestions for optimal β values are described in the literature for various types
of PET/CT studies: a β of 400 for 18F-FDG whole body PET/CT scans [29]; a β of 300 for
BPL reconstructions of 18F-fluciclovine scans for imaging of recurrent prostate cancer [30]
and a β of 4000 for scans after administration of 90Y for selective internal radiotherapy [31].

The aim of this study was to explore the effect of acquisition time and reconstruction
parameters by providing recovery coefficients for various T/B ratios and sphere sizes,
obtained from phantom studies with 68Ga-PSMA while applying different β values, and
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to find an optimal β value for quantification as well as visual assessment of 68Ga-PSMA
PET/CT scans.

2. Materials and Methods

The Micro Hollow Sphere phantom (Data Spectrum Corporation, Durham, NC, United
States) and the NEMA IEC Image Quality phantom (PTW, Freiburg, Germany) were used to
obtain PET/CT images that could be assessed objectively and reproducibly. Both phantoms
consist of a fillable background compartment and multiple hollow and fillable spheres
with inner diameters 37, 28, 22, 17, 13 and 10 mm for the NEMA Image Quality phantom
and 10, 8, 6, 5 and 4 mm for the Micro Hollow Sphere phantom, see Figure 1.

Figure 1. Transverse PET slices of the NEMA IEC Image Quality phantom (left) and the Micro
Hollow Sphere phantom (right). The image of the Micro Hollow Sphere phantom is scaled up by
a factor four with respect to that of the NEMA IEC Image Quality phantom to properly show the
features. The dimensions of the largest sphere in the Micro Hollow Sphere phantom match with
those of the smallest sphere in the NEMA IEC Image Quality phantom. As the voxel dimensions in
the transverse plane are 2.73 by 2.73 mm, individual pixels can be clearly distinguished causing a
seemingly low image resolution.

Both the background compartments and sets of spheres were filled with solutions
of 68Ga in water. To represent a patient scan, the ratio between the activity concentration
of both solutions was based on reported T/B ratios for 68Ga-PSMA diagnostic PET/CT
scans one hour after administration of the radiopharmaceutical. A concise overview is
given in Table 1. Based on these reports, the decision was made to perform two scans of
the phantoms, one with a ratio of 20:1 and one with a ratio of 10:1 between the activity
concentration in the spheres and the background compartment.

Table 1. Overview of T/B ratios in several studies concerning 68Ga-PSMA PET/CT imaging. The T/B ratio was either
computed with the tumor uptake and the SUVmean obtained from a region of interest (ROI) drawn in gluteal muscle [22,32,33]
or tumor uptake and the SUVmean from adjacent healthy tissue [34].

[32] Mean ± SD [22] Median (Range) [33] Mean ± SD (Range) [34] Median (Range)

Lymph node metastases 21.0 ± 27.4 65.2 ± 65.7 (5.3–486.4) 12.2 (3.8–62.2)

Bone metastases 24.7 ± 34.2 84.4 ± 75.1 (3.8–355) 34 (6.8–40)

Local recurrences 15.7 ± 10.1 43.3 ± 33.5 (10.7–144.3)

Axillary lymph nodes 3 (1.3–8.5)

Primary tumor 18.5 (6.7–92)

Other metastases 16.7 ± 14.1

Total lesions 21.1 ± 27.4 18.8 (2.4–158.3) 7.8 (1.5–35)
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2.1. Phantom Preparation and Scanning Procedure

Both phantoms were filled in a way similar to the one described in the ‘Standard
operating procedures for quality control’ described in the EARL Accreditation Manual [35].
A solution with an activity concentration of 40 kBq/mL used to fill the spheres was prepared
by adding 20 MBq 68Ga to 500 mL of water (stock solution) and homogenized by extensive
shaking. To obtain an activity concentration of 2 kBq/mL in the water-filled background
compartments of known volumes, required amounts of 68Ga were directly added to these
volumes. The solutions in the background compartments were homogenized by shaking
the phantoms extensively.

Subsequently, data were acquired with a GE Discovery 710 PET/CT scanner (GE
Healthcare, Chicago, IL, USA). Both phantoms were scanned simultaneously. The long
axes of both phantoms were aligned to coincide with the axis of the bore. The system was
set to acquire data in list-mode to enable multiple reconstructions with different count
statistics for both acquisitions. An acquisition time of 10 min per bed position was chosen,
with a total of three bed positions per scan. The axial field of view was 15.7 cm and the
overlap between subsequent bed positions was 23%. The bed positions were chosen in
such a way that the spheres were not placed in the overlapping part of two bed positions.

Directly after the first scan, the activity concentrations in both background compart-
ments were doubled by adding amounts of activity equal to those in step 1, to obtain a 10:1
ratio between the activity concentration in the spheres and the background compartments,
correcting for radioactive decay. Again, the background compartments were homogenized
by shaking the phantoms extensively. Exactly 68 min (one half-life of 68Ga) after starting
the acquisition of the first scan, a second acquisition with identical phantom placement
and scanning parameters as described in step 2 was performed.

Using the acquired list-mode dataset, multiple iterative reconstructions were made
for both scans. All data were corrected for attenuation, random events and scatter. Re-
constructions were made with Q.Clear with varying β (300, 400, 450, 500, 600, 700, 800,
900 and 1000) including PSF modelling, for multiple simulated scan times (1, 2, 2.5, 5 and
10 min per bed position). As a reference, conventional iterative OSEM reconstructions with
2 iterations and 24 subsets, 6.4 mm Gaussian filter and 1:4:1 filter in axial direction with
and without PSF modelling were obtained. All reconstructions used time-of-flight data
and consisted of 2.73 × 2.73 × 3.27 mm3 voxels and a 256 × 256-pixel matrix.

2.2. BPL Reconstructions

The Q.Clear algorithm introduces a noise control termβR(x) to the objective function
used in OSEM reconstructions, where β is the parameter controlling the strength and R(x)
is defined as (1):

R(x) =
nv

∑
j=1

∑
k∈Nj

wjwk

(
xj − xk

)2(
xj + xk

)
+ γ

∣∣xj − xk
∣∣ (1)

where nv refers to the number of voxels, Nj is the set of neighboring voxels of voxel j, wjwk
is the weight of the local smoothing value which depends on the distance between voxels j
and k, x is the activity in a voxel and γ is the parameter controlling edge preservation [36].

2.3. Background Variability

Background variability (BV) was determined for all reconstructions obtained, based on
count statistics in a manually drawn region of interest (ROI) in the background, extended
over multiple slices. Care was taken to neither include voxels near the edge of the phantom
nor near the hot spheres in order to avoid a bias in the background volume of interest (VOI)
due to partial volume effects.

The BV was calculated by (2):

BV =
σVOI

μVOI
(2)

34



Diagnostics 2021, 11, 847

where σVOI is the standard deviation of the number of counts in the VOI and μVOI is the
mean number of counts in the VOI.

2.4. Activity Recovery Coefficients

The recovery coefficient was used as measure for the ratio between the apparent
activity concentration and the true activity concentration in a VOI. Ideally, the RC is equal
to 1 for all sphere diameters. In general, the recovery coefficient will gradually decrease for
smaller sphere diameters.

RCs were obtained semi-automatically. First, the spheres were identified visually in
the PET image. Subsequently a box was manually defined around the maximum voxel
value for each sphere. Each box was constructed to fully include a sphere without inclusion
of voxels of other spheres. In addition, a background VOI was manually defined in such
a way that the boundaries were neither close to the phantom wall nor to the spheres, to
ensure homogeneity and avoid partial volume effects.

Next, the maximum voxel value in each box corresponding to a sphere was obtained.
The measured ratio Rmeas,max between the maximum activity concentration Csphere,max in
a sphere and the average activity concentration in the manually drawn background VOI
Cbg,avg (equivalent to the T/B ratio in a patient scan, comparing maximum SUV to the
background SUV), was defined as (3)

Rmeas, max =
Csphere,max

Cbg,avg
(3)

Using the location of the maximum voxel value of each sphere in the PET recon-
struction, VOIs to determine the average voxel value in the sphere volume Csphere,avg
were constructed automatically using a simple region growing algorithm including all
voxels within a 3D isocontour at 50% of the maximum voxel intensity corrected for back-
ground [31]. These VOIs were used to calculate the measured ratio between the average
activity concentration in the sphere and the background Rmeas,avg (equivalent to the T/B
ratio in a patient scan, comparing mean SUV to the background SUV) (4).

Rmeas, avg =
Csphere,avg

Cbg,avg
(4)

The peak recovery coefficient RCpeak was also determined for each sphere by position-
ing a spherical contour with a 1.2 cm diameter such that the average voxel value within
that sphere is maximized [3]. The measured ratio Rmeas,peak between the average activity
concentration in the spherical VOI Csphere,peak and the background is equivalent to the
SUVpeak in a patient scan (5):

Rmeas,peak =
Csphere,peak

Cbg,avg
(5)

As the actual ratio R between the activity concentration in the spheres and the activity
concentration in the background compartments of the phantoms was known, RCmax, RCavg
and RCpeak could be calculated by (6)–(8):

RCmax =
Rmeas, max

R
(6)

RCavg =
Rmeas, avg

R
(7)

RCpeak =
Rmeas,peak

R
(8)
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These RCs are therefore equivalent to the ratios between the observed maximum,
average and peak T/B ratio and the true T/B ratio.

Statistical analysis was performed using a Student t-test for comparison of data in
a single reconstruction and a paired t-test for assessment of differences between two
reconstructions. A confidence level of 95% was used.

For each sphere, the RCavg values calculated in multiple acquisitions (1 min, 2 min
and 5 min per bed position, each with a T/B ratio of 10:1 and 20:1) were averaged and the
coefficient of variation (COV) was assessed. The optimal β value was chosen based on
reproducibility, i.e., low COV, and detectability, i.e., high recovery and low background
variability.

3. Results

During the first acquisition, the actual ratios between the activity concentration in the
spheres and the background compartments were 20.4:1 and 22.1:1 for the NEMA Image
Quality phantom and the Micro Hollow Sphere phantom, respectively. After adding 68Ga
to the background compartments following the first scan, the second acquisition was
performed with phantoms containing activity concentration ratios of 10.1:1 and 11.8:1,
respectively.

3.1. Background Variability

Background variability was assessed for all available Q.Clear reconstructions. Regard-
ing acquisition parameters, reconstructions from scans with longer acquisition times show
lower BV overall due to the higher number of counts and background variability is similar
for both scans with different T/B ratios as the background activity concentration is the
same. Increasing β results in reconstructions with a lower BV due to the noise reducing
effect. In a clinical setting, considering a limited acquisition time, a higher β to obtain less
noisy images would be preferable.

3.2. Contrast Recovery
3.2.1. NEMA IEC Image Quality Phantom

For a T/B ratio of 10:1, a scan time of 10 min per bed position and a high level of
noise tolerance (low β), a relatively constant RCavg between 0.8 and 0.9 is found for the
biggest four spheres. The RCavg decreases significantly for spheres with a diameter smaller
than 17 mm (p < 0.001). Increasing the β to 400 and higher and thus effectively smoothing
the image, the decrease in RCavg is already seen in the 17 mm-diameter spheres (p < 0.05).
Shortening the acquisition time to the clinically used two minutes per bed position resulted
in apparently higher average recovery coefficients (Figure 2a). The RCpeak of each of the
three smallest spheres is lower than that of the three biggest spheres (p < 0.001) for both
scan times. The higher apparent RCs in the shorter scan do not necessarily correlate with
improved lesion detectability due to the increased noise levels.

For the acquisition with a T/B ratio of 20:1 and a scan time of 10 min per bed position,
a similar trend was noted. For sphere diameters 17 mm and larger, the average recovery
coefficient is similar for all Q.Clear reconstructions. The RCpeak of each of the three smallest
spheres is lower than that of the three biggest spheres (p < 0.001). For the 10 and 13 mm-
diameter spheres a spread developed, with a decrease in average recovery coefficient
for increasing β. Reconstructions with data acquired for two minutes per bed position
(Figure 2b) showed a similar pattern, but with a slightly higher RCavg overall and a more
pronounced spread in RCavg for the 10 and 13 mm-diameter spheres.

The four largest spheres with a T/B ratio of 10:1 exhibit a significantly higher RCavg
and RCmax than those with a T/B ratio of 20:1 (p < 0.0001), for all reconstructions considered.
For the three biggest spheres, RCpeak is similar for both T/B ratios.
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Figure 2. Recovery coefficients from the Image Quality phantom for multiple T/B ratios. RCavg for T/B ratio 10:1 (a)
and 20:1 (b), with acquisition time per bed position of 2 min. The symbols in the lower part of both graphs denote the
significance of the differences between the 13 mm sphere and the four biggest spheres (upper row) and the 10 mm sphere
and the four biggest spheres (lower row). An obelus (÷) corresponds to p < 0.001, a colon to p < 0.01 and a single dot to
p < 0.05.

3.2.2. Micro Hollow Sphere Phantom

The diameter of the largest sphere in the Micro Hollow Sphere phantom matches
with that of the smallest sphere in the NEMA Image Quality phantom. Comparing the
two, in general a higher average recovery coefficient is found for the sphere in the Micro
Hollow Sphere phantom. These differences in recovery coefficient result from differences
in the phantom geometry. An approximate correction factor was introduced to scale the
RCs of the Micro Hollow Sphere phantom to those of the NEMA Image Quality phantom.
The scaling factor was defined as the ratio between the RC of the matching spheres in the
NEMA Image Quality phantom and the Micro Hollow Sphere phantom.

Recovery coefficients are provided for all spheres that could be semi-automatically
segmented. For the smaller spheres, the apparent activity concentration in a sphere de-
creased to less than twice the background value due to the PVE. For these spheres, the
region growing algorithm with a threshold 3D isocontour at 50% of the maximum voxel
value failed to properly calculate an average recovery coefficient. An increase in β caused
a decrease in apparent activity concentration in a sphere and therefore an increase in the
number of spheres that could not be properly segmented. A lower T/B ratio also resulted
in more difficulties in the segmentation process.

For both phantom scans performed, a large increase in RCavg for one of the spheres at
lower β values was observed as can be seen for the scan with a T/B ratio of 10:1 in Figure 3.
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Taking RCpeak as a quantitative measure, the obtained recovery coefficients appear to be
more robust but lower than the RCavg.

 

Figure 3. Average and peak recovery coefficients from the Micro Hollow Sphere phantom. For an acquisition time of two
minutes per bed position, the apparent RCavg (a) of the 8 mm sphere measured with T/B ratio 10:1 exceeds that of the
bigger spheres for low β, as the center of this sphere happened to coincide with the center of a voxel. Taking RCpeak as a
measure for the recovery coefficient (b), the recovery coefficients are lower, but more robust.

3.3. Reproducibility

For each sphere of the Image Quality phantom, the RCavg calculated in the acquisitions
with short, medium and long acquisition times (1, 2 and 5 min per bed position), and T/B
ratios of 10:1 and 20:1 were averaged and the COV was determined to assess reproducibility
considering varying scan parameters. Scans with acquisition times of 2.5 and 10 min per
bed position were omitted as these results are similar to 2 and 5 min per bed position,
respectively. As shown in Figure 4, the averaged RCavg decreases as β increases, with
the largest differences for the RCavg of the smallest sphere. For the largest 4 spheres, the
COV decreases as β increases. The COV for the 10 and 13 mm-diameter spheres exhibit
an inverse opposite relation as differences in RCavg between the two T/B ratios arise for
increasing β. Due to the construction of the prior, the noise penalty term depends on the
relative difference in values of adjacent voxels, with higher relative differences yielding
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better edge preservation. This mainly affects the voxels at the edge of a sphere and hence
the RCmax and correspondingly the RCavg of bigger spheres is less affected. For spheres
consisting of only a few voxels, however, RCmax and RCavg will slightly decrease. For the
10 mm-diameter sphere, the minimum COV is found at β = 600. For lower β values, the
COV increases as a result of increasing RCavg for shorter acquisition times. This increase
corresponds to an increase in RCmax which is explained by the higher relative noise level
for low count acquisitions. Again, the effect is most profound in small spheres as the
number of counts within the region and the maximum number of counts collected in a
voxel is smaller than in larger spheres.

Figure 4. Averaged RCavg and COV from the Image Quality phantom. Averaged RCavg over 6 reconstructions with varying
acquisition times per bed position (1, 2 and 5 min) and T/B ratios (10:1 and 20:1).

4. Discussion

Interpretation of SUV metrics is a valuable tool in the assessment of PET/CT scans, as
clinically relevant parameters such as d’Amico risk classification, PSA plasma levels and
Gleason score correlate significantly with SUV [37–39]. However, SUV is also affected by
aspects inherent to the imaging method such as uptake time [40], reconstruction algorithm
used and the use of PSF modelling [41,42], bed motion [43], use of breathing instruc-
tions [44,45], scan time [46] and scanner properties [47]. Therefore, caution is warranted
when interpreting SUV for clinical evaluation of 68Ga-PSMA PET/CT scans. Differences in
pharmacokinetics and pharmacodynamics should be considered when comparing uptake
values obtained from scans with different tracers.

Improved lesion conspicuity and increased SUVmax for Q.Clear reconstructions with
low β are described in the literature [26]. Lowering the β corresponds to less noise
suppression and therefore higher SUVmax values. For SUV measurements, low β values
are found to be more accurate when considering the average uptake in a lesion.

This effect is noticed in phantom scans for measurements of the RCmax for both T/B
ratios, all simulated acquisition times and all spheres considered in this study. As the RCavg
is dependent on the maximum voxel value, this effect is also present in the average recovery
curves but less pronounced due to averaging over a larger number of voxels. The RCs
exhibited by PSF and OSEM reconstructions are affected by the 6.4 mm Gaussian post-filter,
which was chosen based on clinical reconstruction settings in our institute. Lowering or
eliminating post-filtering, RCs will increase. On the other hand, even with the post-filter
applied, noise levels based on the background variability measurements are higher for PSF
and OSEM reconstructions than for any of the BPL reconstructions considered.

The higher recovery coefficients measured for shortened acquisition times are consis-
tent with the increase in SNR. The maximum voxel uptake value is likely to increase when
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the number of counts is decreased, as the signal-to-noise ratio is proportional to the square
root of the number of counts (9):

Signal
Noise

∼
√

N (9)

Therefore, both the average and the maximum apparent recovery coefficient increase
when the number of counts taken into account in the reconstruction is decreased. This
effect is less pronounced with increased β, due to the smaller noise tolerance and there-
fore smoother images from high β reconstructions. In general, caution is needed when
comparing SUVs between two scans in which administered activity or scan times differ.

As the two phantoms used in this study were scanned simultaneously, acquisition
of the bed position containing the spheres in the Micro Hollow Sphere phantom was
started 10 min after acquisition of the bed position containing the spheres of the NEMA
Image Quality phantom. Therefore, the activity concentrations in the Micro Hollow Sphere
phantom were approximately 6% lower than those in the NEMA Image Quality phantom.
The resulting decrease in the number of counts detected probably has a small effect on the
maximum voxel value, and may contribute to the difference in recovery coefficients found
in the NEMA Image Quality phantom and the Micro Hollow Sphere phantom.

Due to spill-out, RCs are affected by lesion size for smaller lesions. Looking at the
sphere diameter at which the spheres’ RCavg deviates significantly from that of the larger
spheres in the same reconstruction, a dependence on the β is noted. For higher β, the
decrease in RC starts at larger diameters. The volume of each of the three smallest spheres
considered in this article (33.51 mm3, 65.45 mm3 and 113.1 mm3) is smaller than five voxels
using the minimal voxel size of the used PET/CT scanner (24.37 mm3). Coincidental
high count rates in a single voxel, for example induced by a coincidental centering of a
voxel amid a sphere, can induce a 3D isocontour at 50% of the maximum voxel value that
consists of a single voxel. This will result in a positive RC bias, an overestimation of the
recovery coefficient.

A large increase in average recovery coefficient observed for the 8 mm-diameter
sphere for T/B ratio 10:1 and the 6 mm sphere for T/B ratio 20:1, most evident at low β, is
worth mentioning. Detailed inspection of the reconstructions revealed that these spheres
appeared to be coincidentally aligned with the reconstruction matrix. As the diameter of
the spheres is smaller than three times the minimum voxel dimension, the exact position of
the phantom defines the number of voxels over which the total number of counts from the
sphere are distributed and therefore strongly influences the recovery coefficient. The effect
can be enhanced by a coincidental high number of counts due to Poisson noise, which
means the effect is more likely to be noticed for lower β, shorter acquisition times and lower
activity concentrations. Taking RCpeak rather than RCavg as a measure, the voxel sampling
effects are eliminated leading to more robust results. However, as the 1.2 cm-diameter
spherical VOI used for obtaining the RCpeak is larger than the hot spheres in the Micro
Hollow Sphere phantom, this method incorporates background voxels in the VOI, leading
to a lower RC. Therefore, in small lesions, SUVpeak cannot be used to discriminate between
larger volumes with low uptake and smaller lesions with high uptake.

The findings from this study are comparable to those described in 18F-FDG PET/CT
studies. Improving contrast recovery for lower noise penalties in BPL reconstructions is
well described by Teoh et al. [28,29] and similarities between the preferred β values for
patient scans in this study and those recently described by Messerli et al. for 18F-FDG are
also noted [48]; the observation that voxel sampling influences measured uptake values is in
line with results for 18F-FDG PET/CT shown by Mansor et al. [49] and the observation that
RCs decrease for increasing T/B ratio is described by Munk et al. [50]. These similarities
are explained by the fact that, from a physics point of view, the main potentially relevant
difference between use of 68Ga and 18F is the positron range.

For a PET system, the spatial resolution can be written as (10):

Rsys ≈
√

R2
det + R2

range + R2
180 (10)
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where Rsys is the spatial resolution of the system, Rdet is the contribution of the detectors,
Rrange is the contribution of the root mean square (RMS) positron range in water and R180 is
the contribution of the noncollinearity of the annihilation photons [51]. Assuming a system
resolution for 18F of approximately 5 mm FWHM [15] and evaluating in the RMS positron
ranges of 0.23 mm for 18F and 1.2 mm for 68Ga [52,53], it is evident that the increased
positron range only yields an incremental increase in spatial resolution.

To summarize, comparison of SUV measures between different lesions or the same
lesion in two different scans is not straightforward even when administration, scanning
and reconstruction protocols are equal.

This finding is in line with the conclusion by previous authors that quantitative
measures for small lesions in PSF reconstructed PET images can lead to misinterpretation
as they vary with lesion size and are less reproducible [50].

Assessment of the reproducibility of RCavg and detectability of lesions in terms of the
COV, RCavg and BV for different β suggests a value of 600 as an optimum when quantifica-
tion as well as detection is of importance. Higher values yield impaired detectability as
small lesions blur into the background. Lower values will lead to more accurate uptake
measures and better detectability for small lesions. However, the introduction of additional
noise will probably yield an increase in false-positives and lower reproducibility which is
of particular importance for test–retest studies and follow-up scans.

5. Conclusions

Evaluation of PET/CT scans using (semi-)quantitative measures such as SUVs should
be performed with great caution, as SUVs are influenced by scanning and reconstruction pa-
rameters. Based on the evaluation of multiple reconstructions with different β of phantom
scans, an intermediate β (600) is suggested as the optimal value for the reconstruction of
clinical 68Ga-PSMA PET/CT scans, considering that both detectability and reproducibility
are relevant.
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Abstract: This study aimed to investigate the feasibility of positron range correction based on three
different convolutional neural network (CNN) models in preclinical PET imaging of Ga-68. The
first model (CNN1) was originally designed for super-resolution recovery, while the second model
(CNN2) and the third model (CNN3) were originally designed for pseudo CT synthesis from MRI. A
preclinical PET scanner and 30 phantom configurations were modeled in Monte Carlo simulations,
where each phantom configuration was simulated twice, once for Ga-68 (CNN input images) and
once for back-to-back 511-keV gamma rays (CNN output images) with a 20 min emission scan
duration. The Euclidean distance was used as the loss function to minimize the difference between
CNN input and output images. According to our results, CNN3 outperformed CNN1 and CNN2
qualitatively and quantitatively. With regard to qualitative observation, it was found that boundaries
in Ga-68 images became sharper after correction. As for quantitative analysis, the recovery coefficient
(RC) and spill-over ratio (SOR) were increased after correction, while no substantial increase in
coefficient of variation of RC (CVRC) or coefficient of variation of SOR (CVSOR) was observed.
Overall, CNN3 should be a good candidate architecture for positron range correction in Ga-68
preclinical PET imaging.

Keywords: Ga-68 preclinical PET imaging; positron range correction; convolutional neural network

1. Introduction

Positron emission tomography (PET) is widely recognized as a powerful imaging tech-
nique for in vivo quantification and localization of physiological and pathophysiological
functions. Furthermore, PET imaging allows to follow the progression of human diseases in
transgenic and knockout mice noninvasively, so it has been used to study the effectiveness
of new drugs or treatments [1–3]. Due to the small size of experimental animals, high
spatial resolution is mandatory in preclinical PET system, which is associated with positron
physics, scanner design, data correction, and the reconstruction algorithm [4,5]. Among
various positron emission radioisotopes, F-18 is by far the most widely used radionuclide.
Nevertheless, with the increasing interest in theranostic approaches for cancer treatment,
radioisotopes other than F-18 are also considered in PET imaging, such as Ga-68 [6–8].
Using Ga-68 labeled tracers for diagnostics can be effectively followed by targeted ra-
dionuclide therapy performed using the same tracer labeled with Lu-177. Since Ga-68 PET
imaging is used to determine the therapeutic protocols with Lu-177, the dose delivered to
targets and organs at risk through Lu-177 radionuclide therapy is affected by the imaging
performance of Ga-68 PET [9–11]. The mean positron energy of Ga-68 is 0.83 MeV, which
results in a mean positron range of 3.5 mm. Hence, the spatial resolution of PET imaging is
inferior with Ga-68 compared to F-18 [12]. Improving spatial resolution through positron
range correction would increase the accuracy of Ga-68 PET-based treatment planning.
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Convolutional neural network (CNN) has been applied in several medical imaging areas,
and various architectures have been developed for different tasks [13]. This study aimed
to investigate the feasibility of positron range correction based on three different CNN
models in preclinical PET imaging of Ga-68. The first CNN model (CNN1) used in this
study was originally designed to recover high resolution image from low resolution input
image, while the second CNN model (CNN2) and the third CNN model (CNN3) were
originally designed to convert MRI into pseudo CT. The image data for CNN training and
testing were generated by Monte Carlo simulation to prevent experimental errors while
realistically modeling the positron range effects.

2. Materials and Methods

2.1. Monte Carlo Simulation Toolkit

Monte Carlo simulation was performed by using GATE (GEANT4 Application for
Tomographic Emission) version 6.0.0 [14]. GATE comprises four layers of codes, which
is GEANT4 in the innermost layer, followed by the core layer, application layer, and user
layer. GEANT4, a toolkit for the simulation of the passage of particles through matter based
on Monte Carlo method, has been proven to be a proper tool for simulation of positron
transportation. In GATE, the scanner geometry, particle type, position, energy, physical
interactions of particles with matter and run process were defined by using a scripted
language at the user layer to output descriptive data in the form of random number for
running simulation using GEANT4.

2.2. Preclinical PET System

A FLEX Triumph PET/CT scanner (Gamma Medica-Ideas, Nortridge, CA, USA)
was modeled by using the cylindrical PET system in GATE, which was comprised of
5 hierarchic levels: world cylindrical PET, r sector, module, crystal, layer, to produce and
store the hit information that generates the singles and the coincidences of the simulation.
The preclinical PET scanner investigated in this study includes 180 detector blocks that
are arranged into 48 rings, and each block contains an 8 × 8 array of BGO crystals of
2.3 × 2.3 × 10 mm3. This configuration covers a transaxial field-of-view (FOV) of 10 cm
and an axial FOV of 11.6 cm. PET data were simulated with a 250- to 750-keV energy
window and 12-ns timing window in listmode format, which were consequently assigned
into 3D sinograms. The sinograms were Fourier rebinned first and then reconstructed
using 2D ordered subsets expectation maximization with 4 iterations and 10 subsets. The
voxel size used for PET reconstruction was 0.4 × 0.4 × 0.4 mm3.

2.3. Phantom Design

The phantoms shown in Figure 1 were constructed in GATE Monte Carlo simulation
by using the voxelized source and voxelized phantom to define the activity distribution
and photon attenuation, respectively. PHANbrain was the Hoffman 3D brain phantom.
Figure 1a–c demonstrate the axial, coronal, and sagittal view of PHANbrain. To increase the
dataset size and diversity for CNN training, PHANbrain was slightly modified to generate
20 phantom configurations (2 translations× 2 rotations× 5 deformations), where each of
them was filled with activity of 3.7 × 106 Bq. PHAN5rod was a cylinder of dimeter 50 mm,
length of 80 mm and containing 5 rods with diameters of 2, 4, 6, 8, 10 mm. Figure 1d
demonstrates the axial view of PHAN5rod. The target-to-background ratio (TBR) was set at
0, 2, 4, 5, 8, 10, 16, 20 to generate 8 phantom configurations, where the rod inserts within
PHAN5rod were filled with activity concentration of 1.69 × 106 Bq/mL. PHAN1sphere was a
cylinder of diameter 50 mm, length of 80 mm and containing a 10-mm-diameter sphere.
Figure 1e demonstrates the axial view of PHAN1sphere. The sphere within PHAN1sphere was
filled with water (i.e., cold sphere), while the cylinder was filled with activity concentration
of 1.69 × 106 Bq/mL. PHAN20rod was an elliptical cylinder of major axis 55 mm, minor axis
of 50 mm, length of 80 mm, and containing 20 rods with 2, 3, 4, 5 mm diameter. Figure 1f
demonstrates the axial view of PHAN20rod. The white rod inserts within PHAN20rod were
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filled with activity concentration of 1.69 × 106 Bq/mL, while the gray rod inserts were
filled with activity concentration of 8.44 × 105 Bq/mL. Overall, a total of 30 phantom
configurations were modeled in GATE Monte Carlo simulation, where each phantom
configuration was simulated twice with a 20 min emission scan duration, once for Ga-68
(CNN input images) and once for back-to-back 511-keV gamma rays (CNN output images).

Figure 1. PHANbrain in (a) axial plane, (b) coronal plane, (c) sagittal plane, and the central axial slice
of (d) PHAN5rod, (e) PHAN1sphere, (f) PHAN20rod.

2.4. CNN Models for Positron Range Correction

Figure 2 shows the architectures of CNN models used in this study to compensate
positron range effects of Ga-68 in preclinical PET imaging. CNN1 was a 3-layered model
proposed by Dong et al. for super-resolution recovery [15]. CNN2 was a 4-layered model
proposed by Nie et al. for pseudo CT synthesis from MRI [16]. CNN3 was the deeply
supervised nets (DSN) version of CNN2 to supervise features at each convolutional stage,
enabled by layer-wise dense connections in both backbone networks and prediction lay-
ers [17]. Because the error distribution was expected to be Gaussian, the root mean square
error (RMSE), i.e., the Euclidean distance, was used as the loss function to minimize the
difference between Ga-68 PET images and the corresponding gamma source images. Using
RMSE as the loss function favors a high peak signal-to-noise ratio (PSNR). The input
images were prepared as 32 × 32-pixel sub-images randomly cropped from the original
image. To avoid border effects, all the convolutional layers have no padding, and the
network produces an output image with 20 × 20 matrix size for CNN1 and 18 × 18 matrix
size for CNN2 and CNN3. The training datasets were sub-images extracted from the
PET images of 16 PHANbrain and 4 PHAN5rod (TBR = 0, 4, 5, 8) with a stride of 14. The
testing datasets were sub-images extracted from the PET images of 4 PHANbrain (other
than those used in CNN training) and 4 PHAN5rod (TBR = 2, 10, 16, 20) with a stride
of 21. The training and testing datasets provide roughly 111,078 and 25,774 sub-images,
respectively. The filter weights of each layer were initialized by using Xavier initialization,
which could automatically determine the scale of initialization based on the number of
input and output neurons [18]. All biases were initialized with zero. The models were
trained using stochastic gradient descent with mini-batch size of 128, learning rate of 0.01
and momentum of 0.9. The CNN models were built, trained and tested by using Caffe
(Convolutional Architecture for Fast Feature Embedding) CNN platform (version 1.0.0-rc5
with CUDA 8.0.61) on an Ubuntu server (version 16.04.4 LTS) with two RTX 2080 (NVIDIA,
Santa Clara, CA, USA) graphics cards [19].
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Figure 2. The architectures of CNN1 (left), CNN2 (mid) and CNN3 (right).
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2.5. Quantitative Analysis

The difference between Ga-68 PET images corrected by CNN-based positron range
correction (IPRC) and the corresponding gamma source images (Igamma) was quantified by
calculating the RMSE and PSNR:

RMSE =

√
∑V

i=1
(
Igamma − IPRC

)2

V
(1)

where V is the number of voxels within the whole image,

PSNR = 20 log10
Imax

RMSE
(2)

where Imax is the maximum intensity value of the image. RMSE and PSNR provide a
measure of image quality over the whole image.

The ability of Ga-68 PET images (IGa68), Igamma, and IPRC to recover contrast in small
targets was quantified by calculating the recovery coefficient (RC), which was defined as:

RC =
AVGtarget

AVGuniform
(3)

where AVGtarget is the average of a small target, and AVGuniform is the average of a uniform
region. The coefficient of variation of RC (CVRC) was defined as:

CVRC =

√(
SDtarget

AVGtarget

)2
+

(
SDuniform

AVGuniform

)2
(4)

where SDtarget is the standard deviation of a small target, and SDuniform is the standard
deviation of a uniform region. To calculate AVGtarget and SDtarget, the image slices of
PHAN5rod over the central 50 mm length were averaged to obtain one average image,
which was used to determine the voxel coordinate with maximum intensity for each rod.
The pixel coordinates were then used to create a line profile along the axial direction. The
AVGtarget and SDtarget were the average and standard deviation of pixel values in the line
profile. As for AVGuniform and SDuniform, the image slices of PHAN1sphere over the central
50 mm length were averaged to obtain one average image. A circular region-of-interest
(ROI) with 10 mm diameter was placed on the cylinder of the average image to calculate
AVGuniform and SDuniform, corresponding to the average and standard deviation within the
circular ROI, respectively.

The spill-over of activity in IGa68, Igamma and IPRC was quantified by calculating the
spill-over ratio (SOR), which was defined as:

SOR =
AVGcold
AVGhot

(5)

where AVGcold is the average of a cold spot, and AVGhot is the average of a hot spot. The
coefficient of variation of SOR (CVSOR) was defined as:

CVSOR =

√(
SDcold

AVGcold

)2
+

(
SDhot

AVGhot

)2
(6)

where SDcold is the standard deviation of a cold spot, and SDhot is the standard deviation
of a hot spot. A 10-mm-diameter ROI was placed on the cold sphere of PHAN1sphere in the
slice of the sphere center to calculate AVGcold and SDcold, corresponding to the average and
standard deviation within the cold ROI, respectively. For the same image slice, a 10-mm-
diameter ROI was placed on the cylinder of PHAN1sphere to calculate AVGhot and SDhot,
corresponding to the average and standard deviation within the hot ROI, respectively.
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3. Results

Figure 3 demonstrates Igamma, IGa68, and Ga-68 PET images after positron range
correction based on CNN1 (ICNN1

PRC ), CNN2 (ICNN2
PRC ) and CNN3 (ICNN3

PRC ) of PHANbrain. With
naked eye observation, boundaries in Ga-68 PET images became sharper after correction.
Figure 4 demonstrates Igamma, IGa68, ICNN1

PRC , ICNN2
PRC , ICNN3

PRC of PHAN5rod with TBR = 0 and 10.
The 2-mm rod in PHAN5rod with TBR = 0 that was barely seen in IGa68 became visible in
ICNN2
PRC and ICNN3

PRC . The RMSE and PSNR between Igamma and IPRC are shown in Figure 5a for
PHANbrain and Figure 5b for PHAN5rod with TBR = 10. Lower RMSEs and higher PSNRs
were observed in Figure 5b than those in Figure 5a. For either phantom configuration, the
lowest RMSE and the highest PSNR were found in CNN3-based correction, followed by
CNN2- and CNN1-based correction.

Figure 3. (a) Igamma, (b) IGa68, (c) ICNN1
PRC , (d) ICNN2

PRC , (e) ICNN3
PRC of PHANbrain at 2 different axial slices (top row and

bottom row).

Figure 4. (a) Igamma, (b) IGa68, (c) ICNN1
PRC , (d) ICNN2

PRC , (e) ICNN3
PRC of PHAN5rod with TBR = 0 (top row) and TBR = 10

(bottom row).
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Figure 5. RMSE (solid line, left axis) and PSNR (dashed line, right axis) between Igamma and IPRC for (a) PHANbrain

and (b) PHAN5rod with TBR = 10 (top row: CNN1-based correction; mid row: CNN2-based correction; bottom row:
CNN3-based correction).

The RCs of Igamma, IGa68, ICNN1
PRC , ICNN2

PRC , ICNN3
PRC are shown in Figure 6a for PHAN5rod

with TBR = 0 and Figure 6b for PHAN5rod with TBR = 10. The RCs of positron range
corrected images were higher in TBR = 0 than those in TBR = 10 for 4- and 6-mm rods,
while the difference was less obvious in 8- and 10-mm rods. Among three corrected images,
the highest RCs were observed in ICNN3

PRC for 6-, 8-, and 10-mm rods in TBR = 0, while the
highest RC for 4-mm rod was observed in ICNN2

PRC . With regard to TBR = 10, the highest
RCs were observed in ICNN3

PRC for 4-, 6-, and 8-mm rods, while the highest RC for 10-mm
rod was observed in ICNN2

PRC . The CVRCs of Igamma, IGa68, ICNN1
PRC , ICNN2

PRC , ICNN3
PRC were shown

in Figure 7a for PHAN5rod with TBR = 0 and Figure 7b for PHAN5rod with TBR = 10. The
CVRCs of positron range corrected images were lower in TBR = 0 than those in TBR = 10
for 4-, 6-, 8-, and 10-mm rods. Among three corrected images, the CVRCs of ICNN1

PRC were
slight lower than those from ICNN2

PRC and ICNN3
PRC for either phantom configuration.

With regard to the spillover effect determined by using PHAN1sphere, the SORs of
Igamma, IGa68, ICNN1

PRC , ICNN2
PRC , ICNN3

PRC were 0.017, 0.026, 0.021, 0.020, and 0.020, respectively,
while the corresponding CVSORs were 0.454, 0.424, 0.406, 0.416, and 0.441. Figure 8
demonstrates IGa68, ICNN1

PRC , ICNN2
PRC , ICNN3

PRC of PHAN20rod and comparison of intensity profiles
through the dashed line. Sharper boundaries were observed in 4- and 5-mm rods after
positron range correction. On the other hand, the image quality improvement was limited
in 2- and 3-mm rods, except for the 3-mm rod with 8.44 × 105 Bq/mL in ICNN2

PRC and ICNN3
PRC .
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Figure 6. RC of Igamma, IGa68, ICNN1
PRC , ICNN2

PRC , ICNN3
PRC using PHAN5rod with (a) TBR = 0 and (b) TBR = 10.

Figure 7. CVRC of Igamma, IGa68, ICNN1
PRC , ICNN2

PRC , ICNN3
PRC using PHAN5rod with (a) TBR = 0 and (b) TBR = 10.

Figure 8. (a) IGa68, (b) ICNN1
PRC , (c) ICNN2

PRC , (d) ICNN3
PRC of PHAN20rod and (e) comparison of intensity profiles through the dashed

line in (a).
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4. Discussion

The quantitative capabilities of PET are confounded by a number of degrading fac-
tors, whereas the most prominent factors are low signal-to-noise ratio and intrinsically
limited spatial resolution [20]. Tumor-targeted theranostic approaches have high lesion-to-
background ratio. For example, PET imaging with Ga-68 labeled somatostatin analogues
shows high affinity for tumors expressing somatostatin receptors [7,8]. However, the image
blurring caused by the positron range effect of Ga-68 may impact the accuracy of treatment
planning based on Ga-68 PET imaging. Fourier devolution techniques have been applied
to compensate the positron range effects in PET imaging [21], which inspired us to inves-
tigate the possibility of using CNN methods for positron range correction. According to
Herraiz et al. [22], their study published in 2021 was the first work to successfully combine
deep learning and positron range correction in a coherent framework. In our opinion, more
studies are needed in this field. Hence, we investigated the feasibility of positron range
correction based on three different CNN models in preclinical PET imaging of Ga-68.

Song et al. have presented a work to recover high-resolution PET image from its low-
resolution version by using CNN-based approaches for F-18 FDG exams [23]. A 3-layer
CNN model proposed by Dong et al. [15], i.e., CNN1, and a 20-layer CNN model proposed
by Kim et al. [24] were adapted in their work. The low-resolution images used as the CNN
inputs were acquired with Siemens HR+ scanner, while the high-resolution images used as
the CNN labels were acquired with Siemens HRRT scanner, a high-resolution dedicated
brain PET scanner. Two simulation studies using the BrainWeb digital phantom and a
clinical patient study were conducted. They concluded that adding additional channels
that extract anatomical features from MRI could improve the performance of CNN-based
resolution recovery methods, whereas deep CNNs outperform shallow CNNs. Since the
positron range effect would result in image blurring, it is intuitively reasonable to expect
that CNN models designed for resolution recovery may be potential candidate for positron
range correction in Ga-68 PET imaging. Hence, CNN1 was adapted in our study.

Herraiz et al. have presented a work which adapts the U-Net network to correct
positron range effects of Ga-68 in preclinical PET imaging [22]. In their work, the input data
to CNN were Ga-68 images, while the label data were the F-18 images. The PET images for
CNN training and testing were generated by using the Monte Carlo simulator MCGPU-PET
to model data acquisition in an Inveon PET/CT scanner. Their results demonstrated that
their proposed method was able to restore the PET images going from 60% up to 95% while
maintain low noise levels. They concluded that it is sufficient to use PET images without
the corresponding CT as input for the neural network, and including not only the reference
slice but also some additional neighbor slices could improve the CNN-based positron
range correction method. In our opinion, Herraiz et al. demonstrated that CNN models
suitable for positron range correction were not only limited to those designed for resolution
recovery, because the U-Net network was originally designed for image segmentation [25].
Positron range correction is inherently an ill-posed problem, because there are multiple
Ga-68 activity distributions that may correspond to the same blurred image. Pseudo
CT synthesis from MRI is also proposed to solve ill-posed problem, because there are
multiple MRI values that may correspond to the same CT value. It was hypothesized that
CNN models designed for pseudo CT synthesis from MRI may be potential candidate for
positron range correction, so CNN2 and CNN3 were adapted in our study.

In Reference [22], it was assumed that the reconstruction method already incorporated
positron range correction for F-18, and their image data for CNN training, testing, and
validation were generated from numerical models of mice from a repository. In this
work, the CNN output images were back-to-back 511-keV gamma rays, which were not
affected by the positron range effects. Hence, our method can be used in PET scanners
without F-18 positron range correction. NEMA performance measurements have been
well accepted by the manufacturers, and most major companies now specify their product
performance in terms of these standardized and traceable specifications. This approach
to performance documentation facilitates quantitative comparison of cameras by the user
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with the assurance that all reported values are measured in the same way and, therefore,
are directly comparable [26,27]. Hence, a modified NEMA protocol was used in this study
to evaluate the performance of CNN-based positron range correction in terms of resolution
recovery and spill-over. Our results demonstrated that the image quality of Ga-68 images
was improved after positron range correction based on the 3 CNN models investigated in
this work, while CNN3 outperformed CNN1 and CNN2 qualitatively and quantitatively.
With regard to qualitative observation, it was found that boundaries in Ga-68 images
became sharper after correction (see Figures 3, 4 and 8). As for quantitative analysis, the RC
and SOR were increased after correction, while no substantial increase in CVRC or CVSOR
was observed. Overall, CNN3 should be a good candidate architecture for positron range
correction in Ga-68 preclinical PET imaging.

Several limitations to this study need to be acknowledged. First, the data acquisition,
processing and reconstruction approaches can influence the study results. The protocol
parameters used in this study were suggested by the manufacturers and are currently
employed in a real scanner installed in our institution. Second, all images were generated
from Monte Carlo simulations. Since it is difficult to obtain PET images without positron
range effect from real experiments, Monte Carlo simulation was used to generate Ga-68
images and corresponding gamma source images for CNN training and testing. Third,
the impact of image blurring caused by positron range effect on the accuracy of treatment
planning based on Ga-68 was not investigated. Assessments of the proposed methods in
real Ga-68 images and the resulting impact on treatment planning for Lu-177 radionuclide
therapy need to be further investigated.

5. Conclusions

This study investigated the feasibility of positron range correction based on three
different CNN models in preclinical PET imaging of Ga-68. CNN1 was a model originally
designed for super-resolution recovery, while CNN2 and CNN3 were models originally
designed for pseudo CT synthesis from MRI. Monte Carlo simulation was used to generate
Ga-68 images and corresponding gamma source images for CNN training and testing.
According to our results, CNN3 outperformed CNN1 and CNN2 qualitatively and quan-
titatively. With regard to qualitative observation, it was found that boundaries in Ga-68
images became sharper after correction. As for quantitative analysis, the RC and SOR were
increased after correction, while no substantial increase in CVRC or CVSOR was observed.
Overall, CNN3 should be a good candidate architecture for positron range correction in
Ga-68 preclinical PET imaging.
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Abstract: Respiratory motion degrades the quantification accuracy of PET imaging by blurring the
radioactivity distribution. In the case of post-SIRT PET-CT verification imaging, respiratory motion
can lead to inaccuracies in dosimetric measures. Using an anthropomorphic phantom filled with 90Y
at a range of clinically relevant activities, together with a respiratory motion platform performing
realistic motions (10–15 mm amplitude), we assessed the impact of respiratory motion on PET-derived
post-SIRT dosimetry. Two PET scanners at two sites were included in the assessment. The phantom
experiments showed that device-driven quiescent period respiratory motion correction improved
the accuracy of the quantification with statistically significant increases in both the mean contrast
recovery (+5%, p = 0.003) and the threshold activities corresponding to the dose to 80% of the volume
of interest (+6%, p < 0.001). Although quiescent period gating also reduces the number of counts and
hence increases the noise in the PET image, its use is encouraged where accurate quantification of the
above metrics is desired.

Keywords: PET-CT; respiratory motion; SIRT; dosimetry; Yttrium 90

1. Introduction

Selective internal radiation therapy (SIRT) is a treatment option for patients with
tumours in the liver that cannot be surgically resected. SIRT is most commonly used to
treat liver metastases from colorectal cancer and hepatocellular carcinoma, and involves
injection of 90Y- or 166Ho-microspheres into the hepatic arterial vasculature [1,2]. Although
SIRT has been in clinical use for over 15 years, the benefits of this treatment remain unclear.
A review of SIRT in randomized controlled trials found a lack of evidence for improved
survival or quality of life for colorectal cancer patients with metastatic disease in the liver [3].
Investigations into the efficacy of SIRT have demonstrated the existence of a strong dose–
response relationship [4–8]. Hence, a personalised, optimised approach ensuring adequate
tumour-absorbed dose may be crucial to increase the efficacy of the technique and to allow
demonstrable and significant treatment benefits.

SIRT dose-response studies generally use 90Y PET imaging to provide estimates of
tumour absorbed doses. Optimisation of the treatment, and dose verification, are hence
reliant on accurate image-derived dosimetry [9]. Respiratory motion during the PET
acquisition degrades the image quality. If left uncorrected, this leads to images with a
blurring of the radioactivity distribution which will produce errors in dosimetry. In the case
of SIRT, it is the motion of the liver that is of interest. This organ typically moves 10–26 mm
cranio-caudally during normal respiration [10,11]. The purpose of the current investigation
was to assess the effect of respiratory motion on tumour absorbed doses calculated from 90Y
PET images following SIRT, and to evaluate the benefits of respiratory motion correction
for this application.

The probability of positron production during 90Y decay is extremely low, making 90Y
a challenging radionuclide to image using PET [12]. Despite relatively high activities in the
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scanner’s field of view (e.g., 0.5–3 GBq), the coincidence count-rate is low, hampering quan-
tification. The quantitative accuracy of 90Y PET in the absence of motion has been evaluated
by several groups [13–16] including a multi-centre phantom evaluation [17]. The consistent
findings are that modern time-of-flight (TOF) PET scanners provide accurate quantification
of radioactivity concentrations in phantoms, subject to the expected errors arising from a
limited spatial resolution. Simulations performed by Ausland et al. [18] predicted that the
errors in tumour dose quantification caused by respiratory motion could be substantial.
The effects of image noise, respiratory motion, and motion compensations for 90Y SIRT have
been considered by Siman et al. [19] who used short-duration images from the National
Electrical Manufacturers Association (NEMA) International Electrotechnical Commission
(IEC) body phantom, filled with 18F, to mimic noisy 90Y acquisitions. With no motion the
quantification was found to be accurate, but large errors occurred when motion was applied
(>50% for some dose measures), with these errors ameliorated by motion compensation
(quiescent-period gating). Effects of respiratory motion have also been studied via simula-
tion for pre-SIRT 99mTc MAA SPECT [20]. Siman et al. [19] suggested that further studies,
using anthropomorphic phantoms, with 90Y PET-CT studies, were needed to confirm the
effectiveness of the motion compensation method. Our investigation addresses this by
using clinically relevant activities of 90Y within an anthropomorphic phantom specifically
designed for evaluation of SIRT dosimetry [21]. The phantom was filled and imaged several
times to provide a range of activities and contrast ratios. Furthermore, we acquired data
on two time-of-flight PET scanners from different vendors, allowing interpretation of the
results in a wider context as opposed to being scanner-/vendor-specific. Respiratory gating
signals were obtained using external devices, as data driven respiratory gating in clinical
use for 18F and 68Ga based PET [22,23] has yet to be robustly implemented for 90Y PET [24].

2. Materials and Methods

2.1. Phantom Experiments

Experiments were performed on a Discovery D710 PET-CT scanner (GE; Milwaukee,
WI, USA) and on a Biograph mCT (Siemens; Knoxville, TN, USA). The Abdo-ManTM

Phantom [21] was used as a test object throughout. This is a 3D-printed phantom of the
abdomen, with a fillable liver compartment and fillable spherical inserts. The phantom was
specifically designed to allow a SIRT-like radioactivity distribution to be generated within
an object that mimics the lower-torso in terms of imaging characteristics (i.e., shape and
density). Five inserts were placed within the liver region of the phantom, four of which
were hollow fillable spheres of different diameter (10, 20, 30, 40 mm). The fifth insert was a
40 mm diameter sphere containing a 25 mm diameter solid inner sphere; this insert mimics
the distribution of microspheres in the neovascular rim of a tumour that has a necrotic
or poorly perfused core. Two of the spheres (the 40 mm with solid core, and the 20 mm
diameter) were placed close to the superior end of the liver compartment. The 30 and
40 mm diameter spheres were close to the centre (in the superior-inferior direction) and the
10 mm diameter sphere was located near the inferior end of the compartment. All spheres
were at least 10 mm from the boundaries of the liver compartment.

The phantom was filled with 90Y on four different occasions for each scanner. Four dif-
ferent total activities were used for each scanner, in the range 0.7–3.2 GBq. The spheres
were filled with radioactivity concentrations that were greater than the surrounding liver
compartment. Two sphere-to-liver concentration ratios were tested, 4:1 and 8:1. The total
activity, activity concentrations and concentration ratios were accurately measured during
phantom filling, through use of accurate scales and dose calibrators with calibration factors
for 90Y that are traceable to the national standard.

The phantom was placed on the QUASARTM respiratory motion platform (Modus
QA; London, ON, Canada), which was set to be either stationary or to move according to
a typical respiratory waveform. The platform translated the phantom axially to simulate
the cranio-caudal motion of the liver during respiration. The maximum displacement
from the central position was set to be ±10 or ±15 mm. Data were hence acquired with
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maximum displacements between inhalation and exhalation of 0, 20 and 30 mm. The
respiratory motion system includes a platform that moves vertically in-time with the axial
displacement of the phantom. This platform allows attachment of external devices used
for monitoring respiratory motion, from which respiratory gating signals are obtained.
For data acquired on the Discovery D710, the Real-time Position Management™ (RPM)
Respiratory Gating system (Varian Medical Systems; Palo Alto, CA, USA) was used to
track the position of a marker that was placed on the chest-wall platform. The system
uses an infrared video camera for this purpose. For acquisitions on the Biograph mCT,
gating signals were provided by a pressure belt on the same platform (Anzai Medical Corp.;
Tokyo, Japan).

Following a helical CT scan, PET data were acquired for 15 min at a single bed position
which included all spherical inserts. This acquisition protocol matches our local acquisition
protocol for post-SIRT verification imaging [25]. Additional PET datasets were acquired
with the phantom in motion, with motion amplitudes of 10 mm and 15 mm. For acquisitions
with 10 mm motion amplitude the duration was increased, when possible, to 45 min and
the data processed into 3 × 15 min images. This provided additional data to increase the
power of the study. The process was repeated at four phantom activities on both PET-
CT scanners. The total number of 15 min duration sets of raw data was 32. Data were
reconstructed to provide attenuation and scatter corrected PET images. Different image
reconstruction algorithms were tested for the Discovery 710, one based on suggestions
from the QUEST study [17] as optimal for quantitative 90Y imaging, alongside a Bayesian
penalized likelihood reconstruction. For the Discovery 710, the QUEST reconstruction
was the manufacturer’s 3D OSEM reconstruction (VPFX) including resolution recovery
(SharpIR) and TOF data, with two iterations of 24 subsets, without any z-axis filtration
and using a 256 × 256 matrix size (giving voxels of 2.7 × 2.7 × 3.3 mm3). For the BPL
(Q.Clear) reconstruction, a beta value of 1000 was used [25]. For the Biograph mCT, a
local protocol was followed consisting of the manufacturer’s 3D OSEM reconstruction
(1 iteration, 21 subsets) including resolution recovery and time of flight (without post
filtering). For the cases where motion was present, images were reconstructed with and
without quiescent period respiratory gating (QPG) as implemented by the manufacturers,
retaining approximately 50% of the acquired data within the quiescent phase [26]. For the
Discovery 710, the gating is phase-based (Q.Static™), while for the Biograph mCT it is
amplitude-based (HD•Chest™).

2.2. Image Analysis

The images were analysed at a single site using commercial software (Hybrid Viewer
v5.1, Hermes Medical Solutions AB, Stockholm, Sweden). The quantitative accuracy of the
data was first verified for the stationary phantom acquisitions. For each image, 7 spherical
volumes of interest (VOI), each 2 cm in diameter, were placed within the (background) liver
compartment. These regions were placed at least 1 cm from the walls of the compartment
and the inserts and were expected to be free of partial volume effects. We hence expected
the mean radioactivity concentrations to closely match the known activity concentration,
as determined from radionuclide dose calibrator measurements during preparation of
the phantom.

The effects of respiratory motion on dosimetric measures were assessed by inves-
tigating the accuracy of activity quantification for the spherical inserts. Spherical VOIs
were placed on each of the inserts, with the VOI manually centred on the given sphere as
observed in the PET image. The VOI diameters matched the inner diameters of the spheres.
In the case of the sphere with a solid core, two VOIs were analysed: one pertaining to the
hot outer shell (a 40 mm spherical VOI but with a central 25-mm diameter sphere excluded),
and one 25 mm spherical VOI centred on the cold core. These VOIs were repeated with
manual alignment on each image from the study, i.e., for the phantom stationary or moving,
with or without motion compensation via respiratory gating. From the hot spheres, an
activity concentration volume histogram (ACVH) was extracted alongside the VOI mean
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activity concentration (ACmean). From these ACVHs, the dosimetric measure AC80 was
extracted for summary analysis. AC80 is defined as the activity concentration threshold
that incorporates 80% of voxels within the VOI. Although other thresholds can be used
(e.g., AC50 as the median), we narrowed the current investigation to AC80 on the basis
that we expect the mean or median dose to a tumour volume to have a weaker correlation
with tumour response compared to AC80 [27], but higher thresholds such as AC90 to be
more greatly affected by image noise. Results were converted to recovery percentages (i.e.,
the measured activity concentration as a percentage of the true activity concentration) to
allow comparative analysis across the range of activity concentrations studied. The contrast
recovery for the cold core was calculated as QC = (1 − Ccore/Cshell) × 100%, where Ccore is
the VOI mean value of the cold core, and Cshell the VOI mean of the hot shell. Comparison
of the results for the phantom in motion to those found with the phantom stationary, for
the different sphere sizes, allowed the impact of respiratory motion and motion correction
to be placed into perspective alongside the partial volume effect. Hence, the relative benefit
of respiratory motion correction, in terms of impact on dosimetric measures, was assessed.

2.3. Statistical Analysis

The recovery coefficients from the four hot spherical inserts were used for a multiple
linear regression analysis (IBM SPSS, v28) to determine which variables had a statistically
significant impact on the measured recoveries. The impact of respiratory motion correction
was further assessed by a paired, two-tailed t-test on the recovery coefficients from all
inserts, comparing results from images with and without respiratory gating. The same test
was applied to the AC80 values.

3. Results

The QUEST reconstruction for the Discovery 710 was found to be unsuitable for
analyses at the voxel level and generation of an ACVH due to excessive noise. Hence, we
focused our analysis on BPL images for this scanner.

The quantitative accuracy of the images determined from the background region in
the stationary phantom acquisitions, expressed as the percentage recovery coefficient, was
100.0 ± 7% and 98.2 ± 4% (mean ± standard error) for the GE Discovery 710 (using BPL
reconstruction) and the Siemens Biograph mCT, respectively. This verifies that the phantom
filling and scanner calibrations were accurate for 90Y. The quantification accuracy of the
background region is presented in Figure 1.

A simple multi-linear model gave a reasonable fit to the recovery coefficients from
the hot spheres, with the multiple correlation coefficient equalling 0.81 and the adjusted
coefficient of determination being 0.65. The coefficients of the model were significantly
different from zero for motion amplitude (p < 0.001) and motion correction (being on or off,
p = 0.003). There was a dependence on the scanner (p < 0.001) and unsurprisingly on the
sphere diameter (p < 0.001), the contrast (p < 0.001) and the phantom activity (p < 0.001).
The model parameters confirmed an increased contrast recovery (+16% per cm) with
increasing sphere diameter over the tested range of 1–4 cm. The application of 1–1.5 cm
motion reduced the contrast (−11% per cm) which was partly compensated by motion
correction being applied (+6.1% on average).

The paired-samples two-tailed t-test confirmed that the mean contrast recovery with
quiescent period gating was significantly higher than without gating. For the Biograph
mCT, the mean recovery coefficent, from all studies including motion and for all six VOI,
was 55% without motion correction compared to 59% with respiratory gating (p = 0.007).
For the Discovery 710, the corresponding values were 50% increasing to 55% with gating
(p = 0.003). Similar findings were found when examining the AC80 values from the four
hot spheres, where for the Biograph mCT the mean value of AC80 was 25% without motion
correction compared to 29% with respiratory gating (p < 0.001). For the Discovery 710, the
mean AC80 values were 23% and 29% for uncorrected motion and with respiratory gating
respectively (p < 0.001).
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Figure 1. The quantification accuracy from the seven background regions in images from the
Discovery 710 and Biograph mCT when the phantom was static. Error bars represent standard errors.

Example 90Y PET images are shown in Figure 2, where the improvement in contrast
provided by gating is apparent at the expense of increased noise.

 

Figure 2. PET images (coronal slices) from the phantom with and without motion applied. The
upper row of images is from the Discovery 710. The lower row is from the Biograph mCT. The grey
scale maximum equals the true activity concentration in the hot spheres, with minimum at zero.
The activity concentration ratio between the spheres and background was 8:1. For each scanner the
images show a similar slice of the phantom while stationary, while in motion but without correction,
and while in motion with quiescent period respiratory gating. The motion amplitude was 10 mm.
The total activity in the phantom was 1.8 GBq for the Discovery and 1.9 GBq and Biograph. The slice
contains the 40 mm insert with 25 mm cold core, as well as a 20 mm diameter sphere.

Averaged ACVHs are presented in Figure 3, for the case of the stationary and moving
phantom with and without quiescent period gating. The recovery of the 90Y activity within
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the spherical inserts is presented in Figure 4 for which data are grouped by scanner and
contrast ratio, with the presented data being the average of the tests performed at similar
contrast ratios. The impact from the partial-volume effect for the different spheres is
provided by the no-motion data, which is seen alongside the results for respiratory motion
and respiratory motion with gating. The AC80 values extracted from the ACVHs are
similarly presented in Figure 5.

 
(a) (b) 

Figure 3. Activity concentration volume histograms for the 30 mm sphere. Each figure part shows
the results for no motion, and when motion is present (10–15 mm amplitudes) either with or without
quiescent period gating. Data are presented as the average ACVH for this sphere from the four
phantom experiments on each scanner. (a) Discovery 710 (BPL reconstruction); (b) Biograph mCT.

  
(a) (b) 

Figure 4. Contrast recoveries for different sphere diameters and types. Each figure part shows the
results for no motion, and when motion is present (10–15 mm amplitudes) either with or without
quiescent period gating. Combined datasets from four phantom experiments on each scanner.
(a) Discovery 710 (BPL reconstruction); (b) Biograph mCT.
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(a) (b) 

Figure 5. AC80 from different sphere diameters. Each figure part shows the results for no motion,
and when motion is present (10–15 mm amplitudes) either with or without quiescent period gat-
ing. Combined datasets from four phantom experiments on each scanner. (a) Discovery 710 (BPL
reconstruction); (b) Biograph mCT.

4. Discussion

Using an anthropomorphic phantom filled with 90Y at clinically relevant activities
placed on a respiratory motion platform, this investigation found that quiescent period
respiratory gating leads to increased accuracy in measures of the activity concentration
in both hot and cold features within a liver region. The study provided consistent results
across a range of clinically relevant activities and at two contrast ratios, for two PET-CT
scanners from different vendors. Our findings agree with expectations based on results
from Siman et al. [19] who performed experiments using a less realistic phantom filled
with a small amount of 18F on a single scanner. Although we found statistically significant
increases in quantification accuracy, we note the data had high variance and the absolute
gains from the application of quiescent period gating were moderate. The impact of the
partial volume effect, seen by the difference in quantitative measures between smaller and
larger spheres, was generally larger than the impact of applying the respiratory motion
correction for the features analysed in this study (diameters ranging from 1 to 4 cm). This
can be seen visually in Figures 4 and 5 but was also evidenced by the coefficients of the
multi-linear regression. A decrease in sphere diameter of 1 cm led to a larger decrease in
contrast recovery (−16%) compared to respiratory motion of 1 cm amplitude (−11% and
−5% for uncorrected data and for quiescent period gating, respectively).

In this study, and in agreement with Hou et al. [16], we noted that the QUEST recon-
struction for the Discovery 710 was not suitable for a voxel-level analyses. We considered
images with relatively high noise to be unsuitable for estimation of the distribution of
activity concentrations within a region. This reconstruction should hence not be used when
a dose-volume histogram analysis is to be performed. The quantitative accuracy of the
QUEST reconstruction was, however, acceptable when assessed using the background
region in the stationary phantom acquisitions, with a percentage recovery coefficient of
104 ± 8%. As the QUEST images from the Discovery 710 were too noisy to be subjected
to ACVH analysis our work focused on the BPL images for this scanner. A limitation
of our study is that we only studied images with β = 1000 as chosen based on previous
investigations [25]. In the case of a voxel level analysis aiming for accurate estimation of the
distribution of activity concentrations (for accurate DVH generation), high β values that
provide smoother images may be optimal [16]. Furthermore, our study investigated only
one method of respiratory motion correction (device-driven quiescent period gating) with-
out optimisation of the retained fraction, which was set at 50%. This method of correction
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was chosen due to the relative simplicity and wide availability of the technique. The aim of
our study was, however, not to optimise imaging parameters, but to demonstrate the extent
to which respiratory motion degrades quantification accuracy, and the extent to which
commonly used quiescent period gating can mitigate these effects. In this regard, our study
shows that respiratory gating can be beneficial. Despite reducing the statistical quality
of the images when discarding 50% of the coincidences, the application of gating was of
net benefit with more accurate quantification of both VOI means and dosimetric measures
such as AC80. However, we recognise the need for further investigations; for example, it
would be useful from a practical point of view to define a minimum signal-to-noise ratio
for the image (at the voxel level), below which the application of voxel-level dosimetric
measures are not advised. Further development of methods for robust respiratory gating
with retention of all (or most) counts in the case of 90Y PET is also needed. This is an
ongoing area of research for 18F PET-CT imaging and the extension of methods, many
of which use image registrations or other data-led techniques, to the case of low-count
90Y PET presents a variety of challenges. Without such techniques the justification for
respiratory gating is tempered by the increase in image noise and the detrimental impact
this has on voxel-level, DVH-type analyses. Increased smoothing or regularization of the
image reconstruction (e.g., by increasing the β value in BPL) could compensate for the
increased noise but at the expense of reducing spatial resolution. Although 90Y PET is
challenging, we note that the current study did not utilise the most recent generation of
long axial FOV, SiPM-based PET scanners. These offer significantly increased sensitivity
through their extended axial coverage and reduced noise through improved time-of-flight
capabilities, both of which make the newer scanners more suitable for gated 90Y PET. The
image quality for gated studies is also expected to improve if higher activities are present in
the scanner’s FOV. This study investigated the range of activities encountered at both sites
(up to 3.2 GBq).

The use of respiratory gating is becoming more common, and it is noteworthy that
in this patient population the additional radiation dose from a respiratory gated CT is
likely justified given the poor prognosis of patients referred for SIRT. While data-driven
respiratory gating methods for both 90Y PET and CT are yet to be robustly implemented in
clinical practice, it may be appropriate to perform device-based gating of both the PET and
the CT components of post-SIRT therapy PET-CT verification imaging. Accurate alignment
of CT and PET images within the quiescent phase has been shown to be important for
quantification using 18F and 68Ga PET-CT [28], and this is expected to apply equally to
90Y imaging.

As evidence mounts for a strong relationship between tumour dose and treatment
response, the need for accurate dosimetry in SIRT also increases. While accurate dose
estimation from pre-therapy imaging can be used to optimise treatment, post-therapy
dosimetry can be used to verify the delivered dose and thus build the evidence base for
the dose-response, allowing the treatment to be refined and to unravel the disease- and
patient-related factors that may alter the dose thresholds for effective treatment.

5. Conclusions

Results from anthropomorphic phantom studies suggest that post-therapy SIRT PET-
CT imaging is improved by quiescent period respiratory motion correction. Specifically,
improved accuracy of tumour quantification and dosimetric measures are predicted.
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Abstract: The application of absolute quantification in SPECT/CT has seen increased interest
in the context of radionuclide therapies where patient-specific dosimetry is a requirement within
the European Union (EU) legislation. However, the translation of this technique to diagnostic nuclear
medicine outside this setting is rather slow. Clinical research has, in some examples, already shown
an association between imaging metrics and clinical diagnosis, but the applications, in general,
lack proper validation because of the absence of a ground truth measurement. Meanwhile, additive
manufacturing or 3D printing has seen rapid improvements, increasing its uptake in medical imag-
ing. Three-dimensional printed phantoms have already made a significant impact on quantitative
imaging, a trend that is likely to increase in the future. In this review, we summarize the data of recent
literature to underpin our premise that the validation of diagnostic applications in nuclear medicine
using application-specific phantoms is within reach given the current state-of-the-art in additive
manufacturing or 3D printing.

Keywords: absolute quantification; SPECT/CT; phantoms; diagnostics; 3D printing

1. Introduction

From the moment radioactivity was discovered by Henri Becquerel in 1896, there was
an immediate interest in quantification arising from the need to study this phenomenon.
After more than a century, this interest in measuring and quantifying radioactivity is
more relevant than ever within the context of SPECT/CT technology in nuclear medicine.
The past two decades have seen the continuous improvement of SPECT/CT as a molecular
imaging modality to a point where it can produce accurate quantitative images [1–3].
The technical advances leading to this improved accuracy have been extensively reviewed
before [4,5].

Recent research on absolute quantification has primarily focused on applications
related to theranostics or radionuclide therapy [6–10] and dosimetry [11–17]. Next to
its use in the therapeutic setting, accurate quantification of tracer uptake could become
highly relevant, providing diagnostic information beyond just the absence or presence
of disease. Until now, relative quantification and comparisons against a database have
dominated quantitative applications of SPECT/CT in diagnostic studies. However, while
the quantitative capability of SPECT/CT as a modality is without doubt and several poten-
tial applications have already been suggested at the beginning of the previous decade [18],
there is still limited use in clinical practice.

The results from a survey on the use of quantitative SPECT in the UK in 2019 show
that quantitative SPECT/CT has not yet broken through in clinical practice [19]. Approx-
imately two-thirds (67%) of responders indicated not using absolute quantification or
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a semiquantitative standardized uptake value (SUV). The main focus of those who do
use absolute quantification is radionuclide therapy, predominantly for thyroid conditions
and neuroendocrine tumors. While most respondents indicated using quantitative images
only for therapy, 43% indicated having a calibration for 99mTc. When asked what the main
impediment is for quantitative SPECT, 35% questioned the benefit, and 23% indicated
a lack of transferability across sites and platforms. Clearly, several challenges, including
clinical validation and transferability, continue to hamper the use of absolute quantification
for diagnostic purposes.

Three-dimensional printing or additive manufacturing is a technique where a struc-
ture is built layer by layer, and each new layer is deposited on the previous layer [20]. Also
called rapid prototyping, it was initially developed for making scale models of a proto-
type, which at that time were still developed by skilled craftsmen based on 2D drawings.
The printers use a 3D drawing which it subdivides into the individual layers to be con-
structed. There is a large flexibility in methods and materials that are used for printing.
Fused deposition modeling (FDM) and stereolithography (SLA) are among the most pop-
ular commercial 3D printing technologies. A wide variety of materials can be used to
print, from metals like aluminum to polymers such as poly(methyl methacrylate) (PMMA).
In recent years, improvements in 3D printing technology have decreased the cost while
increasing the speed with which the prints are produced. This allows for efficient proto-
typing and iterative designs where improvements to the model are introduced with each
iteration. The high quality in printing technology is reflected in the homogeneity within
prints and the reproducibility of the prints. The availability of the technology combined
with its reproducibility has the added benefit that phantoms can be reproduced at different
sites rather than having to send a phantom from one site to the other for multicentre
studies. These favorable properties have increased the interest in 3D printing for a wide
variety of applications, including anthropomorphic phantoms for medical imaging [21]. In
this narrative review, we summarize the available applications reported in the literature,
focusing on the potential of innovative models or phantoms to improve the clinical up-
take of this technology. We will show that these applications of 3D printing have already
shown they can fulfill the need for application-specific anthropomorphic phantoms. These
phantoms have already had a significant impact on our understanding of the physical
effects that can potentially lower the accuracy of quantitative SPECT/CT imaging. It is our
premise that they will further increase our understanding and allow for optimization of
application-specific protocols.

2. Understanding the Need for Quantification

The concept of theranostics in nuclear medicine is well-established and increasingly
successful, especially with the introduction of 177Lu-based therapies [7,8,10]. Undeniably,
the measurement of the absolute activity in this context is a requirement for accurate
dose calculation, as these start from the number of nuclei decaying in a region of interest.
Afterward, the decay energy and range of the emitted particles are used to calculate
the absorbed dose. Establishing a dose-effect relationship for a given radionuclide therapy
allows for a personalized therapy plan more closely resembling external beam radiotherapy.
Moreover, such dosimetry calculation after radionuclide therapy has also become a legal
requirement in the European Union (EU) under the Basic Safety Standard (Council Directive
2013/59/Euratom of 5 December 2013).

The use of absolute quantification in diagnostic applications is perhaps less of a require-
ment than in therapeutic uses. Today, uptake ratios and reference databases are routinely
used, with applications in cardiac amyloidosis [22], temporomandibular joint growth [23],
dopaminergic function [24], and renal function [25]. More (semi)quantitative metrics have
also been popularized, of which the standardized uptake value (SUV) has been the most
popular. There are several variants of SUV, but in essence, they represent a normalization of
the activity in a region-of-interest by dividing the injected activity by some patient metric
of distribution volume, such as body mass. There are several diagnostic applications where
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an increased tracer uptake is correlated with the presence or severity of the disease. Multi-
ple authors have investigated the link between the uptake of 99mTc-labeled bone-seeking
agents and whether a bone lesion is benign or malignant [26–29]. In cardiac imaging,
the uptake of a 99mTc-labeled bone-seeking agent has been shown to correlate with current
clinical standard quantitative measures for amyloid burden in cardiac amyloidosis, therapy
response, extracellular volume as measured on NMR, and left ventricular mass index, as
measured on echocardiography [30]. Together, these preliminary applications illustrate
that further progress in absolute quantification in diagnostic applications can significantly
increase the value of these imaging studies as a truly quantitative biomarker of disease
severity, patient outcomes, or predictor of treatment response.

3. Requirements for Absolute Quantification

Accuracy and reproducibility are essential for applying absolute quantification in diag-
nostic medicine, which depend on technical and physical processes but also on the patient’s
biology and physiology. Mirroring the considerable efforts over the last decades to im-
prove our understanding of the biological and technological factors influencing the SUV
in PET imaging [31–33] and the need for standardization [34], SPECT/CT has seen similar
progress, even though a number of challenges remain.

The major physical processes challenging the accuracy and reproducibility for diag-
nostic applications are photon attenuation and scatter and the limited spatial resolution of
SPECT/CT cameras. Bone structures or metallic implants will strongly affect the image
produced due to their increased density. The limited spatial resolution is caused by the col-
limator and the detector not being perfect systems. Many structures in the human body
are very small or have an irregular shape, and depending on the application, corrections
for this phenomenon need to be considered. However, while many techniques have been
reported, few methods, if any, are available for routine clinical use [35].

Apart from the physical processes, the technical parameters related to image re-
construction should be optimized to guarantee sufficient accuracy and reproducibility
for a given application. Different vendors use different proprietary reconstruction and
correction algorithms, including, but not limited to attenuation correction [36], scatter
correction [37], collimator modelling [38], and resolution modelling [35]. The parame-
ters of these algorithms need to be validated and standardized to result in accurate and
reproducible (semi)quantitative metrics.

Finally, the biokinetics of the tracer being studied can impact quantification as well.
For example, variations in the clearance of activity from the background can occur (e.g., de-
pending on renal function), and tracers may demonstrate variable washout from the target
over time, influencing the estimation of uptake in a target lesion. In theory, each patient
is ideally scanned multiple times to establish a time–activity curve from which the tracer
kinetics can be derived, providing information on the biokinetics depending on patient
biology and physiology. While some suggestions have been made for multiple time-point
imaging in diagnostics [39,40], generally, only one image at a fixed time-point is available
in the clinical routine. In practice, the choice of imaging time-points is usually informed
by the population biokinetics of the tracer of interest [24,41–44] to minimize the biological
variability and increase reproducibility [45,46].

4. From Feasibility Study to Clinical Practice

There are several lessons to be learned from the experience with PET/CT when trans-
lating feasibility studies to clinical practice. The biological variance in biokinetics and
technical variance have to be well-controlled to standardize the acquisition and analysis.
In SPECT, contrary to PET, only a minimum incubation period after injection is usually con-
sidered, and there is no standardization in the incubation window after injection. In bone
scintigraphy, a minimum of 2 h of incubation is recommended according to the EANM
guideline [42], while in the FDG PET guideline from EANM, a recommendation of imaging
55 min to 75 min post-injection is made [41]. There is currently a large variety of technology
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available, ranging from analog planar NaI-crystal cameras to digital circular geometry
solid-state cadmium-zinc-telluride (CZT) designs. These technologies differ in sensitivity,
energy resolution, spatial resolution [47,48]. Therefore, results from quantitative analysis
can differ significantly, and it is difficult to translate from one technology to another.

Considerable efforts have been made to progress towards more standardization
in SPECT/CT imaging. Several initiatives have attempted to extend the approach from
the EARL program for FDG PET/CT [49] to SPECT/CT [11,13,47], its main advantage be-
ing the large availability of the specific phantoms within the nuclear medicine community:
a cylinder with a volume of 5–7 L and the NEMA IEC phantom. First, a cross-calibration
is performed using the cylinder. The cylinder is filled with a known volume of water
and known activity measured in a radionuclide calibrator. The activity concentration
as recovered in the SPECT/CT is compared to the known activity concentration by di-
viding the known volume of the cylinder and the known activity from the radionuclide
calibrator measurement. The use of a large cylinder allows for a measurement without
boundary interactions and related partial volume effects. Second, the NEMA IEC phantom
consists of a large volume, considered as background, with spherical inserts of different
sizes, considered the volumes-of-interest (VOIs). The spheres are filled with a different
activity concentration than the background region. The activity concentration as recov-
ered in the SPECT/CT is again compared to the known activity concentration. Through
the partial volume effect, the activity in the spheres will deviate more for the smaller than
the larger spheres. The recovery coefficients will also deviate as a function of contrast be-
tween spheres and background, as spill-in and spill-out will present differently. In general,
lower contrast will result in lower recovery of the activity in the smaller spheres [50].

The translation of diagnostic SPECT/CT applications in cardiac amyloidosis or bone
growth across different technologies is also hampered by a lack of validation. While it
makes sense in oncological applications, such as FDG PET/CT, to use the activity recovered
in a hot or cold sphere in a background volume as validation, this is not necessarily
the case for applications with very different geometry. Considering the uptake of 99mTc-
labeled bone-seeking agents in the myocardium, the challenges for accurate quantification
are very different. The myocardium differs from a spherical shape, and there is a large
volume of background activity adjacent to it. The partial volume effect (PVE) will differ
when measured on cameras with different spatial resolutions or different reconstruction
algorithms. Depending on the situation, there might be spill-in from the hot background
into the colder VOI or spill-out from the hot VOI into the colder background affecting
the results and the clinical translation.

Validation of the absolute activity concentration requires verification of the mea-
sured activity concentration. Except for the bladder, where the activity concentration
in the urine can be measured afterward, such in vivo verification is most often impossible
in humans [51]. Therefore, a reasonable alternative is the development of application-
specific phantoms.

5. Phantoms in Nuclear Medicine

From the onset of nuclear imaging [52] and emission computed tomography [53],
phantoms have been used to test image properties and imaging techniques. The quest for
possible clinical applications required validation of the technology, and phantoms could
provide such solid foundation. Phantoms are designed to reflect the situation under study
as closely as possible, such as a cylinder with a sleeve of activity and two different-sized
spherical inserts to investigate lesion contrast in brain imaging [53].

Ideally, phantoms should mimic our patients as closely as possible, a quality re-
ferred to as anthropomorphism. The most relevant properties for nuclear medicine are
photon–matter interaction, and geometry and activity distribution. Fortunately, humans
mostly consist of water, which is reflected in the photon attenuation coefficient of human
tissue. Water and plastics, such as PMMA, which have similar attenuation coefficients, are
popular materials for soft tissue applications. However, geometry is essential as patients or
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study populations can have very different anatomies. An obvious example is children ver-
sus adults, but also between adults in, for example, patients with very different BMI, or the
density of healthy bone versus osteoporotic bone, which influences attenuation. Different
pathologies and tracers can also have a very different tracer distribution in the same organ
of interest. For example, a tracer for myocardial perfusion will have different kinetics and
distribution than a bone-seeking agent repurposed for cardiac amyloidosis.

Several commercial phantoms are available for a human torso [54,55], spine [56],
and brain [57]. These phantoms are realistic and can be used to measure the recovered
activity concentration in the relevant regions. They are, however, limited to whole organ
volumes, but pathology does not necessarily affect the entire organ. For example, cardiac
amyloidosis deposition can be heterogeneous in the cardiac wall [58]. In that case, amyloid
deposits should show as hot spots within the cardiac wall. It is immediately apparent
that validation of absolute quantification for this application requires a more pathology-
specific approach, and the limited number of commercially available anthropomorphic
phantoms may not necessarily be appropriate for all applications. An anthropomorphic
phantom has the potential to take the specific anatomical situation into account, including
the depth at which the region of interest lies within the patient, but can also take almost
any type of material into account. We can imagine bone structures near the region of
interest or self-attenuation when bony structures are the region of interest. While water has
roughly the density of soft tissue, it can be made more dense and equivalent to different
types of bone by adding K2HPO4 to accommodate these requirements [59]. For tissue
types with lower density than water, this is more difficult. The activity in the lungs is
contained in water, while they are mostly filled with air. This duality presents a challenge
for anthropomorphic lung phantom production, as it is difficult to reduce the density of
water to that of air. A fillable 3D-printed anthropomorphic phantom will provide with
the previously mentioned exception an anatomically realistic representation, and allow
for flexibility in scanning conditions and experimental designs by varying filling fluids to
measure the impact of nearby material on attenuation and scatter.

Designing a phantom has long been cumbersome and expensive. Their complex
shapes require a sufficient level of detail and the flexibility to adapt the phantom for
a different patient or cohort while not sacrificing production speed or increasing cost.
Additive manufacturing or 3D printing is a technique that can achieve this. A summary of
several properties making 3D printing an attractive technigue for phantom production, as
well as an example of such a printed shape are shown in Figure 1 This technique has been
widely applied to produce patient-specific implants and is starting to make its way into
medical imaging.

Figure 1. Summary of some properties that make 3D printing suitable for anthropomorphic phantom
production. In the centre is a 3D-printed model of a cervical vertebra (C3). You can appreciate the level
of detail in the processus spinosus, the processus transversus and the foramen transversarium,
for example.
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6. 3D-Printed Phantoms: A New Hope?

Recent technological progress has drastically lowered the cost and infrastructure needs
for 3D printing, spreading its use in applied research, including nuclear medicine. In the
case of phantom production, this allows more simplified development of purpose-specific
phantoms. This technology makes it possible to produce almost any shape conceivable
with relative ease. Several studies using 3D-printed phantoms in nuclear medicine have
recently been published Table 1 for applications in the following anatomical regions:
the abdomen [60–62], pancreas and kidneys [63], kidneys [64,65], brain [66–68], head and
neck [69], systolic and diastolic heart [70], lungs [71], and patient-derived lesion shapes [11].
With current technology, anthropomorphic phantoms can be 3D-printed with a precision
in the μm-range, well beyond the sub-millimeter resolution of CT or MRI used to develop
these anatomical models.

Table 1. Summary of all articles and phantoms included in this review. SLA = stereolitography, FDM = Fused Deposition
Modelling, CNR = contrast-to-noise ratio, RC = recovery coefficient, CF = calibration factors, LVEF = left ventricular
ejection fraction.

Author Region Method Evaluation Isotopes

Iida et al., 2013 [66] Brain SLA Visual 18F, 99mTc, 123I
Gear et al., 2014 [62] Abdomen (liver, spleen, kidneys) SLA Visual 18F, 99mTc
Gear et al., 2016 [60] Liver, spherical inserts FDM Total activity 99mTc, 90Y

Negus et al., 2016 [67] Brain FDM Visual 99mTc
Tran-Gia et al., 2016 [64] Kidney FDM CF 99mTc, 177Lu, 131I
Tran-Gia et al., 2018 [65] Kidney FDM CF 177Lu
Robinson et al., 2016 [61] Abdomen (liver, spleen, kidney, pancreas) FDM CF 99mTc, 177Lu

Woliner-van der Weg et al., 2016 [63] Pancreas, kidney FDM Ratio 111In
Alqahtani et al., 2017 [69] Head & Neck FDM CNR 99mTc
Jonasson et al., 2017 [68] Striata FDM RC 18F

Verrecchia-Ramos et al., 2021 [70] Heart FDM LVEF 18F, 99mTc
Black et al., 2021 [71] Lungs Unknown Not yet N/A

As a proof-of-concept, an abdomen phantom was first developed by Gear et al. [62],
including the liver, kidneys, and spherical inserts. The assessment of the phantoms in-
cluded measuring concordance of the geometry with that of imaging-derived organ dimen-
sions, which showed a maximum deviation of 7%, and a visual assessment of PET and
SPECT acquisitions.

Afterwards, they created an abdomen phantom [60] for validation of quantitative
imaging of 99mTc and 90Y and dosimetry after liver radioembolization. The phantom in-
cluded a fillable liver and lesions in a solid abdomen. The design process was discussed
in detail, including considerations on attenuation, leak-tightness, and attachments. The in-
cluded flowchart should provide sufficient information to reproduce a similar phantom.
The 3D-printed object must match the anatomical structure as closely as possible, especially
for smaller objects, to evaluate the partial volume effect accurately. For the liver, the de-
viation of the volume was 9.6%, even though the contours on the original MRI images
were hand-drawn and were thoroughly smoothed before printing to remove pixelation.
This agreement was deemed sufficient for the desired application. The X-ray properties
were characterized at different photon energies for several different materials and were
similar to soft tissue. The accuracy of the recovered activity was different for the lesions
and liver, and very different for various isotopes on PET or SPECT. Deviations as high
as 18% were observed for the liver and more than 60% for the lesions. The difference is
probably caused by the partial volume effect. The authors also included the cost of their
project (approximately e11,600 adjusted for inflation), demonstrating the increased afford-
ability of 3D printers today (costing e1000–3000). At the time of writing, the phantom
had undergone approximately 20 acquisition protocols, including at different sites, which
illustrates the excellent durability.
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Robinson et al. [61] developed an abdomen phantom to verify activity quantification
in SPECT in the context of molecular radiotherapy using 177Lu, including 99mTc imaging.
The phantom included simplified models used in a dosimetry system common at that time
(OLINDA/EXM), representing spleens and kidneys of different sizes, and also representing
a pancreas and liver of the ages of 5 years, 10 years, and that of an adult (extended
with a bilobar design and tumor insert). The description of the phantom properties is
brief, yet information on attachments and filling ports can be useful for other projects.
The prints were of similar accuracy compared to the virtual volumes as in the previous
examples. They evaluated the accuracy of the quantification by estimating the calibration
factor, which is the ratio of the activity recovered in the VOI over the injected activity.
In the ideal measurement, this would be 1. As expected, the calibration factor decreased
with decreasing organ volume. Importantly, a clear dependency of the calibration factor
on organ shape could be demonstrated for 99mTc and 177Lu, resulting in a reduction of
the absorbed dose for the liver, spleen, and kidneys using organ-specific factors. This
finding illustrates that non-spherical calibration factors from 3D-printed phantom inserts
can significantly improve the accuracy of whole organ activity quantification.

The challenges of imaging pancreatic beta cells using 111In-exendin, which includes
high uptake in the nearby kidneys, motivated Woliner van der Weg et al. [63] to develop
pancreatic and kidney phantom inserts for the NEMA IEC phantom. They compared
several reconstruction algorithms and different activity concentrations in the pancreas.
Visually, the images were comparable to real-life studies performed in humans and showed
comparable artefacts. With this work, they could assess the need for different correc-
tion algorithms and determine the appropriate reconstruction settings most suitable for
clinical use.

Tran-Gia et al. first developed a single-compartment kidney model for dosimetry [64]
similar to the mathematical model from MIRD Pamphlet 19 [72] for newborns, one-year
olds, five-year olds, and adults, and later, a two-compartment kidney model [65] by di-
viding the previous volumes into a cortex (70%) and a medulla (30%). The design and
production of the single-compartment model were described in detail, including the soft-
ware used and attachments. A volume assessment showed a maximum deviation of 5.8%.
They compared different reconstruction algorithms and different PVC techniques to opti-
mize imaging for 177Lu radionuclide therapy. In this setup, the difference between spherical
and renal recovery coefficients suggests that a more geometry-specific alternative should
replace the typically applied volume-dependent lookup tables based on spherical recovery
coefficients. The cost of the project was similar to that by Gear et al. [60] in the order of
magnitude of e10,000.

Iida et al. [66] developed a brain phantom to simulate a static cerebral blood flow
distribution in the grey matter, while including a realistic skull structure. They described
the segmentation upon which the phantom was based in detail. The grey matter and
skull structures were fillable with liquid. White matter was made from the polymer used
by the printer. The phantom was printed in five-fold and evaluated for geometry and
attenuation using CT. The volumes of all phantoms were consistently close to the original
value with a maximum deviation of 2.6%. The phantom was filled with either 99mTc or
123I for SPECT or 18F for PET. The images were compared with a virtual image blurred
using a Gaussian filter to simulate the lower resolution of SPECT and PET. The printing of
hollow structures normally requires supporting pillars, yet the authors were able to forgo
this requirement by reducing the temperature, speed, and pitch of the printer.

A different approach to a brain phantom was developed by Negus et al. [67] by
dividing the head and brain from an MRI image into slabs. These slabs with a thickness
of 4 mm are 3D-printed for attenuation purposes. A conventional inkjet printer with
a cartridge with added 99mTc was used to print a greyscale image of grey matter on a sheet
of paper. The appropriate paper was placed between the slabs. The phantom is shown
in Figure 2. The attenuation was measured using transmission scans, and the images were
visually assessed.
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Figure 2. The brain phantom developed by Negus et al. [67] follows a different approach compared
to fillable phantoms. It is a sandwich of 3D-printed slabs for attenuation and paper for activity
distributions. The image was reproduced under license from the American Association of Physicists
in Medicine and John Wiley & Sons, Inc. (Hoboken, NJ, USA).

The previously mentioned brain phantoms focus on grey and white matter, while
imaging of the dopamine receptors also plays a significant role in neurological imaging.
Jonasson et al. [68] produced a brain phantom with striatal inserts of different sizes to
evaluate the influence of the size on the interpretation of PET imaging. The information
on the design and production of the phantom is scarce. The background volume of
the phantom and the striatum was filled with differing concentrations of 18F. The recovery
coefficients were compared for different reconstruction algorithms, yielding a much better
recovery for all sizes of striatum using OSEM combined with the point-spread function
(PSF). The PSF technique should increase the spatial resolution of the image and therefore
decrease the PVE. The large increase in recovery coefficient by adding PSF to the OSEM
reconstruction demonstrates this.

The head and neck region is very complex where tiny structures are densely packed,
yet this region is often imaged in the context of sentinel lymph node (SLN) detection or
thyroid disease. A phantom was designed and tested by Alqahtani et al. [69]; however,
the analysis was aimed at assessing the imaging ability of gamma cameras for distin-
guishing different SLNs and the thyroid, and no evaluation of the absolute quantification
was performed.

The left-ventricular ejection fraction (LVEF) is a function of the end-diastolic and
end-systolic heart volume. Verrechia-Ramos et al. [70] printed the end-diastolic and
end-systolic phase of the same heart based on a gated cardiac MRI, but provided little
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information on the design and the production process of the phantom. As the reliability
of the volumes is the only important factor in determining the LVEF, no evaluation of
the absolute activity measurement was done. Different isotopes and imaging modalities are
used to evaluate the LVEF: MRI, planar scintigraphy (99mTc), SPECT (99mTc), and PET/CT
(18F). An interesting outcome was the feasibility of a very short PET/CT acquisition for
a first-pass FDG scan to evaluate the LVEF.

For the validation of the accuracy of the quantification procedures in the SEL-I-METRY
trial, Gregory et al. [11] developed three 3D-printed lesion inserts based on a sub-carinal
node but of different sizes. The validation was performed using 123I and 131I. Little
information is provided on the phantom production, nor the resulting accuracy of the quan-
tification in the lesions.

Motion artefacts are common in molecular imaging of the thorax due to respiratory
motion, and decrease the detectability and hamper quantification. Black et al. [71] devel-
oped a functional anthropomorphic lung phantom using 3D-printed molds. At the time of
writing, there is no information available on the resulting images and quantification.

Recent developments attempt to improve some shortcomings of phantoms. For exam-
ple, the two-compartment kidney model was complex to assemble and required the prepa-
ration of two stock solutions. Theisen et al. [73] recently presented work on a single-
compartment kidney phantom. This phantom has two regions with different spatial
densities by the introduction of gyroid structures. These gyroids are surfaces that limit
the volume that can be filled using the stock solution. By having a denser gyroid for
the medulla than for the cortex, the activity concentration will be different, even though
the entire phantom is filled with the same stock solution.

There are also successful attempts at 3D-printing radioactive geometric phantoms [74–76].
The main advantage of the latter is the absence of cold walls and, when implanted with longer-
lived isotopes such as 68Ge (half-life = 271 days), could be used for validation in multi-center
PET trials. These phantoms could play a role in quality control. However, there remains
discussion on their utility as for some, this would increase the capability for diverse quality
control. In contrast, according to others, they would increase the complexity while moving
the difficulty in phantom preparation from the stock solution to the stock solution and the quality
control of the 3D printer [77].

7. Discussion

Even though 3D printing has distinctive advantages, there is always a learning curve
associated with any new technique. This learning curve could be further reduced by
including more information on the design process of the phantoms and the choices made
in publications. For example, Gear et al. [62] and Tran-Gia et al. [64] described the design
process in more detail, including information on the attachments. This is essential informa-
tion for the production of the phantom which can be used by others when designing their
own phantoms. Several authors included information on wall thickness, which is useful
to guarantee leak tightness. All authors included information on what printer, material,
and software were used. This information all contributes to a faster uptake of the method-
ology in other centers. It is, however, a worrying trend that more recent publications
compared to earlier work provide less information necessary for the reproduction, or to
push the innovation of phantoms forward. A recommendation regarding key information
to be included in future publications on 3D-printed phantoms is summarized in Table 2.
It would be of considerable value if publishers and/or scientific societies would establish
an online repository similar to the NIH 3D Print Exchange [78] and actively encourage
making models available upon publication of research in their respective journals. The em-
phasis placed on data availability in the context of validation, reanalysis, and reproduction
of medical research should extend to availability of phantoms.
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Table 2. Examples of information which should be included in future publications of 3D-printed phantoms.

Imaging Modality
Processing

Software Application in workflow

3D Printer Model
Material Type

Relevant properties

Technical Layer thickness
Phantom thickness

Attachments Type
Position

Filling method
Assembly Single/multiple parts

Assembly method

Key design choices

Flow chart of the design process

From the articles that mention project cost, a trend in better affordability is evident.
While the price five years ago was still approximately e10,000, 3D printers are now avail-
able from as low as e1000–3000.

For anthropomorphic phantoms, it is essential that they accurately represent the anatom-
ical image on which they are based. Therefore, verification of the geometry and the attenu-
ation are essential. Several authors have compared the 3D-printed phantoms to the original
volumes. Only small deviations from the original volumes were observed, which proves
the reliability of the technique, and supports their use when reproduced given the impor-
tance of geometry on quantification. The same applies to the attenuation coefficients of
the materials used. It is established that most polymers used in 3D printing have atten-
uation coefficients similar to soft tissue and can be used as such. Water can be made to
have similar attenuation coefficients as bone by adding K2HPO4. It is difficult to reduce
the density and attenuation coefficients of water to those of air. Therefore, anthropomor-
phic phantoms of the lungs are notable challenges as the activity in the lungs is present
in water, while the organ mostly consists of air.

While phantoms for kidney dosimetry started as simple geometric phantoms, the com-
plexity is still increasing with every new generation. This single-compartment phantom
was improved to a two-compartment model (Figure 3). Today, even more advanced an-
thropomorphic phantoms and innovative designs for varying tracer concentrations within
a single compartment phantom are possible. Future challenges include the 3D printing of
molds for elastic anthropomorphic phantoms that can be used for dynamic imaging.

The applications of some of the discussed phantoms have already changed our view on
quantitative SPECT/CT. The kidney phantom by Tran-Gia and Lassmann has been used to
evaluate quantification [65], kidney dosimetry [14] using 177Lu, eventually extending it to
a multicentre setting [79]. The main finding of their work was that the typical volume-based
approach for partial volume correction based on spherical inserts like in the IEC NEMA
Body Phantom was insufficient for accurate quantification. Geometry plays an important
role in the accuracy, and this should be reflected in the evaluation of specific applications.
The evaluation of voxel-based dosimetry has taught us to use caution when applying
this technique due to the large difference with the true measurement. This problem was
improved by application of a specific partial volume correction software, indicating that
quantitative imaging has to be optimised for every application. The multicentre evaluation
showed a large variety in initial performance, but also the potential for harmonisation for
this application.
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Figure 3. Three-dimensional printing allows for an iterative design process where improvements can
be made for a next-generation print. The example shows the single-compartment kidney produced
by Tran-Gia et al. [64] (top) and the two-compartment kidney phantom (A,B) subsequently produced
by the same research group, Tran-Gia et al. [65] (bottom). This research was originally published
in JNM by Tran-Gia et al. [64,65]. © SNMMI.

Until now, the major applications of 3D-printed phantoms of absolute quantifica-
tion have been in the context of dosimetry. Apart from the striatal phantom, all other
diagnostic applications have been evaluated visually. Yet, from these, we have learned
to understand the importance of small and irregular geometries. For example, the hot
spots in 111In-Exendin imaging of the pancreas can result from increasing the iterations of
the reconstructions and are not necessarily a result of heterogeneous uptake of the tracer.
Even though there was no evaluation of the quantitative accuracy of the reconstruction, it
allowed for optimization of the acquisition for visual interpretation.

8. Conclusions

Several examples have been discussed for the possible application of absolute quan-
tification in SPECT/CT. There has, however, not been a broad uptake of these applica-
tions in diagnostic nuclear medicine so far. The establishment of absolute quantification
in clinical practice depends on validation of the accuracy and reliability, and application-
specific validation can benefit from anthropomorphic phantoms tailored to the application.
The continued advances and availability of 3D printing allow for such application-specific
phantoms to be developed at a reasonable cost and in a reasonable time with relative
ease. With the current state-of-the-art, we have seen increasing possibilities and increasing
complexity in the designs. These innovative designs allow for more realistic phantoms with
every subsequent generation. 3D-printed phantoms have already changed our perspective
on the limitations of absolute quantification while providing the possibility for further
improvements. They will increase the opportunities to validate the application of abso-
lute quantification in SPECT/CT and increase the acceptance of absolute quantification
in clinical practice. This is The Phantom Premise.
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Abstract: Positron emission tomography using [18F]fluorodeoxyglucose (FDG PET) potentially
underperforms for staging of patients with grade 1–2 estrogen receptor positive (ER+) breast cancer.
The aim of this study was to retrospectively investigate the diagnostic accuracy of FDG PET in
this patient population. Suspect tumor lesions detected on conventional imaging and FDG PET
were confirmed with pathology or follow up. PET-positive lesions were (semi)quantified with
standardized uptake values (SUV) and these were correlated with various pathological features,
including the histological subtype. Pre-operative imaging detected 155 pathologically verified lesions
(in 74 patients). A total of 115/155 (74.2%) lesions identified on FDG PET were classified as true
positive, i.e., malignant (in 67 patients) and 17/155 (10.8%) lesions as false positive, i.e., benign (in
9 patients); 7/155 (4.5%) as false negative (in 7 patients) and 16/155 (10.3%) as true negative (in
14 patients). FDG PET incorrectly staged 16/70 (22.9%) patients. The FDG uptake correlated with
histological subtype, showing higher uptake in ductal carcinoma, compared to lobular carcinoma
(p < 0.05). Conclusion: Within this study, FDG PET inadequately staged 22.9% of grade 1–2, ER + BC
cases. Incorrect staging can lead to inappropriate treatment choices, potentially affecting survival
and quality of life. Prospective studies investigating novel radiotracers are urgently needed.

Keywords: positron emission tomography (PET); [18F]FDG; breast cancer; estrogen receptor; staging

1. Introduction

Breast cancer (BC) is the most frequently diagnosed malignancy among women
worldwide [1]. In the Netherlands, 16,000 women are newly diagnosed with BC annually,
most of whom have stage I (40.4%) or stage II (32.6%) disease, whereas 9.6% patients
have stage III and 4.6% stage IV [2]. For stage IIB/III (advanced T-stage disease often
with nodal involvement) or locoregional recurrent disease, curative treatment generally
consists of surgery, radiotherapy and (neoadjuvant or adjuvant) systemic therapy (i.e.,
chemo-, endocrine and targeted therapy) [3]. In the case of metastatic disease without
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curative options, burdensome locoregional as well as systemic therapy should be avoided
in order to maintain quality of life. On the other hand, identification of oligometastatic
disease may improve the chance of (prolonged disease free) survival by including these
sites in the local therapy plan [4]. Therefore, accurate pre-operative staging is essential
to identify locoregionally affected lymph nodes and (distant) metastases, as it will affect
treatment choices.

The initial work-up for BC includes physical examination, mammography, ultrasound
and magnetic resonance imaging (MRI) of the breast and axilla, to assess the extent of
locoregional disease [3]. Standard staging procedures detect (distant) metastases in ap-
proximately 7% and 8–21% of clinical stage IIB and III patients, respectively, and in 33%
of those presenting with locoregional recurrences [5–7]. Furthermore, 10–25% will de-
velop recurrences within 2 years, suggesting, at least in part, missed (occult) metastases
at presentation [8]. According to (inter)national guidelines, staging is often performed
with 2-[18F]fluoro-2-deoxy-D-glucose (FDG) positron emission tomography accompanied
by a low-dose CT scan for attenuation correction (FDG PET) [3,9,10]. In addition to this,
a diagnostic computed tomography (CT) scan of the thorax and abdomen is often per-
formed [3,9]. For primary staging of clinical stage II/III BC, the sensitivity and specificity
of FDG PET to identify lymph node involvement and distant metastases is 63–100% and
98–100%, respectively [5,11], and in recurrent disease, it is 90% and 81%, respectively [12].

However, FDG uptake of BC can be quite variable, due to various underlying biologi-
cal features [11–18]. FDG uptake is often lower in lobular BC (vs. ductal BC) [15,16,18,19],
in low-intermediate grade (vs. high grade) [12–18] tumors and in ER-positive tumors,
compared to triple negative tumors (ER-/PR-/HER2-) [11,13,15–17,20–23]. Alternatively,
triple negative BC (ER-/PR-/HER2-), a more aggressive phenotype, shows higher FDG
uptake than ER+/PR+ and HER2- BC [20]. Thus, these biological factors can affect the FDG
avidity of lesions potentially limiting the accuracy of FDG PET/CT for the staging of grade
1–2 ER+ BC [16].

Although there are data that FDG uptake (usually expressed as standard uptake value
(SUV)) is lower in low grade ER+ BC than in other types of BC and that staging might be
suboptimal [24,25], no study has specifically investigated the extent to which this affects the
staging of BC. Therefore, the primary aim of this study was to retrospectively investigate
the diagnostic performance of FDG PET in staging patients with grade 1–2 ER + BC. The
secondary aims were to study whether the level of tracer uptake in the primary tumor was
associated with the accuracy of staging, and to investigate which histopathological features
might predict the accuracy of FDG PET.

2. Materials and Methods

2.1. Patient Population

In this retrospective study, we included women ≥18 years with histologically proven
ER+, grade 1–2, clinical stage IIB/III or locoregional recurrent BC, treated at the Amsterdam
UMC (VUmc) and The Netherlands Cancer Institute-Antoni van Leeuwenhoek (NKI-AvL)
in the Netherlands between 2008–2016 and 2014–2015, respectively. All patients underwent
FDG PET/CT for staging and had their follow-up visits for at least 18 months. Patients with
other malignancies in the last five years prior to diagnosis of (recurrent) BC were excluded.

Prior to inclusion, patients provided written informed consent, except when it was
not possible to approach them for consent, due to various reasons (e.g., death or no contact
details available). The study was approved by the local Medical Ethics Committee of the
VUmc (No. 2017.382).

2.2. Imaging Procedures

According to the standard of care, patients underwent mammography, ultrasound
and MRI of the breast and axilla for locoregional staging. Patients at VUmc underwent an
additional diagnostic CT scan of the thorax/abdomen and at both centers bone scans were
performed if indicated (i.e., ‘conventional imaging’). FDG PET scans were performed using
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Gemini TF-64 or Ingenuity TF-64 PET/CT scanner at VUmc and Gemini TF-16 or Gemini
TF-Big Bore 16 (Philips Medical Systems, Cleveland, Ohio, United States of America) at AvL,
according to the guidelines of the European Association of Nuclear Medicine (EANM) [26].
Patients were administered 3.5 MBq/kg FDG at VUmc, and 190–240 MBq (according to the
body mass index) at AvL [26]. All patients underwent a low-dose CT scan for attenuation
correction, followed by the PET scan (skull vertex to mid-thigh) at 60 min post-injection,
with 2 min per bed position.

2.3. Histopathology

According to standard of care, the biopsy of the primary tumor was used to evaluate
the histological subtype, grade (according to the Bloom–Richardson grading system), ER,
PR, HER2 expression and mitotic activity. Compliant with Dutch guidelines ER-/PR-
positivity on immunohistochemistry (IHC) was established if ≥ 10% of cell nuclei were
immunoreactive, and HER2 was classified positive with 3+ or 2+ and amplified [3]. Mitotic
activity was defined as the number of mitoses per 2 mm2. Suspect locoregional or distant
lesions visible on conventional imaging and/or FDG PET that were decisive for therapy
choices were verified by core needle biopsy and/or fine-needle aspiration cytology.

The pathological reports of lymph node resection were classified as follows: in the
case of the presence of malignant cells, pathologically verified malignant lymph node;
in the case of fibrosis compatible with complete response after neo-adjuvant therapy,
pathologically verified malignant lymph node before neo-adjuvant treatment; and in the
case of no malignant cells or fibrosis by cytology and/or histology, benign lymph node.

2.4. Patient-Based Analysis

The patient-based outcomes consisted of determining the stage of disease at baseline
and at the end of follow-up. The stage of disease was determined at clinical presenta-
tion together with conventional imaging and subsequently by FDG PET together with
pathological confirmation.

2.5. Lesional Analysis: Qualitative and Semi-Quantitative FDG PET Readings

Conventional imaging was performed ≤5 weeks before or after FDG PET. Clinically
relevant lesions suspicious for malignancy on any imaging modality were included in this
analysis, with a maximum of 5 largest lesions per tissue type in the case of distant metas-
tases. The included lesions were either pathologically confirmed as benign or malignant
(group A) or, in the case of absent/inconclusive pathology, verified by additional imaging
and/or follow up for 18 months after primary diagnosis (group B). Based on these data, we
classified lesions as true positives (=malignant lesions suspect on FDG PET), true negatives
(=benign lesions not suspect on FDG PET), false positives (=benign lesions suspect on
FDG PET) and false negatives (=malignant lesions not suspect on FDG PET). In the case of
multiple axillary lymph nodes on FDG PET, only those which were pathologically proven
to be malignant were included in group A.

Quantitative analysis was performed, using in-house developed software (version
04092018, Accurate tool, R. Boellaard, Amsterdam, The Netherlands) [27]. This anal-
ysis only included lesions visible on FDG PET. Volumes of interest (VOIs) were semi-
automatically defined using 50% thresholds of peak standardized uptake values (SUVpeak)
adapted for local background26 and verified by radiologists. For each VOI, we determined
the SUVmax, SUVmean, SUVpeak and total lesion glycolysis (TLG). In addition, for primary
breast lesions, VOIs were manually defined on the low-dose CT scans to calculate anatomi-
cal volumes. The correlation between these FDG PET parameters and various histopatho-
logical features of the primary tumor was assessed to investigate whether histopathological
features predicted the accuracy of the FDG PET.
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2.6. Clinical Implications on Treatment Plan

We investigated the impact of incorrect lesion identification by FDG PET. The patholog-
ical outcome of the surgically resected axillary lymph nodes was retrospectively compared
to lymph nodes identified on FDG PET, excluding patients that had progressive disease
during neo-adjuvant therapy. We postulated that without progression, any additional
pathologically verified malignant node in the resection specimen, compared to baseline
FDG PET, should be classified as false negative on FDG PET. In the case that this would lead
to stage migration of the N-stage, from N1 to N2, such patients would require an axillary
lymph node dissection, according to current guidelines instead of sentinel node/marked
node resection [3].

Similarly, the number of distant metastases is relevant for the treatment plan. In the
case of oligometastatic disease (<4 lesions), local treatment with curative intent can be
considered, whereas in the case of extensive disease (≥4 distant metastases) a palliative
option will prevail. We compared the distant lesions on FDG PET to the number of distant
metastases confirmed through pathological verification and/or additional imaging at
baseline and during the follow-up period.

2.7. Statistical Analysis

Statistical analysis was performed, using SPSS Statistics 22.0 (IBM Corp.). Accuracy
was measured at the patient and lesional levels, separately for groups A and B. The
difference between FDG PET parameters (SUVmax, SUVpeak, SUVmean and TLG) across the
different categories in the two groups (true positives, false positives and false negatives,
group A and B) was assessed using the Kruskal–Wallis test. The association between
the tracer uptake in the primary tumor and accuracy of staging was assessed by using
the Mann–Whitney U test. The association between histopathological features of the
primary tumor and accuracy of staging was assessed by using a chi-square test or a
Mann–Whitney U test. The association between semi-quantitative FDG PET parameters
and histopathological features of the primary tumor was investigated, using a mixed model
analysis with an intercept on patient level. Results were considered significant for a p-value
of <0.05.

3. Results

3.1. Patients

Seventy-four patients (37 from each center) with a median age of 49 years (range:
28–94) were included. Most patients presented with clinical stage IIB (48.6%) or III (47.3%)
BC (Table 1). FDG PET/CT was performed after primary surgery in four patients, and
prior to surgery (n = 6) or systemic treatment (n = 58 neo-adjuvant and n = 6 palliative) in
the remaining 70 patients.

Table 1. Patient characteristics.

N (%) or Median (Range)

Age at diagnosis (y) 49 (28–94)

Clinical stage at presentation
IIB 36 (48.6)
III 35 (47.3)
Locoregional recurrence 3 (4.1)

Histological subtype *
Ductal 57 (77.0)
Lobular 17 (22.7)
Micropapillary 1 (1.3)

Grade
1 7 (9.5)
2 67 (91.5)
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Table 1. Cont.

N (%) or Median (Range)

ER receptor

Positive 74 (100.0)

PR receptor
Negative 13 (17.6)
Positive 61 (82.4)

HER2neu receptor
Negative 65 (87.8)
Positive 9 (12.2)

Treatment received
Neo-adjuvant therapy
(after FDG PET imaging)
yes 58 (78.4)
- chemotherapy - 53 (91.4)
- endocrine therapy - 5 (8.6)
no ** 16 (21.6)

Surgery
- yes 65 (87.8)
- before FDG PET imaging - 4 (6.2)
- after FDG PET imaging - 61 (93.8)
- no 9 (12.2)

Adjuvant therapy
- yes 69 (93.2)
- no 2 (2.7)
- unknown 3 (4.1)

* One patient with multifocal BC presented with 2 lesions in the breast, each having a different histological
subtype. ** These patients directly underwent surgery before (n = 4) or after the FDG PET scan (n = 6) or received
endocrine treatment for metastatic disease (n = 5) or locoregional recurrence (n = 1) after FDG PET imaging.

3.2. Patient-Based Analysis

In 67% (47/70), the FDG PET stage was identical to the clinical stage at baseline and
in 10% (7/70), FDG PET correctly upstaged patients (Table 2). However, of the remaining
16 patients, 3 were incorrectly downstaged and 13 were incorrectly upstaged. Four patients
underwent staging with FDG PET after surgery, as they had stage IIB or III disease post-
surgery: one of these patients had an additional suspect breast lesion on FDG PET, and
subsequent mastectomy showed multifocal breast cancer.

Table 2. FDG PET staged 16/70 patients incorrectly compared to final baseline stage. Patients who received FDG PET
imaging prior to surgery or who did not receive surgical treatment are included (n = 70). The table indicates the number of
patients with their corresponding stage. (A) Staging based on clinical assessment, pathology and conventional imaging
performed at baseline. (B) Staging based on FDG PET imaging. (C) Final stage determined after FDG PET imaging,
additional imaging and/or biopsy/cytology of new identified suspect lesions.

(C) Final Stage Baseline

(A) Clinical Stage
(B) [18F]FDG PET

Stage
Local Recurrence IIB III IV

Local recurrence

Local recurrence 2 0 0 0
IIB 0 0 0 0
III 0 0 0 0
IV 0 0 0 1
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Table 2. Cont.

(C) Final Stage Baseline

(A) Clinical Stage
(B) [18F]FDG PET

Stage
Local Recurrence IIB III IV

IIB

Local
recurrence/stage

I/IIA
0 0 0 0

IIB 0 21 0 0
III 0 3 0 0
IV 0 4 0 1

No lesions visible
on scan

0 1 0 0

III

Local
recurrence/stage

I/IIA
0 0 0 0

IIB 0 0 2 0
III 0 0 24 0
IV 0 0 6 5

: Correctly identified by FDG PET, : Incorrectly downstaged by FDG PET, : Correctly upstaged by FDG PET, :
Incorrectly upstaged by FDG PET.

At the end of follow-up (after 18 months), 81.4% were disease-free (Table S1). Of
67 patients who were diagnosed with locoregional disease at baseline, 3 developed metas-
tases during follow-up. One patient had stage III by FDG PET at baseline; during follow-up,
multiple bone metastases were diagnosed after 12 months. The second patient had multiple
FDG-avid mediastinal lymph nodes, which were classified as reactive lymph nodes (no
biopsy/cytology performed), and 17 months later, she developed pathologically proven
liver metastases (without growing mediastinal nodes). The third patient had enhanced
uptake in parasternal and paratracheal lymph nodes (no biopsy/cytology performed),
which was interpreted at baseline as reactive lymph nodes probably due to esophagitis;
9 months later she presented with mastitis carcinomatosa, growing parasternal lymph
nodes and liver metastases.

3.3. Lesional Analysis

In group A, 155 lesions were pathologically verified prior to neo-adjuvant therapy
and primary surgical treatment (breast: 86, locoregional lymph nodes: 58, distant: 11;
Table S2A). Visual analysis of FDG PET correctly classified 115/155 (74.2%) lesions as
malignant, and 16/155 (10.3%) as benign. FDG PET incorrectly categorized 24/155 (15.5%)
lesions: 7/155 (4.5%) lesions in 7 patients were malignant but showed no uptake, whereas
17/155 (11.0%) lesions in 9 patients (5 with 1 lesion, 2 with 2 lesions, and 2 with 4 lesions)
were benign but showed enhanced uptake (Figure 1). On this pathologically confirmed
lesional basis, FDG PET had a sensitivity and specificity of 94.3% and 48.4%, respectively.

Group B consisted of 112 lesions (Table S2B). FDG PET classified 61/112 (54.5%) and
8/112 (7.2%) lesions as true positives and true negatives, respectively. Forty-three (43/112,
38.4%) lesions were classified incorrectly: 12/112 (10.8%) malignant lesions showed no
uptake, whereas 31/112 (27.7%) lesions showed enhanced uptake reported as suspect but
were benign. On this, with imaging/follow up confirmed lesional basis, FDG PET had a
sensitivity and specificity of 83.6% and 20.5%, respectively.

Results of groups A and B taken together (Table S2C) yielded a sensitivity and speci-
ficity of 90.3% (95% CI 85.3–93.7%) and 33.3% (23.5–44.8%), respectively. Misclassification
by FDG PET mostly involved axillary lymph nodes and bone tissue, respectively (Table S3).
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Figure 1. Examples of false negative and false positive lesions on FDG PET. (a–c) Patient with primary ER+ breast
cancer with faint uptake in the primary tumor (SUVmax 2.3). Low-dose CT (a) revealed a lytic lesion in the 10th thoracic
vertebra (Th10) without enhanced FDG uptake (b). An MRI scan (c) revealed multiple vertebral metastases (Th4, Th11,
Th12, L4, L5), including the one at Th10. This lesion was classified as false negative on FDG PET. (d–e) Patient with
multiple mediastinal FDG avid, suspect lymph nodes. Coronal section of a low-dose CT-scan (d) and FDG PET scan (e).
Endobronchial ultrasound–guided biopsy of 3 mediastinal lymph nodes showed reactive cells. These lesions were, therefore,
classified as false positive on FDG PET.

A similar lesion-based analysis was performed for conventional imaging, including
the diagnostic CT scan (Table S4), showing high sensitivity and low-moderate specificity
rates of 95.9% and 15.2% and 80.8% and 66.7% for groups A and B, respectively. Out-
comes of conventional and FDG PET imaging were also combined together for group
A (Table S5), showing that conventional imaging alone identified 23 additional suspect
lesions of which 7 were malignant. FDG PET alone identified 10 other suspect lesions of
which 5 were malignant.

Quantification of visually identified lesions on FDG PET did not improve discrimi-
nation between true and false positives lesions (Figure 2, Table S6 and Figures S1–S3), in
either group (A and B).

Figure 2. Cont.
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Figure 2. SUVmax and TLG show no significant differences between false and true positive le-

sions. Lesions were classified into 3 groups, i.e. false negatives, false positives and true positives;
lesions have been verified with pathology (a,b) or additional imaging and/or follow-up (c,d). Similar
results have been obtained for SUVpeak and SUVmean (Supplementary Figures S1 and S2). * p < 0.05.

3.4. Correlation between FDG PET Parameters and Histopathology

FDG uptake in the primary tumor was not associated with the accuracy of FDG PET
staging (p = 0.67). Ductal carcinoma had a higher SUVpeak and SUVmean than lobular
carcinoma (p < 0.05), and HER2+ tumors had a significantly higher TLG compared to
HER2- tumors (p < 0.05) (Table S7). The % ER positivity correlated with TLG (p < 0.05)

3.5. Implications for the Plan

In summary, in 22/74 (29.8%) patients, the treatment plan based solely on FDG
PET imaging would have been incorrect. In total, 65/74 (87.8%) patients underwent
surgical resection, and in 34/65 patients (52.3%), surgery included also axillary lymph node
dissection. No patient on neo-adjuvant therapy had progressive disease during treatment.
Pathological analysis of axillary specimens classified 143 of 346 lymph nodes as malignant,
whereas 203 were benign (Table S8). Since it is impossible to match each lymph node in
the pathology specimen with their location on imaging, we compared the numbers of
suspicious nodes on FDG PET with malignant nodes in the specimen. 83/143 (58.0%)
malignant lymph nodes in 16 patients were classified as false negatives on FDG PET. In
7 patients, diagnosed with N1-stage disease on FDG PET, axillary lymph node dissection
showed N2-disease (Table S9). In 2 patients with one malignant node on FDG PET, 1 or
2 additional nodes were identified when the axillary lymph node dissection was performed.
Additionally, FDG PET falsely identified N3 disease (infraclavicular lymph node) in one
patient, whereas in one case, N3 disease (intramammary lymph node) was missed. In the
remaining patients, FDG PET showed the same number or fewer affected lymph nodes
than the resection specimen, the latter most likely due to the effect of the neo-adjuvant
systemic treatment. As the neo-adjuvant treatment affects the lesion size, no correlation
between FDG PET positivity and the size of the lymph node metastasis could be made.

Metastatic disease was missed by FDG PET in two patients: one patient had multiple
bone metastases and the other patient had a lung metastasis. In eight other patients, false
positive lesions were identified in the liver, thyroid, bone and lymph nodes located in the
neck, mediastinum and inguinal region (Table S3).

4. Discussion

To our knowledge, this is the first study assessing the diagnostic performance of FDG
PET in patients with stage IIB/III or LRR, grade 1–2, ER+ breast cancer. In this study, the
sensitivity of FDG PET for disease staging was 77.1%. Previous studies have reported
a sensitivity of up to 100% for primary breast cancer [15,28] and 81–97% for restaging
of LRR [15], for all types of breast cancer combined. In a meta-analysis performed by
Han et al. [29], it could be seen that FDG PET outcomes led to changes in staging in 25%
of patients. In addition, various studies have shown that FDG PET outcomes affected the
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treatment plan in 6.5–18% of patients with primary breast cancer [11,15,29]. These data
reinforce the importance of additional imaging modalities next to the conventional imaging
to obtain the correct stage, which is essential for an adequate treatment plan. In our case,
the treatment plan was correctly adapted by FDG PET in 7/70 (10%) patients, but in 16/70
(23%) patients FDG PET would have led to an incorrect treatment plan (Table 2). Thus, our
results support the hypothesis that FDG PET is insufficient for (re)staging of grade 1-2 ER+
breast cancer.

4.1. TNM Lesion Detection

When looking into more detail to detection of individual lesions, this study shows that
the sensitivity and specificity of FDG PET for lesion detection (pre-operatively) was 94.3%
and 48.8% (group A)/83.6% and 20.5% (group B), respectively in patients with grade 1–2,
ER+ BC. Differentiation of lesion detection based on the type of lesion (i.e., primary breast
lesions, locoregional lymph nodes and distant metastases), showed that FDG PET accu-
rately detects primary breast tumors (83/87 (95.4%). Our data are in line with a prospective
study that showed similar detection rate of BC lesions when comparing FDG PET/CT
with MRI (95% vs. 100%, p = 1.0) [30]. However, compared to other conventional imaging
techniques, such as MRI, it is known that FDG PET has less sensitivity and less accuracy
for determining the size of the tumor and to assess the presence of multifocal disease [15].
For locoregional lymph nodes, previous studies have shown that micrometastases are
suboptimally detected with FDG PET (CT) [31,32]. However, in current clinical practice, it
is essential to identify all affected nodes before neo-adjuvant treatment, as only extensively
affected axillary lymph nodes (i.e., ≥N2-disease/‘bulky’ disease) remaining after neo-
adjuvant systemic treatment will, in general, require axillary lymph node dissection. In the
case of N1-disease (1–≤ 3 affected lymph nodes) at diagnosis and response to neo-adjuvant
treatment, resection of the sentinel node(s) and marked node is deemed sufficient when
followed by locoregional radiotherapy [3]. In our study, 26/96 (27.1%) axillary lymph
nodes were incorrectly identified: 3.1% of the axillary lymph nodes were identified as false
negatives and 24.0% as false positive nodes (Table S3). These incorrect identified nodes
could potentially change the N-stage and eventually the locoregional treatment, making it
even more important that these nodes are correctly identified.

In the case of distant metastases, FDG PET(CT) is known to have a high yield as shown
in inflammatory and stage II/III BC [6,15,33–35]. In this study, distant metastases were
identified in 7/70 patients (10%), which is at the lower end of what would be expected from
the literature for stages IIB/III/LRR [5–7]. In 4 patients, FDG PET confirmed the suspicion
of metastases as seen on conventional imaging, and in 3 patients, metastatic lesions were
correctly identified on FDG PET alone. However, FDG PET also missed lung and bone
metastases in 7 patients. Distant metastases were mainly located in extra-axillary lymph
nodes, the lungs and bone. FDG PET lacks sensitivity for the detection of (small) lung
nodules (due to partial volume effect and respiratory movement) and identifies osteoblastic
lesions suboptimally (often showing low or no FDG uptake in these lesions) [15,36]. In
our study, most of the lung lesions were small (range: 4–11 mm) and therefore correct
identification of these might have been hampered by the partial volume effect; however,
the low grade, ER+ breast cancer subtype might also have played a role. Most of the
bone lesions included in this study were osteolytic and also for these lesions, applied that
the specified low grade, ER+ breast cancer subtype might have affected its identification
on PET.

4.2. Association between FDG PET Parameters and Histopathology

Quantification of FDG uptake only showed a trend for higher SUVmax and TLG
values in malignant (true positive) lesions, compared to false positives and false negatives.
However, no specific threshold for malignancy could be determined, as was described in
other studies [37,38]. The histological subtype, however, correlates with FDG uptake, with
ductal BC having higher FDG uptake, compared to lobular BC. This is in accordance with
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other studies and can probably be explained by a lower tumor cell density, a low level of
GLUT1 expression, diffuse infiltration of surrounding tissue and a decreased proliferation
rate in lobular BC, eventually resulting in lower FDG uptake [17,19,20].

We did not observe a difference in FDG uptake between grade 1 and grade 2 tumors.
In the literature, it is known that grade 3 tumors have significantly higher FDG uptake
than grade 1–2 tumors, but no information is available regarding the correlation between
FDG uptake and grade 1 and 2 tumors, separately [12–18]. Regarding the receptor status,
we found that the % ER positivity and HER2 status correlated with TLG. No correlations
could be found between the PR status and FDG uptake. Previous studies are somewhat
contradictory about this: a few studies have shown that there is no correlation between
the hormone receptor status (positive or negative) and FDG uptake [14,39], whereas others
have shown that FDG uptake is affected by hormone receptor status [13,15–17,20–22]. These
studies do not take the expression levels of ER and PR, separately and in combination, into
account, which may be essential to identify the relation with FDG uptake. For HER2, no
correlation could be found between its status (positive/negative) and FDG SUV, which
is consistent with other studies [16,17,22]. However, the HER2 status did correlate with
TLG, but we could not confirm this from other studies, as they did not include TLG in
their analyses.

We did not find a correlation between the FDG uptake and the mitotic activity index
(mean ± standard deviation: 3.1 (±4.1); range: 0–19), probably as we only included tumors,
which are expected to be less metabolically active than other subtypes of breast cancer.
Studies including more metabolically active tumors, identified by a higher Ki-67 expression,
have reported higher FDG uptake [17,40].

4.3. Limitations

Due to the retrospective set-up of this study not all clinical, imaging, and pathology
data were available for all patients. We had access to all the FDG PET scans, but the scans of
other imaging modalities were not always present. In those cases, the available report of the
radiologist was used to compare lesions on the different imaging modalities. Furthermore,
of the 267 lesions investigated, 155/267 lesions were pathologically verified (reference
method), whereas for 112/267 lesions, only additional imaging and/or follow-up data were
available, which precludes a definitive diagnosis regarding these lesions. However, our
separate analyses for both groups yielded results in a similar range, supporting the chosen
approach. For the visual analysis, we also included all axillary lymph nodes, benign or
malignant, as verified according to the pathology report. However, in the case of multiple
avid lymph nodes on the FDG PET scan, it can be difficult to match the exact lymph node
that was pathologically proven benign or malignant to the correct lesion on the scan. In
that case, it was assumed that the lesion that is most avid on the scan is also most likely the
one of which biopsy or cytology is performed, and this lesion could also be quantified. Of
the remaining lesions, only the number of affected lymph nodes were taken into account in
the analysis.

4.4. Scientific Implications

Imaging with FDG PET for patients with grade 1–2, ER + BC can potentially lead to
incorrect staging. In the search for alternative methods to improve staging, imaging based
on the ER, which is independent of metabolic activity, might be of interest. Several clinical
studies have shown that 16α-[18F]-fluoro-17β-estradiol ([18F]FES) PET/CT has overall
high sensitivity (82–84%) and specificity (93–98%) rates [41], making it an interesting
ER-targeting PET tracer to compare with FDG for the staging of patients with grade 1–2,
ER + BC.

5. Conclusions

The data presented in this study show that FDG PET imaging inadequately staged
22.9% of grade 1–2, ER+ BC cases. This can lead to incorrect staging and subsequently to
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inappropriate treatment choices, potentially affecting survival and quality of life. Prospec-
tive studies investigating novel radiotracers are urgently needed to improve the current
imaging staging procedures.
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Abstract: Rationale: To formally determine the repeatability of Ga-68 PSMA lesion uptake in both
relapsing and metastatic tumor. In addition, it was hypothesized that the BPL algorithm Q. Clear
has the ability to lower SUV signal variability in the small lesions typically encountered in Ga-68
PSMA PET imaging of prostate cancer. Methods: Patients with biochemical recurrence of prostate
cancer were prospectively enrolled in this single center pilot test-retest study and underwent two
Ga-68 PSMA PET/CT scans within 7.9 days on average. Lesions were classified as suspected local
recurrence, lymph node metastases or bone metastases. Two datasets were generated: one standard
PSF + OSEM and one with PSF + BPL reconstruction algorithm. For tumor lesions, SUVmax was
determined. Repeatability was formally assessed using Bland–Altman analysis for both BPL and
standard reconstruction. Results: A total number of 65 PSMA-positive tumor lesions were found in
23 patients (range 1 to 12 lesions a patient). Overall repeatability in the 65 lesions was −1.5% ± 22.7%
(SD) on standard reconstructions and −2.1% ± 29.1% (SD) on BPL reconstructions. Ga-68 PSMA
SUVmax had upper and lower limits of agreement of +42.9% and −45.9% for standard reconstructions
and +55.0% and −59.1% for BPL reconstructions, respectively (NS). Tumor SUVmax repeatability was
dependent on lesion area, with smaller lesions exhibiting poorer repeatability on both standard and
BPL reconstructions (F-test, p < 0.0001). Conclusion: A minimum response of 50% seems appropriate
in this clinical situation. This is more than the recommended 30% for other radiotracers and clinical
situations (PERCIST response criteria). BPL does not seem to lower signal variability in these cases.

Keywords: repeatability; Ga-68 PSMA PET/CT; Bayesian penalized likelihood reconstruction;
prostate cancer

1. Introduction

In western Europe, United States and Canada, prostate cancer has the highest in-
cidence of all cancers in men, with a global incidence estimated at over 1.6 million in
2015 [1]. Nearly half of the patients will experience a relapse during their lifespan, either
locally in the prostate (bed) and/or in lymph node or bone metastases [2]. Biochemical
relapse (BCR) is defined as a PSA relapse after initial treatment, with different definitions
for BCR after radical prostatectomy or radiotherapy (i.e., external beam radiotherapy or
brachytherapy) [3]. Management strategies in BCR are focused on early detection of dis-
ease, with patients with low volume disease having the best prognosis [4]. Patients with
low volume disease may have only a few lesions of small size that make them qualify for
focal therapy, e.g., stereotactic body radiotherapy (SBRT), with the intent of postponing
systemic therapy [5]. Focal therapy can thus be directed against either local relapses or
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against metastases (metastasis directed therapy, MDT). PSMA PET/CT is a widely accepted
imaging modality in BCR, showing lesions with high contrast to their background [6]. Us-
ing PSMA PET/CT for monitoring of focal therapy to these lesions is generally less well
accepted but promising [7].

A standardized quantitative approach still needs to be developed, however.
It is known that uptake measurements of radiolabeled tracers with PET in vivo suffer

from many inaccuracies, as demonstrated by experience with FDG [8], and that this
requires evaluation and standardization prior to application as response parameter [9].
This probably applies equally to PSMA-PET expression. Before quantification of PSMA,
expression can be used as a surrogate biological parameter to identify response to treatment,
and before we can design sufficiently powered response evaluation studies, we need
to know the characteristics of the measurement technique. An important factor that is
currently less known is the normal day-to-day variability in Ga-68 PSMA expression of
tumor, i.e., repeatability.

The main aim of this pilot study is to formally determine the repeatability of Ga-68
PSMA in both relapsing and metastatic tumor, with focus on small lesions. In small lesions,
partial volume effects become increasingly relevant. Partial volume effects start to play
a role when lesion size falls below 2 to 3 times the spatial resolution of the PET system
defined by its full width at half maximum (FWHM), and are expected to increase signal
variability [10,11].

The spatial resolution that can be achieved in PET imaging is limited by physical
characteristics such as positron range and noncollinearity of annihilation photons de-
pends furthermore on scanner properties such as detector size and geometry, acquisition
parameters and on the reconstruction method applied.

For 18F-fluordeoxyglucose (FDG), Rogasch et al. have demonstrated that the Bayesian
penalized likelihood (BPL) reconstruction algorithm called Q.Clear (GE Healthcare, Mil-
waukee, WI, USA) can yield consistently improved reconstructed spatial resolution at high
and medium signal to background ratios, compared to OSEM +PSF + TOF and OSEM +
TOF [12].

Q.Clear is an iterative reconstruction algorithm that runs to full convergence by
controlling the noise introducing a relative difference noise penalty [13,14]. The noise
control term is a function of the signal values in neighboring voxels and is controlled by
a unitless penalization factor (the beta value), which is the only user-input variable set
in the algorithm [14]. In solitary pulmonary nodules (SPNs), BPL is claimed to improve
lesion visibility, when compared to OSEM [15,16]. We hypothesized that in small prostate
cancer lesions, which also may comprise of only 2 or 3 voxels, the noise penalty of the BPL
algorithm would improve uptake quantification to the voxel level, thus lowering signal
variability. This is the second aim of our study.

2. Materials and Methods

2.1. Patients

Thirty patients with biochemical recurrence of prostate cancer scheduled for routine
clinical Ga-68PSMA PET/CT were prospectively enrolled in this pilot study (NL52809.100.
16/R16.058/Ga-68 PSMA test-retest study) between January 2018 and July 2019. Their
scans were screened for evaluable PSMA-positive tumor lesions by two board certified
nuclear physicians (MJR and CB). Seven patients had no evaluable tumor lesions and
were excluded from the study. The remaining twenty-three had their second (retest) scan
within on average 7.9 days (range 6 to 23) of their initial (test) scan and were evaluated for
measurements in assigned tumor lesions. Only one patient had a relatively long interval of
23 days between test and retest due to logistical issues, where the next highest value was
10 days. Tumor lesions were classified as suspected local recurrence, lymph node metastases
or bone metastases. Both baseline scans were performed before any treatment had begun.
The study was approved by the local institutional ethics review board, and all patients had
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given written approval before any scanning was done (NL52809.100.16/R16.058/Ga-68
PSMA test-retest study, date of approval 22 March 2017).

PET images were acquired on a PET/CT scanner (GE Healthcare Discovery 710), with
a 2.5 min acquisition per bed position, on average 58 (range 55 to 69) min after injection
of on average 1.4 (range 0.9 to 1.7) MBq/kg dose of Ga-68 PSMA. Two datasets were
reconstructed: one standard ordered subset expectation maximization (OSEM) reconstruc-
tion including both time-of-flight (TOF) and point spread function (PSF) modelling and a
second one using the Bayesian penalized likelihood (BPL) algorithm, called Q.Clear [17].
For the OSEM reconstruction, 2 iterations and 24 subsets were used. BPL reconstruction
also included TOF and PSF. BPL (including TOF and PSF) is subsequently referred to as
BPL, same as for OSEM. A matrix size of 256 × 256 was used, resulting in voxels of 2.73 ×
2.73 × 3.27 mm3. With respect to filtering, a 6.4 mm Gaussian filter and 1:4:1 filter in axial
direction were applied. Both used low dose CT for attenuation correction. For the BPL
algorithm, a beta value of 600 was used. This value was found optimal in a Ga-68 PSMA
phantom study using spheres of 5–37 mm diameter (this special issue).

2.2. PET and CT Analysis

For both the test and the retest datasets, the PET and low-dose CT images were
processed independently. Imaging reading was performed using dedicated software for
PET/CT imaging (Philips IntelliSpace Portal 9.0, Eindhoven, The Netherlands).

In PET, tumor lesion size was measured in the axial plane using a fixed PET windowing
upper level (UL) of 10 used for stretching of the greyscale. Both long and short axis were
measured; lesion area was calculated according to the simple formula for round and oval
lesions: A = π × half long axis × half short axis. Within this area, the pixel with the highest
standardized uptake value is designated the SUVmax (injected dose/kg body weight).
Thus SUVmax was measured in all tumor lesions. The small size of most of the lesions did
not allow for measurement of other meaningful SUVs such as SUVpeak that need lesions
of at least 1 cm3. Low dose CT was used to check for appropriateness of the lesion area
measured in PET if possible (i.e., with the exception of some bone metastases not visible
on CT).

2.3. Statistical Analysis

The repeatability of SUVmax in tumor lesions was assessed with Bland–Altman
analysis by reporting the mean (bias) and limits of agreement (defined as mean ± 1.96 SD)
of the differences between the two measurements of individual lesions. Bland–Altman
analysis was preferred over intra class correlation coefficients on the basis of previous
recommendations [18,19]. Assessment of signal variability between lesion areas and
SUVmax was assessed with F-testing.

For the comparison of the two reconstruction techniques a paired t-test was used, i.e.,
BPL versus standard OSEM.

3. Results

A total number of 65 PSMA-positive tumor lesions were found in 23 patients (range 1
to 12 lesions), see Table 1 for patient characteristics. In addition, in 7 patients no lesions
were found, and therefore, these were excluded. In theory, a perfect test–retest will result
in identical values for the test and the retest. In daily practice, however, measurements of a
lesions SUVmax in repeated acquisitions will yield results normally distributed around
the true value. In tumor lesions showing an increased SUVmax from test to retest, the
average increase was 16.8% ± 10.6% (SD) on standard OSEM reconstructions (33 lesions)
and 22.1% ± 18.6% (SD) on BPL reconstructions (30 lesions). In tumor lesions showing a
decreased SUVmax from test to retest, these values were −21.0% ± 15.2% (SD) on standard
OSEM reconstructions (32 lesions) and −23.2% ± 19.7% (SD) on BPL reconstructions
(35 lesions), respectively. Overall repeatability in 65 lesions was −1.5% ± 22.7% (SD) on
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standard OSEM reconstructions and −2.1% ± 29.1% (SD) on BPL reconstructions. The
small difference between both reconstructions was not statistically significant.

Table 1. Patient characteristics.

Age PSA Gleason
Score

Activity
Test Scan
(MBq/kg)

Activity
Retest
Scan

(MBq/kg)

Time
Test
Scan
(min)

Time
Re-Test

Scan
(min)

Total
Number

of
Lesions

Prostate
Bed

Lymph
Node

Metastases
Bone Initial

Therapy
Year of

Therapy

Pat
no.

1 83 2.4 7 1.2 1.4 60 65 3 - 3 - LND
+EBRT 2009

2 71 4.1 8 1.2 1.5 58 58 1 - - 1 RALP
+LND 2017

3 75 4.5 7 1.4 1.5 57 60 1 - - 1 RALP 2009

4 73 8.4 6 1.3 1.6 57 57 6 - 3 3 AS+BT
+LND 2012

5 69 0.7 7 1.3 0.9 55 56 2 - 2 - RALP
+ELND 2015

6 78 16.0 6 1.5 1.4 55 56 3 1 2 - BT 2011

7 84 9.0 6 1.5 1.5 58 58 4 1 3 - BT 2012

8 80 0.7 8 1.3 1.5 57 57 2 1 - 1 RALP
+LND 2008

9 62 3.9 6 1.5 1.6 60 55 1 1 - - BT 2013

10 77 3.0 7 0.9 0.9 69 72 1 - 1 - RALP
+ELND 2010

11 71 3.5 7 1.3 1.5 55 56 1 1 - - BT 2014

12 67 5.7 - 1.3 1.1 55 55 3 1 1 1 BT 2007

13 78 1.7 8 1.4 1.4 61 56 1 - 1 - BT 2016

14 75 2.8 6 1.4 1.4 55 55 3 - 3 - BT 2009

15 74 2.0 7 1.5 1.5 59 62 1 - 1 - RP+LND
+EBRT 2009

16 77 1.2 7 1.0 1.5 55 55 3 - 3 - RALP 2009

17 72 2.5 7 1.7 1.6 55 55 12 - - 12 RALP
+ELND 2018

18 73 2.8 7 1.7 1.4 58 58 1 - - 1 BT 2007

19 78 5.4 6 1.5 1.4 57 55 3 - 3 - RALP
+LND 2008

20 77 3.7 8 1.5 1.3 55 55 4 2 2 - EBRT
+HT 2009

21 69 5.2 6 1.4 1.3 59 59 1 1 - - EBRT 2012

22 68 0.6 7 1.3 1.5 60 60 3 - 3 - RALP
+LND 2015

23 78 7.0 7 0.9 1.5 55 58 5 - 5 - EBRT 2017

AS = active surveillance, BT = brachytherapy, EBRT = external beam radiotherapy, ELND = extended lymph node dissection, HT = hormonal
therapy, LND = lymph node dissection, RP = radical prostatectomy (open procedure), RALP = robot assisted radical prostatectomy.

As shown in Figure 1A, overall repeatability of SUVmax had upper and lower limits
of agreement of +42.9% and −45.9% for standard OSEM reconstructions and +55.0% and
−59.1% for BPL reconstructions, respectively. For suspected local recurrence, SUVmax
had a repeatability of −5.0% ± 14.4%, with upper and lower limits of agreement of
+23.2% and −33.1% for standard OSEM reconstructions. For BPL reconstructions, SUVmax
repeatability was −9.5% ± 16.8%, with upper and lower limits at +23.5% and −42.5%.
See Figure 1B. For suspected lymph node metastases, SUVmax repeatability was −4.5%
± 22.8% for standard OSEM reconstructions, with upper and lower limits of +40.1% and
−49.1%. For BPL reconstructions, SUVmax repeatability was −3.3% ± 30.6%, with upper
and lower limits at +56.6% and −63.2%. See Figure 1C. For suspected bone metastases,
SUVmax had a repeatability of +4.4% ± 26.1%, with upper and lower limits of agreement of
+55.7% and −46.8% for standard OSEM reconstructions. For BPL reconstructions, SUVmax
repeatability was +2.7% ± 32.8%, with upper and lower limits at +67.0% and −61.6%. See
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Figure 1D. None of the differences between standard OSEM and BPL reconstructions were
statistically significant.
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Figure 1. Repeatability results of SUVmax for both reconstructions in all lesions (65 lesions, (A)), local recurrences (9 lesions,
(B)), lymph node metastases (36 lesions, (C)) and bone metastases (20 lesions, (D)).

Tumor SUVmax repeatability was dependent on lesion area, with smaller lesions
exhibiting poorer repeatability on both standard OSEM and BPL reconstructions (F-test,
p < 0.0001). See Figure 2A,B.
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Figure 2. Correlation between SUVmax repeatability and lesion size for standard OSEM (A) and BPL reconstruction (B).

Tumor absolute SUVmax was higher in BPL reconstructions than in standard OSEM
reconstructions for all lesions (data not shown). The relative increase in measured SUVmax
in the BPL reconstructions (as compared to standard OSEM reconstruction) was dependent
on lesion size. Smaller lesions (lesion area < 200 mm2) showed a significant larger increase
of SUVmax as compared to larger lesions (lesion area > 200 mm2): 44.3% ± 4.6% versus
25.5% ± 42.2% for the test scans (p = 0.004) and 43.5% ± 3.9% versus 18.6% ± 3.1% for the
retest scans (p < 0.001), respectively. See Table 2.
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Table 2. BPL SUVmax increase (relative to standard reconstruction) for smaller and larger lesions.

Test
BPL Relative

Increase of Suvmax (%)
SEM

Retest BPL Relative
Increase of SUVmax (%)

SEM

lesions < 200 mm2 44.3 4.6 43.5 3.9

lesions ≥ 200 mm2 25.5 4.2 18.6 3.1

2-sided t-test p = 0.004 p < 0.001

4. Discussion

In this prospective test–retest study, we formally report the repeatability of Ga-68
PSMA in both relapsing and metastatic tumor. The main finding of this study is the rela-
tively high day-to-day variability of tumor SUVmax with repeatability levels of agreement
varying between +43% and −46% for all lesions taken together. For local recurrences,
values vary between +23% and −33%; for the smaller lymph node and bone metastases,
values are +40% to −49% and +56% to −47%, respectively. In addition to this, we show a
significant correlation between lesion size and SUVmax repeatability levels of agreement.

With respect to our second aim, no significant differences in repeatability between
standard OSEM reconstruction and BPL reconstruction could be shown in this pilot study.
There was a small but not significant difference in favor of the standard OSEM reconstruc-
tion. However, BPL reconstructions resulted in significantly higher SUVmax of tumor
lesions as compared to standard OSEM reconstructions, with significantly higher relative
increases in smaller lesions.

Pollard et al. reported on the repeatability of Ga-68 PSMA-HBED-CC (PSMA-11)
SUVmax in relapsing prostate cancer [20]. Repeatability levels of agreement were given for
lymph node and bone metastases only and were lower than in our study: 30–40% versus
40–60%. Moreover, for other radiotracers like F-18 DCFPyL, F-18 FDG and F-18 FLT, values
in the 30–40% range were reported for SUVmax [21,22]. A possible explanation for the
higher day-to-day variability in our study is the relative high number of small lesions.
Our study hints at a negative correlation between lesion SUVmax variability and lesion
size (Figure 2A). We believe the patient cohort of this pilot study to be representative for
patients with relapsing prostate cancer showing relatively small tumor lesions in lymph
nodes and bones. Pollard et al. did not find any relationship between lesion size and
SUVmax variability [20]. A possible explanation for this is that they only reported on
relationships within classes, i.e., within typically smaller lymph node and bone metastases,
where we report on all lesions including the larger relapses of the primary tumor in the
prostate bed. Olde Heuvel et al. also reported on larger tumors in the setting of primary
staging of prostate cancer and found smaller day-to-day variability [23].

A larger day-to-day variability may have implications for lesion-specific response in
treatment monitoring. With respect to treatment response monitoring using F-18 FDG,
Wahl et al. proposed a minimum of 30% SUVmax decrease for a true response in their
PERCIST response criteria [24]. Although the PERCIST criteria have not been validated
for Ga-68 PSMA PET yet, we think that a minimum of 30% response is probably not
appropriate for the majority of the relatively small lesions that are typically found in (early)
relapsing prostate cancer. Our study shows that a minimum response of 50% might be
more appropriate in these cases, when using Ga-68 PSMA. Being deferred from a single
center single vendor study, an even more conservative approach might be warranted when
multiple centers and/or vendors are involved.

When confronted with the relatively small tumor lesions in patients with (early)
relapsing prostate cancer, partial volume effects have to be anticipated. This will be
particularly the case when quantifying tracer expression in small lesions using tracers with
high tumor-to-background ratios like Ga-68 PSMA but is not always appreciated [25,26].
For example, in a report on the effects of androgen deprivation therapy on Ga-68 PSMA
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SUVmax in primary prostate cancer, lymph node and bone metastases as recent as April
2020, possible impact of partial volume effects was not discussed at all [27].

The possible importance of partial volume effects can be illustrated by the BPL versus
standard reconstructions, as applied in our study. Two factors that contribute to the partial
volume effect (spill-in and spill-out) are the finite spatial resolution of the imaging system
(involving scanner hardware, acquisition parameters and reconstruction method) and
image sampling on a discrete voxel grid imperfectly matching the actual contours of tracer
distribution [12]. Impact of partial volume effects is strongly dependent on lesion size and
is coming into play when lesion size falls below 2 to 3 times the resolution of the system,
i.e., below 10 to 15 mm for an average PET/CT scanner system [10]. With respect to tracer
SUVmax measurements, partial volume effect will generally result in lower SUVmax values.
As SUVmean is usually defined as the average SUV in a 3D isocontour at a certain threshold
set as a percentage of the SUVmax [28]. In standard OSEM reconstruction, the number of
iterations is very limited, to prevent the emergence of excessive noise [13]. The Bayesian
penalized likelihood (BPL) reconstruction algorithm called Q.Clear allows for improved
spatial resolution because of its convergence, applying a noise penalty at the voxel level
during image reconstruction [14]. The resulting higher uptake/expression values in small
lesions (compared to standard reconstruction) have been reported for several radiotracers,
including F-18 PSMA-1007 in prostate cancer patients [29]. In the latter study, SUVmax
with BPL reconstruction has been compared to standard OSEM reconstruction, stratified
for lesion size. A significant reported increase in SUVmax with BPL reconstruction for
lesions smaller than 10 mm diameter only was reported. In our study, we confirm these
findings for the 68Ga-PSMA tracer, including the relationship with lesion size (Table 2),
thus highlighting the importance of partial volume effects and its correction.

We hypothesized that the BPL reconstruction algorithm Q.Clear has the ability to
lower signal variability in the small lesions typically encountered in early relapse or early
metastatic disease of prostate cancer. Our study did not confirm our hypothesis. On
the contrary, signal variability tended to be higher with BPL reconstruction compared to
standard reconstruction (although not significant). A possible explanation for this could
be the ‘overshoot’ reported with BPL reconstruction for small spheres at high sphere-to-
background ratios in a phantom study using F-18 FDG [30]. The high sphere-to-background
ratios in this study may correspond to the high tumor-to-background ratios typically
encountered in Ga-68 PSMA avid prostate cancer lesions.

Limitations. This single site study has several limitations. For a formal test–retest
study, there is a relatively wide range in administered activity (0.9–1.7 MBq/kg) and time
from injection to acquisition (55–69 min). However, in most patients, the activity was
administered within reasonable limits with respect to dose and equilibration time, thus
reflecting daily practice. Especially, with regard to relatively short-lived radiopharmaceu-
ticals like Ga-68, exact dosing can be cumbersome. For example, timely administration
of the radiopharmaceutical was hampered by the pending results of the quality control
just prior to injection in some patients. The assignment of tumor lesions was only done by
two experienced image readers, and inter-observer variability was not assessed. This was
considered acceptable because the exact nature of the lesions was less important in light of
the general aim of the study, i.e., assessment of signal variability. The same holds for the
fact that for the majority of the lesions there has been no confirmation by histopathology.
Moreover, potential detrimental effects of patient motion cannot be ruled out. This may be
especially relevant because most lesions were small.

With respect to the comparison of the BPL and standard OSEM reconstructions, the
image reading was not blinded. This was deemed acceptable because the visual appearance
of both reconstructions is different, precluding true blinded image reading.

No significant difference was found between BPL and standard OSEM reconstruction
signal variability, probably because the study was underpowered. Being a pilot study, the
results can be used for power calculations for a possible future study.
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5. Conclusions

The main finding of this study is the relatively high day-to-day variability of tumor
SUVmax with repeatability levels of agreement varying between +43% and −46% for all
lesions taken together. Small lesions tend to have larger day-to-day variability of tumor
SUVmax when compared to larger lesions. With respect to response monitoring, minimum
response of 50% for Ga-68 PSMA PET might be more appropriate.

With respect to our second aim no significant differences in repeatability between
standard OSEM reconstruction and BPL reconstruction could be shown in this pilot study.
There was a small but not significant difference in favor of the standard reconstruction,
however. These results do not support the use of BPL with respect to our hypothesis that it
might lower signal variability.
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Abstract: We investigated whether the combination of primary tumor and nodal 18F-FDG PET
parameters predict survival outcomes in patients with nodal metastatic non-small cell lung cancer
(NSCLC) without distant metastasis. We retrospectively extracted pre-treatment 18F-FDG PET
parameters from 89 nodal-positive NSCLC patients (stage IIB–IIIC). The Cox proportional hazard
model was used to identify independent prognosticators of overall survival (OS) and progression-free
survival (PFS). We devised survival stratification models based on the independent prognosticators
and compared the model to the American Joint Committee on Cancer (AJCC) staging system using
Harrell’s concordance index (c-index). Our results demonstrated that total TLG (the combination
of primary tumor and nodal total lesion glycolysis) and age were independent risk factors for
unfavorable OS (p < 0.001 and p = 0.001) and PFS (both p < 0.001), while the Eastern Cooperative
Oncology Group scale independently predicted poor OS (p = 0.022). Our models based on the
independent prognosticators outperformed the AJCC staging system (c-index = 0.732 versus 0.544 for
OS and c-index = 0.672 versus 0.521 for PFS, both p < 0.001). Our results indicate that incorporating
total TLG with clinical factors may refine risk stratification in nodal metastatic NSCLC patients and
may facilitate tailored therapeutic strategies in this patient group.
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1. Introduction

The incidence of lung cancer is the highest among all types of cancers, with lung
cancer being the leading cause of cancer mortality worldwide [1–3]. Non-small cell lung
cancer (NSCLC) accounts for 85% of all lung cancer cases [4–6]. In patients with NSCLC
without distant metastasis, regional lymph node metastasis is common; 13.0% to 40.3%
of these cases develop nodal metastases despite early primary tumor status [7]. With
current therapeutic advances, regional nodal metastasis without distant spreading can be
curatively treated by definitive concurrent chemoradiotherapy (CCRT), radiotherapy, or
surgery. However, the treatment response and survival outcome of NSCLC cases with
regional nodal metastasis are quite heterogeneous. The 5 year overall survival (OS) rates
range from 9% to 60% [8–11]. Furthermore, the nodal classification in the eighth edition
of the American Joint Committee on Cancer (AJCC) may be inadequate for prognostic
stratification of NSCLC cases with regional lymph node metastasis [11–13]. Therefore, a
more reliable prognosticator is imperative in this patient group to guide more sophisticated
risk-adapted treatment strategies.

18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) is highly sen-
sitive for detecting the disease extent of NSCLC, and this imaging modality has become
the standard-of-care tool for staging and re-staging patients with NSCLC [14]. Because
18F-FDG PET provides a way of featuring the glycolytic activity of the tumor, it is also
able to represent the tumor viability and can be used to assess the treatment response [15].
Furthermore, the glycolytic activity in tumors is associated with vicious signaling path-
ways [16,17]. Several 18F-FDG PET semiquantitative parameters have been developed to
quantify the glycolytic activity and metabolic volume of tumors, including standardized
uptake value (SUV) and volumetric parameters such as the metabolic tumor volume (MTV)
and total lesion glycolysis (TLG). Higher metabolic activity and larger metabolic burdens
are associated with worse survival outcomes; thus, many studies have focused on the use
of 18F-FDG PET-derived semiquantitative parameters as prognostic biomarkers to predict
survival outcomes in patients with NSCLC [15,18–21]. In addition, the semiquantitative
18F-FDG PET parameters can not only be derived from the primary tumor but can also be
measured from the metastatic nodes, as the genotypes and the consequent phenotypes may
not be the same in the metastatic lesions and primary tumors [22,23]. To date, most studies
for nodal metastatic NSCLC have evaluated the 18F-FDG PET parameters from the primary
tumor and metastatic lesions separately; studies combining 18F-FDG PET parameters from
both metastatic nodes and primary tumor in nodal metastatic NSCLC are limited [21].

Therefore, the objective of this study was to investigate the feasibility of combining
18F-FDG PET parameters from primary tumors with regional metastatic nodes to assess
the survival outcomes in patients with nodal-positive NSCLC without distant metastasis.

2. Materials and Methods

2.1. Patient Population

This retrospective study was conducted in accordance with the Declaration of Helsinki
and the protocol was approved by the local Institutional Review Board and Ethics Com-
mittee at our hospital (IRB109-235-B). Due to the retrospective nature of this study, the
requirement of informed consent for this study was waived. We retrospectively enrolled pa-
tients with a new diagnosis of NSCLC from January 2010 to September 2019. The diagnoses
of NSCLC in all study patients were established using histopathology. Serial examinations
were performed in all study participants for lung cancer staging and treatment planning at
the time of the initial diagnosis. The examinations included contrast-enhanced computed
tomography (CT) of the chest to the upper abdomen, 18F-FDG PET/CT, gadolinium-
enhanced MRI of the brain, and pulmonary function tests. For lesions in the images that
were indicative of malignancy, image-guided biopsies were collected whenever possible.
If biopsies were not feasible or if the biopsy result was negative, the patient was closely
monitored with imaging. Patients were re-staging according to the eighth edition of the
AJCC staging manual [13]. We only included patients with a clinically positive regional
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nodal metastatic disease (patients with an N1 to N3 classification were included) and
without evidence of distant metastasis at the time of the initial diagnosis. Patients’ daily
living performance at the initial diagnosis was assessed using the Eastern Cooperative
Oncology Group scale (ECOG) [24]. Patients included in this study received curative
surgery (resection of the primary tumor and mediastinal lymph node dissection) with
or without neoadjuvant CCRT, definitive CCRT, or definitive radiotherapy as the initial
treatment. The radiotherapy dose was 2 Gy/fraction daily up to a targeted dose of 60
to 66 Gy. A cisplatin-based chemotherapeutic regimen was administered if CCRT was
chosen as the initial treatment [25,26]. Patients receiving only systemic chemotherapy or
target therapy were excluded. The choice of first-line treatment was based on the decision
of the attending physician. The findings of all examinations in each individual and the
pre-treatment staging were discussed and determined at a multidisciplinary lung cancer
conference convened by our thoracic oncology research team.

2.2. Imaging Protocol and Analysis of 18F-FDG PET Scan

All study participants fasted for at least 4 h before 18F-FDG injection (400 MBq)
and had blood glucose levels no greater than 200 mg/dL. The 18F-FDG PET/CT scans
were performed 45 to 60 min after radiotracer administration using a GE Discovery ST
scanner (GE Healthcare, Milwaukee, WI, USA). The PET/CT system was equipped with a
PET unit containing 10,080 bismuth germanate crystals in 24 rings and a 16-detector row
transmission CT unit. CT scans were performed first for attenuation correction without
administration of contrast medium. The voltage and current of the tube were 120 kV and
120 mA, respectively. The pitch of the CT was 1.75 and sampling of CT images was done in
the helical mode with a helical thickness of 3.75 mm. Immediately after the transmission
CT, PET images were acquired from the midthigh to the vertex in a static 3-dimensional
mode. The scanning time was three min for each table position (15 cm for each table
position, with a 3 cm overlap for every contiguous frame). PET images were reconstructed
with an ordered-subset expectation maximization algorithm (2 iterations, 21 subsets, and a
2.14 mm full width at half maximum Gaussian post-filter). The imaging matrix size, pixel
size, and slice thickness for the reconstructed PET images were 128 × 128, 5.47 × 5.47, and
3.27 mm, respectively.

The platform used for display and semiquantitative analysis of 18F-FDG PET/CT
images was a PMOD 4.0 system (PMOD Technologies Ltd., Zurich, Switzerland). An
experienced nuclear medicine physician interpreted the 18F-FDG PET images. For image
quantification, the experienced nuclear medicine physician identified and placed the
volume-of-interest (VOI) on the primary tumor and the regional metastatic nodes on the
18F-FDG PET/CT image. The VOIs were placed and segmented separately for the primary
tumor and the metastatic nodes. The SUV of 18F-FDG PET was calculated and normalized
to each patient’s body weight as follows:

SUV =
(decay − corrected activity (kBq) per milliliter of tissue volume)

(injected 18F − FDG activity (kBq)/body weight in g)

The 18F-FDG lesions were segmented using a 41% threshold of the maximum standard
uptake value method [27]. The segmented volumes were used to define the MTV. The
PMOD 4.0 software automatically generated the mean SUV within the MTV. The TLG
was then calculated as TLV = mean SUV × MTV. The VOI and segmentation results were
confirmed by another expert nuclear medicine physician. We recorded the SUVmax and
TLG values of the primary tumors (described as primary tumor SUVmax and primary
tumor TLG) and the regional metastatic nodes (nodal SUVmax and nodal TLG). Further-
more, we calculated the nodal to primary tumor SUVmax ratio (NTSUVR), the nodal to
primary tumor TLG ratio (NTTLGR), the product of the primary tumor and nodal SUVmax
(TNSUVproduct), and the sum of the primary tumor and nodal TLG (total TLG) based on
the following formulas:
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NTSUVR =
(nodal SUVmax)

(primary tumor SUVmax)

NTTLGR =
(nodal TLG)

(primary tumor TLG)

TNSUVproduct = (primary tumor SUVmax)× (nodal SUVmax)

total TLG = primary tumor TLG + nodal TLG

The procedure used for image feature extraction is outlined in Figure 1.

 

Figure 1. The method used for feature extraction from 18F-FDG PET. VOI, volume-of-interest; SUV, standardized uptake
value; TLG, total lesion glycolysis; NTSUVR, nodal to primary tumor SUVmax ratio; NTTLGR, nodal to primary tumor TLG
ratio; TNSUVproduct, product of primary tumor and nodal SUVmax.

2.3. Follow-Up of Study Participants

After diagnosis, we followed patients with weekly outpatient clinic visits during
treatment, at 3-month intervals after initial curative treatment, at 6-month intervals for
2 years, and annually thereafter. When signs of disease recurrence or progression emerged,
contrast-enhanced CT, gadolinium-enhanced MRI of the brain, or 18F-FDG PET/CT were
performed. Biopsies were taken for suspicious lesions whenever possible. New bloody
effusion or positive fluid cytology was considered as recurrence or disease progression.

2.4. Data Analysis

We followed all study participants until death or March 2021 (whichever occurred
first). Patient demographics were expressed as frequencies (percentage), means (stan-
dard deviation), or medians (interquartile range). The primary endpoints were OS and
progression-free survival (PFS). The OS was defined as the date of cancer diagnosis to the
date of death or censored at the date of the last follow-up for surviving patients. PFS was
calculated from the date of treatment initiation to the date of disease progression (e.g.,
growth of a residual tumor or development of new metastatic lesion), the date of disease
recurrence after complete remission, the date of death, or censoring at the date of the last
follow-up. Continuous variables were selected and the optimal cut-off values for each
continuous variable were determined using receiver-operating characteristic (ROC) curve
analyses. Only variables that were statistically significant predictors of death in the ROC
curve analyses were selected for the survival analysis. Cut-off values with the highest
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summation of sensitivity and specificity were selected as the optimal cut-offs for each
continuous variable [28–30]. The variable selection and optimal cut-off determinations
are summarized in the Supplementary Table S1. The continuous variables adjusted in the
survival analysis were age, primary tumor SUVmax, primary tumor TLG, nodal SUVmax,
nodal TLG, total TLG, and TNSUVproduct, and their optimal cut-off values were 75.5,
8.05, 42.5, 2.94, 18.3, 81, and 27, respectively. We used univariate and multivariate Cox
regression analyses to study the association of the study variables with survival outcomes.
First, we tested the effects of each variable on OS and PFS using univariate analyses. Then,
the statistically significant variables from the univariate analysis were incorporated into
the multivariate analysis to identify independent predictors of survival. We expressed
the results of the survival analysis as hazard ratios (HR) and 95% confidence intervals.
Statistical analyses were performed using SPSS software (version 20.0; SPSS Inc., Chicago,
IL, USA).

The results of the multivariate Cox regression analysis were used to model the OS and
PFS. The patient survival hazard was calculated by multiplying the HRs of the existing
independent risk factors. For example, if a patient had three independent risk factors
(HR1–HR3), the total hazard for this patient was calculated as HR1 × HR2 × HR3. If a
patient had no risk factors, then the total hazard was the baseline hazard. If a patient had
risk factors 1 and 3, then the risk of having shorter survival compared to no risk factor was
HR1 × HR3.

2.5. Survival Model Validation and Comparison

The results of the multivariate Cox regression survival analysis were validated using
the bootstrapping method. The validation process was performed with 1000 bootstrap
samples. The results of bootstrapping validation were expressed as β, bias-corrected ac-
celerated 95% confidence intervals, standard errors, and p-values. The validation process
was executed using SPSS software (version 20.0; SPSS Inc., Chicago, IL, USA). The perfor-
mance of our Cox regression models was assessed and compared with the AJCC staging
system using Harrell’s concordance index (c-index) and Kaplan–Meier curves (log-rank
test) [19,31]. Different c-indices were compared using the “compareC” package installed
on the R open-source statistical software version 3.4.2 (R Foundation, Vienna, Austria). A
two-tailed p-value of <0.05 was considered statistically significant.

3. Results

3.1. Patient Characteristics

Eighty-nine patients were eligible for analysis, whose baseline characteristics are sum-
marized in Table 1. In total, 15 (16.9%), 53 (59.6%), and 21 (23.6%) patients were clinically
classified as N1, N2, and N3 status, respectively. Thirty-seven (41.6%) patients received cu-
rative surgery or neoadjuvant CCRT and surgery as the initial treatment. Fifty-two (58.4%)
patients received definitive CCRT or definitive radiotherapy. The median (interquartile
range, IQR) time from the 18F-FDG PET/CT to initiation of treatment was 14 (12) days. The
median follow-up period was 25.4 months (range, 1.7–130.2 months) for all patients and
48.7 months (range, 10.0–130.2 months) for the 34 surviving patients. Sixty (67.4%) patients
experienced recurrence or disease progression after or during the initial treatment; 32 of
these patients had locoregional recurrence or progression only and 15 patients developed
distant metastases without locoregional failure. The remaining 13 patients had both locore-
gional failure and distant metastasis. By the time of the last follow-up, 55 (61.8%) patients
died. The 5-year OS and PFS rates were 33.4% and 24.7%, respectively.
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Table 1. Baseline characteristics for patients in this study (n = 89).

Characteristics Value

Age, years, mean ± SD 67 ± 11.4
Sex, n (%)

Male 59 (66.3)
Female 30 (33.7)

Histology
Adenocarcinoma 43 (48.3)

Squamous cell carcinoma 45 (50.6)
NSCLC—otherwise specified 1 (1.1)

T classification, n (%) a

T1b 2 (2.2)
T1c 16 (18.0)
T2a 10 (11.2)
T2b 11 (12.3)
T3 25 (28.1)
T4 25 (28.1)

N classification, n (%) a

N1 15 (16.9)
N2 53 (59.6)
N3 21 (23.6)

Overall stage, n (%) a

Stage IIB 12 (13.5)
Stage IIIA 23 (25.8)
Stage IIIB 41 (46.1)
Stage IIIC 13 (14.6)

ECOG, n (%)
0 20 (22.5)
1 59 (66.3)
2 9 (10.1)
3 1 (1.1)

Initial treatment, n (%)
Surgery 30 (33.7)

Neoadjuvant CCRT and surgery 7 (7.9)
Definitive CCRT 33 (37.0)

Definitive Radiotherapy 19 (21.4)
Time from 18F-FDG PET to initial treatment, d, median (IQR) 14 (12)

Quantitative analysis of 18F-FDG PET, mean ± SD
Primary tumor SUVmax 11.3 ± 5.22

Primary tumor TLG 292.1 ± 420.86
Nodal SUVmax 7.0 ± 4.96

NTSUVR 0.68 ± 0.415
Nodal TLG 67.4 ± 161.46
NTTLGR 0.79 ± 2.023
total TLG 359.6 ± 489.10

TNSUVproduct 89.7 ± 89.74
NSCLC, non-small cell lung cancer; ECOG, Eastern Cooperative Oncology Group; CCRT, concurrent chemora-
diotherapy; SD, standard deviation; IQR, interquartile range; SUV, standardized uptake value; TLG, total lesion
glycolysis; NTSUVR, nodal to primary tumor SUVmax ratio; NTTLGR, nodal to primary tumor TLG ratio; TNSU-
Vproduct, product of primary tumor and nodal SUVmax. a Staging according to 8th edition of American Joint
Committee on Cancer manual.

3.2. Univariate and Multivariate Survival Analyses

Our ROC curve analysis identified six semiquantitative 18F-FDG PET parameters
that were associated with patient death. These parameters were included in the survival
analysis (Supplementary Table S1), including the primary tumor SUVmax, primary tu-
mor TLG, nodal SUVmax, nodal TLG, total TLG, and TNSUVproduct. The median OS
and median PFS were 31.5 months (range, 1.7–130.2 months) and 15.1 months (range,
0.2–126.8 months), respectively. The results of the univariate and multivariate Cox re-
gression analyses are outlined in Table 2. The univariate analysis of OS showed that
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age > 75.5 year-old, squamous cell pathology, T2–T4 disease, ECOG status > 0, never re-
ceived surgery, only received radiotherapy, primary tumor SUVmax > 8.05, primary tumor
TLG > 42.5, nodal SUVmax > 2.94, nodal TLG > 18.3, total TLG > 81, and TNSUVproduct > 27
were associated with shorter OS. The univariate Cox regression analysis for PFS showed
that age >75.5 year-old, never received surgery, only received radiotherapy, primary tumor
SUVmax > 8.05, primary tumor TLG > 42.5, total TLG > 81, and NSUVproduct > 27 were
predictive of shorter time to progression. The statistically significant variables in the uni-
variate analysis were fitted into multivariate Cox regression models. Age > 75.5 year-old,
ECOG status > 0, and total TLG > 81 independently predicted unfavorable OS, whereas
age > 75.5 year-old and total TLG > 81 were independent risk factors for shorter PFS.

Table 2. Univariate and multivariate analyses for survival prognostic factors.

Variable No.

OS PFS

Univariate Multivariate Univariate Multivariate
HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

Age <0.001 0.001 0.001 <0.001
>75.5 24 2.8 (1.6–4.9) 2.6 (1.5–4.6) 2.5 (1.5–4.2) 2.7 (1.6–4.7)
≤75.5 65 Reference Reference Reference Reference

Histopathology 0.012 0.126 0.175 NA
Squamous

cell 45 2.0 (1.2–3.5) 1.4 (0.9–2.3)

Others 44 Reference Reference
At least T2

disease 0.045 0.590 0.053 NA
Yes 71 2.3 (1.0–5.0) 2.0 (1.0–3.9)
No 18 Reference Reference

N3 disease 0.303 NA 0.408 NA
Yes 21 1.4 (0.8–2.5) 1.3 (0.7–2.2)
No 68 Reference Reference

Staging 0.257 NA 0.169 NA
Stage III 77 1.6 (0.7–3.8) 1.7 (0.8–3.8)
Stage II 12 Reference Reference
ECOG
status 0.007 0.022 0.084 NA

ECOG > 0 69 4.1 (1.5–11.4) 3.3 (1.2–9.4) 1.8 (0.9–3.6)
ECOG = 0 20 Reference Reference Reference
Received
surgery a 0.001 0.240 0.030 0.938

Absence 52 2.6 (1.5–4.7) 1.8 (1.1–2.9)
Presence 37 Reference Reference

Radiotherapy
only b <0.001 0.338 0.002 0.642

Yes 19 3.2 (1.8–5.6) 2.4 (1.4–4.2)
No 70 Reference Reference

Primary
tumor

SUVmax

<0.001 0.135 <0.001 0.238

>8.05 62 4.9 (2.2–10.9) 3.0 (1.6–5.6)
≤8.05 27 Reference Reference

Primary
tumor TLG 0.001 0.873 0.024 0.064

>42.5 63 3.7 (1.7–8.3) 2.0 (1.1–3.6)
≤42.5 26 Reference Reference
Nodal

SUVmax 0.012 0.114 0.204 NA
>2.94 70 3.0 (1.3–6.9) 1.5 (0.8–2.8)
≤2.94 19 Reference Reference

Nodal TLG 0.014 0.454 0.104 NA
>18.3 40 2.0 (1.1–3.3) 1.5 (0.9–2.4)
≤18.3 49 Reference Reference

total TLG <0.001 <0.001 0.001 <0.001
>81 63 5.2 (2.2–12.2) 5.1 (2.2–12.0) 3.0 (1.6–5.7) 3.3 (1.7–6.2)
≤81 26 Reference Reference Reference Reference

TNSUVproduct <0.001 0.164 0.011 0.481
>27 67 5.3 (2.1–13.3) 2.3 (1.2–4.3)
≤27 22 Reference Reference

OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; SUV,
standardized uptake value; TLG, total lesion glycolysis; TNSUVproduct, product of primary tumor and nodal SUVmax; NA, not applicable. a Received
curative surgery or neoadjuvant chemoradiation followed by curative surgery. b Only received radiotherapy as the initial treatment.
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3.3. Survival Model Construction and Validation

The independent risk factors were used to develop prediction models for OS
(age > 75.5 years, ECOG > 0, and total TLG > 81) and PFS (age > 75.5 years and total
TLG > 81). The construction of our survival models is demonstrated in the Supplementary
Figure S1. The risk for each patient was calculated by multiplying the hazard ratio of each
risk factor. In the OS model, the HRs for age > 75.5 years, ECOG > 0, and total TLG > 81
were 2.6, 3.3, and 5.1, respectively; in the PFS model, the HRs for age > 75.5 years and total
TLG > 81 were 2.7 and 3.3, respectively (Table 2). If a patient had all three independent risk
factors for OS, the total hazard of poor OS for this patient was 43.8 (2.6 × 3.3 × 5.1). If a
patient had no risk factor, then the total hazard was the baseline hazard. If a patient was
> 75.5 years and had a total TLG > 81, then the risks of having a shorter OS and poor
PFS compared to no risk factor would be 13.3 (2.6 × 5.1) and 8.9 (2.7 × 3.3), respectively.
The resulting hazards ranged from 1 to 43.8 for the OS model and 1 to 8.9 for the PFS
model. Patients with similar 5 year survival outcomes in the Kaplan–Meier curve analysis
were re-stratified into one risk group. Finally, we obtained three separate risk categories
(HR < 3, HR = 3–10, and HR > 10 for the OS model; HR < 3, HR = 3–5, and HR > 5 for the
PFS model).

The bootstrap method was used to validate our survival analysis results. Supple-
mentary Table S2 presents the results of the bootstrap validation. The β estimate of each
independent prognosticator was statistically significant in predicting OS and PFS.

3.4. Model Performance and Comparison to AJCC Staging System

The Cox regression models in our study significantly stratified patients into different
survival risk groups (Figure 2). The c-indices of our Cox regression model for OS and PFS
were 0.732 and 0.672, respectively. The Cox regression model developed in our study cohort
significantly outperformed the AJCC staging system. In addition, our models (combining
the independent clinical prognosticators with total TLG) showed the highest c-indices
compared with other models using the combination of independent clinical risk factors
with primary tumor TLG or nodal TLG (Table 3).

Table 3. A Comparison of the c-indices between the traditional cancer staging system and our models.

Model c-Index for OS p-Value d c-Index for PFS p-Value d

AJCC staging system a 0.544 NA 0.521 NA
Our Cox regression model 0.732 <0.001 0.672 <0.001
Model with primary tumor

TLG b 0.696 0.002 0.639 0.012

Model with nodal TLG c 0.708 0.001 0.632 0.010
NA, not applicable; AJCC, American Joint Committee on Cancer; TLG, total lesion glycolysis. a Staging according
to 8th edition of AJCC manual. b Model constructed from the independent clinical risk factors and primary tumor
TLG. c Model constructed from the independent clinical risk factors and nodal TLG. d In comparison with AJCC
staging system.
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Figure 2. The Kaplan–Meier curves for OS and PFS in patients with nodal metastatic NSCLC without distant metastasis.
Survival was stratified according to the eighth edition of the AJCC system (a,b) and our survival prediction model (c,d). OS,
overall survival; PFS, progression-free survival; AJCC, American Joint Committee on Cancer.

3.5. Model Performance in Subgroups of Different Initial Treatments

We also applied our survival prediction models to subgroups according to different
initial treatments (curative surgery or definitive CCRT). Our models significantly stratified
patients into different survival risks independent of the initial treatment strategy (Figure 3).
The c-indices of our models were compared to the AJCC staging system in the subgroups.
Our models significantly outperformed the AJCC staging system, except the c-index for
PFS in patients who received initial curative surgery, which only showed a statistical trend
(Table 4).
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Figure 3. The Kaplan–Meier curves depicting OS and PFS stratified by our prediction model in subgroups of different initial
treatments. The use of our model in subgroups that underwent curative surgery or neoadjuvant CCRT followed by surgery
(a,b) and in initial non-surgical subgroup (c,d). OS, overall survival; PFS, progression-free survival; CCRT, concurrent
chemoradiotherapy.

Table 4. A comparison of the c-indices of our model with the traditional cancer staging system in
subgroups of different initial treatment strategies.

Initial Surgery Group (n = 37) a

Model c-Index for OS p-Value c-Index for PFS p-value

Our Cox
regression

model
0.742 NA 0.657 NA

AJCC staging
system b 0.513 <0.001 0.531 0.074

Initial non-surgery group (n = 52)

Model c-index for OS p-value c-index for PFS p-Value

Our Cox
regression

model
0.667 NA 0.627 NA

AJCC staging
system b 0.466 0.004 0.441 0.003

NA, not applicable; AJCC, American Joint Committee on Cancer. a Including initial curative surgery or neoadju-
vant chemoradiation followed by curative surgery. b Staging according to 8th edition of AJCC manual.
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4. Discussion

Regional lymph node metastasis is common in NSCLC patients without distant metas-
tasis (M0 disease) and is associated with a worse survival prognosis [32]. Disease recurrence
within 5 years after initial curative treatment occurs in over half of lung cancer patients with
nodal metastasis, and these patients eventually die of recurrence [9,10,32]. The survival
outcomes of M0 patients with regional nodal metastatic NSCLC vary widely, despite initial
aggressive treatment [8,9,11]. Therefore, a more reliable prognostic stratification tool is an
unmet need. The prognostic value of 18F-FDG PET parameters derived from the primary
tumor or the regional lymph node has been reported in patients with NSCLC [18–20,33,34].
However, the predictive power of combining the 18F-FDG PET parameters from both
primary tumor and metastatic nodes has not been well investigated. Although some
studies have combined the 18F-FDG PET volumetric parameters from the primary tumor
and metastatic lesions, these study cohorts mixed locoregional disease cases with distant
metastatic cases [35–38]. Thus, the results of these studies cannot be applied to patients
with locoregional disease due to the diverse prognoses of patients with M0 or M1 diseases.
In this study, we demonstrated that the total TLG derived from 18F-FDG PET, a combination
of TLGs from both the primary tumor and regional lymph nodes, is an independent risk
factor for PFS and OS in patients of locoregional NSCLC. Incorporating the total TLG with
traditional clinical risk factors improved survival stratification.

Although the AJCC staging system is currently the mainstay of decision making
regarding treatment strategies in NSCLC, it does not simultaneously assess tumor bio-
logical activity and burden. In patients with regional nodal metastatic NSCLC without
distant spreading, the 18F-FDG PET metabolic parameters derived from primary tumor or
metastatic nodes have been shown to be associated with survival outcomes in previous
reports [18,33]. Because the primary tumor and metastatic nodes usually show different
glucose metabolic profiles in 18F-FDG PET images, a combination of the two may provide
comprehensive biological information for predicting prognosis. In this study, we found
that combining the TLG of the primary tumor and the metastatic nodes into a total TLG
resulted in an independent risk factor with a higher prognostic significance. The TLG is
calculated by multiplying the MTV by the mean SUV, which weights the volumetric burden
and metabolic activity of tumors. Kim et al. and Park et al. showed that larger primary
tumor MTV was associated with a higher likelihood of occult nodal metastases [39,40].
Accordingly, larger metabolic tumor burden in patients with nodal metastatic NSCLC
may also be expected to bear a higher risk of occult metastases in the more remote lymph
node stations or even in distant organs. These occult lesions may escape from the most
intensive treatment in the locoregional area. In addition to describing the tumor burden
per se, the TLG also depicts the viability and the glycolytic activity of the tumor. The
glycolytic pathway elicits diverse non-glycolytic mechanisms related to the promotion of
cancer survival, proliferation, invasiveness, and adaptation to therapeutic agents, which
are associated with unfavorable prognoses in patients with cancer [41,42]. Therefore, being
a surrogate marker for both disease burden and vicious tumor behavior, total TLG may
facilitate the stratification of patients into different risk groups.

Older age (>75.5 years) was an independent prognosticator for poor OS and PFS in
our study. ECOG was also a prognostic factor for OS. Age and performance status are
associated with survival outcomes in lung cancer as well as other malignancies, such as
aerodigestive tract and gynecologic cancers [10,43–46]. The aged population has more
medical comorbidities. In addition, aged patients may experience more toxicities from
anti-neoplastic agents and suffer more perioperative complications, which may increase
treatment-related mortality [47]. Moreover, the function of the T-cell-mediated immune
system declines with age and limits the cellular immune response against tumor cells in the
elderly population, further explaining the unfavorable survival outcomes in patients with
advanced age [48–51]. We also analyzed the effects of different histopathological types on
survival. Similar to other reports, squamous cell pathology was associated with worse
survival outcomes compared with outcomes in patients with other histopathological types
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in the univariate analysis, whereas no statistical significance was found in the multivariate
Cox regression analysis [20]. The histopathological type of NSCLC may vary according to
age [9,46], in line with the age distribution in our cohort (Supplementary Table S3). Thus,
the survival differences according to histopathologic types in our study appear to depend
on patient age. Nevertheless, whether histopathological types impact the outcome of nodal
metastatic NSCLC requires a more uniform patient cohort for verification.

In our study, the total TLG is an independent risk factor depicting the disease, while
the age and ECOG status characterize the host vitality. Survival outcomes in patients with
cancer result from the complex interplay between the tumor and the host. Robust patient
conditions with limited total TLG would have a higher chance of attaining disease-free sta-
tus after curative treatment. On the other hand, vulnerable patient status and sizable total
TLG are likely to experience treatment failure and eventually succumb to recurrence or dis-
ease progression (Figure 4). Therefore, incorporating both disease and host factors into one
survival prediction model refines the prognostic stratification. Our survival stratification
models also showed predictive value for survival outcomes in subgroups receiving differ-
ent initial treatments. Because therapeutic decisions may vary from patient-to-patient based
on clinical factors such as age, the baseline survival risk in subgroups receiving different
initial treatment may vary as well [9,46]. For example, patients receiving curative surgery
tend to be younger; thus, the surgical group has a lower baseline survival risk according
to age. Nevertheless, the results of our study showed that our survival prediction model
could be applied to different subgroups receiving different initial treatments, suggesting a
wide utility of our survival stratification models in different treatment scenarios.

Despite the current therapeutic advances, treatment responses and survival times
in nodal metastatic NSCLC patients are quite heterogeneous, and a reliable prognostic
model for this patient group is still lacking [9–11]. For selected patients, salvage surgery for
persistent or recurrent disease has been shown to improve disease control and may improve
OS [52,53]. Furthermore, new therapeutic strategies have emerged that have improved
disease control and prolonged survival in nodal metastatic NSCLC. For instance, adding
adjuvant tyrosine kinase inhibitor in this patient group postpones recurrence in patients
with an actionable epidermal growth factor receptor (EGFR) mutation [54]. Recently, pre-
liminary data have suggested that neoadjuvant immunotherapy or chemoimmunotherapy
may improve resectability and increase the pathological complete response rate [55–58].
However, sophisticated patient stratification before implementing these novel treatments
is essential. Adding novel neoadjuvant or adjuvant therapy in patients with excellent
survival outcomes after standard curative treatment may show little benefit and may result
in undesirable adverse effects. Therefore, the survival prediction model in our study may
aid in stratifying patients into different risk groups for tailored treatment decisions.

There were several limitations in our study. First, the patient cohort was not large and
the study was conducted in a retrospective manner. In addition, heterogeneous patient
characteristics such as the histopathological type of NSCLC and therapeutic strategies
employed may introduce biases when analyzing survival data. Second, we did not include
the EGFR mutation status in our survival analysis. Nonetheless, the meta-analysis by
Zhang et al. showed that the EGFR mutation status was not predictive of the OS or
disease-free survival in NSCLC with locoregional disease [59]. Furthermore, only 39
(43.8%) patients in our retrospective cohort were tested for EGFR mutation. Thus, we could
not draw a clear conclusion on this issue. Finally, this study was performed in a single
center and we only internally validated our results. Although external validation would be
ideal before clinical implementation, external validation of a prognostic model requires a
minimum of 100 events and ideally 200 events to produce reliable results [60]. Therefore,
the generalizability of our survival prediction model warrants external validation in a
larger prospective cohort.
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Figure 4. Survival stratification according to the independent risk factors in our study. The 18F-FDG
PET/CT images for a 50-year-old woman with adenocarcinoma in the left upper lobe and subaortic
nodal metastasis, indicated by arrows in the panels (a–c). The clinical staging was cT2aN2M0, stage
IIIA. The total TLG was 14.9 and the ECOG status was 0. The patient had no poor survival risk factor
(hazards were both 1 for an unfavorable OS and poor PFS) and she underwent lobectomy of the
left upper lobe and mediastinal lymph node dissection. The pathological staging was pT2aN2M0,
stage IIIA. She underwent adjuvant chemotherapy and is now alive without recurrence (d). The OS
and PFS were 116 and 115 months, respectively. A 75-year-old man with adenocarcinoma in the
right lower lobe and ipsilateral hilar nodal metastasis, indicated by arrows in the panels (e–g). The
clinical staging was cT2bN1M0, stage IIB. The total TLG was 246.6 (>81) and the ECOG status was 1
(the hazards for unfavorable OS and poor PFS were 16.8 and 3.3, respectively). The patient received
definitive CCRT (2 Gy/fraction daily to a targeted dose of 66 Gy) and marked tumor shrinkage was
observed (h). However, the patient experienced progression of the primary tumor 15.9 months after
definitive CCRT, indicated by the arrow in the panel (i). The patient eventually died of lung cancer
progression, with an OS of 24.0 months and PFS of 15.9 months. TLG, total lesion glycolysis; OS,
overall survival; PFS, progression-free survival; CCRT, concurrent chemoradiotherapy.

5. Conclusions

Our preliminary results indicate that total TLG was a more significant independent
prognostic factor than TLG when calculated from either primary tumor or metastatic
nodes in predicting survival outcomes in patients with M0 NSCLC. Total TLG and age
were predictive biomarkers for both OS and PFS, while ECOG status was an independent
prognostic factor for OS. Combining total TLG with clinical factors yielded a survival
stratification model that performed better than the traditional AJCC staging system. Our
proposed survival stratification model may allow a more precise therapeutic approach in
patients with nodal metastatic NSCLC without distant metastasis.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2075-441
8/11/6/1065/s1: Table S1: Results of receiver operating characteristic curve analysis. Figure S1. In
the OS model, the combination of three independent risk factors resulted in eight different patient
hazards (from 1 to 43.8). The combination of two independent risk factors of the PFS model resulted
in four different patient hazards (from 1 to 8.9). We further re-stratified patients with similar 5-year
survival outcomes in the Kaplan–Meier curve analysis into one risk category. Finally, we obtained
three separate risk categories in our survival models. OS, overall survival; PFS, progression-free
survival. Table S2: The results of the bootstrapping validation of our survival analysis. Table S3: The
mean age according to the histopathology and treatment strategy.
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Abstract: Background: Prognostic biomarkers are pivotal for adequate treatment decision making.
The objective of this study was to determine the added prognostic value of quantitative [18F]FDG-PET
features in patients with metastases from soft tissue sarcoma (STS). Methods: Patients with metastases
from STS, detected by (re)staging [18F]FDG-PET/CT at Leiden University Medical Centre, were
retrospectively included. Clinical and histopathological patient characteristics and [18F]FDG-PET
features (SUVmax, SUVpeak, SUVmean, total lesion glycolysis, and metabolic tumor volume) were
analyzed as prognostic factors for overall survival using a Cox proportional hazards model and
Kaplan–Meier methods. Results: A total of 31 patients were included. SUVmax and SUVpeak were
significantly predictive for overall survival (OS) in a univariate analysis (p = 0.004 and p = 0.006,
respectively). Hazard ratios (HRs) were 1.16 per unit increase for SUVmax and 1.20 per unit for
SUVpeak. SUVmax and SUVpeak remained significant predictors for overall survival after correc-
tion for the two strongest predictive clinical characteristics (number of lesions and performance
status) in a multivariate analysis (p = 0.02 for both). Median SUVmax and SUVpeak were 5.7 and
4.9 g/mL, respectively. The estimated mean overall survival in patients with SUVmax > 5.7 g/mL
was 14 months; otherwise, it was 39 months (p < 0.001). For patients with SUVpeak > 4.9 g/mL, the
estimated mean overall survival was 18 months; otherwise, it was 33 months (p = 0.04). Conclusions:
In this study, SUVmax and SUVpeak were independent prognostic factors for overall survival in
patients with metastases from STS. These results warrant further investigation of metabolic imaging
with [18F]FDG-PET/CT in patients with metastatic STS.

Keywords: metastatic soft tissue sarcoma; [18F]FDG-PET; prognosis

1. Introduction

Approximately 14% of patients with a soft tissue sarcoma (STS) present with metastatic
disease [1]. Additionally, up to 34% of high-grade STS patients develop distant metastases
within 5 years after resection of localized STS [2,3]. While several studies show an improve-
ment in the survival of patients with metastatic STS over the last decades, the two-year
survival rate remains less than 50% [4–6]. Indeed, treatment of these patients is complex
due to the heterogeneous and aggressive nature of these tumors. Generally, therapies can
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consist of combinations of surgery, radiotherapy, and systemic treatment. Personalized
decision making is important in designing treatment strategies, and a multitude of param-
eters is used for this purpose [7]. Prognostic factors play an important role among these
parameters, and several studies have identified a group of characteristics that is associ-
ated with prognosis in these patients [4–6,8–10]. These studies strike the consensus that
patient age, performance status, disease-free interval, and histological subtype are strong
predictors for overall survival (OS). Nevertheless, stratification of patients on an individual
level remains a difficult challenge and requires further insight in the link between tumor
characteristics and prognosis.

The use of 18F-fluorodeoxyglucose ([18F]FDG) positron emission tomography (PET) for
the characterization of malignant lesions is widely studied [11]. In STS patients, [18F]FDG-
PET imaging is regularly performed for (re)staging and follow-up [12]. Furthermore, in
metastatic STS, specifically, a recent study has shown value of [18F]FDG-PET in monitoring
the response to systemic treatment [13]. The uptake of [18F]FDG, as expressed by the
standardized uptake value (SUV), reflects the degree of glucose metabolism of a lesion.
High [18F]FDG-uptake has shown to be connected to increased tumor aggressiveness in
many STS subtypes. Especially in localized STS, several [18F]FDG-PET features, such
as maximum SUV (SUVmax), peak SUV (SUVpeak), metabolic tumor volume (MTV),
and total lesion glycolysis (TLG), are found to have significant prognostic value [14,15].
Moreover, in other tumor types, these parameters have shown to be predictive for survival
in metastatic disease and demonstrated to be valuable for the personalization of treatment
decisions [16]. While the metabolic properties of lesions, as indicated by quantitative
[18F]FDG-PET features, might also provide valuable information for the prognosis of
metastatic STS patients, no literature is readily available on the correlation between these
features and survival. In the current study, we assessed the prognostic value of quantitative
[18F]FDG-PET features in patients diagnosed with metastases from STS.

2. Materials and Methods

2.1. Patients

Patients with biopsy-proven STS, who underwent a [18F]FDG-PET/CT for (re)staging
purposes on which metastatic disease was detected, were retrospectively included. Metastatic
disease was defined as radiological evidence of systemic spread of tumor outside the pri-
mary tumor bed. Patients with GISTs (gastrointestinal stromal tumor) and primary uterine
or retroperitoneal sarcomas were excluded to guarantee a relatively homogeneous pop-
ulation regarding tumor biology and treatment. Patients who received radiotherapy or
systemic therapy for metastatic disease before [18F]FDG-PET/CTs acquisition were also
excluded. Furthermore, all [18F]FDG-PET/CTs had to be performed between January 2017
and January 2021 at Leiden University Medical Center, which is a tertiary referral center
for sarcoma care. Requirement to obtain patient consent was waived by the local ethical
board, since clinical data were retrospectively collected and pseudo-anonymized.

2.2. Patient Characteristics

Clinical and histopathological characteristics, which were reported as independent
prognostic factors of survival in previous studies, were collected for all included patients
(Table 1). Primary tumor location was categorized based on the results of Lochner et al. to
realize substantial group sizes for analysis [4]. Primary tumor localization in the deep trunk
or upper extremity was categorized as high risk for impaired survival, while other locations
were considered to be low risk. Since some patients were diagnosed with metastatic disease
at first diagnosis of STS, the disease-free interval after resection of the primary tumor was
not analyzed as a continuous variable but categorized in three groups based on the methods
of Italiano et al. and Lochner et al. [4,5]. Patients who were diagnosed with metastatic
disease at first diagnosis were categorized as ‘synchronous’. Patients who developed
metastases after resection of the primary tumor were dichotomized around the median
number of months of the disease-free interval. Reported World Health Organization (WHO)
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scale and the Fédération Nationale des Centres de Lutte Contre le Cancer (FNCLCC) system
scores were collected from patient files and used for analysis of performance status and
tumor grade, respectively [17].

Table 1. Patient characteristics expressed as mean and standard deviation, median and quartile range, or as number and
percentages of the whole population. * FNCLCC grade such as reported in pathologic reports. For round cell sarcoma,
rhabdomyosarcoma, angiosarcoma, and intima sarcoma, grade was not reported in pathologic reports. These highly
aggressive tumors were categorized as grade 3 in this study. In one patient with a morphologic myxoid liposarcoma, no
FNCLCC classification was performed (not applicable), and this patient was excluded from the univariate analysis for
FNCLCC grade. † Morphologically, this tumor resembled a myxoid liposarcoma, but a characteristic translocation could
not be demonstrated.

Characteristics, n = 31

Age 59 ± 18 Histologic subtype
Sex Undifferentiated soft tissue sarcoma 8 (26%)

Male 20 (65%) Myxofibrosarcoma 6 (19%)
Female 11 (35%) MPNST 5 (16%)

WHO performance status Leiomyosarcoma 3 (10%)
Unknown 8 (26%) Dedifferentiated liposarcoma 2 (6%)

0 10 (32%) Synovial sarcoma 2 (6%)
1 11 (35%) Myxoid liposarcoma † 1 (3%)
2 2 (7%) Round cell sarcoma 1 (3%)

Location of primary tumour Rhabdomyosarcoma 1 (3%)
Lower extremity 18 (58%) Angiosarcoma 1 (3%)
Upper extremity 3 (10%) Intima sarcoma 1 (3%)

Trunk wall 3 (10%) FNCLCC Grade *
Deep trunk 6 (19%) 1 1 (3%)
Head/neck 1 (3%) 2 15 (48%)

Disease free interval 3 14 (45%)
Synchronous 7 (23%) Not applicable 1 (3%)
<14 months 12 (39%) Location of metastases
>14 months 12 (39%) Lung 7 (23%)

Number of lesions 3.3 ± 2.8 Lung and other 11(35%)
Sum of lesion diameters per patient (cm) 7.5 (6.0–17.5) Soft tissue only 9 (29%)

Bone only 4 (13%)

2.3. [18F]FDG-PET/CT

All scans were acquired on a digital Vereos PET/CT scanner (Philips Healthcare, Best,
The Netherlands) according to the most recent European Association for Nuclear Medicine
(EANM) procedure guidelines for tumor imaging [18]. The PET/CT scanner was accredited
by the Research4Life (EARL) initiative for quantitative PET/CT imaging. Patients fasted
at least 6 h before imaging and were hydrated with 500 mL of water. [18F]FDG was
administered 60 min before the acquisition of the PET scan. A low-dose CT scan (52 mAs,
120 kVp) was acquired prior to PET acquisition for the purpose of attenuation correction
and anatomical reference. Standard [18F]FDG PET/CT scans were acquired from the
skull base to mid-thigh or toes depending on the location of the primary tumor. Image
acquisition time was 2 min per bed position. Image reconstruction was performed using
a blob-based 3D iterative reconstruction algorithm (blobTOF; 3 iterations and 9 subsets)
followed by a 5.5 mm full-width at half maximum (FWHM) post-reconstruction Gaussian
filter. The image voxel size was 4 × 4 × 4 mm3. After reconstruction, all PET images were
expressed in SUV by normalizing voxel radioactivity concentrations [kBq·mL−1] to the
injected dose of [18F]FDG [MBq] and the patient’s body weight (kg).

2.4. [18F]]FDG-PET Features

Image analysis was performed using Philips Intellispace Portal software v10.1 (Philips
Healthcare, Best, The Netherlands). Segmentation of all STS lesions was performed using an
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adaptive threshold algorithm. A segmentation threshold of 50% of the SUVpeak corrected
for local background was used (Figure 1) [19]. After image segmentation, the resulting
volumes of interest (VOIs) were used to calculate relevant uptake parameters in the PET
images. For VOIs that covered normal tissue surrounding tumor lesions due to relatively
high FDG uptake (e.g., heart tissue or urinary bladder), manual adjustment was performed
to exclude normal tissue from the VOI. For every patient, the SUVmax and SUVpeak
were calculated on the lesion with the highest SUVmax and with the highest SUVpeak,
respectively. The SUVmax is defined as the voxel with the highest intensity within a tumor.
The SUVpeak is defined as the largest mean value of a 1 cm3 sphere positioned within a
tumor. Furthermore, SUVmean, MTV, and TLG were calculated for all lesions combined
per patient (whole body). The SUVmean is defined as the mean of all pixel values within
all tumor lesions in a patient. The MTV is defined as the sum of the volume of all tumor
lesions in a patient. The TLG is defined as the sum of the products of the SUVmean and its
corresponding MTV of each lesion.

 
Figure 1. (A,B): [18F]FDG-PET of a man 8 months after resection of a primary undifferentiated soft
tissue sarcoma (grade 3). (A): Coronal view of a maximum-intensity projection (MIP) showing two
metabolically active lesions in the right lung. (B): Axial plane showing two metastases in the right
middle lobe and their VOIs outlined in red. (C–F): [18F]FDG-PET of a man with three known tumor
locations 6 months after resection of a primary myxofibrosarcoma (grade 2). (C): Coronal projection of
a MIP showing two FDG-avid lesions in the right upper leg. (D): Axial plane showing a histologically
proven metastasis in the left iliac bone and the corresponding VOI outlined in red. (E): Axial plane
showing a tumor lesion and the corresponding VOI outlined in red in the adductor compartment of
the right thigh just cranial of the primary tumor bed. (F): Axial plane showing local recurrence and
corresponding VOI outlined in red in the adductor compartment of the right thigh.
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2.5. Statistical Analyses

An univariate Cox proportional hazard model was used to determine the predictive
value of clinical parameters and [18F]FDG-PET features for OS. No analysis of histologic
subtypes was performed in this heterogeneous population due to the small number of
patients per subtype and previous studies reporting variable histologic subtypes to be
correlated to survival. Due to the limited cohort size, not all variables were tested in
the multivariate cox analysis. Therefore, multivariate Cox analysis was first performed
using the 2 strongest prognostic clinical factors. Subsequently, the prognostic value of
adding [18F]FDG-PET features that were significant in univariate analysis was determined
for each [18F]FDG-PET feature separately. The [18F]FDG-PET features that significantly
added prognostic value to clinical parameters were stratified through the median and the
Kaplan–Meier method, and log-rank test were used to estimate survival for the different
groups. Statistical significance was defined as p < 0.05. The analysis was performed with
IBM SPSS v.25 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Patients and Follow-Up

A total of 31 patients were included in this study, and segmentation of all STS lesions
was performed (Figure 1). Patient characteristics are shown in Table 1. Median follow-up
in survivors was 32 months. The two-year survival rate was 37%.

3.2. Univariate Analysis

The number of lesions was the only clinical parameter that was significantly predictive
for survival in this population (p = 0.006) (Table 2). Furthermore, analysis of the [18F]FDG-
PET features showed SUVmax and SUVpeak to be significantly predictive for survival
(p = 0.004 and 0.006, respectively) (Figure 2). Hazard ratios (HRs) were 1.16 per unit
increase for SUVmax and 1.20 per unit increase for SUVpeak in univariate analysis.

3.3. Multivariate Analysis

The two strongest predictive clinical parameters were the number of lesions and
the performance status. Adding SUVmax and SUVpeak separately to the multivariate
model with these clinical parameters showed that both SUVmax and SUVpeak significantly
improved the prediction (p = 0.005 and 0.004, respectively), independent of these clinical
parameters. HRs were 1.29 per unit increase for SUVmax and 1.36 per unit increase for
SUVpeak, independent of the number of lesions and the performance status.

Table 2. Clinical variables and PET features in univariate Cox proportional hazard analyses.

Variable Overall Survival p-value

Clinical variables Hazard ratio 95% CI
Age (years) 1.02 0.99–1.04 0.2

Grade (3 versus 2) 1.26 0.50–3.21 0.6
Location (Deep trunk or upper extr. versus other) 0.91 0.34–2.40 0.8

Number of lesions
WHO performance status (≥1 versus 0)

1.28
2.72

1.07–1.52
0.73–10.07

0.006
0.1

Disease free interval 0.2
Synchronous versus >14 months 3.36 0.94–12.0
<14 months versus >14 months 1.44 0.47–4.47

PET features
SUVmax 1.16 1.05–1.29 0.004
SUVpeak 1.20 1.05–1.37 0.006
SUVmean 1.23 0.99–1.54 0.07

MTV 1.001 0.999–1.003 0.2
TLG 1.001 1.000–1.001 0.1
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Figure 2. Examples of lung metastases with different metabolic characteristics. Axial planes of [18F]FDG-PET/CTs of
four patients with lung metastases are shown with the corresponding VOIs outlined in orange. (A): A metastasis with a
SUVmax of 6.1 detected 22 months after resection of an undifferentiated soft tissue sarcoma in the right deltoid muscle.
(B): A metastasis with a SUVmax of 9.0 detected 34 months after resection of an undifferentiated soft tissue sarcoma
in the right gluteus maximus. (C): A metastasis with a SUVmax of 5.2 detected synchronous with a myxofibrosarcoma
originating from the left thoracic wall. (D): A metastasis with a SUVmax of 7.2 detected synchronous with local recurrence
of a leiomyosarcoma in the right lower leg.

3.4. Survival Estimates

Median SUVmax and SUVpeak were 5.7 and 4.9 g/mL, respectively. The estimated
mean overall survival in patients with SUVmax > 5.7 g/mL was 14 months, and that
for patients with SUVmax < 5.7 g/mL was 39 months (p < 0.001). For patients with
SUVpeak > 4.9 g/mL, the estimated mean overall survival was 18 months, while for those
with SUVpeak < 4.9 g/mL, it was 33 months (p = 0.04) (Figure 3).

Figure 3. Survival curves with the cohort dichotomized at the median SUVmax (A) and median SUVpeak (B). The
grey line represents the survival curve of the entire cohort. The estimated mean overall survival in patients with
SUVmax > 5.7 g/mL was 14 months, and that for patients with SUVmax < 5.7 g/mL was 39 months (p < 0.001). For patients
with SUVpeak > 4.9 g/mL, the estimated mean overall survival was 18 months, while for those with SUVpeak < 4.9 g/mL,
it was 33 months (p = 0.04).

4. Discussion

In patients with STS, [18F]FDG-PET/CTs are often acquired for staging. Next to the
identification of metastatic lesions, these scans provide quantitative information on the
metabolic activity of the tumor tissue. The results in this study show that this biological
characteristic has a prognostic value and turned out to be an independent predictor of
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overall survival in the soft tissue sarcoma patient group with metastatic disease. This
information on tumor biology adds to the already known prognostic clinical parameters
reported in the literature by Billingsley et al., Italiano et al., and Lochner et al., such
as patient age, disease-free interval, number of lesions, FNCLCC grade, and histologic
subtype [4–6].

In a systematic search that was conducted in preparation of this study, no report was
found on the value of [18F]FDG-PET features in metastatic STS patients (Appendix A),
while prognosis is especially relevant in a cohort where cure might not be the primary
goal of treatment. The prognostic value of [18F]FDG-PET features in non-metastatic STS
is studied more extensively. Original investigations focusing on this topic in patients
with localized disease have found [18F]FDG-PET features to be significantly predictive for
progression-free and overall survival [20–23]. Nevertheless, in some of these studies, the
added value of the features is not corrected for clinical parameters, such as resectability of
the tumor, neoadjuvant treatment, etc., leaving the effect of [18F]FDG-PET features difficult
to interpret on an individual level. In studies performing multivariate analyses, results are
variable and partly clouded due to the limited statistical power caused by small cohort
sizes [24–26].

In the current study, the overall survival of the whole cohort was comparable with
survival in recent larger studies, suggesting the current study population is representative,
and our findings might add to the ability to accurately predict survival in patient with
metastases from STS [4,5]. Our results show both SUVmax and SUVpeak to have prog-
nostic value, and therefore, are in line with the results in patients with localized disease.
For SUVmean, TLG, and MTV, however, studies in localized STS patients typically find
significant correlations with overall survival, while no predictive value was found in the
metastatic cohort in our study [22,23,25]. Partially, this could be caused by the limited
cohort size. Another plausible reason for this discrepancy is found in the composition of
these features and the biological background they resemble. All [18F]FDG-PET features
investigated in this study, i.e., SUVmax, SUVpeak, SUVmean, TLG, and MTV, quantify
the metabolism in selected tumor tissue, but SUVmean and inherently TLG and MTV are
strongly dependent on tumor size next to metabolism and thus altered after resection of
the primary tumor. In contrast, SUVmax and SUVpeak are not dependent on lesion size
and thus resemble the metabolic potential of tumor cells accurately, even after surgical
volume reduction. Thus, the results suggest that the prognosis of a metastatic STS patient
is determined by the most aggressive tumor clone in the body.

Research in other tumor types, such as breast, colorectal, and lung carcinoma, also
shows added prognostic value of [18F]FDG-PET features next to clinical parameters in
cohorts of patients with metastasized disease [16,27,28]. In contrast with the current results,
TLG and MTV generally also show a correlation to survival in these cohorts. An explanation
for this discrepancy is the relative heterogeneous population in our study, including both
patients with synchronous diagnosis of the primary tumor and metastasis and patients
with diagnosis of metastasis after resection of the primary tumor. In addition, differences
in tumor biology, such as pattern and interval of spread, might cause deviation between
results in different tumor types.

A strength of this study is the use of a multivariate analysis to determine the added
value of the PET features in addition to prognostic clinical parameters that are readily
available. This multiparametric analysis showed that both SUVmax and SUVpeak provide
prognostic value, next to the two strongest predictive clinical characteristics. Furthermore,
the [18F]FDG-PET scans are often performed in standard clinical practice for staging of
disease, and therefore, the features can be determined without extra costs and distress for
the patients [7]. There are some limitations to this study. Due to the retrospective nature,
the performance status of some patients could not be determined accurately. Moreover,
the limited cohort size and the heterogeneity in tumor subtypes prohibited definitive
conclusions about [18F]FDG-PET features when correcting for all known clinical parameters.
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In this regard, especially the link with the wide variety of histological subtype remains
unexplored to some extent.

In larger studies investigating prognosis in metastatic STS patients, correlations with
subtype are typically found [4–6]. These results are, however, partly contradicting regard-
ing which subtypes are causing poor survival rates. With metastatic leiomyosarcoma as a
reference, both Italiano et al. and Lochner et al. concluded that patients with metastatic
undifferentiated soft tissue sarcoma or malignant peripheral nerve sheath tumors have
an impaired survival but reported conflicting results regarding liposarcoma and synovial
sarcoma patients [4,5]. This leads to the conclusion that a correlation between histologic
subtype and survival in metastatic patients exists but is difficult to define. Several rea-
sons for this complexity are rarity of subtypes, heterogeneity within sarcoma subtypes,
and shifts in histologic definitions of subtypes over the years. In the current study, the
biological differences between histologic subtypes might have amplified the predictive
value of quantitative [18F]FDG-PET features on survival. In literature, relatively aggressive
subtypes, such as undifferentiated soft tissue sarcoma, are found to show high FDG avidity.
Other specific subtypes, such as (myxoid) liposarcomas, tend to show relatively low avid-
ity [29,30]. Nevertheless, these studies report varying and non-specific SUVmax values
within subtypes, suggesting [18F]FDG-PET features could provide additional prognostic
information. Figure 2 presents examples of differences in SUVmax between and within
STS subtypes. Future studies validating the prognostic value of quantitative [18F]FDG-PET
features in metastatic STS patients should aim to address the link with histologic subtypes.

Furthermore, the use of multimodality imaging should be considered in research
aiming to identify more prognostic biomarkers in patients with metastatic STS. Mag-
netic resonance (MR) imaging is widely used for the characterization of localized soft
tissue tumors. Quantitative diffusion-weighted imaging (DWI) and dynamic contrast-
enhanced (DCE) MR features are linked to tumor grade, response to treatment, and sur-
vival [31,32]. Multimodality imaging with [18F]FDG-PET/MR showed increased usefulness
over [18F]FDG-PET alone in several studies on localized STS [33,34]. This raises the hy-
pothesis that the addition of quantitative MR parameters to clinical and [18F]FDG-PET
parameters could improve the characterization of tumor biology in patients with metastases
from STS even further.

Personalized treatment in patients with metastases from STS is complex, and prognos-
tic factors are important for multiple considerations during the development of treatment
strategies. For example, factors linked to an impaired prognosis support the addition
of chemotherapy to surgery in patients with resectable metastases. A high number of
tumor lesions and a short recurrence-free interval are factors that are typically used for this
purpose, as stated in the recent ESMO-EURACAN-GENTURIS guidelines [7]. The current
study shows added value of [18F]FDG-PET features to these clinical factors. Moreover, in
treatment strategies with a palliative intent specifically, periods without active treatment
can be desirable to warrant the quality of life of patients. Prognostic factors are decisive in
the timing of these treatment-free periods, as they are partly guided by the expected time
to progression of disease [35].

5. Conclusions

In conclusion, personalized medicine is especially challenging and important in this
patient group with strongly impaired survival rates. Therefore, accurate information about
individual patient prognosis should be pursued before individual patient management
decision making. Next to clinical and pathological characteristics, biological tumor charac-
teristics such as metabolic parameters on [18F]FDG-PET scans can be considered for this
purpose. In this regard, the current study finds SUVmax and SUVpeak to be significantly
predictive for overall survival in patients with metastases from STS. Furthermore, both
features add prognostic value to the best performing clinical parameters.
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Appendix A. Literature Search

A systematic literature search was performed to identify available articles describing
original research attending to our hypothesis. A search strategy based on our hypoth-
esis was designed with the assistance of a medical librarian and conducted in PubMed
on 1 September 2021. A total of 182 records were identified. After screening the titles,
32 records were excluded. In addition, after reading the abstracts and/or full articles,
another 150 records were excluded. No articles that investigated our hypothesis were
found (Figure A1).

Search strategy: ((“advanced soft tissue sarcoma”[tw] OR “advanced soft tissue sar-
comas”[tw] OR “advanced sarcoma”[tw] OR “advanced sarcomas”[tw] OR “metastatic
soft tissue sarcoma”[tw] OR “metastatic soft tissue sarcomas”[tw] OR “metastatic sar-
coma”[tw] OR “metastatic sarcomas”[tw] OR “metastasized sarcoma”[tw] OR ((“soft
tissue sarcomas”[tw] OR “soft tissue sarcoma”[tw] OR ((“Sarcoma”[Mesh:NoExp] OR
“sarcoma”[tw] OR “sarcomas”[tw]) AND (“soft tissue”[tw] OR “soft tissues”[tw])) OR
“Adenosarcoma”[mesh] OR “Carcinosarcoma”[mesh] OR “Fibrosarcoma”[mesh] OR “He-
mangiosarcoma”[mesh] OR “Histiocytoma, Malignant Fibrous”[mesh] OR “Leiomyosar-
coma”[mesh] OR “Liposarcoma”[mesh] OR “Lymphangiosarcoma”[mesh] OR “Mixed
Tumor, Mesodermal”[mesh] OR “Myosarcoma”[mesh] OR “Myxosarcoma”[mesh] OR
“Sarcoma, Alveolar Soft Part”[mesh] OR “Sarcoma, Clear Cell”[mesh] OR “Sarcoma,
Myeloid”[mesh] OR “Sarcoma, Small Cell”[mesh] OR “Sarcoma, Synovial”[mesh] OR
“Adenosarcoma”[tw] OR “Adenosarcomas”[tw] OR “Alveolar Soft Part Sarcoma”[tw]
OR “Alveolar Soft Part Sarcomas”[tw] OR “Carcinosarcoma”[tw] OR “Carcinosarco-
mas”[tw] OR “Clear Cell Sarcoma”[tw] OR “Clear Cell Sarcomas”[tw] OR “Dermatofi-
brosarcoma”[tw] OR “Dermatofibrosarcomas”[tw] OR “Fibrosarcoma”[tw] OR “Fibrosar-
comas”[tw] OR “Hemangiosarcoma”[tw] OR “Hemangiosarcomas”[tw] OR “Leiomyosar-
coma”[tw] OR “Leiomyosarcomas”[tw] OR “Liposarcoma”[tw] OR “Liposarcomas”[tw]
OR “Lymphangiosarcoma”[tw] OR “Lymphangiosarcomas”[tw] OR “Malignant Fibrous
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Histiocytoma”[tw] OR “Malignant Fibrous Histiocytomas”[tw] OR “Mesodermal Mixed
Tumor”[tw] OR “Mesodermal Mixed Tumors”[tw] OR “Mesodermal Mixed Tumour”[tw]
OR “Mesodermal Mixed Tumours”[tw] OR “Myeloid Sarcoma”[tw] OR “Myeloid Sarco-
mas”[tw] OR “Myosarcoma”[tw] OR “Myosarcomas”[tw] OR “Myxosarcoma”[tw] OR
“Myxosarcomas”[tw] OR “Neurofibrosarcoma”[tw] OR “Neurofibrosarcomas”[tw] OR
“Rhabdomyosarcoma”[tw] OR “Rhabdomyosarcomas”[tw] OR “Small Cell Sarcoma”[tw]
OR “Small Cell Sarcomas”[tw] OR “Synovial Sarcoma “[tw] OR “Synovial Sarcomas”[tw]
OR “Walker Carcinoma 256”[tw]) AND (“Neoplasm Metastasis”[Mesh] OR “Metasta-
sis”[tw] OR “metasta*”[tw] OR “advanced”[tw]))) AND (“FDG-PET”[tw] OR “FDG-
PET”[tw] OR “18FDG-PET”[tw] OR “18FDGPET”[tw] OR “Positron-Emission Tomog-
raphy”[Mesh] OR “Positron-Emission Tomography”[tw] OR “Positron-Emission”[tw] OR
“PET”[tw] OR “PETCT”[tw] OR “Fluorodeoxyglucose F18”[Mesh] OR “Fluorodeoxyglu-
cose F18”[tw] OR “FDG”[tw] OR “18F-FDG”[tw] OR “Fluorodeoxyglucose F 18”[tw]
OR “Fludeoxyglucose F 18”[tw] OR “Fluorine 18 fluorodeoxyglucose”[tw] OR “18F Fluo-
rodeoxyglucose”[tw] OR “18FDG”[tw] OR “2 Fluoro 2 deoxy D glucose”[tw] OR “2 Fluoro
2 deoxyglucose”[tw] OR “4-fluoro-4-deoxyglucose”[Supplementary Concept]) AND (“Mor-
tality”[Mesh] OR “mortality”[Subheading] OR “Disease-Free Survival”[Mesh] OR “Sur-
vival Analysis”[Mesh] OR “Survival Rate”[Mesh] OR “Progression-Free Survival”[Mesh]
OR “mortality”[tw] OR “survival”[tw] OR “death”[tw] OR “deaths”[tw] OR “Progno-
sis”[Mesh] OR “Prognosis”[tw] OR “prognos*”[tw] OR “outcome”[tw] OR “outcomes”[tw])
NOT ((“Case Reports”[ptyp] OR “case report”[ti]) NOT (“Clinical Study”[ptyp] OR “trial”[ti]
OR “RCT”[ti]))).

 

Figure A1. Flowchart of the performed literature search.
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Abstract: Malignant melanoma is one of the more aggressive cancers in the skin, with an increasing
incidence every year. Melanoma has a better prognosis if diagnosed early and survival tends to
decrease once the disease has metastasized. Positron emission tomography (PET) with 2-[18F]fluoro-
2-deoxy-D-glucose (18F-FDG) has been used extensively over the past two decades in staging and
assessing responses to therapy in patients with melanoma. Metabolic PET parameters have been
demonstrated to be independent prognostic factors for progression-free survival (PFS) and overall
survival (OS) in different malignancies, melanoma included. In our study, we evaluated the metabolic
parameters of 18F-FDG PET/CT (flourodeoxyglucose positron emission tomography/computed
tomography) in predicting the overall survival in patients with malignant melanoma who presented
for restaging. Metabolic PET parameters (maximum standardized uptake value (SUVmax), metabolic
tumor volume (MTV) and total lesion glycolysis (TLG)) of the primary tumor, as well as whole-body
MTV and TLG of the metastatic disease, were measured. Survival curves for OS were constructed and
mortality rates were determined using the different PET variables. Forty-nine patients who presented
for a PET/CT restaging in melanoma were included in this study. We found that non-survivors
had significantly higher median MTV (11.86 cm3 vs. 5.68 cm3; p-value = 0.022), TLG (3125 vs. 14;
p-value = 0.0357), whole-body MTV (53.9 cm3 vs. 14.4 cm3; p-value = 0.0076) and whole-body TLG
(963.4 vs. 114.6; p-value = 0.0056). This demonstrated that high MTV and TLG values of the primary
tumor and whole-body TLG as quantified by 18F-FDG PET/CT were prognostic factors for overall
survival. The findings may potentially guide clinicians in decision making and identifying patients
with a poorer prognosis.

Keywords: 18F-FDG PET/CT (fluorodeoxyglucose positron emission tomography/computed to-
mography); metabolic parameters; metabolic tumor volume (MTV); total lesion glycolysis (TLG);
maximum standard uptake value (SUVmax); oncology; malignant melanoma (MM); overall survival
(OS); restaging

1. Introduction

Melanoma is a malignant tumor that arises from the uncontrolled and rapid growth of
the melanocytes, which are the pigment-producing cells of the body [1]. The most common
form is cutaneous melanoma; however, the tumor can occur in mucosal surfaces, the eye
or the brain [1]. Malignant melanoma is one of the aggressive cancers in the skin, with an
increasing incidence every year. It is known to represent a small proportion of all cutaneous
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malignancies but causes a higher rate of fatalities in comparison to other deaths related
to skin cancer [1]. Melanoma has a better prognosis if diagnosed early and survival tends
to decrease once the disease has metastasized. The cost of management of melanoma
contributes significantly to public health and several strategies are being implemented
worldwide to improve outcomes via prevention, assessing the at-risk population and
improving management strategies [1].

In the South African setting, a country with a diverse population, melanoma is com-
monly seen in fair-skinned people rather than darker individuals. A retrospective obser-
vational study done between 2005 and 2013 from the national cancer registry found that
the incidence of melanoma was 2.7 per 100,000 [2]. The different population groups are
affected by varying histological subtypes of melanoma, with the superficial spreading
subtype being more common in fair individuals and the acral lentiginous subtype seen
more in pigmented individuals [2].

Positron emission tomography (PET) with 2-[18F]fluoro-2-deoxy-D-glucose (18F-FDG)
has been used extensively over the past two decades in staging and assessing responses
to therapy in patients with melanoma; this has been due to a significant relationship be-
tween 18F-FDG uptake and glucose metabolism [3]. Flourodeoxyglucose positron emission
tomography/computed tomography (18F-FDG PET/CT) has been demonstrated to be
more reliable in the assessment of survival prognosis in comparison to morphological
staging. This is because 18F-FDG uptake demonstrates malignant potential, which has been
associated with reduced survival [4].

18F-FDG uptake has been demonstrated as an excellent substrate in measuring the
malignant potential for melanoma; when compared to immunohistochemistry, it demon-
strated a positive correlation between glucose transporters (GLUT)-1 and GLUT-3, which
is the mechanism that 18F-FDG uses to demonstrate malignant tissues in patients with
melanoma [5].

The sensitivity, specificity and accuracy of 18F-FDG PET to detect metastatic and distant
melanoma range from 70 to 100% [6]. The findings in 18F-FDG PET studies have been shown
to better stage patients, guide further management and provide a better prognosis of patients.
This was demonstrated in a study by Reinhardt et al. whereby 250 patients imaged with
18F-FDG PET/CT demonstrated more nodal and visceral metastases in comparison to CT
alone [6]. A smaller study in South Africa also demonstrated how 18F-FDG PET/CT altered
staging in patients with malignant melanoma, which further changed the management by
treating physicians [7].

Recently, the use of metabolic parameters of 18F-FDG PET/CT has been investigated
as a tool to risk-stratify patients and to determine prognostic value in patients prior to
management, either by surgery or immune therapy, or to detect recurrence [8–11].

In this study, we investigated the association of metabolic parameters of 18F-FDG PET/CT
in patients with melanoma undergoing restaging with overall survival.

2. Materials and Methods

2.1. Patients
18F-FDG PET/CT scans of patients presenting for restaging of melanoma were retro-

spectively reviewed.
Patients were included in the study if they had a suspicion of recurrent or progres-

sive disease as deemed by the referring clinician. The decision to refer a patient for an
18F-FDG PET/CT scan and the frequency of imaging were at the discretion of the managing
physician. Patients were excluded if they had no disease demonstrable on 18F-FDG PET/CT,
had advanced primary cancers other than melanoma, were below 18 years of age and had
incomplete records.

This retrospective study was approved by the Research Ethics Committee, University
of Pretoria (Reference no. 875/2020) and was carried out in accordance with the Declaration
of Helsinki.
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2.2. 18F-FDG PET/CT Imaging

Imaging was acquired on a dedicated PET/CT scanner (Biograph 40, Siemens). Stan-
dard patient preparation was observed. All patients had a minimum of 4 h of fasting,
blood sugar was ≤11.0 mmol/L and activity of 18F-FDG injected was calculated based
on weight using the formula: [(body weight ÷ 10) + 1] × 37 MBq. Vertex-to-mid-thigh
imaging was commenced after 60 min of uptake time. A separate lower limb imaging
was done if the initial primary lesion was from the lower limb. PET acquisition was in
3D mode at 3 min per bed position. Except where a contraindication existed, CT was done
with intravenous contrast using non-ionic contrast material (Omnipaque) injected at a rate
of 2 mL/second. Images were reconstructed using OSEM (ordered subsets expectation
maximization) to yield axial, sagittal and coronal slices of PET, CT and fused PET/CT
images. Both attenuation-corrected and non-corrected images were reviewed for interpre-
tation. CT data was used for the attenuation correction of PET data according to camera
manufacturer specifications. A diagnostic CT with intravenous and/or oral contrast agents
was done according to our departmental protocols and guidelines and was in line with
EANM procedure guidelines, which were followed by our department [12].

2.3. Image Interpretation and PET/CT Data Analysis

Image interpretation was performed by two experienced nuclear medicine physicians.
The reconstructed images were displayed on a dedicated workstation equipped with syngo
software (Siemens Medical Solutions, Buffalo Grove, IL, USA).

A positive finding was defined as a focus of increased 18F-FDG uptake as compared
with surrounding normal tissue corresponding to the primary tumor site and metastatic
disease. Increased 18F-FDG uptake due to normal physiology or benign uptake was
excluded from the analysis. Benign disease was characterized as a disease that did not
anatomically represent metastatic disease, e.g., inflammatory lung changes.

Metabolic PET parameters (maximum standardized uptake value (SUVmax), metabolic
tumor volume (MTV) and total lesion glycolysis (TLG)) of the primary tumor, as well as
whole-body MTV and TLG of the metastatic disease, were measured. To obtain SUVmax,
we drew a semi-automatic spherical volume of interest (VOI) around the primary tumor
on PET images. We used an SUV threshold of 2.5 and a 3D isocontour of 41%. MTV
and SUVmean were automatically computed by the software from the VOI. The TLG was
calculated as the MTV multiplied by the SUVmean of the lesion (TLG = MTV × SUVmean).
Whole-body MTV was calculated by adding the sum of all the VOI of the metastatic lesions
(whole-body MTV = Σ (VOI of all metastatic lesions)), which were obtained on PET im-
ages. Whole-body TLG was calculated by adding the sum of all whole-body MTVs and
SUVmeans of all the metastatic lesions (whole-body TLG = Σ (all whole-body MTVs and
SUVmeans of all metastatic lesions)). 18F-FDG PET metabolic parameters were measured
as previously described in our facility [13–15]. Findings on the images were verified using
a combination of histological confirmation and medical records.

2.4. Clinical Endpoints and Follow-Ups

Overall survival was the time from PET/CT date to the date of death due to any cause
or the last time the patient was known to be alive. Patient files were reviewed from the
referral clinics that sent them for PET/CT. Overall survival was measured in months, as the
patient follow-up in our institution is every 3 months, depending on the condition of the
patient. Should patients need an additional follow-up, they may present earlier, and should
their conditions remain stable, follow-up is increased to 6 monthly and yearly intervals.
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2.5. Statistical Analysis

Time-dependent receiver operating characteristic (ROC) curve analysis was performed
to determine the optimal cut-off values for the prediction of death. However, the optimal
values selected by this method did not give a clear cut-off as the cut-off of choice gave
unbalanced data. As a result, a median point was used to create bivariate data for the PET
parameters. Numerical data are expressed as median (interquartile range (IQR)). Since the
data was non-normal, the Mann–Whitney test was used to compare the median values of
the SUVmax, MTV, TLG, whole-body MTV and whole-body TLG between the survivors and
the non-survivors. Categorical data were summarized using frequencies and percentages.
Survival curves for OS were constructed using the Kaplan–Meier method and the log-rank
test was used to determine as mortality rates significant differences between groups of the
PET bivariate variables. Univariate and multivariate Cox proportional hazards models
were fitted for OS to determine independent demographic and clinicopathologic prognostic
factors for OS. Cox models results are expressed as a hazard ratio (HR) with corresponding
95% confidence intervals (CI). Statistical significance was set at 5%. Statistical analyses
were performed using the STATA package (version 16).

3. Results

3.1. Patient Characteristics

This study focused on patients who had restaging PET/CT scans and met the inclusion
criteria. Their demographic and clinicopathologic characteristics are shown in Table 1.

Table 1. Patient demographic and clinicopathologic characteristics.

Variables

Restaging

Survivors
n (%)

Non-Survivors
n (%)

Total n (%)

Age (years)
<65 13 (76.47) 17 (53.13) 30 (61.22)
≥65 4 (23.53) 15 (46.88) 19 (38.78)

Sex
Female 11 (64.71) 12 (37.5) 23 (46.94)
Male 6 (35.29) 20 (62.5) 26 (53.06)

Site of the primary tumor
Upper limb 2 (11.76) 2 (6.25) 4 (8.16)
Lower limb 7 (41.18) 14 (43.75) 21 (42.86)

Head and neck 4 (23.53) 12 (37.5) 16 (32.65)
Chest and back 4 (23.53) 4 (12.5) 8 (16.33)

Histology
Acral lentiginous 0 1 (3.13) 1 (2.04)

Amelanotic 2 (11.76) 0 2 (4.08)
Choroidal melanoma 0 1 (3.13) 1 (2.04)
Malignant melanoma 9 (52.94) 26 (81.25) 35 (71.43)

Nodular 5 (29.41) 4 (12.5) 9 (18.37)
Superficial spreading 1 (5.88) 0 1 (2.04)

Clinical staging
II 3 (17.65) 2 (6.25) 5 (10.2)
III 8 (47.06) 6 (18.75) 14 (28.57)
IV 6 (35.29) 24 (75.0) 30 (61.22)

A total of 167 patients presented for restaging; after excluding those that did not meet
the inclusion criteria, 49 patients remained. This study consisted of 23 (46.9%) females
and 26 (53.1%) males. Most of the patients (61.22%, n = 30) were less than 65 years old.
The lower limb primary tumors were the most common, observed in 42.86% (n = 21) of
the patients; the remainder were distributed in the upper limbs, head and neck, chest and
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back. The histological types reported among these patients included unspecified malignant
melanoma present in 71.43% (n = 35) patients and nodular type (18.37%, n = 9). The majority
of the patients had stage IV disease (61.22%, n = 30).

The AJCC clinical stage at the time of referral was documented. Treatment received
by the patients prior to the restaging PET was surgery (n = 36) and chemotherapy (n = 13).
Patients were then restaged based on clinical and imaging findings. Patients in stages II and
III were upstaged and those in stage IV either progressed or had stable disease. Based on the
new stages, nine patients proceeded to receive immunotherapy, three received chemotherapy
and the rest were followed up by observation and/or referral to palliative care.

The median follow-up time for survival was 12 months (interquartile range (IQR) of
3–32 months). High mortality rates were observed among males, those aged <65 years and
those in clinical stage IV.

3.2. Metabolic PET Parameters

The median (IQR) SUVmax, MTV, TLG, whole-body MTV and whole-body TLG for
the patients were 6.62 (3.1–12.6), 8.06 cm3 (2.9–21.0), 19.49 (6.8–118.3), 33.36 (10.2–100.2)
and 462.89 (59.3–1553.3), respectively. Compared to the survivors, non-survivors had a
significantly higher median MTV (11.86 cm3 vs. 5.68 cm3; p-value = 0.022), TLG (31.25 vs. 14;
p-value = 0.0357), whole-body MTV (53.9 cm3 vs. 14.4 cm3; p-value = 0.0076) and whole-body
TLG (963.4 vs. 114.6; p-value = 0.0056) (Table 2).

Table 2. Metabolic PET parameters of survivors and non-survivors.

PET Parameter

Restaging Group

Total
Median (IQR)

Survivors
Median (IQR)

Non-Survivors
Median (IQR)

p-Value

SUVmax 6.62 (3.1–12.6) 3.66 (2.9–8.7) 8.65 (3.27–13.6) 0.0661
MTV (cm3) 8.06 (2.9–21.0) 5.68 (2.5–12.2) 11.86 (4.1–191.6) 0.022

TLG 19.49 (6.8–118.3) 14.3 (5.0–23.9) 31.25 (9.9–191.6) 0.0357
Whole-body MTV (cm3) 33.36 (10.2–100.2) 14.4 (8.3–34.7) 53.91 (21.4–547.7) 0.0076

Whole-body TLG 462.89 (59.3–1553.3) 114.6 (23.9–479.5) 963.44 (167.9–11523.2) 0.0056

IQR: Interquartile range; SUVmax: maxiumum standard uptake value; MTV: metabolic tumor volume; TLG: total
lesion glycolysis.

3.3. Survival Analysis

The Kaplan–Meier plots showed that there was no significant difference between
patients with SUVmax ≤ median (6.62) compared to those with SUVmax > median (6.62),
p-value = 0.0905 (Figure 1).

The bivariate log-rank test showed significant difference in predicting survival using the
log-rank test: MTV ≤ median (8.06 cm3) vs. MTV > median (8.06 cm3) (p-value = 0.0506);
TLG ≤ median (19.49) vs. TLG > median (19.49) (p-value < 0.0291); whole-body MTV ≤ median
(33.36 cm3) vs. whole-body MTV > median (33.36 cm3) (p-value = 0.0001) and whole-body
TLG ≤ median (462.89) vs. whole-body TLG > median (462.89) (p-value < 0.001). Higher
MTV, TLG, whole-body MTV and whole-body TLG were associated with lower survival
(see Figures 2–4).
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Figure 1. Kaplan–Meier curves for overall survival in restaging melanoma with respect to maximum
standard uptake value (SUVmax).

Figure 2. Kaplan–Meier curves for overall survival in restaging melanoma with respect to metabolic
tumor volume (MTV) (A), whole-body MTV (B), total lesion glycolysis (TLG) (C), and whole-body
TLG (D).
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Figure 3. A 50-year-old male, diagnosed with malignant melanoma of the right groin with inguinal
lymph node metastases, excision and resection of metastatic inguinal nodes, presented with right
groin recurrence. Maximal intensity projection image (A), coronal 18F-FDG- PET (B), fused (C)
and CT (D) images demonstrating right inguinal recurrence (arrow). He also had abdominal and
retroperitoneal lesions. MTV 174.59 cm3, TLG 1611.46, SUVmax 22.12, whole-body MTV 780.55 cm3

and whole-body TLG 28,279.33. Overall survival was 5 months.

A B C D 

G H E F 

Figure 4. A 32-year-old female, acral lentiginous melanoma resected from the left foot, presented with
a recurrence and nodal metastases. Maximal intensity projection image (A), coronal 18F-FDG PET (B),
fused (C) and CT (D) images demonstrating large inguinal node metastases. Maximal intensity projection
image (E), Coronal 18F-FDG PET of lower limbs (F), fused (G) and CT (H) images demonstrating left foot
primary with subcutaneous and nodal metastases in the left leg. MTV 126.73 cm3, TLG 567.75, SUVmax
10.78, whole-body MTV 635.48 cm3 and whole-body TLG 9964.33. Overall survival was 8 months.
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3.4. Univariate Analysis of Demographic and Clinicopathology in Relation to Overall Survival

In relation to overall survival, patients aged >65 years had a 1.88-fold statistically sig-
nificant increased risk of death compared to those who were aged <65 years (p-value = 0.08).
Male patients had a 2.26-fold increased risk of death compared to females (p-value = 0.027).
Patients with MTV > 12.39 cm3 were 2.53 times more likely to die compared to those with
MTV ≤ 12.39 cm3 (p-value = 0.01), while patients with TLG > 36.84 had an increased risk
factor of 2.43 compared to TLG ≤ 36.84 (p-value < 0.014). The risk of mortality was 4.09 times
higher amongst patients with a whole-body MTV > 51.15 cm3 compared to those with a whole-
body MTV ≤ 51.15 cm3 (p-value < 0.001), while patients with a whole-body TLG > 564.47
were 4.33 times more likely to die compared to those with a whole-body TLG ≤ 564.47
(p-value < 0.001). This is shown in Table 3.

Table 3. Univariate analysis of demographic and clinicopathology in relation to overall survival.

Variables
Overall Survival

HR (95%CI) p-Value

Age (years)
<65 1 (base)
≥65 1.88 (0.93.82) 0.08
Sex

Female 1 (base)
Male 2.26 (1.09–4.67) 0.027

Clinical staging
2 1 (base)
3 1.21 (0.24–5.99) 0.818
4 3.41 (0.800–14.57) 0.097

SUVmax
≤8.61 1 (base)
>8.61 1.78 (0.88–3.58) 0.108

MTV (cm3)
≤12.39 1 (base)
>12.39 2.53 (1.25–5.15) 0.01
TLG

≤36.84 1 (base)
>36.84 2.43 (1.19–4.91) 0.014

Whole-body MTV (cm3)
≤51.15 1 (base)
>51.15 4.09 (1.97–8.48) <0.001

Whole-body TLG
≤564.47 1 (base)
>564.47 4.33 (2.05–913) <0.001

HR: Hazards ratio; CI: Confidence interval.

4. Discussion

In this study, we evaluated the significance of metabolic 18F-FDG PET/CT volumetric
parameters in predicting the overall survival of patients presenting for restaging. Our
patient cohort had a recurrence in the primary site of disease, as well as distant disease.
Regarding the multivariate and univariate parameters, patients that demonstrated higher
MTV and TLG were at a higher risk of death. In relation to survival, only whole-body TLG
was significantly associated. Our data did not demonstrate a positive correlation with other
variables, such as age or the site of the primary tumor, and survival.

Metabolic PET parameters have been discussed as a potential benefit in the prognosis
of solid tumors. This has been seen in head and neck cancers, lung cancer and gynecological
malignancies [16]. There are several metabolic parameters measured in 18F-FDG PET/CT. A
high metabolic volume in 18F-FDG PET scans is associated with poor prognosis and changes
in metabolic activity can be used to monitor response to therapy [17]. Metabolic PET
parameters have been demonstrated to be independent prognostic factors for progression-
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free survival (PFS) and overall survival (OS) [18]. Metabolic PET parameters that are
tumor-based, namely, MTV and TLG, have been shown to better represent the entire tumor
and are closely associated with prognosis in various malignancies [18]. MTV and TLG have
also been demonstrated to have a greater association with PFS and OS when compared to
SUVmax. Metabolic parameters of tumor volumes have been demonstrated to be associated
with prognostic values of overall survival and progression-free survival in esophageal
cancer [19], head and neck cancer [20] and small cell lung cancer [21].

A study by Son et al. looked at the prognostic relevance of MTV and TLG in patients
with malignant melanoma and found that pre-treatment MTV and TLG may be useful in
risk-stratifying patients for likelihood of death and recurrence, with TLG being the best
predictor [9]. Our findings were similar, where those patients with higher MTV, TLG and
whole-body TLG were associated with overall survival. The difference between our study
and theirs is that they looked at patients who presented for initial staging and our cohort of
patients presented for restaging. Our study did not focus on progression-free survival, as a
large proportion of our patients already had stage IV disease. The findings did however
agree that metabolic parameters played a role in prognosis.

Another study by Ito et al., which looked at tumor volumes, demonstrated that whole-
body MTV is a strong independent prognostic factor in determining which melanoma
patients will respond to immunotherapy [8]. Our study did not look at the response to
therapy but demonstrated that a higher whole-body MTV was associated with poorer
survival. This agrees with another study that looked at treatment response and reported
that those with more tumor involvement faired more poorly than those with less tumor
involvement. This demonstrates that tumor volumes can be used to see which patients are
more likely to benefit from intervention.

More recently, a study by Reinert et al. demonstrated the prognostic value of metabolic
parameters in patients with melanoma regarding progression-free and overall survival [22].
This study demonstrated a positive correlation between MTV and TLG with overall and
progression-free survival [22]. These findings were almost similar to our findings; however,
this was done on a European population that presumably has better access to healthcare.
In our population, patients typically present late and with more advanced disease [2];
therefore, in our population, having an additional risk stratification tool may guide clin-
icians regarding which therapies to use, more frequent follow-ups or earlier palliative
treatment if necessary. The study also looked at other parameters, such as serological
markers, lactate dehydrogenase and C-reactive protein. These specific parameters were not
commonly reviewed in our patient cohort. Prognostication using 18F-FDG PET/CT was
also reviewed by Schweigoffer-Zwink et al., who demonstrated that metabolic parameters
in patients with advanced cutaneous melanoma were predictive for survival in melanoma
patients undergoing immunotherapy [23]. This study also found that tumor-to-background
values had a stronger predictive value than MTV and TLG. Our study did not look at
tumor-to-background ratios but similarly demonstrated that metabolic PET parameters can
be predictive in a resource-constrained setting such as ours.

As our study specifically looked at restaging, our findings were somewhat similar
to the Albano et al. group in Italy, which reviewed patients with 18F-FDG PET/CT after
surgery with suspicion for recurrence or metastatic disease post-surgical intervention;
they found that imaging a positive scan was associated with an increased risk of disease
progression and a negative study demonstrated longer survival than a positive one [24].
Metabolic parameters were not reviewed in this study; however, findings agree that a
positive PET has prognostic outcomes in survival [24]. 18F-FDG PET/CT also has the
added advantage that it can detect melanoma recurrence in asymptomatic patients prior to
clinical detection and this was demonstrated in a study done at our center [25].

Survival in melanoma is dependent on the stage at diagnosis. The different factors
that encompass staging, namely, tumor size, nodal involvement and metastases, have been
evaluated for melanoma-specific survival. Overall survival tends to be poorer depending on
the stage at diagnosis [26]. This correlates with our data, as most of our patients presented
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for restaging at a later stage and had poorer outcomes. Due to mostly delayed presentation
in our patient population, our study evaluated patients that demonstrated disease in the
primary tumor at restaging with distant metastases. Our patients had significantly higher
tumor volumes compared to what has been described by other authors [11,22].

The strength of this study was in demonstrating the value of metabolic parameters
18F-FDG PET/CT in restaging patients with malignant melanoma for prognostic purposes.
The role in recurrent melanoma is yet to be defined in a prospective study and would
be beneficial to guide clinicians on potential clinical outcomes of patients, especially in
recurrent disease.

The limitations of this study are that it is retrospective with a limited sample size
of patients that presented to our hospital for restaging. Our study sample was based on
the hospital records, which were not intended for research; therefore, challenges with
incomplete records were encountered. A large proportion of our patients were also lost
to follow-up, which also influenced our results. Difficulties in record keeping have been
described in a resource-constrained setting similar to ours by Pirkle et al., who found that
researchers in diverse settings struggle with record keeping. The authors mentioned that
illegible notes or missing records can affect hospital care and research and mentioned the
need for electronic records, which may assist with improving this [27]. Unfortunately,
in our setting, medical records are still done on paper and only imaging is available
electronically. A study done in a first-world setting, namely, in Taiwan, by Li et al. found
that, although electronic medical records were available, most retrospective studies had
a case number of fewer than 100 patients, with the average being 41 [28]. The lower
case numbers were speculated to be due to the authors’ preference of accessing paper
records despite the availability of electronic records [28]. These studies demonstrate that
lower case numbers in retrospective data are not unique to our population alone, but are
seen in low-income and first-world countries with access to better record keeping [27,28].
Another limitation is the inability to correlate the histology of all the metastatic lesions
to truly confirm melanoma metastases despite anatomical features of metastases. Our
data demonstrated a positive correlation with tumor volumes and overall survival in this
retrospective analysis of patients presenting for restaging. Prospective studies in patients
with melanoma preventing for staging would be beneficial, as the bulk of known literature
is retrospective.

5. Conclusions

In this patient cohort that presented for restaging, we found that a high MTV and
TLG of the primary tumor and whole-body TLG were prognostic for overall survival.
These findings may assist clinicians in evaluating and recognizing patients with a poorer
prognosis in a similar population group.
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Abstract: Background: Central necrosis can be detected on [18F]FDG PET/CT as a region with
little to no tracer uptake. Currently, there is no consensus regarding the inclusion of regions of
central necrosis during volume of interest (VOI) delineation for radiomic analysis. The aim of this
study was to assess how central necrosis affects radiomic analysis in PET. Methods: Forty-three
patients, either with non-small cell lung carcinomas (NSCLC, n = 12) or with pheochromocytomas
or paragangliomas (PPGL, n = 31), were included retrospectively. VOIs were delineated with and
without central necrosis. From all VOIs, 105 radiomic features were extracted. Differences in radiomic
features between delineation methods were assessed using a paired t-test with Benjamini–Hochberg
multiple testing correction. In the PPGL cohort, performances of the radiomic models to predict the
noradrenergic biochemical profile were assessed by comparing the areas under the receiver operating
characteristic curve (AUC) for both delineation methods. Results: At least 65% of the features showed
significant differences between VOIvital-tumour and VOIgross-tumour (65%, 79% and 82% for the NSCLC,
PPGL and combined cohort, respectively). The AUCs of the radiomic models were not significantly
different between delineation methods. Conclusion: In both tumour types, almost two-third of the
features were affected, demonstrating that the impact of whether or not to include central necrosis in
the VOI on the radiomic feature values is significant. Nevertheless, predictive performances of both
delineation methods were comparable. We recommend that radiomic studies should report whether
or not central necrosis was included during delineation.

Keywords: radiomics; [18F]FDG PET/CT; tumour delineation; central necrosis

1. Introduction

Tumour morphology might be heterogeneous with alternating regions of relatively
vital tumour tissue, mild hypoxia, severe hypoxia and necrosis [1]. Tumour hypoxia
manifests itself predominantly in solid tumours [2]. Central necrosis of tumours occurs as
a result of hypoxia and is caused by uncontrolled oncogene-driven proliferation without
efficient vasculature, inducing a nutrient and oxygen shortage [1]. As a morphological
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marker, central necrosis is associated with poor prognosis in a variety of cancers [3–5],
including non-small cell lung carcinomas (NSCLC) [6,7]. Larger regions of necrosis can
be detected on 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography ([18F]FDG
PET/CT) as an often centrally located region with little to no tracer uptake.

Radiomics aims to quantify the geometry and tracer uptake, including uptake het-
erogeneity, of tumours by using first order, shape and texture features and hypothesizing
that these features can be used for tumour characterisation, prognostic stratification and
response prediction in precision medicine [8]. It is uncertain whether regions of central
necrosis should be added to the delineation of the tumour, since the effect of delineation
methods on the predictive value of the radiomic signature remains unknown [9]. Semi-
automatic tumour delineation methods used in radiomic analysis apply isocontours by
using fixed or adaptive thresholds [10,11] or more advanced algorithms, such as the fuzzy
locally adaptive Bayesian (FLAB) algorithm [12]. Although these methods have shown
to be highly reproducible [10,13], they often underestimate the true (anatomical) tumour
volume by excluding (up to a certain degree) regions of low tracer uptake. Some studies
manually add the excluded regions of low tracer uptake to the volume of interest (VOI),
but this is not always clearly reported. It is hypothesised that the addition of a region of
central necrosis to the VOI may influence all three radiomic feature classes numerically.
First order features might be affected by the addition of voxels with low grey levels and
this skews the intensity histogram. Shape features might be influenced by the different 3D
morphology of the VOI when central necrosis is included. Texture features, representing
spatial relationships between voxels in terms of run lengths or size zones of the same
voxel values or combinations of neighbouring voxel values, might change as well. The
introduction of an area of central necrosis might, for instance, result in long runs with
low values that will change the run length matrix and, as a result, the feature values. The
Image Biomarker Standardisation Initiative (IBSI), which is an independent international
collaboration working towards standardising the extraction of image biomarkers, provides
reporting guidelines for radiomic studies but, up to this point, does not specify the need
to report on the inclusion/exclusion of necrosis while describing the used segmentation
method [14]. Moreover, the effect of the delineation method, including whether or not
to include central necrosis, on the performance of the radiomic signature for predicting
underlying tumour biology remains unknown [9].

This study explores how central necrosis influences PET radiomic analysis by assessing
the differences in radiomic features and the predictive performance of features extracted
from VOIs delineated using an isocontour method with and without the manual addition
of the region of central necrosis for two datasets of NSCLC and pheochromocytomas or
paragangliomas (PPGL), catecholamine-producing neuroendocrine tumours that arise from
the chromaffin cells of the adrenal medulla and extra-adrenal sympathetic paraganglia [15].

2. Materials and Methods

2.1. Patient Population, Data Acquisition and Image Reconstruction

Subjects from two cohorts of patients who underwent an [18F]FDG PET/CT in a single
academic centre were retrospectively included to study the effect of different aspects of
central necrosis on the radiomic analysis. A cohort of patients with non-small cell lung-
carcinomas (NSCLC, n = 35), generally presenting a high tumour-to-background ratio, and
a cohort of patients with pheochromocytomas or paragangliomas (PPGL, n = 77), generally
presenting a low tumour-to-background ratio, were included.

The NSCLC cohort is a previously published prospective cohort [16]. Patients un-
derwent a dynamic [18F]FDG PET/CT scan with the primary tumour located centrally
in the field of view using the Biograph Duo or Biograph 40 mCT (Siemens Healthineers,
Erlangen, Germany) at the Radboud University Medical Center between 2009 and 2014.
Only tumours with a diameter larger than 30 mm were included to minimise the influence
of partial volume effects and to be able to reliably quantify uptake heterogeneity [17].
Imaging was in accordance with European Association of Nuclear Medicine (EANM)
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guidelines for tumour PET imaging [18]. Patients fasted for at least 6 h before imaging
and serum glucose levels were below 8 mmol/L. Directly after the start of the acquisition,
a standardised infusion of 3.45 MBq of [18F]FDG per kilogram of body weight started.
The final time frame (50–60 min p.i.) of the dynamic series was used in the current study.
Voxel sizes were 2.56 × 2.56 × 3.38 and 1.59 × 1.59 × 2.03 mm3 for the Biograph Duo
PET/CT and Biograph 40 mCT PET/CT, respectively. This study has been reviewed and
approved by the Commission on Medical Research Involving Human Subjects Region
Arnhem-Nijmegen, the Netherlands. All patients signed an informed consent form.

The PPGL patients who underwent a [18F]FDG PET/CT scan in the Radboud Univer-
sity Medical Center between 2011 and 2018 were retrospectively included. A selection of
these patients has previously been described [15,19]. Static PET/CT images were acquired
using the Biograph 40 mCT (Siemens Healthineers, Erlangen, Germany), in accordance
with aforementioned EANM guidelines [18]. Patients fasted for at least 6 h and serum glu-
cose levels were below 8 mmol/L. Image acquisition (3 or 4 min per bed position) started
60 (55–75) minutes after intravenous administration of [18F]FDG (dosage according to a
non-linear dosage regimen based on body weight; details can be found in Supplementary
File S1). The reconstructed voxel size was 3.18 × 3.18 × 3.00 mm3. This retrospective
database study has been reviewed and approved by the Commission on Medical Research
Involving Human Subjects Region Arnhem-Nijmegen, the Netherlands. Informed consent
was waived due to the retrospective nature of the study. Patients that objected to the use of
their anonymised data were excluded.

Additional details on patient preparation, data acquisition, image reconstruction,
image processing and radiomic analysis can be found in Supplementary File S1: the IBSI
reporting guidelines [14].

2.2. Image Analysis
2.2.1. Image Processing

For NSCLC, images were interpolated to isotropic voxels of 3.38 × 3.38 × 3.38 mm3

using trilinear interpolation with the grids aligned by the centre using MATLAB version
2017b (Mathworks, Natick, MA, USA) [14]. PPGL images were not interpolated since the
voxels were almost isotropic (3.18 × 3.18 × 3.00 mm3).

2.2.2. Volumes of Interest Delineation

VOIs were delineated semi-automatically using 3DSlicer version 4.11 (www.slicer.org,
accessed on 1 March 2021) [20] and in-house built software implemented in Python version
3.7 (Python Software Foundation, Wilmington, Delaware). The often peripheral region
of the tumour showing increased [18F]FDG uptake (VOIvital-tumour) was delineated using
a semi-automatic threshold-based method and corrected for local background [10]. A
threshold of 41% of the peak standardised uptake value (SUVpeak) that was obtained using
a sphere of 12 mm diameter [21] was selected, since the delineated tumour sizes of this
method agreed best with pathological tumour sizes [22]. As tumours in the PPGL cohort
showed low contrast between the tumour and surrounding tissue, boxing was applied to
exclude the surrounding [18F]FDG-avid tissues. VOIgross-tumour was generated by manually
adding the volumes of central necrosis to VOIvital-tumour, using the low-dose CT as a visual
reference. The necrotic tumour fraction (NTF) was determined using Equation (1):

NTF = 1 − VOIvital-tumour/VOIgross-tumour (1)

where a NTF of 0 indicates no central necrosis and a higher NTF indicates larger volumes
of necrosis. Patients were selected when NTF > 0.

2.2.3. Radiomic Feature Extraction

For each selected patient, 105 radiomic features were extracted from VOIvital-tumour
and VOIgross-tumour using PyRadiomics version 3.0 in Python version 3.7 (Python Software
Foundation, Wilmington, DE, USA) [23]: 18 first order features, 14 shape features, 22 grey
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level cooccurrence matrix (GLCM) features, 16 grey level run length matrix (GLRLM)
features, 16 grey level size zone matrix (GLSZM) features, 14 grey level dependence matrix
(GLDM) features and 5 neighbouring grey tone difference matrix (NGTDM) features. A
fixed bin size of 0.5 g/mL was applied.

2.3. Statistical Analysis

Statistical analyses were performed in SPSS version 25 (IBM Statistics, Chicago, IL,
USA). Per cohort and for both cohorts together, differences in radiomic features extracted
from VOIvital-tumour and VOIgross-tumour were assessed using a Wilcoxon signed-rank test or
a paired t-test after testing for (log-)normality. Since over one hundred features are tested
simultaneously, some features may show a significant difference between both delineation
methods by chance, which increases the false discovery rate [24]. Therefore, the Benjamini–
Hochberg multiple testing correction was performed [25]. The Benjamini–Hochberg correc-
tion determines the significance level for specific feature (pi) using Equation (2):

pi <

(
i
n

)
a (2)

where i is the ranking of a feature when ranking all features based on the significance
level of the paired t-test from smallest to largest, n is the total number of features and
a is the original significance level (a = 0.05). Additional subset analyses of all patients
based on the NTF and SUVmax were performed by creating three equally-sized groups
for low, medium and high values: NTF: ≤0.12, 0.12 < NTF ≤ 0.36, >0.36; SUVmax: ≤4.61,
4.61 < SUVmax ≤ 12.09, >12.09 g/mL. Differences in numbers of affected features per cohort
and subgroup were assessed using the Fisher’s exact test. Overlaps in the affected features
per cohort and subgroup were visualised using Venn diagrams.

For the PPGL cohort, the predictive performance for the underlying tumour biology
of the radiomic models based on features derived from the different delineation methods
was assessed by binary logistic regression in R version 3.6.0 (R Foundation for Statistical
Computing, Vienna, Austria). Moreover, a radiomic model was created out of features
from both delineation methods, assuming that both features contain different information.
The response variable in regression was the noradrenergic biochemical profile of the
PPGLs. Unsupervised feature selection or dimension reduction was performed to deal
with multicollinearity and high dimensionality, which occurs when the number of features
largely exceeds the number of patients. As a rule of thumb, 1 feature was selected for every
10 subjects [26] and 3 features were selected to be tested (PPGL dataset: n = 31 patients).
The predictive performance of the radiomic models was not assessed for the NSCLC cohort
since this cohort consisted of only 12 patients, which corresponds to only 1 feature to be
tested and is inadequate to explain sufficient variance of the dataset. Dimension reduction
in the PPGL dataset using redundancy filtering and factor analysis was performed using
the FMradio (Factor Modeling for Radiomics Data) R-package version 1.1.1 [27]. Features
were scaled (centred around 0, variance of 1), avoiding that features with the largest scale
dominated the analysis. Redundancy filtering of the Pearson correlation matrix of features
is performed with a threshold of τ = 0.95 and, from each group, one feature is retained.
Factor analysis of the redundancy filtered correlation matrix with an orthogonal rotation
was executed so that the first factor explained the largest possible variance in the dataset; the
succeeding factors explained the largest variance in orthogonal directions. The sampling
adequacy of the model, which is quantified by the Kaiser-Meier-Olkin (KMO) statistic, was
predefined to be ≥0.9. The feature with the highest loading on a single factor was selected
for regression analysis. The three selected features are associated with the noradrenergic
biochemical profile using multiple binary logistic regression. Areas under the curve (AUC)
of the receiver operating characteristic (ROC) of the radiomic models based on the three
selected features for VOIvital-tumour, VOIgross-tumour and combined were computed and
compared using DeLong’s test for paired ROC curves. A sham experiment was conducted
to validate the findings by randomisation of the outcome labels (noradrenergic biochemical
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profile) [28]. This takes into account the prevalence of the outcome and the distributions
and multicollinearity of the radiomic features but uncouples their hypothesised relation.
Binary logistic regression was performed and the sham experiment was repeated 100 times
to calculate the mean AUCs.

3. Results

Patient characteristics of included patients with central necrosis (n = 43) are presented in
Table 1. In the NSCLC cohort, central necrosis was observed in 12 out of 35 patients (34%). In
the PPGL cohort, central necrosis was observed in 31 of 77 patients (40%; Figure 1).

Table 1. Clinical characteristics of 31 PPGL and 12 NSCLC patients with central necrosis. SUV:
standardised uptake value, MTV: metabolic tumour volume, NTF: necrotic tumour fraction, NSCLC:
non-small cell lung carcinomas, PPGL: pheochromocytomas and paragangliomas.

NSCLC (n = 12) PPGL (n = 31)

Age (years), median (range) 65 (44–80) 62 (23–80)
Sex (M/F) 11/1 10/21

Histology
Adenocarcinoma: 4

Squamous cell carcinoma: 7
Other: 1

Pheochromocytoma: 26
Paraganglioma: 5

Noradrenergic biochemical
profile (yes/no) - 13/18

SUVmax (g/mL), median
(range) 16.00 (9.05–29.77) 5.00 (2.54–36.01)

MTVvital-tumour (cm3),
median (range)

36.3 (15.2–173.4) 58.3 (16.6–388.8)

MTVgross-tumour (cm3),
median (range)

45.1 (18.7–327.3) 103.8 (28.7–611.2)

NTF, median (range) 0.19 (0.03–0.77) 0.23 (0.01–0.97)

Figure 1. Example of a [18F]FDG PET/CT scan of a patient with a pheochromocytoma with central necrosis in the left
adrenal gland, with VOIvital-tumour in blue and VOIgross-tumour in yellow. The NTF is 0.05.

At least 65% of the features were affected by the choice of delineation (Table 2). The
PPGL population was influenced the most with 79% of affected features, compared to
65% in the NSCLC population, which is a significant difference between the populations
(p = 0.031). Out of the 105 features, 61% were affected in the NSCLC cohort as well as the
PPGL cohort. For all patients taken together, even 82% of the features were affected.

First order features were affected substantially, with at least 72% of features, followed
by texture features with at least 66% of features. Shape features were affected the least, with
50% of affected features in both datasets. Of all texture feature classes, GLCM features were
affected the least, with a maximum of 68% of features. For all other classes, the maximum
number of affected features was at least 80%.
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Table 2. Numbers and percentages of features affected by the delineation method (VOIvital-tumour vs.
VOIgross-tumour) per feature class for the different cohorts and both cohorts together. Differences in
the number of affected features between cohorts were assessed using the Fisher’s exact test. NSCLC:
non-small cell lung carcinoma, PPGL: pheochromocytoma and paraganglioma, GLCM: grey level
cooccurrence matrix, GLRLM: grey level run length matrix, GLSZM: grey level size zone matrix,
GLDM: grey level dependence matrix, NGTDM: neighbouring grey tone difference matrix.

Feature Class All (n = 43) NSCLC (n = 12) PPGL (n = 31) p-Value

First order (18) 17 (94%) 13 (72%) 16 (89%) 0.402
Shape (14) 11 (79%) 7 (50%) 7 (50%) 1.000

Texture (73) 58 (79%) 48 (66%) 60 (82%) 0.024
GLCM (22) 15 (68%) 12 (55%) 15 (68%) 0.537

GLRLM (16) 15 (94%) 12 (75%) 15 (94%) 0.333
GLSZM (16) 12 (75%) 11 (69%) 13 (81%) 0.685
GLDM (14) 12 (86%) 9 (64%) 13 (93%) 0.165
NGTDM (5) 4 (80%) 4 (80%) 4 (80%) 1.000
Total (105) 86 (82%) 68 (65%) 83 (79%) 0.031

The size of the NTF appeared to influence the number of affected shape features
(nonsignificant; Table 3). For a small NTF, 36% of the features were affected, increasing to
57% and 71% for medium and large NTFs, respectively. Moreover, for small and medium
NTFs 100% of the NGTDM features were affected compared to only 40% for a large NTF.

Table 3. Numbers and percentages of features affected by the delineation method (VOIvital-tumour

vs. VOIgross-tumour) per feature class for the subgroups based on NTF. Differences in the number
of affected features between subgroups were assessed using the Fisher’s exact test. NTF: necrotic
tumour fraction, GLCM: grey level cooccurrence matrix, GLRLM: grey level run length matrix,
GLSZM: grey level size zone matrix, GLDM: grey level dependence matrix, NGTDM: neighbouring
grey tone difference matrix.

Feature Class
All

(n = 43)

Small NTF
(NTF ≤ 0.12,

n = 14)

Medium NTF
(0.12 < NTF ≤

0.36, n = 15)

Large NTF
(NTF > 0.36,

n = 14)
p-Value

First order (18) 17 (94%) 14 (78%) 16 (89%) 14 (78%) 0.745
Shape (14) 11 (79%) 5 (36%) 8 (57%) 10 (71%) 0.199

Texture (73) 58 (79%) 52 (71%) 60 (82%) 51 (70%) 0.170
GLCM (22) 15 (68%) 13 (59%) 15 (68%) 15 (68%) 0.850

GLRLM (16) 15 (94%) 12 (75%) 14 (88%) 14 (88%) 0.701
GLSZM (16) 12 (75%) 12 (75%) 15 (94%) 9 (94%) 0.058
GLDM (14) 12 (86%) 10 (71%) 11 (79%) 11 (79%) 1.000
NGTDM (5) 4 (80%) 5 (100%) 5 (100%) 2 (40%) 0.066
Total (105) 86 (82%) 71 (68%) 84 (80%) 75 (71%) 0.116

Although nonsignificant, the value of the SUVmax appeared to influence the number
of affected features (Table 4) and a higher value resulted in more affected features (56%,
66% and 70% for low, medium and high values, respectively). This increasing trend could
also be observed for all texture feature classes except for GLCM features, where the number
of affected features decreased with an increasing SUVmax.

Overlap in affected features between cohorts and subgroups is generally high (Figure 2),
yet the affected shape features varied largely between cohorts and for different-sized NTFs.
It can be observed that many features that were affected in one subset or cohort, were also
affected in most of the other subsets or cohorts (Supplementary Table S1).
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Table 4. Numbers and percentages of features affected by the delineation method (VOIvital-tumour vs. VOIgross-tumour) per
feature class for the different subgroups based on SUVmax. Differences in the number of affected features between subgroups
were assessed using the Fisher’s exact test. SUVmax: maximum standardised uptake value, GLCM: grey level co-occurrence
matrix, GLRLM: grey level run length matrix, GLSZM: grey level size zone matrix, GLDM: grey level dependence matrix,
NGTDM: neighbouring grey tone difference matrix.

Feature Class
All

(n = 43)

Low SUVmax

(SUVmax ≤ 4.61,
n = 14)

Medium SUVmax

(4.61 < SUVmax ≤ 12.09,
n = 15)

High SUVmax

(SUVmax > 12.09,
n = 14)

p-Value

First order (18) 17 (94%) 14 (78%) 15 (83%) 16 (89%) 0.898
Shape (14) 11 (79%) 4 (29%) 5 (36%) 4 (29%) 1.000

Texture (73) 58 (79%) 41 (56%) 49 (67%) 53 (73%) 0.106
GLCM (22) 15 (68%) 15 (68%) 12 (55%) 12 (55%) 0.610

GLRLM (16) 15 (94%) 9 (56%) 13 (81%) 15 (94%) 0.051
GLSZM (16) 12 (75%) 7 (44%) 11 (69%) 12 (75%) 0.249
GLDM (14) 12 (86%) 8 (57%) 9 (64%) 10 (71%) 0.919
NGTDM (5) 4 (80%) 2 (40%) 4 (80%) 4 (80%) 0.500
Total (105) 86 (82%) 59 (56%) 69 (66%) 73 (70%) 0.120

Figure 2. Venn diagrams representing the overlap in affected features per feature class for the cohorts
(a) and subgroups ((b): NTF, (c): SUVmax). NSCLC: non-small cell lung carcinoma, PPGL: pheochro-
mocytoma and paraganglioma, NTF: necrotic tumour fraction, SUVmax: maximum standardised
uptake value.
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For each of the three radiomic models evaluating predictive performance (VOIvital-tumour,
VOIgross-tumour and combined) for the PPGL dataset, three factors were retained and the three
best corresponding features were selected (Table 5). The KMOs of the models were excellent
(>0.96). AUCs varied 0.791–0.829, but were not significantly different between the radiomic
models (VOIvital-tumour vs. VOIgross-tumour: p = 0.775; VOIvital-tumour vs. combined: p = 0.625;
VOIgross-tumour vs. combined: p = 0.874; Figure 3). The mean AUCs of the sham experiments
were lower (0.645–0.655) than the AUCs of the radiomic models, indicating the validity of
the findings.

Table 5. Results of dimension reduction and predictive performance of the VOIvital-tumour, VOIgross-tumour and combined
model for the noradrenergic biochemical profile in the PPGL cohort. For each model, 3 features were selected corresponding
to the factors with the highest loadings. AUCs of the radiomic models and the mean AUC of the sham experiment are
reported. Features marked with * are not significantly different between delineation methods in the PPGL dataset. KMO:
Kaiser–Meier–Olkin (KMO) measure, AUC: area under the receiver operating characteristic curve.

VOIvital-tumour VOIgross-tumour Combined

Features retained after
filtering (τ = 0.95) 53/105 57/105 103/210

KMO 0.970 0.969 0.986
Cumulative variance 0.63 0.58 0.53

Selected features

- First order Minimum
- Shape Surface Area *
- GLCM Informational

Measure of Correlation 2

- Shape Surface Area *
- NGTDM Complexity
- GLDM Dependence

Entropy

- VOIgross-tumour GLCM
Sum entropy

- VOIvital-tumour Shape
maximum 3D diameter *

- VOIvital-tumour Shape
Surface Volume ratio

AUC (95% CI) 0.829 (0.677–0.981) 0.803 (0.640–0.967) 0.791 (0.618–0.963)
Mean AUC sham experiment

(100 iterations) 0.643 0.660 0.666

Figure 3. ROC curves and AUCs for the different radiomic models: blue: VOIvital-tumour (features:
first order minimum, shape surface area and GLCM informational measure of correlation 2); green:
VOIgross-tumour (features: shape surface area, NGTDM complexity and GLDM dependence entropy);
black: combined (features: VOIgross-tumour GLCM sum entropy, VOIvital-tumour shape maximum 3D
diameter and VOIvital-tumour shape surface volume ratio). ROC: receiver operating characteristic,
AUC: area under the ROC curve.
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4. Discussion

In this study, we assessed the effect of the inclusion of central necrosis during tu-
mour delineation on radiomic analysis in two cohorts of patients with NSCLC and PPGL.
Around two-third of radiomic features showed significant differences between adaptive
threshold delineation with and without manual addition of the region of central necrosis.
Nevertheless, the predictive performance of radiomic models with and without central
necrosis for the noradrenergic biochemical profile of PPGLs was not significantly different.
Due to the low number of subjects, the predictive performance was not assessed for the
NSCLC cohort.

At least 65% of all features were significantly affected after adjustment for multiple-
testing by the difference in delineation method. Less features were affected in the NSCLC
cohort compared to the PPGL cohort (65% versus 82%, respectively), which is likely a result
of lower power of the test due to a smaller cohort (12 versus 31, respectively).

More than 72% of the first order features, describing the distribution of voxel intensities
in a histogram, significantly changed when central necrosis, i.e., lower intensity values,
was added to the VOI. The number of affected first order features increases with a higher
SUVmax, which can be explained by the larger range of voxel values in the intensity
histogram in the case of a high SUVmax after the addition of a region with central necrosis.

At least 66% of the texture features, describing the spatial relationships between indi-
vidual voxels in terms of run lengths, size zones of the same voxel values or combinations
of neighbouring voxel values, were affected by central necrosis, which resulted in a change
of the spatial relationships between the voxels. It is beyond the scope of this study to dive
into the mathematical definition of all texture features, but we will highlight some of our
findings and possible explanations.

Similarly to first order features, the number of affected texture features also increased
with increasing SUVmax. The introduction of a region with low grey levels might result in
longer run lengths and size zones with low values. In a tumour with relatively high grey
levels, this might result in a larger run length or size zone matrix, with high incidences
for the low grey values (central necrosis) and for the high grey levels (edge of the tumour)
and low incidences in the middle range. For a tumour with a lower SUVmax, the matrices
remain smaller, with incidences in the low and middle ranges and this results in different
feature values.

Furthermore, it is remarkable that almost all normalised texture features were sig-
nificantly different for both delineation methods for the NSCLC cohort, the PPGL cohort
and all patients combined: The normalised GLCM inverse difference and inverse difference
moment, the GLRLM grey level non-uniformity and run length non-uniformity and the
GLSZM grey level non-uniformity and size zone non-uniformity were significantly differ-
ent between both delineation methods. The normalised GLDM dependence non-uniformity
was only different in the PPGL cohort and the combined cohort. Normalisation of GLCM
features is performed to improve classification accuracy [29]. Normalised features are
standardised for the number of elements in their respective matrix, i.e., the GLCM consists
of the square of the number of discretised grey levels and the GLRLM consist of the product
of the number of discretised grey levels and the maximal run length [14]. Since the number
of discretised grey levels and the maximal run length increase by the addition of the region
of central necrosis, it could result in a decrease in feature values, resulting in differences in
feature values between delineation methods.

Compared to other features classes, shape features were affected least frequently by
the choice of the delineation method, but 50% of shape features were still affected. Some
shape features consider the outer diameter or morphology of the VOI, which, in most cases,
did not expressively change when adding the region of central necrosis. Nevertheless, in
some cases the region of central necrosis touched the outer surface of the volume of interest
(3D U-shape) and caused some features to change. The number of affected shape features
increased with the NTF as a result of a larger additional region of necrosis.
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Several studies on repeatability and reproducibility showed that radiomic feature
values are affected by delineation methods [30]. Unfortunately, overviews of repeatability
and reproducibility on a feature level are scarce and are often limited to feature classes.
Traverso et al. wrote a systematic review on repeatability and reproducibility of radiomic
features and assessed to what extent (highly likely/probable/less likely) the different
feature classes were affected by different processing steps of the radiomic pipeline [31].
They found that it is probable that semi-automatic VOI delineation exerts an adverse effect
on repeatability and reproducibility of texture features. Moreover, in the case of shape
features, this adverse effect is probable but when compared to shape features derived
from CT, PET shape features are more reproducible. According to Traverso et al., first
order features are less likely to be affected by the delineation method, which is in sharp
contrast with our study that shows that first order features are affected in particular by
the delineation method. They also present that entropy was consistent among the most
repeatable and reproducible first order features [31]. However, in our study it can be
observed that entropy is one of the features that is significantly affected by the delineation
method in all cohorts and subgroups. Coarseness and contrast (GLCM as well as NGTDM),
on the other hand, are considered among the least reproducible features [31,32], whereas
our results show that coarseness and GLCM contrast are affected in only two and zero out
of nine subgroups (Supplementary Table S1), respectively. This shows that non-repeatable
or non-reproducible features are not the only features affected by central necrosis and
therefore the choice of the delineation method concerning central necrosis should be
considered in the design of radiomic studies.

Our study analysed the differences in radiomic features in two cohorts with different
tumour types, showing a different tumour-to-background ratio. While the same image
analysis (VOI delineation and radiomic feature extraction) was performed, acquisition
and reconstruction settings were different between cohorts even though both protocols
were in accordance with the EANM guidelines. The features affected by the delineation
method, however, were highly similar between both cohorts, indicating that the effect of
the delineation method concerning central necrosis is independent of the tumour type.
Therefore, whether or not to include central necrosis in the tumour delineation is an
important factor to consider when performing clinical radiomic studies. We hypothesise
that this might also apply to other tumour types, but the number of affected features might
vary as a result of tumour characteristics such as the tracer uptake and distribution, tumour
geometry and NTF.

While almost two-third of radiomic feature values were significantly affected by the
choice of delineation method, the predictive performances of the radiomic models, as
assessed in the PPGL cohort, were not affected accordingly. The predictive performances,
as assessed by the AUCs for the noradrenergic biochemical profile of PPGLs and found
valid in a sham experiment, were not significantly different between radiomic features
derived from VOIs with and without central necrosis. An explanation for this could be that
the radiomic feature set describes many different types of heterogeneity and, as a result,
feature sets from both delineation methods contain useful features in terms of predictive
performance. Multicollinearity within one feature set is high, but might also be high
between feature sets of different delineation methods. Additionally, the combination of
radiomic features from both delineation methods resulted in an AUC similar to the ones of
the different delineation methods seperately. This indicates that, in this small dataset, the
combination of features from the two delineation methods does not result in additional
information that is favorable for the predictive performance. It should be taken into account
that, in order to prevent overfitting of the model, only three features could be retained in
factor analysis. In other tumour types, multicollinearity in and between feature sets of
different delineation methods is expected to be high as well, but further research is needed
to confirm this effect in a larger population as well as for different tumour types.

This study showed that the effect of inclusion or exclusion of the region of central
necrosis in the delineation significantly impacts radiomic feature values in PPGL and
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NSCLC, but does not impact the predictive performance of the PPGL radiomic model.
A guideline on the choice to add or leave out central necrosis in delineation could not
be provided. From a biological perspective, regions of central necrosis are part of the
tumour and should therefore be included in the VOI, especially considering that central
necrosis is associated with poor prognosis [6]. On the other hand, from a data-driven
perspective, some features might already capture the presence of central necrosis without
our awareness, since the features are investigated exploratively and without biological
rationale. Both delineation methods can be used in radiomic studies, but feature values
vary largely between both methods. For reproducibility purposes, especially in the setting
of external validation [33], future studies should report whether regions of central necrosis
were included in the delineation.

5. Conclusions

Central necrosis of tumours on [18F]FDG PET significantly impacts radiomic feature
values. Almost two-third of the features were affected, demonstrating that the influence
of whether or not to include regions of central necrosis in the delineation of the tumour
on the radiomic feature values is significant. However, no significant difference in the
predictive performance of both delineation methods was observed. In order to advance
reproducibility of radiomic research, radiomic studies should report on whether or not
central necrosis was (manually) included during delineation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
418/11/7/1296/s1, Supplementary File S1: Image Biomarker Standardisation Initiative Report-
ing Guidelines, Supplementary Table S1: Features affected by the choice of delineation method
(VOIvital-tumour vs. VOIgross-tumour) for the different cohorts and subgroups based on NTF and SUVmax.
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Abstract: There is a growing interest in using 18F-DPA-714 PET to study neuroinflammation and mi-
croglial activation through imaging the 18-kDa translocator protein (TSPO). Although quantification
of 18F-DPA-714 binding can be achieved through kinetic modeling analysis with an arterial input
function (AIF) measured with blood sampling procedures, the invasiveness of such procedures has
been an obstacle for wide application. To address these challenges, we developed an image-derived
input function (IDIF) that noninvasively estimates the arterial input function from the images ac-
quired for 18F-DPA-714 quantification. Methods: The method entails three fully automatic steps
to extract the IDIF, including a segmentation of voxels with highest likelihood of being the arterial
blood over the carotid artery, a model-based matrix factorization to extract the arterial blood signal,
and a scaling optimization procedure to scale the extracted arterial blood signal into the activity
concentration unit. Two cohorts of human subjects were used to evaluate the extracted IDIF. In
the first cohort of five subjects, arterial blood sampling was performed, and the calculated IDIF
was validated against the measured AIF through the comparison of distribution volumes from AIF
(VT,AIF) and IDIF (VT,IDIF). In the second cohort, PET studies from twenty-eight healthy controls
without arterial blood sampling were used to compare VT,IDIF with VT,REF measured using a reference
region-based analysis to evaluate whether it can distinguish high-affinity (HAB) and mixed-affinity
(MAB) binders. Results: In the arterial blood-sampling cohort, VT derived from IDIF was found to
be an accurate surrogate of the VT from AIF. The bias of VT, IDIF was −5.8 ± 7.8% when compared
to VT,AIF, and the linear mixed effect model showed a high correlation between VT,AIF and VT, IDIF

(p < 0.001). In the nonblood-sampling cohort, VT, IDIF showed a significance difference between
the HAB and MAB healthy controls. VT, IDIF and standard uptake values (SUV) showed superior
results in distinguishing HAB from MAB subjects than VT,REF. Conclusions: A novel IDIF method
for 18F-DPA-714 PET quantification was developed and evaluated in this study. This IDIF provides
a noninvasive alternative measurement of VT to quantify the TSPO binding of 18F-DPA-714 in the
human brain through dynamic PET scans.

Keywords: TSPO PET; neuroinflammation; image-derived input function; kinetic modeling analysis

1. Introduction

In recent years, the role of neuroinflammation has been studied in many neurodegen-
erative diseases, including Alzheimer’s disease (AD) and Parkinson’s disease (PD) [1–4].
Noninvasive measurement of regional brain microglial activation with PET imaging has
become a popular approach for investigation of neuroinflammation in clinical research [5].
The best established and most often used PET imaging biomarker for microglial activation
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is the 18 kDa translocator protein (TSPO), a protein abundant in brain microglia, monocytes,
and other macrophages. A variety of studies have shown the usefulness of the 18F-DPA-714
in research studies of microglial involvement in neurological disorders [6,7]. Despite the
growing usage of 18F-DPA-714 in clinical research, quantification of the 18F-DPA-714 uptake
and binding to TPSO remains a challenge for clinical research studies. Conventionally,
18F-DPA-714 binding is quantified through a kinetic modeling analysis, where the compart-
mental analysis is conducted over the tissue time-activity curves from the dynamic PET
studies. However, the main obstacle for such analysis is the invasive nature of the required
arterial blood sampling procedure to acquire the arterial input function (AIF). Processing
of the arterial blood samples is a time-consuming and complex procedure that affects the
feasibility to include AIF measurement in clinical trials.

To avoid the arterial blood sampling procedures, modeling approaches based on refer-
ence regions are commonly adopted to quantify cerebral tracer binding for PET imaging. To
use a reference region, there is an underlying modeling assumption that the reference region
is devoid of specific binding of the PET tracer. However, in the case of 18F-DPA-714, there
is a widespread distribution of TSPO in the normal brain, and no region can be regarded
as a perfect reference region lacking TSPO binding, especially if microglial activation is
widespread. For example, the cerebellum has been a popular reference region of choice
in the literature for TSPO binding quantification [8–11]. However, it has been well known
that the cerebellum contains a substantial amount of specific binding sites for TSPO trac-
ers [12,13]. Previous reports have suggested that in such cases, reference region methods
may lead to a biased measurement of tracer binding [14]. Moreover, the binding capacity in
the reference region may be altered under pathological or pharmacological conditions. For
example, Gerhard et al. showed that the cerebellum shows elevated TSPO overexpression
with the TSPO tracer 11C-(R)PK11195 in subjects with progressive supranuclear palsy [15].
Increased TSPO tracer binding in the cerebellum has also been observed in AD [16,17]. In
some conditions, there could even be a global elevation of neuroinflammation and TSPO
overexpression throughout the brain [18]. Under such cases, it is nearly impossible to
identify a reference region that can properly serve as a true reference region. As a result,
quantifying TSPO PET with reference region methods may not be an appropriate choice,
especially if a disease or abnormality may cause widespread TSPO overexpression and
microglial activation throughout the brain.

To address these limitations, we sought to develop an image-derived input function
(IDIF) as a noninvasive surrogate for the AIF measurement. Current methods for extracting
IDIF are usually based on image segmentation techniques that focus on extracting large
arterial structures such as carotid arteries [19,20] or the left ventricle [21]. Due to the rela-
tively low spatial resolution of PET, such methods need to address the activity spillover
and partial volume effects that lead to a mixture of the true blood activity and activity
from surrounding tissue [19,22] or use a few blood samples to correct for the activity
cross-contamination [20]. An IDIF extraction method for mouse TSPO PET imaging has
been developed based on factor analysis by Wimberley et al. [23], but it requires a whole
body scan and may be difficult for human brain PET studies without specialized scan-
ners. Currently there does not seem to be a satisfactory IDIF solution for human TSPO
PET imaging.

In this work, we developed a new IDIF method by using a model-based matrix
factorization (MBMF) to separate the arterial blood and brain tissue radioactivity. We also
developed a unique optimization procedure to scale the extracted IDIF from a normalized
and dimensionless form into the activity concentration of the arterial blood signal. The
developed method was validated through two approaches. First, we validated our method
in a small cohort (n = 5) in which we conducted arterial blood sampling and measured
AIF directly. The calculated IDIF was compared with the measured AIF through a Logan
graphical analysis that measures the volume of distribution (VT). Second, we applied the
IDIF method to a group of healthy controls (n = 28), which had been genotyped for the
polymorphism (rs6971) that determines affinity for 18F-DPA-714 for TSPO [24]. Subjects
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predicted to be high-affinity binders (HAB; rs6971 C/C) and mixed-affinity binders (MAB;
rs6971 C/T) were included in the cohort, while low-affinity binders (LAB, rs6971 T/T) were
not included in the imaging study. Previous investigations have shown a 20–50% higher
VT for 18F-DPA-714 in HAB subjects compared to MAB subjects [12,25]. We evaluated
whether VT measured with IDIF was able to detect these expected differences in binding in
our cohort of healthy controls. Standard uptake values (SUVs) from the 40th to the 60th
minutes post injection were also taken as an alternative reference of comparison between
the HAB and MAB groups.

2. Materials and Methods

2.1. Standard Protocol Approvals, Registrations, and Patient Consents

Two separate cohorts of human subjects were recruited for this study. For cohort 1, all
subjects were recruited under a small pilot study to examine the utility of 18F-DPA-714 imag-
ing for studying neuroinflammation in PD (ClinicalTrials.gov Identifier: NCT03457493).
For cohort 2, human subjects were recruited as part of the larger longitudinal NINDS-
funded Alabama Udall Center observational study examining the role of inflammation
in early PD. Participants were enrolled between March 2018 and May 2021 through the
Movement Disorder Clinic at the University of Alabama at Birmingham. The study was
approved by institutional review board at UAB, and full written consent was obtained on
each participant.

2.2. Participants

For cohort 1, denoted as the blood-sampling cohort in this work, eligible participants
were age ≥30 years and were healthy controls or subjects diagnosed with PD. Control
subjects had no current diagnosis of PD or other neurodegenerative disorder, had no history
of PD in first-degrees blood relatives, and had ≤3 positive response on the PD Screening
Questionnaire [26]. Subjects with PD were diagnosed according to the United Kingdom
Brain Bank criteria by a movement disorder specialist. These criteria require bradykinesia
and at least one of the following: 4–6 Hz resting tremor, rigidity, or postural instability.
There was no restriction to stage of PD for enrollment.

For cohort 2, denoted as the nonblood-sampling cohort, imaging data from MAB and
HAB control subjects enrolled as part of the larger longitudinal NINDS-funded Alabama
Udall Center study prior to May 2021 were used for the analysis. Eligible participants were
age ≥40 years. Control subjects had no current diagnosis of PD or other neurodegenerative
disorder, had no history of PD in first-degrees blood relatives, and had ≤3 positive response
on the PD Screening Questionnaire [26]. Subjects were excluded if they had a history of sig-
nificant autoimmune/inflammatory disorder, current treatment with immunosuppressant
therapy, or serious comorbidity that would interfere with study participation.

All participants underwent genetic testing for the rs6971 SNP associated with TSPO
binding and were classified into low-, mixed-, or high-affinity binders. Low-affinity binders
were not imaged.

2.3. Data Acquisition for the Cohort with Arterial Blood Sampling Procedures

In the blood-sampling cohort, five subjects underwent arterial blood sampling pro-
cedures during their 18F-DPA-714 PET scans. These five subjects included two healthy
controls and three PD patients. The TSPO genotype was determined by measuring the
rs6971 polymorphism of the TSPO gene with single-nucleotide polymorphism (SNP)-based
tests. Three of them were HAB, and two were MAB. Arterial blood samples were collected
through the radial artery catheter under the following sampling settings: one sample per
six seconds for the first minute, one sample per ten seconds for one minute, one sam-
ple per minute for three minutes, and one sample every five minutes for the rest of the
scan, yielding a total of thirty samples for each study. Both the whole-blood and plasma
activity concentrations of 18F-DPA-714 were measured from each arterial blood sample.
The blood samples at the 5th, 15th, 30th, and 60th minutes post injection were analyzed
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with high-performance liquid chromatography (HPLC) to measure the parent fraction for
unmetabolized 18F-DPA-714 for four subjects of the study. Decay correction was performed
for all blood samples. All subjects underwent dynamic 18F-DPA-714 PET/MR scans. In-
jection dose for 18F-DPA-714 was 5 mCi (185 MBq). The 18F-DPA-714 PET scan with a GE
Signa PET/MR scanner lasted for 60 min for each subject immediately after tracer injection.
Images were reconstructed with OSEM using 4 iterations and 16 subsets into a total of
36 frames, with the frame setting of 12 ten-second, 9 20-second, 5 one-minute, and 10 five-
minute frames. Attenuation correction was involved in the reconstruction process with
MR-based attenuation maps acquired with zero echo time (ZTE) MRI [27]. Time-of-flight
information and point spread functions were incorporated in the PET reconstruction. The
image volume was 256 × 256 × 89 with the pixel size of 1.17 mm and a slice thickness of
2.78 mm. Decay correction was also performed during the PET reconstruction.

2.4. Data Acquisition for the Cohort without Arterial Blood Sampling

The nonblood-sampling cohort included only healthy controls who underwent PET
scans but did not undergo arterial blood sampling during the PET acquisition. Fifteen
subjects out of the 28 healthy controls were HAB, and thirteen subjects were MAB. All
subjects underwent the same PET dynamic acquisition as described previously.

2.5. Image Post-Processing

The reconstructed dynamic PET data underwent two additional image correction
processes. First, we conducted a frame-by-frame 3D PET image registration to minimize
the between-frame misalignment due to the involuntary patient motion during the PET
acquisition. The last frame was used as the reference for the frame-by-frame registration.
Second, partial volume correction was performed for all PET datasets with the geometric
transfer matrix method [28] provided by the PETPVC toolbox [29]. The anatomical maps
were derived from the segmentation results using Freesurfer, which performs subcortical
region segmentation over the T1-weighted scans [30]. All image processing methods
were implemented in MATLAB (version 2020a, Mathworks, Inc., Natick, MA, USA) The
Freesurfer-derived segmentation maps of the prior step were also applied to the PET
dynamic data and used to extract the tissue time-activity curves of the regions of interest.
We chose the following nine regions as target regions of evaluation: putamen, caudate,
thalamus, hippocampus, frontal cortex, temporal cortex, occipital cortex, parietal cortex,
and cerebellum.

2.6. IDIF Extraction Procedure

The IDIF extraction procedure involved three steps: an image segmentation process to
extract arterial voxels, a factorization process to separate the blood signal from the tissue
signal, and a scaling process to set the separated blood signal back to the accurate activity
concentration units. In the first step, we aimed to segment the voxels that are most likely
to be within the carotid arteries. For each subject, we first took the Freesurfer-derived
segmentation maps to determine the lowest slice of the cerebellum and only segment
between this slice and the overall lowest slice in the field of view. For each of those axial
slices, we took the first minute of dynamic frames and searched on the left side for the voxel
with the highest intensity over these six frames. Assuming an approximated diameter of
6 mm for the carotid arteries [31], this voxel was then dilated with a five-by-five diamond-
shaped structural element to form a segmented mask. The same operation was repeated
for the right side of the same image slice to complete the carotid segmentation for this
slice. All the selected slices underwent the same segmentation procedure to complete the
segmentation for carotid arterial blood voxels. With the partial volume effect, the intensity
of the segmented voxels that resemble the arterial blood activities is in fact a mixture of the
arterial blood activities and the surrounding tissues.

To extract the arterial blood activities, it is assumed that all the surrounding tissue
of the selected voxels can be approximated as a single tissue type and shares the same
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tracer uptake kinetics. Accordingly, the activity concentration of a specific voxel i can be
expressed as:

Ci,PET(t) = αiCAIF(t) +(1 − αi)CTISSUE(t) (1)

where CPET represents the PET-measured activity, CAIF represents the arterial blood activity,
and CTISSUE represents the surrounding tissue activity. αi is the voxel-dependent mixing
fraction of the arterial blood for the specific voxel.

Assuming there is a total of n segmented voxels and m PET image frames for the
dynamic study, an n-by-m matrix A can be formed by combining Ci,PET from all the m
frames and n segmented voxels. With the goal to extract the underlying arterial input
function CAIF and tissue activity CTISSUE, we developed a novel method that decomposes
the matrix A into a 2-by-m matrix H that contains the two components of CAIF and CTISSUE
and an n-by-2 weighting matrix W so that the difference between A and W*H can be
minimized. Unlike other blind matrix factorization methods, our matrix factorization
method is based on physiological models and shares similar concepts with guided matrix
factorization [32] and knowledge-driven matrix factorization [33] by incorporating the
prior knowledge of underlying factors during the matrix factorization process. During
this model-based matrix factorization (MBMF), it is assumed that CAIF and CTISSUE can
both be modeled and parameterized. Accordingly, the factorization process becomes an
optimization problem that estimates the underlying parameters for CAIF and CTISSUE,
instead of a blind and direct search for the time activity curves of CAIF and CTISSUE. In this
study, we used the 7-parameter input function model developed by Feng et al. [22,34] as:

CAIF(t) = (A1(t − τ)− A2 − A3)e−λ1(t−τ) + A2e−λ2(t−τ) + A3e−λ3(t−τ) (2)

And the tissue time-activity function CTISSUE was modeled as a two-tissue compart-
ment model output as [35]:

CTISSUE(t) = CAIF(t)⊗ K1

(B2 − B1)

[
(k3 + k4 − B1)e−B1t + (B2 − k3 − k4)e−B2t

]
(3)

where
B1,2 =

1
2
[(k2 + k3 + k4)∓

√
(k2 + k3 + k4)

2 − 4k2k4] (4)

We used the trust-region-reflective optimization algorithm within MATLAB’s ‘fmincon’
function to perform the numerical optimization for the CAIF(t) and CTISSUE(t). In each iteration
of the parameter optimization, the parameter set of∅ = {τ, A1, A2, A3, λ1, λ2, λ3, K1, k2, k3, k4 }
at the current iteration was applied to Equations (2) and (3) and then used to form matrix H.
The weighting matrix W at this iteration was derived from MATLAB’s linear system solver
that minimizes the least-square errors. The optimization then searched for the optimal
solution for the parameter set ∅ by minimizing:

∅̂ = argmin(∅)||WH − A||2 (5)

After the convergence of MBMF, optimal ∅ was used to determine the extracted and
normalized functions CNorm,AIF and CNorm,TISSUE that represented the decomposed arterial
blood and tissue components, respectively. Those functions were denoted with ‘Norm’
because they were in a normalized form after the MBMF extraction, where ∑m

j=1 CNorm,AIF,j
equaled to one (j is the frame index). The last step was to scale the extracted CNorm,AIF
from an arbitrary unit to the correct physical magnitude of activity units as CAIF. To scale
CNorm,AIF to the correct units of activity concentration, we related CNorm,AIF to the true AIF
CAIF by a scaling factor sAIF as:

CAIF(t) = sAIFCNorm,AIF(t) (6)
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Similarly, CNorm,TISSUE was related to the true CTISSUE by a scaling factor sTISSUE. The
individual activity of a specific voxel i was estimated by the MBMF extraction as:

C̃i,PET(t) = wi,AIFCNorm,AIF(t)+wi,TISSUECNorm,TISSUE(t) (7)

wi,AIF and wi,TISSUE were the MBMF-estimated mixing fractions for the CNorm,AIF and
CNorm,TISSUE, respectively. Note C̃i,PET is not identical to Ci,PET since it is a weighted
summation of the extracted and estimated functions CNorm,AIF and CNorm,TISSUE.

We further derived:

C̃i,PET(t) =
ωi,AIF

sAIF
·CAIF(t)+

ωi,TISSUE

sTISSUE
·CTISSUE(t) (8)

From Equation (1), it was assumed that the mixing fractions of the AIF and tissue
activity should sum up to one under ideal situation. Therefore, the optimal values of sAIF
and sTISSUE were optimized by minimizing:

ŝAIF, ŝTISSUE = argmin(sAIF , sTISSUE)

n

∑
i=1

(
ωi,AIF

sAIF
+

ωi,TISSUE

sTISSUE
− 1)

2
(9)

where ŝAIF and ŝTISSUE denoted the optimized scaling factors for extracted AIF and tissue
activity, respectively. n denoted the total number of segmented voxels. We used the trust-
region-reflective optimization algorithm with MATLAB’s ‘fmincon’ function to perform the
numerical optimization for minimizing Equation (5). The estimated ŝAIF was then plugged
into Equation (6) to scale the IDIF into the correct physical units.

2.7. Metabolite Correction

Since the IDIF method extracts the whole-blood activity and cannot separate the
metabolite signal from the unmetabolized tracer, we used a population-based approach
to convert the extracted IDIF to a metabolite-corrected plasma time-activity curve [36,37].
With the metabolite data and plasma time-activity curves measured in the blood-sampling
cohort, the individual parent fraction was multiplied to the plasma-to-whole blood activity
fraction. The individual composite fraction was averaged for each time point at the 5th, 15th,
30th, and 60th minutes and then fitted to a single exponential function with constant [37,38].
As a result, the corrected IDIF is expressed as:

CIDIF,MCPC(t) = ŝAIFCN,AIF(t)(1 − 0.29(1 − e−0.03t)) (10)

where t is in the unit of minutes, and MCPC denotes metabolite-corrected plasma concen-
tration of activity.

2.8. 18F-DPA-714 Quantification

Quantification of 18F-DPA-714 binding was estimated through the Logan plot, where
the distribution volume (VT) was approximated by the graphical analysis [39,40]. Logan
plot analysis was based on the 30th to the 60th minutes of data [41]. For the blood-
sampling cohort, the distribution volume VT was calculated from the metabolite-corrected
AIF, denoted as VT,AIF. The distribution volume was also calculated from the metabolite-
corrected IDIF, denoted as VT,IDIF and compared to VT,AIF. For each subject, nine target
regions were chosen from the Freesurfer segmentation and calculated for VT,AIF and VT,IDIF.
For the nonblood-sampling cohort, VT,IDIF was calculated with the same steps described.
The distribution volume with respect to the reference region, denoted as VT,REF, was also
computed with the cerebellum time-activity curves using the Logan graphical analysis.

2.9. Statistical Analysis

In the blood-sampling cohort, VT,IDIF was compared against the reference VT,AIF with
data presented as mean ± SD. Error percentage, presented as mean ± SD, was calculated
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for VT,IDIF using VT,AIF as the gold standard value. Linear mixed-effect model was used to
examine the correlation between VT,IDIF and VT,AIF, treating the subject as a random effect
with or without the region as a fixed effect.

In the nonblood-sampling cohort, the subjects were divided into the HAB and MAB
groups based on the individual genotypes of TSPO binding. The VT,IDIF of the HAB
group was compared to that of the MAB group through an unpaired two-sample t-test.
Significance was set as p < 0.05. The same analysis was also performed for the SUV as well
as VT,REF to evaluate their differences between the HAB and MAB groups. Linear mixed
effect model was used to evaluate whether there was a significant difference between the
HAB and MAB under SUV, VT,IDIF, and VT,REF, respectively, adjusting for the effects of
region with subject as a random effect.

3. Results

3.1. IDIF Predicts AIF

In the first cohort of five subjects, arterial blood sampling was performed to measure
the AIF. We then compared the distribution volume calculated with the AIF (VT,AIF) and
IDIF (VT,IDIF) to determine whether IDIF is an appropriate surrogate for measurement
of 18F-DPA-714 quantification. The extraction process of the IDIF in one subject of the
blood-sampling cohort is demonstrated in Figure 1 for the three steps: segmentation, signal
decomposition, and scale optimization. Figure 1a shows the summed PET image over the
first 60 s post tracer injection as a maximum intensity projection. Figure 1b,c show one
axial slice within the neck area and the segmented contour for the carotid arteries. The
extracted tissue and blood components are shown in Figure 1d, and the IDIF after the scale
adjustment is plotted in Figure 1e with the measured arterial input function (AIF). The
IDIF curve demonstrated a satisfactory agreement with the AIF curve. ωi,AIF

sAIF
averaged

0.28 ± 0.30, and ωi,TISSUE
sTISSUE

averaged 0.55 ± 0.36 across the five subjects. The comparison of
IDIF and AIF for the other four subjects in the blood-sampling cohort is shown in Figure S1.

 

(a) (b) (c) 

Figure 1. Cont.
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(d) (e) 

Figure 1. Demonstration of the IDIF extraction. (a) The coronal maximum intensity projection (MIP)
of the summed early frames of the DPA-714 scan of one subject. (b) One axial slice of the neck area
at the early frame. (c) The segmented regions (green contour) for carotid artery over the same slice.
(d) The MBMF-extracted time-activity curves for the blood and tissue components. Note both curves
are in the normalized and dimensionless form. (e) The resultant IDIF (blue circle) after the magnitude
is re-scaled by the proposed method. The activities measured with arterial blood sampling are plotted
as red stars, showing a satisfactory agreement between AIF and IDIF.

Table 1 summarizes the VT derived from the AIF and IDIF for the nine target regions
in the blood-sampling cohort. The overall error for VT,IDIF was −5.8 ± 7.8% against the
reference VT,AIF. In all regions, the mean error of VT was less than 10% across all subjects.
The amount of error for VT in the healthy controls is similar in the PD patients. Figure 2
shows the scatter plot and the Bland–Altman plot for VT,IDIF and VT,AIF of all the target
regions and demonstrates a satisfactory agreement between them. In the linear mixed
effect model analysis, the overall VT,IDIF and VT,AIF were highly correlated with each other
(p < 0.001), adjusting for the effect of regions.

 

(a) (b) 

Figure 2. (a) The scatter plot for VT,IDIF plotted against VT,AIF. The dashed line is the unity line. The
red line is the fitted regression trend line. The scatter plot shows a strong correlation between VT,IDIF

plotted against VT,AIF. The statistical test also showed a strong correlation through the mixed effect
model analysis. (b) The Bland–Altman plot for VT,IDIF and VT,AIF.
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Table 1. Comparison between the VT,AIF and VT,IDIF in the blood-sampling cohort. Overall error is
−5.8 ± 7.8% for VT,IDIF when compared to VT,AIF. The error does not appear to be dependent on the
target region.

All (n = 5) PD (n = 3) HC (n = 2)

VT,AIF VT,IDIF Error % VT,AIF VT,IDIF Error % VT,AIF VT,IDIF Error %

Putamen 2.44 ± 0.52 2.30 ± 0.52 −5.7 ± 7.7 2.61 ± 0.47 2.43 ± 0.59 −7.7 ± 9.7 2.19 ± 0.95 2.12 ± 0.79 −2.7 ± 5.4
Caudate 1.91 ± 0.48 1.81 ± 0.50 −5.4 ± 11.9 1.91 ± 0.60 1.83 ± 0.61 −3.8 ± 16.4 1.93 ± 0.70 1.79 ± 0.73 −7.6 ± 3.8

Thalamus 2.97 ± 0.63 2.77 ± 0.61 −6.7 ± 7.0 3.12 ± 0.71 2.89 ± 0.75 −7.6 ± 9.4 2.75 ± 1.17 2.59 ± 1.06 −5.3 ± 1.8
Hippocampus 2.61 ± 0.58 2.42 ± 0.44 −6.3 ± 9.3 2.79 ± 0.62 2.57 ± 0.45 −6.6 ± 12.6 2.34 ± 0.96 2.19 ± 0.84 −6.0 ± 3.0

Frontal 2.70 ± 0.49 2.55 ± 0.48 −5.1 ± 7.5 2.79 ± 0.46 2.65 ± 0.54 −5.2 ± 9.5 2.56 ± 0.88 2.41 ± 0.77 −5.0 ± 3.2
Temporal 3.45 ± 0.86 3.34 ± 1.08 −4.5 ± 11.5 3.73 ± 0.92 3.65 ± 1.33 −4.2 ± 15.7 3.03 ± 1.29 2.86 ± 1.12 −4.8 ± 2.8
Occipital 2.96 ± 0.55 2.78 ± 0.55 −6.1 ± 7.3 3.15 ± 0.45 2.95 ± 0.57 −6.5 ± 9.9 2.69 ± 1.05 2.52 ± 0.92 −5.5 ± 4.8
Parietal 3.13 ± 0.52 2.97 ± 0.47 −5.0 ± 7.0 3.26 ± 0.45 3.08 ± 0.51 −5.7 ± 8.7 2.93 ± 0.97 2.79 ± 0.80 −3.9 ± 4.1

Cerebellum 3.16 ± 0.60 2.95 ± 0.58 −6.4 ± 7.1 3.35 ± 0.55 3.11 ± 0.67 −7.4 ± 9.7 2.87 ± 1.14 2.70 ± 0.97 −5.0 ± 1.5

3.2. IDIF Method Distinguishes High-Affinity Binders from Mixed-Affinity Binders

To validate our IDIF quantification methodology, we next tested whether IDIF could
distinguish control subjects who were MAB from those who were HAB as determined
by TSPO SNP genotyping. In the SUV measurements, all nine brain regions showed
significantly higher uptake of 18F-DPA-714 in the HAB group than in the MAB group
(p < 0.05). The HAB uptake averaged 31 ± 3% higher than the MAB in SUV (Figure 3).
The distribution volume as determined by IDIF also showed significantly higher uptake
in HAB vs. MAB overall (p < 0.05). Region-wise, mean VT,IDIF was statistically higher
in the HAB group in all nine brain regions (Figure 4). VT,IDIF was 37 ± 3% higher in the
HAB group overall. On the other hand, the distribution volume determined by using the
cerebellum as a reference region showed only a mildly increased VT,REF of 3 ± 3% in the
HAB group compared to the MAB group (Figure 5). Only one out of the nine brain regions
revealed a statistically significant increase in VT,REF in HAB vs. MAB subjects with the
reference region approach. The mixed effect model showed a significant difference in the
SUV (p = 0.010) and VT,IDIF (p = 0.010) but not in the VT,REF (p = 0.069) after adjusting for
the effects of regions.

Figure 3. The box plot of the SUV measured for target brain regions for high- and mixed-affinity
binders in the nonblood-sampling cohort. * denotes significant differences under two-sample t-test
(p < 0.05), while ** denotes p < 0.01. All nine target regions showed significant differences between
the HAB and MAB subjects. SUV is 31 ± 3% higher in HAB than in MAB.
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Figure 4. The box plot of the VT,IDIF. VT,IDIF is 37 ± 3% higher in HAB than in MAB. All nine regions
were found with significant difference (*: p < 0.05, **: p < 0.01) between the HAB and MAB subjects.
The overall increase pattern in the HAB is similar as the SUV pattern of increase.

Figure 5. The box plot of the VT,REF using the cerebellum as the reference region. The difference
between HAB and MAB is 3 ± 3% and only reaches significance (*: p < 0.05) in just one of nine regions.

4. Discussion

Evidence is growing for the central role of neuroinflammation in many neurodegener-
ative diseases, and accordingly neuroinflammation is both a potential marker for diagnosis
and a therapeutic target. As a tool of noninvasive measurement of neuroinflammation,
TSPO PET has gained much interest in recent year but poses unique challenges in quantifica-
tion. Interested readers are referred to a comprehensive review of TSPO PET quantification
by Wimberley et al. [42]. One challenge that has been recognized for 18F-DPA-714 imaging
is how to achieve an accurate quantification of the tracer binding through kinetic modeling
analysis. Since microglial cells are widely distributed in all brain tissues and neuroin-
flammation can potentially occur throughout the brain, the underlying assumption for
reference region-based analysis may be violated when a certain disease affects the reference
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region and increases the microglial activation similarly to the target region of interest.
Although the cerebellum has been used as the reference region by several reports, it is also
well known that the cerebellum demonstrates non-negligible 18F-DPA-714-specific binding
even in the healthy subjects [12,13]. Therefore, it is not surprising that prior reports have
shown that the cerebellar TSPO binding can be elevated in certain diseases that make the
cerebellum further deviate from the modeling assumptions for the reference regions [15–17].
Studies have suggested that several neurological disorders can cause globally elevated
neuroinflammation including the cerebellum [18,43,44]. For example, Terada et al. have
shown that there may be a global pattern of microglial activation in the whole brain for PD
patients [45]. Under such a scenario, the reference region-based method may fail to properly
measure the 18F-DPA-714 binding differences between the study groups. Accordingly, an
accurate and non-invasive method for DPA-714 quantification is significant for TSPO PET
in measuring neuroinflammation.

Here, we have shown that our developed IDIF method is a potential alternative for
arterial blood sampling methods. This method incorporates image segmentation, signal
separation, and a novel approach to scale the extracted TACs to the accurate magnitude.
Based on a relatively small validation cohort, our current results show a satisfactory
extraction of IDIF that was very similar to the AIF calculated from arterial blood sampling.
We found that the VT measured with AIF and IDIF is highly correlated (p < 0.001), and
the difference between these two measurements is small with less than 10% overall bias.
The data from this cohort show that the IDIF-measured VT decently resembles the AIF-
measured VT and may be a useful alternative to replace the VT measured through invasive
arterial blood sampling. The proposed method is fully automatic and may eliminate the
potential interoperator variabilities. The fact that it does not require any blood sampling or
sample processing makes this approach easy to apply to retrospective data analysis and
to use in clinical trials. Further studies with larger validation cohorts would be crucial for
a more comprehensive validation and performance evaluation for this method.

We further validated the IDIF method by testing whether IDIF can distinguish HAB
vs. MAB healthy control subjects. TSPO genotypes, specifically a single nucleotide poly-
morphism at rs6971, critically affect the 18F-DPA-714 signal. Prior reports have shown
that the TSPO ligand binding in HAB subjects is 20–50% higher than that of MAB subjects,
depending on the quantification approaches and study settings [12,25]. In our dataset,
a simple measurement of SUV shows significantly higher 18F-DPA-714 uptake in the HAB
group that matched the expected magnitude of increase as described in the literature. When
IDIF-based kinetic modeling analysis was applied, similar results were obtained as the
degree of VT,IDIF increase was similar to the SUV increase. All of the nine tested regions
showed significant differences through VT,IDIF as expected. On the other hand, the VT
measured using reference region-based analysis with the cerebellum as the reference region
showed only a minimal increase in the HAB group of less than five percent. Only one out
of nine brain regions showed significant differences between the HAB and MAB subjects
using reference region-based analysis. This lack of difference is likely an artifact of the
reference region method, arising from the fact that TSPO binding is increased in both the
target and reference regions for the HAB group compared to the MAB group. Similar results
have been presented in a study conducted by Hameline et al. in which the cerebellum
was chosen as the reference region. In this study, the 18F-DPA-714 SUVr obtained from
the HAB and MAB subjects was very similar using the reference region-based analysis,
supporting our observation that the cerebellum may not serve as an ideal reference region
for TSPO imaging as it may cancel out or diminish the effects of TSPO overexpression
caused by certain physiological or pathological conditions [46]. Our data suggest that
the developed IDIF method may be more suitable for quantifying the TSPO binding than
reference region methods.

Other efforts have been developed to noninvasively extract the input function or
reference region activities for kinetic modeling analysis. An approach similar to IDIF is the
population-based input function (PBIF) method [37]. This method assumes an identical
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curve shape for arterial input functions across the population. A PBIF can be obtained
by averaging the AIF for a cohort with the individual scale determined through one or
few blood samples. Compared with the PBIF method, the IDIF method developed in this
work estimates the individual curve shape for AIF and scales the estimated AIF with the
imaging data. No blood sampling or population AIF data are required in our approach,
and therefore it may be easier to apply the IDIF over dynamic PET scans. The supervised
clustering algorithm (SVCA), on the other hand, extracts the voxels that most closely follow
the tracer kinetics of a low-binding, time-activity curve that is predefined from previously
collected cohort datasets [47]. SVCA methods are fully automatic and have been applied in
the image quantification of several disease models [48]. However, the challenge for SVCA
is that a predefined set of kinetic curves must be present and known for both the healthy
controls and subjects with the specific brain disorder that is being studied. In addition, such
predefined kinetic curves must be scanner- and protocol-specific, and such requirements
may limit its applicability for analyzing the data acquired through clinical trials where the
patient sample sizes are often limited [42]. Moreover, some reports have also suggested that
the SVCA-extracted reference region time-activity curves may still contain a non-negligible
amount of specific binding that may lead to bias in quantifying the TSPO binding [49,50].
It requires further studies to objectively compare the performances of the proposed IDIF
method with SVCA and PBIF methods to determine which may provide the most reliable
quantification of TSPO binding, and it may likely be dependent on the disease model
being investigated.

This study has its limitations, and the proposed method can be further improved. First,
our blood-sampling cohort contained only five subjects due to the difficulties of performing
arterial blood sampling procedures, particularly under the influences of the global SARS-
CoV-2 pandemic during the subject recruitment. A larger cohort with blood sampling may
help further verify the accuracy and reliability of the developed IDIF method. Second, since
our method is based on matrix factorization to extract the IDIF, the accuracy of the extracted
IDIF will depend on the segmented voxels that ideally shall be those possessing high
fractions of the arterial blood. Our current segmentation method is a simple method that
searches for voxels that are likely to be within the carotid artery. Although it has the benefit
that it does not require data from modalities other than PET, the carotid segmentation
can certainly be improved with more advanced methods or with the assistance of MR- or
CT-based angiography. For example, some of the IDIF methods make use of time-of-flight
MR angiography (TOF-MRA) through a simultaneous PET/MR to delineate the carotid
arteries [51]. The enhanced segmentation of arterial structures may provide the MBMF
with a better source data for matrix factorization and therefore improve the accuracy of
IDIF extraction. Third, our experimental design included a 60 min PET dynamic acquisition
to reduce the discomfort for the recruited patients, whereas a 90 min acquisition has
been more common in the current literature. Although prior reports have shown that
a 60 min scan may properly suffice for an accurate measurement of VT [12,41], a longer scan
would be beneficial to increase the parameter sensitivity toward the estimation of binding
potential and microrate constants through compartment modeling analysis. Although our
proposed IDIF method is not strictly dependent on the scan protocol, how our method
would perform under a longer scan requires future studies to evaluate. Fourth, since
the IDIF can only extract whole-blood AIF, individual metabolite and plasma activity
correction will not be feasible without additional blood sampling procedures. Accordingly,
a population-based approach for metabolite correction was taken in this work. Whether
the error of VT measurement is introduced by such a population-based method requires
further investigation. Lastly, signal separation of the IDIF and tissue tracer uptake could
possibly be improved in our method with other signal separation methods, such as those
based on machine learning techniques [52].
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5. Conclusions

A novel image-derived input function method for quantifying the TSPO binding
with 18F-DPA-714 was developed in this work. We used two separate cohorts as an initial
validation for this method and showed that it may serve as a promising alternative for
an automatic and noninvasive way to extract the IDIF.
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Abstract: Dopaminergic signaling is believed to be related to autistic traits. We conducted an ex-
ploratory 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine positron emission tomography/computed to-
mography ([18F]-FDOPA PET/CT) study, to examine cerebral [18F]-FDOPA influx constant (ki

cer min−1),
reflecting predominantly striatal dopamine synthesis capacity and a mixed monoaminergic inner-
vation in extrastriatal neurons, in 44 adults diagnosed with autism spectrum disorder (ASD) and
22 controls, aged 18 to 30 years. Autistic traits were assessed with the Autism Spectrum Quotient
(AQ). Region-of-interest and voxel-based analyses showed no statistically significant differences in
ki

cer between autistic adults and controls. In autistic adults, striatal ki
cer was significantly, negatively

associated with AQ attention to detail subscale scores, although Bayesian analyses did not support
this finding. In conclusion, among autistic adults, specific autistic traits can be associated with
reduced striatal dopamine synthesis capacity. However, replication of this finding is necessary.

Keywords: autism spectrum disorder; autistic traits; [18F]-FDOPA; positron emission tomography;
dopamine; monoamine

1. Introduction

The atypical functioning of dopaminergic and other monoaminergic systems has
long been hypothesized to contribute to autistic traits [1]. For instance, according to the
dopamine hypothesis of autism spectrum disorder (ASD; [2,3]), alterations in the midbrain
dopaminergic system are associated with clinical and sub-clinical autistic traits, including
difficulties in social interaction and communication, and stereotyped behaviors. However,
there is a lack of studies assessing in vivo monoamine functioning in autistic adults [4].

Positron emission tomography/computed tomography (PET/CT) studies have used
3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine ([18F]-FDOPA) to assess the presynaptic
dopamine synthesis capacity in ASD. One study reported that [18F]-FDOPA uptake was
decreased in the anterior medial prefrontal cortex in (mostly sedated) autistic children
(n = 14), relative to typically developing controls (n = 10) [5]. Another study found that
[18F]-FDOPA uptake was increased in the frontal and striatal regions in adults with As-
perger syndrome (n = 8) relative to controls (n = 5) [6]. However, in both studies, sample
sizes were small, and the associations with measures of autistic traits were not examined.
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The social defeat hypothesis of schizophrenia posits that a subordinate or outsider
position leads to an increased baseline activity or sensitization of the mesolimbic dopamine
system and, thereby, to an increased risk of schizophrenia [7]. Since ASD is a risk factor
for schizophrenia [8], we recently conducted a large [18F]-FDOPA PET/CT study to test
the pre-registered hypothesis of increased striatal dopamine synthesis capacity in non-
psychotic individuals with ASD [9]. Contrary to our hypothesis, the results indicated no
differences in striatal [18F]-FDOPA uptake between individuals with ASD (n = 44) and
controls (n = 22), and no association between this uptake and social defeat.

Here, we extend our previous study with exploratory region of interest (ROI) and
voxel-based analyses, in which we compare striatal as well as extrastriatal [18F]-FDOPA
uptake between adults with ASD and controls, and examine their associations with self-
reported autistic traits.

2. Materials and Methods

2.1. Participants and Procedures

The full procedures are described in our previous publication [9]. We recruited Dutch
participants aged 18 to 30 years, who were abstinent from current or recent psychotropic
medication use (see Supplementary Methods S1 for details). Those with ASD, had received
their diagnosis from a registered mental health clinician, and this diagnosis was con-
firmed by the first author using the Autism Diagnostic Observation Schedule-2 (ADOS-2)
module 4 [10,11]. We included 44 autistic participants and 22 controls (frequency-matched
on age, sex, and smoking status). All the participants provided informed consent. The
study was approved by the medical ethics committee of the Leiden University Medical
Center (reference NL54244.058.15).

2.2. Autism Spectrum Quotient

The Autism Spectrum Quotient (AQ) is a 50 item self-report questionnaire that assesses
the presence of autistic traits [12]. Items are scored between 1 (definitely agree) and 4
(definitely disagree). After reverse-scoring, the higher total scores reflect the presence of
more autistic traits. Additionally, in line with the original validation of the Dutch AQ [13],
we calculated scores on the “social interaction” and “attention to detail” subscales. Higher
scores on these subscales indicate greater difficulties in social interactions, and a greater
attention to, and interests in, patterns and details, respectively. The AQ was completed by
both samples.

2.3. MRI and PET/CT Acquisition and Processing

Details of magnetic resonance imaging (MRI) and PET/CT acquisitions and processing
steps have been previously described [9]. In short, a structural T1-weighted MRI scan was
obtained on a 3T Ingenia (Philips Healthcare, Best, The Netherlands). A 90 min dynamic
PET scan was obtained on a Biograph Horizon with TrueV option (Siemens Healthineers,
Erlangen, Germany) or Vereos (Philips Healthcare, Best, The Netherlands), directly after the
administration of approximately 150 MBq [18F]-FDOPA. A low dose CT scan (110/120 kVp,
35 mAs) was acquired for attenuation–correction purposes. Participants consumed 150 mg
of carbidopa and 400 mg entacapone, 1 hour before starting the PET/CT scan.

We used [18F]-FDOPA uptake in gray matter (GM) cerebellum as a reference to cal-
culate the influx constant (ki

cer min−1; hereon labeled as ki
cer) throughout the brain using

reference Patlak graphical analysis [14]. The ROIs were automatically identified from the
co-registered MRI scan using PVElab (v2.3; Neurobiology Research Unit, Copenhagen,
Denmark; [15,16]), using a maximum probability atlas [17]. The ROIs included the GM of
the whole striatum and three striatal anatomical sub-regions (putamen, nucleus accumbens,
and caudate nucleus), which were selected on the basis of their putative role in ASD [2,3],
and their reliability in terms of imaging [18F]-FDOPA uptake [18].

In addition to the ROI analysis, the parametric image of each participant was trans-
formed to standard space to facilitate voxel-based comparisons. To do so, we first normal-
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ized the participant’s co-registered MRI scan using SPM12 (Institute of Neurology, London,
UK). The resulting transformation matrix was applied to the parametric image, which was
then smoothed using an 8 mm full width at half maximum (FWHM) Gaussian filter [18].

2.4. Statistical Analysis

With reference to the ROI method, data were analyzed using JASP version 0.16 [19].
We used multiple linear regression analysis to compare the regional ki

cer values between
ASD and controls and to assess the associations of ki

cer with the AQ total and subscale
scores. We adjusted for four confounders: age, sex, smoker status (yes/no), and scanner
type (Vereos/Biograph Horizon). A two-tailed p-value of 0.05 was used to evaluate the
statistical significance. In addition, Bayesian analyses were conducted (see Supplementary
Methods S2). Voxel-based comparisons were made in SPM12. An independent samples
t-test was used to examine group differences in ki

cer, and multiple linear regression analysis
was used to examine associations between ki

cer and AQ scores. Confounders included age,
sex, smoker status, and scanner type. A family-wise error (FWE) rate of α = 0.05 was used
to evaluate the statistical significance. We conducted several additional control analyses to
assess the robustness of the findings. First, we repeated our analyses restricting ourselves
to voxels with ki

cer values above 0.001 and 0.005, effectively excluding voxels showing little
specific [18F]-FDOPA uptake. Second, we repeated our analyses with unsmoothed data
and after smoothing with a 4 mm FWHM Gaussian filter (i.e., instead of the 8 mm FWHM
Gaussian filter that we used for the main analysis). Third, we conducted the analyses for
the two PET/CT scanners separately.

3. Results

3.1. Sample Characteristics

Sample characteristics are reported in Table 1. Participants with ASD had significantly
higher AQ total scores (t64 = 8.74, p < 0.001), as well as social interaction (t64 = 8.34, p < 0.001)
and attention to detail (t64 = 5.55, p < 0.001) subscale scores. With regard to self-reported
lifetime diagnosed mental health conditions, in the control group, participants reported
having ever been diagnosed with a depressive disorder (n = 1) and anxiety disorder (n = 1).
In the ASD sample, participants reported having ever been diagnosed with a depressive
disorder (n = 9), attention deficit/hyperactivity disorder (n = 4), anxiety disorder (n = 2),
and post-traumatic stress disorder (n = 2). None of the participants had currently or recently
used any medication for these conditions.

Table 1. Sample characteristics of adults with autism spectrum disorder (ASD) and controls.

Variable ASD (n = 44) Controls (n = 22)

Male, no. (%) 28 (64%) 14 (64%)
Age in years, mean (SD) 23.74 (2.64) 23.47 (2.48)
IQ, mean (SD) 103.75 (5.19) 105.05 (4.90)
Smoker, no. (%) 2 (5%) 1 (5%)
Scanned on Vereos PET/CT scanner, no. (%) 31 (70%) 13 (59%)
Approximate injected [18F]-FDOPA dose in
MBq, mean (SD)

161.55 (7.26) 157.24 (8.57)

AQ total score, mean (SD) 132.41 (20.05) 91.73 (12.01)
AQ social interaction subscale, mean (SD) 105.25 (17.65) 71.27 (10.22)
AQ attention to detail subscale, mean (SD) 27.16 (4.94) 20.45 (4.19)

SD, standard deviation; IQ, intelligence quotient; MBq, megabecquerel; and AQ, autism spectrum quotient.

3.2. ROI Analyses

Table 2 shows the ki
cer values in striatal ROIs and their associations with the AQ total

and subscale scores. We found no significant differences in the striatal ki
cer values between

ASD and controls. Moreover, within the control sample, and within the combined ASD and
control sample, we found no significant associations between the AQ scores and striatal
ki

cer values. In contrast, in the ASD sample, ki
cer values in the whole striatum, putamen,
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and nucleus accumbens were significantly negatively associated with AQ attention to
detail subscale scores. These associations remained negative when we examined the results
without adjusting for confounders or for the two PET/CT scanners separately, although
they became statistically non-significant. No other statistically significant associations
were observed.

Table 2. Striatal [18F]-FDOPA uptake (ki
cer min−1) in ASD adults and controls, and its association with self-reported autistic

traits.

Association Between ki
cer Value and AQ Scores

ki
cer, Mean (SD) ASD Controls Combined Sample

ROI ASD Controls p-value Total Social Detail Total Social Detail Total Social Detail

Whole
striatum

0.0145
(0.0023) a

0.0143
(0.0024) a 0.87 a β = −0.04,

p = 0.81
β = 0.04,
p = 0.80

β = −0.35,
p = 0.04

β = 0.08,
p = 0.74

β = 0.08,
p = 0.74

β = 0.03,
p = 0.90

β = 0.02,
p = 0.87

β = 0.06,
p = 0.65

β = −0.14,
p = 0.28

Putamen 0.0157
(0.0025)

0.0153
(0.0026) 0.61 β = 0.03,

p = 0.86
β = 0.12,
p = 0.46

β = −0.36,
p = 0.04

β = 0.10,
p = 0.67

β = 0.06,
p = 0.80

β = 0.13,
p = 0.56

β = 0.10,
p = 0.43

β = 0.14,
p = 0.28

β = −0.08,
p = 0.52

Nucleus
accumbens

0.0114
(0.0024)

0.0108
(0.0024) 0.38 β = −0.09,

p = 0.58
β = 0.00,
p = 0.99

β = −0.43,
p = 0.01

β = 0.13,
p = 0.59

β = 0.14,
p = 0.57

β = 0.04,
p = 0.85

β = 0.09,
p = 0.49

β = 0.12,
p = 0.33

β = −0.10,
p = 0.45

Caudate
nucleus

0.0135
(0.0022)

0.0137
(0.0025) 0.69 β = −0.12,

p = 0.48
β = −0.06,
p = 0.72

β = −0.29,
p = 0.09

β = 0.05,
p = 0.84

β = 0.10,
p = 0.69

β = −0.09,
p = 0.72

β = −0.09,
p = 0.48

β = −0.05,
p = 0.66

β = −0.19,
p = 0.12

ASD, autism spectrum disorder; AQ, autism spectrum quotient; SD, standard deviation; ROI, region of interest; total, AQ total scores;
social, AQ social interaction subscale scores; and detail, AQ attention to detail subscale scores. Analyses adjusted for age, sex, smoking
status, and PET/CT scanner type. a, as reported in [9].

Bayesian analyses supported the observed null findings over the alternative hypothe-
ses (Supplementary Method S2 and Supplementary Table S1). Notably, these analyses also
did not provide support for a relationship between AQ attention to detail subscale scores
and ki

cer values.

3.3. Voxel-Based Comparisons

Figure 1 (panels A and B) shows the average ki
cer for ASD and control participants

in voxels throughout the brain. In striatal as well as extrastriatal regions, we found no
statistically significant differences in the ki

cer values between ASD and controls, and in
neither sample did we observe significant associations between the ki

cer values and the
AQ total or social interaction subscale scores. These results were similar, regardless of
whether we adjusted for confounders, applied varying ki

cer thresholds, used unsmoothed
data or data smoothed with a 4 FWHM Gaussian filter, or examined the results for the
two PET/CT scanners separately. We did observe, in accordance with the ROI analysis,
that ki

cer values in a small cluster of voxels in the left nucleus accumbens, significantly
negatively correlated with the AQ attention to detail subscale in the ASD sample (and not
in controls) (Figure 1C). At more lenient p-value thresholds, this association extended to
larger parts of the striatum bilaterally.

Figure 1. Cont.
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Figure 1. Axial (left), coronal (middle), and sagittal (right) view of the mean cerebral [18F]-FDOPA uptake (ki

cer min−1;
unadjusted and unsmoothed) in (A) adults with autism spectrum disorder (n = 44) and (B) controls (n = 22). Panel (C) shows
statistically significant negative associations between scores on the autism spectrum quotient attention to detail subscale
and ki

cer values in autistic adults, overlaid on a single subject T1-weighted MRI scan, when family-wise error (FWE)
rate-adjusted or unadjusted p-values of 0.05 are used (8 mm smoothing, threshold of ki

cer ≥ 0.005).

4. Discussion

In this exploratory study, we found no significant differences in the striatal and
extrastriatal [18F]-FDOPA uptake between unmedicated autistic adults and controls. In the
ASD sample, but not in the control or combined samples, the AQ attention to detail subscale
scores were significantly and negatively correlated with dopamine synthesis capacity in
the whole striatum, the putamen, and particularly the nucleus accumbens, although these
findings were not supported by Bayesian analyses.

The results of our exploratory analyses confirm our previous ROI analysis, in which we
found no differences in [18F]-FDOPA uptake in the striatum and its functional sub-regions
(i.e., associative, limbic, and sensorimotor striatum) between ASD and controls [9]. We
extend these findings by showing that [18F]-FDOPA uptake does not differ in anatomical
sub-regions of the striatum (i.e., putamen, nucleus accumbens, and caudate nucleus)
nor in extrastriatal brain regions. In the striatum, [18F]-FDOPA is decarboxylated to
fluorodopamine through amino acid decarboxylase (AADC) and stored in vesicles within
presynaptic terminals [20]. Although it is well-established that striatal [18F]-FDOPA uptake
represents dopamine synthesis capacity, the radiotracer is taken up and stored by all
AADC-containing, monoaminergic neurons [21]. On the one hand, this can be considered
a limitation of the method, since to some extent it remains unknown what [18F]-FDOPA
uptake in extrastriatal regions reflects. On the other hand, since we observed no significant
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difference in uptake in the whole brain, this can indicate that, for instance, also serotonergic
functioning in the raphe nuclei is unaltered in ASD [22].

Our findings partially differ from the study by Ernst et al. [5], who reported a de-
creased [18F]-FDOPA uptake in the anterior medial prefrontal cortex in autistic children
(n = 14), and from the study by Nieminen von Wendt et al. [6], who found an increased
[18F]-FDOPA uptake in the striatal and frontal regions in adults with Asperger syndrome
(n = 8). Future studies can assess whether the differences between samples in factors,
such as age, ASD diagnosis, and symptom severity, can have contributed to these partially
discrepant findings.

Although we found no group differences in [18F]-FDOPA uptake, we did find signifi-
cant negative associations between AQ attention to detail subscale scores and dopamine
synthesis capacity in striatal ROIs among ASD adults. These findings should be interpreted
with caution since multiple tests were performed, and Bayesian analyses were inconsistent
with these observations. Nevertheless, it is of interest that a recent study also showed that
in individuals with ASD (n = 18), but not in controls (n = 20), striatal dopamine D1 receptor
binding was negatively associated with the same AQ attention to detail subscale [23].
This finding can be accounted for by either increased endogenous dopamine or by the
expression of fewer D1 receptors. This latter explanation seems more plausible, since
the authors note that the assessment of D1 receptor binding is unlikely to be strongly
influenced by the availability of endogenous dopamine. Our findings of no increased
striatal dopamine synthesis capacity in ASD, and a recent report of a decreased striatal
dopamine release in response to monetary reward in adults with ASD (n = 10) compared
to controls (n = 12) [24], support this interpretation, as these suggest that endogenous
synaptic dopamine is not higher in ASD. Together, these findings can then be interpreted
as indicating that a reduction in striatal dopamine signaling is associated with attentional
processes relevant to ASD, which accords with previous theoretical and empirical work on
the role of striatal dopamine in ASD [1–3,25].

If striatal dopamine is indeed related to attentional processing in ASD, and we em-
phasize that this finding requires replication in an independent cohort, then it can do
so in different ways. For example, striatal dopamine can be involved in the direction of
attention to salient information [25–27], which would fit with our finding that associations
were strongest in the nucleus accumbens, a region known to play a role in these cognitive
processes [28]. It is also possible that our findings reflect alterations secondary to the
perturbations in other neurotransmitter systems. Future studies, combining molecular
imaging methods with objective assessments of cognitive functioning would be useful
in this respect. Of note, there has been a relative scarcity of molecular imaging studies
in ASD [4], and future (preferably longitudinal) assessments of different aspects of the
dopamine and other neurotransmitter systems would help elucidate the role of these
systems in ASD. Such assessments can also increase our knowledge on the reasons why
certain medications might (not) work in autistic individuals. Given their high prescription
rates [29], this seems useful and necessary.

The strengths of the present study are its large sample size and the completion of
additional analyses to ensure the robustness of our findings. Note that, as reported pre-
viously [9], the mean cerebellar standardized uptake values were comparable for ASD
and controls and, therefore, possible differences in non-specific uptake of [18F]-FDOPA
can be excluded. A first limitation of the study is the exclusion of participants who used
medication or had been diagnosed with a low IQ or a psychotic disorder, as we do not know
how our findings generalize to those populations. Second, autistic traits were assessed
by self-report only. Third, since the study was exploratory, we did not conduct a priori
sample size calculations for the present study purposes. Fourth, data were collected on
two PET/CT systems. However, reconstruction parameters for the two scanners were
harmonized using published guidelines [30], and scanner type was added as a covariate
to the analyses. Fifth, we chose to use [18F]-FDOPA analyses methods based on previous
literature (e.g., [18]) and conducted additional sensitivity analyses (e.g., with varying ki

cer
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thresholds); however, future studies should explore the added value of more sophisti-
cated analysis methods. For example, the role of partial volume correction should be
further investigated, as some studies have indicated GM/WM differences between autistic
individuals and healthy controls [31,32].

In conclusion, our exploratory findings indicate that [18F]-FDOPA uptake in the brain
does not significantly differ between autistic adults and controls. The striatal dopamine
synthesis capacity can be negatively associated with scores on the AQ attention to detail
subscale in autistic adults, but replication of this finding is necessary.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-441
8/11/12/2404/s1. Table S1: Bayes factors (BF10) for the analyses examining striatal [18F]-FDOPA
uptake (ki

cer min−1) in autistic adults and controls, and its association with self-reported autistic
traits.
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Abstract: We report on a 52-year-old patient with an initial diagnosis of smoldering myeloma (SMM),
who was monitored by means of dynamic and static positron emission tomography/computed
tomography (PET/CT) with the radiotracer 18F-fluorodeoxyglucose (18F-FDG). Baseline PET/CT
revealed no pathological signs. Six months later, a transition to symptomatic, multiple myeloma
(MM) was diagnosed. The transition was not accompanied by focal, hypermetabolic lesions on
PET/CT. However, a diffusely increased 18F-FDG uptake in the bone marrow, accompanied by a
marked increase of semi-quantitative (standardized uptake value, SUV) and quantitative, pharma-
cokinetic 18F-FDG parameters, was demonstrated. After successful treatment, including tandem
autologous transplantation, the diffuse uptake in the bone marrow as well as the semi-quantitative
and quantitative parameters showed a marked remission. This response was also confirmed by the
clinical follow-up of the patient. These findings suggest that in MM a diffuse 18F-FDG uptake in the
bone marrow may indeed reflect an actual bone marrow infiltration by plasma cells. Moreover, SUV
values and kinetic parameters, not only from myeloma lesions but also from random bone marrow
samples, may be used for MM monitoring. This could be particularly helpful in the follow-up of
myeloma patients negative for 18F-FDG-avid focal lesions.

Keywords: smoldering myeloma; multiple myeloma; quantitative; dynamic 18F-FDG PET/CT;
autologous stem cell transplantation

1. Introduction

Multiple myeloma (MM) is a neoplastic plasma cell disorder, characterized by the
uncontrolled, clonal proliferation of plasma cells in the bone marrow. It is the second
most common hematologic malignancy after non-Hodgkin lymphoma and accounts for
approximately 1% of neoplastic diseases [1]. MM is almost always preceded by a premalig-
nant precursor condition (monoclonal gammopathy of undetermined significance, MGUS),
which then develops into asymptomatic or smoldering myeloma (SMM) and, finally, into
symptomatic disease [2,3]. SMM represents a highly heterogeneous entity with a progres-
sion risk to MM of 10% per year during the first five years after diagnosis [4]. Different
risk stratification models for progression of SMM to MM have been developed, the most
popular being the Mayo Clinic model, which utilizes M-protein, bone marrow plasma cell
infiltration and the ratio of serum free light chain, and the Spanish model, which uses
flow-cytometry to define the proportion of aberrant plasma cells in the marrow and the
presence of immunoparesis [5,6]. The identification of those SMM patients who have a high
risk of progression to active, symptomatic disease is of utmost clinical importance, since
these patients would benefit from early treatment commencement [7,8]. In this context,
in 2014, the definition of MM was revised by the International Myeloma Working group
(IMWG), including the subset of SMM patients with an 80% two-year risk of progression
to symptomatic MM, based on findings from bone marrow biopsy, serum free light chain
and magnetic resonance imaging (MRI) [9].
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The role of positron emission tomography/computed tomography (PET/CT) with
the radiotracer 18F-fluorodeoxyglucose (18F-FDG) in multiple myeloma (MM) has been
markedly upgraded in recent years. A steadily increasing amount of literature has high-
lighted the value of the imaging modality in diagnosis, prognosis and treatment response
evaluation of the disease [10–15]. Proof of the established role of PET/CT in MM manage-
ment, is its inclusion in the latest updated criteria for the diagnosis of the disease by IMWG.
In particular, the detection of one or more osteolytic lesions on CT or PET/CT fulfills the
criteria of bone disease and, therefore, of symptomatic MM requiring treatment [10]. Al-
though still limited, the first results of the application of 18F-FDG PET/CT in asymptomatic
SMM have been promising, reflecting the potential role of the modality in predicting the
risk of progression to symptomatic disease [16,17].

On the other hand, in myeloma—more than in other malignancies—issues on the
evaluation of 18F-FDG PET/CT exist. This is mainly attributed to the different patterns of
bone marrow involvement in the disease, which results in poor inter-observer reproducibil-
ity in scan interpretation [18]. In an attempt to standardize the interpretation of 18F-FDG
PET/CT scans in MM, several efforts have been undertaken, making use of visual [18,19]
as well as semi-quantitative and quantitative approaches [20–24]. However, none of these
methods have been yet extensively applied in clinical practice.

We herein report on a patient with an initial diagnosis of SMM who was monitored
throughout the physical history of the disease by means of quantitative, dynamic 18F-FDG
PET/CT.

2. Case Report

A 52-year-old male patient with a diagnosis of SMM of IgG-lambda type (initial
bone marrow plasma cell infiltration rate 10%) was referred to the nuclear medicine
department for staging purposes. The patient underwent both dynamic and static PET/CT
(Biograph mCT, S128, Siemens Co., Erlangen, Germany) with 18F-FDG. In particular, after
an intravenous bolus administration of 18F-FDG, dynamic PET/CT was performed over the
lower abdomen and pelvis for 60 min using a 24-frame protocol (10 frames of 30 s, 5 frames
of 60 s, 5 frames of 120 s and 4 frames of 600 s). After the end of the dynamic acquisition,
whole body, static imaging from the head to the feet was performed with an image duration
of 2 min per bed position for the emission scans. Data analysis of PET/CT consisted of
the conventional visual (qualitative) and semi-quantitative (standardized uptake value,
SUV) evaluation, as well as the quantitative analysis of the dynamic 18F-FDG PET/CT
data, which was based on two-tissue compartment modeling (Figure 1) [25–28] and fractal
analysis [29].

 

Figure 1. Schematic representation of the two-tissue compartment model applied for 18F-FDG. K1, k2, k3 and k4 are
rate constants (1/min) and describe the directional exchanges between the three compartments. Cplasma represents the
vascular compartment, C1 represents the free and non-specifically bound tracer in tissue (non-displaceable compartment)
and C2 represents the specifically bound (phosphorylated) tracer in tissue. K1 reflects the carrier-mediated transport of
18F-FDG from plasma to tissue and k2 reflects the transport of the radiopharmaceutical back from tissue to plasma, while k3

represents the phosphorylation rate and k4 the dephosphorylation rate of the glucose analogue.
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Baseline PET/CT at SMM diagnosis revealed no pathological findings suggestive
of myeloma. Merely, a discretely increased, diffuse tracer uptake in the bone marrow
was noticed, which was, however, not higher than liver uptake (Figure 2A). Six months
later, a transition from asymptomatic SMM to symptomatic MM was diagnosed, after
a pathological fracture of the right humerus—treated with surgery and radiotherapy—
accompanied by respective increases of the M-protein (from 3.1 g/dL to 6.1 g/dL), and the
lambda light chains in serum (from 135 mg/L to 306 mg/L) and urine (from unmeasurable
levels to 20.6 mg/24 h). The patient was re-assessed with dynamic and static PET/CT,
which demonstrated no focal hypermetabolic lesions. However, a new, intense, diffuse 18F-
FDG uptake in the bone marrow of the axial skeleton was now delineated (Figure 2B). With
regard to the semi-quantitative PET/CT parameters, SUVmean and SUVmax of the iliac bone
increased by 82% and 91%, respectively, in comparison to the baseline scan. Similar changes
were observed in the pharmacokinetic parameters derived from dynamic PET/CT: the
regional blood volume (VB) increased by 150%, the tracer influx (Ki) increased by 200%, and
fractal dimension (FD) also increased by 16% (Table 1; Figure 3). The patient was treated
with bortezomib-based induction therapy, followed by tandem high-dose chemotherapy
(HDT) and autologous stem cell transplantation (ASCT). Two months after therapy, a
third PET/CT demonstrated a pronounced remission of the diffuse bone marrow uptake
(Figure 2C), accompanied by a marked decrease of the respective semi-quantitative and
quantitative parameters to levels similar to or even lower than those of baseline PET/CT
(Table 1; Figure 3). These findings were in line with respective changes of the M-protein
(decrease to 1.1 g/dL), and the lambda light chains in serum (decrease to 24 mg/L) and
urine (decrease to unmeasurable levels). The patient, furthermore, received maintenance
therapy with lenalidomide. At last contact, he had not shown any disease progression,
having reached a progression-free survival (PFS) of 74 months.

Table 1. Semi-quantitative and quantitative parameters of the bone marrow (iliac bone) derived from
dynamic PET/CT at the three time points of scanning. The units of parameters fractional blood
volume (VB), K1, k3 and influx (Ki) are 1/min. SUVmean, SUVmax and fractal dimension (FD) have
no unit.

Parameter
Baseline PET/CT

(SMM)
First Follow-Up PET/CT

(MM Transition)
Second Follow-Up PET/CT

(MM after ASCT)

SUVmean 2.2 4.0 1.4
SUVmax 3.3 6.3 1.6

VB 0.02 0.05 0.001
K1 0.31 0.39 0.18
k3 0.03 0.09 0.04

Influx (Ki) 0.01 0.03 0.01
FD 1.09 1.26 1.05
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Figure 2. Maximum intensity projection (MIP) 18F-FDG PET/CT images upon SMM diagnosis (A), at transition to
symptomatic MM (B) and after therapeutic intervention (C). Baseline PET/CT upon asymptomatic SMM showed no
pathological findings. A discretely increased, diffuse tracer uptake in the bone marrow (≤liver uptake) is observed. The
foci of increased 18F-FDG uptake in the lower abdomen/pelvis correspond to physiological urinary tracer activity in the
ureters, while the focal 18F-FDG accumulation in the right knee joint most likely represents an inflammatory process.
Semi-quantitative calculations revealed a SUVmean of the iliac bone of 2.2 (SUVmax 3.3). According to the quantitative,
pharmacokinetic analysis, the influx of 18F-FDG in the bone marrow was 0.01 (1/min) (A). The first follow-up PET/CT
scan at the time of symptomatic myeloma transition (6 months later) revealed an intense, diffuse 18F-FDG uptake in the
bone marrow of the axial skeleton without any focal lesions. SUVmean of the iliac bone increased to 4.0 (SUVmax 6.3), while
the tracer influx increased to 0.03 (1/min) (B). Two months after successful treatment, which involved tandem HDT and
ASCT, the patient underwent a second follow-up PET/CT scan. This demonstrated a pronounced remission of the diffuse
bone marrow uptake and a reduction of the respective SUV values (SUVmean 1.4, SUVmax 1.6) and influx (0.01 (1/min)) of
18F-FDG. The elongated uptake in the right arm, right thigh and lower leg correspond to muscular activity. Physiological
urinary tracer activity is observed in the ureters (C).
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Figure 3. Time activity curves (TACs) depicting 18F-FDG concentration during the 60 min of dynamic
PET acquisition upon SMM diagnosis (upper row), at transition to symptomatic myeloma (middle
row) and after therapy with tandem HDT and ASCT (lower row). The curves are derived from
the bone marrow of the iliac bone (thick blue curve with green dots) and from the common iliac
artery (thin blue curve with golden dots). The TAC at baseline imaging shows a relatively stable
tracer concentration over time. The transition from asymptomatic SMM to symptomatic MM is
accompanied by a change in the respective TAC of the radiotracer, showing a steadily increasing
accumulation in the bone marrow compared to the definitely lower tracer concentration upon SMM.
After the therapeutic intervention, we notice a decrease of the 18F-FDG concentration in the bone
marrow, which is also reflected in the slope of the curve.
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3. Discussion
18F-FDG PET/CT is regarded as a reliable outcome predictor and an elective imaging

technique for treatment response evaluation of MM due to its ability in differentiating
active from inactive sites of the disease [30]. Three independent, easily attainable with
routine PET/CT parameters have been recognized to adversely affect both PFS and overall
survival (OS). In particular, the presence of more than three focal 18F-FDG-avid lesions,
a SUVmax > 4.2 of the lesions and the presence of extramedullary disease (EMD) are
associated with an adverse outcome [12,31]. Moreover, the complete remission of the 18F-
FDG-avid lesions after therapy has been shown to confer superior PFS and OS; contrarily,
the persistence of pathologic findings on PET/CT after treatment is associated with a worse
prognosis [12–14,31,32].

Thus far, the vast majority of PET/CT studies in MM were restricted either to descrip-
tive analyses, mainly through the identification of focal, hypermetabolic lesions, and/or
semi-quantitative analyses of parameters derived from static imaging of focal lesions. Little
light, however, has been shed on the interpretation and prognostic value of the diffuse bone
marrow involvement—irrespective of the presence of focal lesions—on PET/CT. More-
over, the quantitative aspect of PET, which is feasible only after performance of dynamic
scanning, has only been scarcely utilized, due to the routine application of conventional,
static protocols.

In the present case, we monitored by means of dynamic and static PET/CT a patient
with an initially asymptomatic SMM, who demonstrated a transition to symptomatic
myeloma, and was subsequently successfully treated. The patient did not show any
typical signs of myeloma involvement on PET/CT, i.e., focal, hypermetabolic lesions,
at any phase during the course of the disease. However, at transition from SMM to
symptomatic MM, a diffusely increased 18F-FDG uptake in the bone marrow was observed;
this was accompanied by a marked increase of both the semi-quantitative (SUV values)
and the quantitative, pharmacokinetic parameters, derived from bone marrow of the iliac
crest. Importantly, after the successful therapeutic intervention, the diffuse uptake in
the bone marrow as well as the semi-quantitative and quantitative parameters showed
a pronounced remission. This response was also confirmed by the long-term, clinical
follow-up of the patient.

Our findings suggest, firstly, that in untreated MM, a diffuse 18F-FDG uptake in the
bone marrow may reflect an actual bone marrow infiltration by plasma cells. Particularly
in patients suffering from SMM, the appearance of a diffuse hypermetabolic bone marrow
pattern—regardless of the concurrent emergence of focal lesions—during the course of
the entity may reflect transition to symptomatic disease and should, therefore, lead to
further investigation. We are, indeed, aware of the several causes leading to a false-positive,
diffuse, homogeneous, bone marrow 18F-FDG uptake on PET/CT, such as severe anemia,
previous administration of granulocyte colony-stimulating factor (G-CSF), chemotherapy
or erythropoietin [33]. However, in the present case, all potential causes of a false-positive
bone marrow 18F-FDG uptake could be excluded from the patient’s history.

Secondly, SUV values not only from myeloma lesions—as consistently highlighted by
previous studies—but also from random bone marrow samples, may be used to monitor
disease transition and response to treatment. This could be particularly helpful in the
follow-up of myeloma patients negative for 18F-FDG-avid focal lesions. The metabolic state
of the bone marrow as evaluated by SUV calculations and/or in comparison to reference
organs has recently been put into focus of MM research, rendering promising results as a
potentially prognostic factor [22,34]. The present findings are in support of this direction.

Finally, the information acquired after the application of full dynamic PET/CT was in
line with the respective qualitative (visual) and semi-quantitative (SUV) findings during the
different phases of the disease. The dynamic 18F-FDG PET/CT protocol offers the unique
advantages to investigate the tracer accumulation over time through generation of the re-
spective time activity curves (TACs) as well as to extract pharmacokinetic indices that reflect
dedicated parameters of the tracer’s metabolism, such as perfusion, transport or phos-
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phorylation. This quantitative aspect is a major advantage of PET/CT, which is neglected
when using conventional, static, whole-body protocols (usually 60 min post-injection) and
descriptive analysis as the only diagnostic tool. In the present case, quantitative, dynamic
PET/CT showed that the transition of asymptomatic SMM to symptomatic disease was
accompanied by a marked increase of 18F-FDG accumulation in the bone marrow over
time, compared to baseline PET/CT. Moreover, several quantitative 18F-FDG parameters,
including the regional blood volume (VB), the tracer influx rate (Ki), the carrier-mediated
transport of the tracer from plasma to bone marrow (K1), the phosphorylation rate of 18F-
FDG in the bone marrow (k3) as well as the degree of tracer heterogeneity—reflected by the
parameter fractal dimension (FD)—showed a distinct increase. Contrarily, a pronounced
decrease of the respective TAC and pharmacokinetic parameters were observed after the
successful therapeutic intervention. These results are in line with previous findings of
our group regarding the potential role of dynamic PET in MM prognosis and treatment
response evaluation [22,35–37]. By complementing the information offered by conventional
imaging with the multiparametric, pharmacokinetic data extracted by dynamic PET/CT,
the diagnostic certainty of the reading physician could be enhanced, particularly in patients
with ambiguous findings. Moreover, our understanding of the pathophysiology of the
disease and its response to treatment can be improved.

Although these findings could suggest the wider usage of dynamic PET/CT in MM,
more data, preferably derived from large prospective studies, are warranted to prove the
potential benefit of the modality. Moreover, we note some practical considerations related to
the possible implementation of dynamic PET/CT in clinical routine: firstly, it is more time-
consuming than conventional PET/CT, since it requires in most cases a 60-min acquisition,
followed by the conventional, static, whole-body PET/CT acquisition. This may lead
to patient discomfort as well as to logistical issues in a nuclear medicine department.
Furthermore, data interpretation is challenging, based on sophisticated software tools
and application of the—rather complex—compartment modeling and fractal analysis.
According to the previous, for the time being, qualitative and semi-quantitative analysis
will remain the main evaluation tools of PET/CT in MM. However, dynamic PET/CT could
be applied in selected cases, for example in the context of clinical trials in MM, adding
significant quantitative information and reducing inter-observer variability. Moreover, the
recent advent of new PET/CT scanners, which allow dynamic studies over several bed
positions by using a continuous bed movement, will facilitate the use of dynamic PET
protocols and reduce the whole acquisition time, making dynamic PET/CT an attractive
and cost-effective approach in oncological imaging [38].

4. Conclusions

A patient with an initial diagnosis of asymptomatic SMM was monitored by means
of dynamic and static 18F-FDG PET/CT during the course of the disease. Upon SMM
diagnosis, the patient had no pathological signs on PET/CT. The transition from SMM
to symptomatic MM was not accompanied by the typical signs of myeloma involvement
on PET/CT, i.e., focal, hypermetabolic lesions. However, a diffusely increased 18F-FDG
uptake in the bone marrow was observed, while at the same time, a marked increase of
both semi-quantitative (SUV values) and quantitative, pharmacokinetic parameters was
demonstrated. Following treatment, the diffuse uptake in the bone marrow as well as
the semi-quantitative and quantitative parameters showed a pronounced remission. This
response was also confirmed by the long-term, clinical follow-up of the patient. Altogether,
the here-presented findings suggest, firstly, that in MM a diffuse 18F-FDG uptake in the
bone marrow may reflect an actual bone marrow infiltration by plasma cells. Secondly,
SUV values not only from myeloma lesions—as highlighted by previous studies—but
also from random bone marrow samples, may be used for MM monitoring; this could be
particularly helpful in the follow-up of myeloma patients negative for 18F-FDG-avid focal
lesions. Finally, several pharmacokinetic parameters, derived from dynamic PET/CT, can
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be used to increase the diagnostic certainty and provide valuable information on dedicated
parameters of the tracer’s metabolism.
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In the original article [1], there was a mistake in Figure 3 as published. Due to a
mistake in the publication process, Figure 2 and Figure 3 were the same. The corrected
Figure 3 appears below. The authors apologize for any inconvenience caused and state that
the scientific conclusions are unaffected. The original article has been updated.

Figure 3. Average and peak recovery coefficients from the Micro Hollow Sphere phantom. For an
acquisition time of two minutes per bed position, the apparent RCavg (a) of the 8 mm sphere measured
with T/B ratio 10:1 exceeds that of the bigger spheres for low β, as the center of this sphere happened
to coincide with the center of a voxel. Taking RCpeak as a measure for the recovery coefficient (b), the
recovery coefficients are lower, but more robust.
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