
mdpi.com/journal/jcm

Special Issue Reprint

PET/CT Imaging in Oncology
Clinical Updates and Perspectives

Edited by 

Arnoldo Piccardo and Francesco Fiz



PET/CT Imaging in Oncology: Clinical
Updates and Perspectives





PET/CT Imaging in Oncology: Clinical
Updates and Perspectives

Editors

Arnoldo Piccardo

Francesco Fiz

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Arnoldo Piccardo

E.O. Ospedali Galliera

Genoa, Italy

Francesco Fiz

E.O. Ospedali Galliera

Genoa, Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Clinical Medicine (ISSN 2077-0383) (available at: https://www.mdpi.com/journal/jcm/

special issues/PET CT Imaging).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-9450-7 (Hbk)

ISBN 978-3-0365-9451-4 (PDF)

doi.org/10.3390/books978-3-0365-9451-4

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Francesco Fiz, Gianluca Bottoni, Giorgio Treglia, Pierpaolo Trimboli and Arnoldo Piccardo

Diagnostic and Prognostic Role of 18F-Fluoroestradiol PET in Metastatic Breast Cancer: The
Second Youth of an Older Theranostic Concept
Reprinted from: J. Clin. Med. 2022, 11, 3589, doi:10.3390/jcm11133589 . . . . . . . . . . . . . . . 1

Francesco Dondi, Nadia Pasinetti, Roberto Gatta, Domenico Albano, Raffaele Giubbini and

Francesco Bertagna

Comparison between Two Different Scanners for the Evaluation of the Role of 18F-FDG PET/CT
Semiquantitative Parameters and Radiomics Features in the Prediction of Final Diagnosis of
Thyroid Incidentalomas
Reprinted from: J. Clin. Med. 2022, 11, 615, doi:10.3390/jcm11030615 . . . . . . . . . . . . . . . . 5

Kgomotso M. G. Mokoala, Ismaheel O. Lawal, Letjie C. Maserumule,

Khanyisile N. Hlongwa, Honest Ndlovu, Janet Reed, et al.

A Prospective Investigation of Tumor Hypoxia Imaging with 68Ga-Nitroimidazole PET/CT
in Patients with Carcinoma of the Cervix Uteri and Comparison with 18F-FDG PET/CT:
Correlation with Immunohistochemistry
Reprinted from: J. Clin. Med. 2022, 11, 962, doi:10.3390/jcm11040962 . . . . . . . . . . . . . . . . 23

Domenico Albano, Nadia Pasinetti, Francesco Dondi, Raffaele Giubbini, Alessandra Tucci

and Francesco Bertagna

Prognostic Role of Pre-Treatment Metabolic Parameters and Sarcopenia Derived by 2-[18F]-FDG
PET/CT in Elderly Mantle Cell Lymphoma
Reprinted from: J. Clin. Med. 2022, 11, 1210, doi:10.3390/jcm11051210 . . . . . . . . . . . . . . . 37

Christian Philipp Reinert, Regine Mariette Perl, Christoph Faul, Claudia Lengerke,

Konstantin Nikolaou, Helmut Dittmann, et al.

Value of CT-Textural Features and Volume-Based PET Parameters in Comparison to Serologic
Markers for Response Prediction in Patients with Diffuse Large B-Cell Lymphoma Undergoing
CD19-CAR-T Cell Therapy
Reprinted from: J. Clin. Med. 2022, 11, 1522, doi:10.3390/jcm11061522 . . . . . . . . . . . . . . . 49
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Since the discovery of the role of female hormones in breast cancer (BC) pathophysi-
ology, in vivo detection of oestrogen receptor (ER) distribution has been one of the major
goals of nuclear medicine and molecular imaging [1,2]. Hormone-blockade treatments
represent, in fact, a safe and effective way to control ER-positive BC, even in the metastatic
setting, and prevent recurrences [3–5]. Such an approach can be attempted in patients with
evidence of ER on the clonal cell, which is estimated by biopsy or pathological examination
of the primary tumour [6]. However, there is now ample evidence that ER expression might
vary across disease sites, and there can be significant differences in this regard between
primary tumour and distant metastases [7–9]. Since performing biopsies on remote disease
localization might not always be feasible or even advisable, methods to obtain this informa-
tion non-invasively have been sought after. The initial attempts in developing a molecular
imaging tracer for scintigraphy imaging in the late 1970s were not successful, given the
limited resolution of the method and the elevated background activity of some organs,
such as liver [10,11]. However, some years later, the research group of Katzenellenbogen
was able to develop a molecular imaging probe for PET devices, i.e., 18F-fluoroestradiol
(FES), which was effectively the first radio-receptor positron-emitting tracer [12]. This
tracer showed immediate promise; however, the related PET imaging method was then
still in its infancy and, even later, the tracer landscape would continue to be dominated
by fluorodeoxyglucose (FDG) for many years to come. It was only towards the end of the
second decade of the 21st century that FES gained significant traction, leading to a marked
increase of published research papers as well as its official approval, firstly in France (2016)
and then in the United States of America (2020) [13].

The approval of FES-PET was grounded on its excellent capability of predicting the
actual ER expression status on pathology; in a study by Chae and colleagues, among
37 patients with a positive FES-PET, all of them had oestrogen receptors on immunohisto-
chemistry [14]. These data were recently confirmed by a larger, prospective trial, where
FES-PET was able to predict the ER expression with very high sensitivity in the biopsied
tumour lesions as well as in remote bone localizations [15]. In turn, the presence of ER is
the only factor that can predict the effectiveness of endocrine therapy; tumour sites with
poor or absent ER expression do not respond well to this approach [16,17]. Conversely,
a widespread and intense FES positivity is linked with well-differentiated, ER-positive
tumour forms, which have a significant chance to respond well to the endocrine treatment.
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In this sense, FES-PET represents a theranostic approach, directing the patients toward
the most suitable therapy, while avoiding the costs and the potential side effects of an
inadequate one [18].

It must be highlighted that, understandably, there are some caveats and limitations to
this approach. First, the diagnostic potential of the method might vary, since physiological
background activity might affect the detectability of tumour lesions; this issue is particularly
marked in the liver, which presents the highest density of oestrogen receptors [19]. However,
bone is the principal metastatic site of ER+ BC, which has a lower tendency to colonize
visceral organs when compared with other BC subtypes [20]. Some factors, such as body
mass index and level of sex hormone-binding globulin, may have a mild-to-moderate
effect on FES uptake, whereas other factors, such as the menopausal status, do not [21].
Secondly, even if the method is very sensitive in determining the ER expression, this
parameter represents a necessary, yet not per se sufficient, condition for the success of the
endocrine treatment [16]. In fact, triggering of the ER-dependent intracellular mechanisms
in BC can occur despite a pharmacological endocrine blockade, via functional alteration
of intracellular domains or crosstalk with other pathways [22,23]. Consequently, even in
the case of a positive FES-PET, the real effectiveness of a first-line endocrine treatment
could vary across patients. Finally, especially in the metastatic setting, different cellular
clones, with varying degrees of biological aggressiveness, might co-exist in the same
patients. Particularly, an aggressive disease is signalled by the disappearance of ER on
the cell and increased proliferation rate; in such a setting, the switch towards FDG-PET or
a dual tracer (FES/FDG) PET is advised [24]. The FDG-positive disease is linked with a
poorer prognosis and tends to not respond to endocrine treatment; in the case of mixed
FDG- and FES-positive disease, the FDG/FES ratio, i.e., the measure of how prevalent
the less differentiated component is, represents an important factor for predicting disease
progression and patients’ overall survival [25].

Besides the identification of the aggressive clonal component, FDG-PET has an excel-
lent sensitivity at the patient level, which is comparable to the one afforded by FES-PET [26].
However, FES-PET has better lesion-based sensitivity, especially in the restaging setting [26].

In conclusion, considering available evidence-based data [26–28], FES-PET proved to be a
valid diagnostic, prognostic, and theranostic approach, which, after many years of preparation,
is ready to take the main stage of differentiated cancer identification and treatment.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The aim of this study was to compare two different tomographs for the evaluation of the
role of semiquantitative PET/CT parameters and radiomics features (RF) in the prediction of thyroid
incidentalomas (TIs) at 18F-FDG imaging. A total of 221 patients with the presence of TIs were
retrospectively included. After volumetric segmentation of each TI, semiquantitative parameters
and RF were extracted. All of the features were tested for significant differences between the two
PET scanners. The performances of all of the features in predicting the nature of TIs were analyzed
by testing three classes of final logistic regression predictive models, one for each tomograph and
one with both scanners together. Some RF resulted significantly different between the two scanners.
PET/CT semiquantitative parameters were not able to predict the final diagnosis of TIs while GLCM-
related RF (in particular GLCM entropy_log2 e GLCM entropy_log10) together with some GLRLM-
related and GLZLM-related features presented the best predictive performances. In particular, GLCM
entropy_log2, GLCM entropy_log10, GLZLM SZHGE, GLRLM HGRE and GLRLM HGZE resulted
the RF with best performances. Our study enabled the selection of some RF able to predict the final
nature of TIs discovered at 18F-FDG PET/CT imaging. Classic semiquantitative and volumetric
PET/CT parameters did not reveal these abilities. Furthermore, a good overlap in the extraction of
RF between the two scanners was underlined.

Keywords: thyroid incidentalomas; radiomics; texture analysis; 18F-FDG; PET/CT; positron emission
tomography; thyroid cancer

1. Introduction

Differentiated thyroid cancer (DTC) represents about 1% of all malignant tumors;
moreover, it is the most frequent form of endocrine carcinoma and is usually characterized
by good prognosis [1–4]. In recent years, its incidence has been growing due to the
increasing use of needle aspiration and thyroid ultrasound [5–7].

The role of nuclear medicine in the diagnostic and therapeutic work-up of DTC is
pivotal. In fact, nowadays, exams performed with 131I are fundamental for the staging, the
restaging, and the therapy of this carcinoma [4,8].

In recent years, we have been continuously experiencing an increase in the use of
positron emission tomography/computed tomography (PET/CT) with 18F-fluorodeoxyglucose
(18F-FDG) for the evaluation of various pathologies, both neoplastic and inflammatory. In
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this context, even in the diagnostic work-up of DTC this hybrid imaging modality has a
central role, in particular in the evaluation of patients with no evidence of 131I avid disease
but a persistence of elevated thyroglobulin levels [4,9,10].

With the increasing use of 18F-FDG PET/CT in the clinical practice, we have also
been experiencing an increase in the detection of thyroid incidentalomas (TI) [11–13]. TIs
are defined as thyroid lesions detected at imaging studies performed for non-thyroid
pathologies [14,15].

The precise evaluation of TIs is mandatory, given the non-negligible risk of presence of
CTD in a high amount of these findings [16–18]. In this context, a lot of authors have tried
to clarify the role of 18F-FDG PET/CT for the definition of the precise nature of TIs, in terms
of malignancy or benignancy [4]. However, the role of some PET/CT semiquantitative
parameters, such as standardized uptake value (SUV), metabolic tumor volume (MTV) and
total lesion glycolysis (TLG) has not yet been fully clarified and the results in literature are
really heterogeneous [4].

Furthermore, in recent years we have been appreciating an increase in the extraction
of specific quantitative features from PET images, called radiomics or texture analysis. In
this setting, the use of radiomics for the correct evaluation of every type of incidentalomas
is waking increasing interest [19,20]. The case of TIs is not an exception and some works
about the use of texture analysis for their correct classification have been produced [21–24].
However, similarly to semiquantitative parameters, the use of radiomics in this setting has
given non-clarifying and initial results.

The aim of this retrospective study is to evaluate the role of semiquantitative PET/CT
parameters and radiomics features for the correct classification of TIs discovered at
18F-FDG PET/CT scans. Furthermore, the impact of different PET/CT tomographs on
texture analysis and on its ability to predict the final outcome is a fundamental part of
this work.

2. Materials and Methods

2.1. Patients Selection

We retrospectively analyzed the 18F-FDG PET/CT scans performed in our center
between January 2012 and December 2020 in order to find presence of TIs. All of the
patients performed PET/CT exams for staging or restaging purpose of various diseases,
but no one had a previous history of DTC. Specifically, 82 patients suffered from lymphoma,
19 from carcinomas of the head and neck, 51 from lung cancer, 6 from fever of unknown
origin, 12 from vasculitis, 38 from breast cancer, 3 from esophageal cancer, 2 from ovarian
cancer, 5 from colorectal cancer and 2 from endocarditis, while 1 patient performed the
examination in order to characterize a formation of the right adrenal gland.

Tis were defined as focal uptakes of 18F-FDG inside the thyroid gland with an uptake
higher than the background uptakes. Given the fact that diffuse uptakes on thyroid gland
are usually expression of benign conditions, they were excluded from the study [4]. Fur-
thermore, other inclusion criteria were the presence of an ultrasound follow-up of at least
1 year for suspected benignant uptakes and the execution of a cytological evaluation and/or
histological examination for suspected malignant uptakes. A total of 237 patients were
therefore included in the study and data about the lobe of TIs and ultrasound dimension
were collected.

2.2. 18F-FDG PET/CT Acquisition and Interpretation
18F-FDG PET/CT scans were acquired after at least 6 h of fasting and with blood

glucose levels below 150 mg/dL. An activity of 3.5–4.5 MBq/kg of 18F-FDG was intra-
venously administrated to the patients 1 hour before images acquisition. Images were
acquired from the base of the skull to the mid-thigh. All of the patients were instructed
to void before the PET/CT acquisition and no type of oral or intravenous contrast agents
were given for the execution of the scan. Similarly, none of the patients had performed any
intestinal preparation.
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In our study, we made use of 2 different PET/CT tomographs: the first (scanner 1)
was a Discovery 690 PET/CT (General Electric Company-Milwaukee, WI, USA) while the
second (scanner 2) was a Discovery STE PET/CT (General Electric Company, Milwaukee,
WI, USA). On both of them standard acquisition parameters (CT: 80 mA, 120 Kv without
contrast; 2.5–4 min per bed- PET-step, axial width 15 cm) and standard reconstruction
parameters were used (256 × 256 matrix and 60 cm field of view).

Furthermore, scanner 1 was characterized by the presence of LYSO (cerium-doped
lutetium yttrium oxyorthosilicate) scintillator crystals with a decay time of 45 ns, while
scanner 2 had BGO (bismuth germanate) scintillator crystals with a decay time of 300 ns.
Scanners were not harmonized with a cross-calibration program and all PET/CT scans
were acquired at free-breath, instructing the patients to have regular breathing. For both
scanners, a low dose CT at free breathing and without contrast agent was acquired in order
to perform attenuation correction and for anatomical correlation. In particular, CT acqui-
sition parameters for scanner 1 were: 120 kV, fixed tube current ≈ 60 mAs (40–100 mAs),
64 slices × 3.75 mm and 3.27 mm interval, pitch 0.984:1, tube rotation 0.5 s. CT acquisi-
tion parameters for scanner 2 were: 120 kV, fixed tube current ≈ 73 mAs (40–160 mAs),
4 slices × 3.75 mm and 3.27 mm interval, pitch 1.5:1, tube rotation 0.8 s. Furthermore, on
scanner 1 time of flight (TOF) and point spread function (PSF) algorithm were used for
the reconstruction of images, with filter cut-off 5 mm, 18 subsets and 3 iterations. Again,
on scanner 2, an ordered subset expectation maximization (OSEM) algorithm with filter
cut-off 5 mm, 21 subsets and 2 iterations were used.

PET images were visually and semiquantitatively analyzed by a nuclear physician
with at least 10 years of experience, measuring parameters of TIs: the maximum stan-
dardized uptake value corrected for body weight (SUVmax), mean SUV corrected for
body weight (SUVmean), maximum standardized uptake value lean body mass (SUVlbm),
maximum standardized uptake value body surface area (SUVbsa), MTV and TLG. SUV-
related parameters were measured on a Xeleris 3.1 GE workstation. MTV was calculated
by drawing a volume of interest (VOI) on TIs on 18F-FDG PET/CT images corrected for
attenuation, using a SUV-based automated contouring program (Advantage Workstation
4.6, GE HealthCare) with an isocounter threshold method based on 41% of the SUVmax,
as previously recommended by the European Association of Nuclear Medicine (EANM)
because of its high inter-observer reproducibility [25]. TLG values were calculated as the
product of the MTV of the VOI for its SUVmean.

2.3. Radiomics Features Extraction

Image features were extracted from PET images by using LIFEx 2.20 software (LIFEx,
by the French Alternative Energies and Atomic Energy Commission (CEA), Gif-sur-Yvette,
France) (http://www.lifexsoft.org, accessed on 10 September 2021) [26] with the same
procedure previously described for SUV-related parameters extraction, with similar VOI
and after a new segmentation process.

The extraction of radiomics features (RF) was performed without spatial resampling,
with an intensity discretization of 64 grey levels and with a distance from neighbors of
1 voxel for the extraction of GLCM parameters.

A total of 42 RF were generated (Table 1), divided in first-order statistics (histogram-
related and shape-related) and second-order statistics: grey level co-occurrence matrix
(GLCM) related, grey-level run length matrix (GLRLM) related, neighborhood grey level
different matrix (NGLDM) related and grey-level zone length matrix (GLZLM) related.
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Table 1. List of semiquantitative parameters and of radiomics features considered in the study.

Semiquantitave Parameters

SUV-related

SUVmax

SUVmean

SUVlbm

SUVbsa

Volumetric parameters

MTV

TLG

Radiomics features

First order features

Histogram related

Histo skewness

Histo kurtosis

Histo excess kurtosis

Histo entropy_log10

Histo entropy_log2

Histo energy

Shape related

Shape volume_mL

Shape volume_vx

Shape sphericity

Shape compacity

Second order features

Grey level co-occurrence matrix (GLCM) related

GLCM homogeneity

GLCM energy

GLCM contrast

GLCM correlation

GLCM entropy_log10

GLCM entropy_log2

GLCM dissimilarity

Grey-level run length matrix (GLRLM) related

GLRLM SRE

GLRLM LRE

GLRLM LGRE

GLRLM HGRE

GLRLM SRLGE

GLRLM SRHGE

GLRLM LRLGE

GLRLM LRHGE
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Table 1. Cont.

Semiquantitave Parameters

GLRLM GLNU

GLRLM RLNU

GLRLM RP

Neighborhood grey level different matrix (NGLDM) related

NGLDM coarseness

NGLDM contrast

NGLDM busyness

Grey-level zone length matrix (GLZLM) related

GLZLM SZE

GLZLM LZE

GLZLM LGZE

GLZLM HGZE

GLZLM SZLGE

GLZLM SZHGE

GLZLM LZLGE

GLZLM LZHGE

GLZLM GLNU

GLZLM ZLNU

GLZLM ZP
SUVmax: standardized uptake value body weight max; SUVmean: standardized uptake value body weight mean;
SUVlbm: standardized uptake value lean body mass, SUVbsa: standardized uptake value body surface area;
MTV: metabolic tumor volume; TLG: total lesion glicolysis; SRE: short-run emphasis; LRE: long-run emphasis;
LGRE: Low Gray-level Run Emphasis; HGRE: High Gray-level Run Emphasis; SRLGE: Short-Run Low Gray-level
Em-phasis; SRHGE: Short-Run High Gray-level Emphasis; LRLGE: Long-Run Low Gray-level Emphasis; LRHGE:
Long-Run High Gray-level Emphasis; GLNU: Gray-Level Non-Uniformity; RLNU: Run Length Non-Uniformity;
RP: Run Percentage; SZE: Short-zone emphasis; LZE: Long-zone emphasis; LGZE: Low Gray-level Zone Emphasis;
HGZE: High Gray-level Zone Emphasis; SZLGE: Short-Zone Low Gray-level Emphasis; SZHGE: Short-Zone
High Gray-level Em-phasis; LZLGE: Long-Zone Low Gray-level Emphasis; LZHGE: Long-Zone High Gray-level
Emphasis; ZLNU: Zone Length Non-Uniformity.Extraction of RF by LIFEx is only possible for VOI of at least
64 voxels, therefore 16 patients were excluded from the study because the volume of the TIs uptake was below
this limit. As a consequence, the final number of patients included in the study was 221.

2.4. Statistical Analysis

Statistical analysis was performed using MedCalc Software version 18.1 (8400, Ostend,
Belgium) and R (http://www.R-project.org/) software version 4.1.1 (Statistics Department
of the University of Auckland, Auckland, New Zealand). In the descriptive analysis, the
categorical variables were represented as simple and relative frequencies, while the numeric
variables with mean, standard deviation, and range values. For both scanners, the kernel
density estimation built on the RF values were qualitatively compared and the presence of
significant differences were evaluated with the Mann–Whitney test.

The general statistical analysis line of the study was structured of various steps. First
of all, a univariate analysis (with a logistic regressor, in a 10-cross-fold validation) was
performed for the group of patients evaluated on scanner 1, 1 for the group of patients
of scanner 2 and 1 for the entire group of patients (scanner 1 and scanner 2 considered
together). This first analysis had the purpose to evaluate the influence of the two scanners
on the ability of RF to correlate with the final clinical outcome.

Furthermore, a bivariate analysis was performed with the purpose of developing
3 predictive models (1 for scanner 1, 1 for scanner 2 and 1 for both scanners considered
together), by analyzing all of the possible couples of variables (the cartesian product of
semiquantitative parameters, RF and the major clinical features such as age, gender and
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ultrasound dimension of the Tis). This bivariate analysis was performed with a bivariate
logistic regression model was applied in order to classify them on the basis of the area
under the curve (AUC) under the receiving operator curve (ROC) after a 10-cross fold
validation training/testing test. This bivariate model had the purpose to clearly explore all
the space of RF presented in the study. Similarly, for each couple of variables, the accuracy
was extrapolated and to obtain a more complete statistic, the p-value were also extracted.

Lastly, a selection of the models with the best bivariate logistic regression was per-
formed for scanner 1, scanner 2 and for both scanners considered together. In this setting an
AUC higher than 0.8 was arbitrarily considered optimal to predict the final diagnosis of TIs,
while an AUC between 0.6 and 0.8 was considered acceptable. Similarly, a p-value < 0.05
was arbitrarily considered as statistically significant.

3. Results

3.1. Patients Characteristics

A total of 221 patients were included in the study (Table 2), with a mean age of 66 years
(range 16–88). The majority of the patients were female (n = 149, 67%) while 72 (33%) were
male. No significant difference in terms of sex between the 2 groups of malignant TIs and
benignant TIs was underlined (p value = 0.07).

Table 2. Characteristics of the 221 patients included in the study.

Characteristic N. (%)

Age, mean ± SD (range) 66 ± 14 (16–88)

Sex

Male 72 (33%)

Female 149 (67%)

Thyroid Lobe

Right 123 (56%)

Left 87 (39%)

Isthmus 11 (5%)

Ultrasound diameter (mm), mean ± SD (range) 17 ± 12 (5–75)

Final Diagnosis

Benign 150 (68%)

Malign 71 (32%)

Cytology (N. = 118)

TIR2 35 (30%)

TIR3a 24 (20%)

TIR3b 30 (25%)

TIR4 13 (11%)

TIR5 16 (14%)

Histology (N. = 71)

Anaplastic carcinoma 3 (4%)

Follicular carcinoma 7 (10%)

Papillary carcinoma 61 (86%)

PET/CT Scanner

Scanner 1 (Discovery 690) 128 (58%)

Scanner 2 (Discovery STE) 93 (42%)
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Table 2. Cont.

Characteristic N. (%)

Semiquantitative PET/CT parameters

SUVmax, mean ± SD (range) 7.9 ± 8 (1.3–56.7)

SUVmean, mean ± SD (range) 4.3 ± 4 (1.0–37.1)

SUVlbm, mean ± SD (range) 5.8 ± 6 (1.0–41.3)

SUVbsa, mean ± SD (range) 2.0 ± 2 (0.4–12.6)

MTV, mean ± SD (range) 9.2 ± 18 (0.4–198.0)

TLG, mean ± SD (range) 35.0 ± 75 (1.9–722.4)
N.: number, SD: standard deviation, mm: millimeters, SUVmax: standardized uptake value body weight max,
SUVmean: standardized uptake value body mean, SUVlbm: standardized uptake value lean body mass, SUVbsa:
standardized uptake value body surface area, MTV: metabolic tumor volume, TLG: total lesion glicolysis.

TIs were most frequent findings on the right thyroid lobe with 123 (56%) subjects, while
in 87 (39%) the incidental uptake were discovered on the left lobe and only in 11 (5%) cases
they were underlined at the isthmus. Again, the site of TIs was not significantly correlated
with the final diagnosis (p value = 0.79).

The mean diameter of the TIs, evaluated on subsequent ultrasound evaluation, was of
17 mm (range 5–75).

Overall, the final diagnosis of TIs was malignant for 71 (32%) patients and benignant
in 150 (68%) patients. In this setting, for the correct evaluation of their final diagnosis,
97 (44%) subjects were evaluated only with ultrasound exams, with a mean follow-up of
24 months (range 12–168). Five (2%) patients performed a 99mTc thyroid scintigraphy, that
revealed the presence of an hyperfunctioning adenoma.

For 118 (53%) patients, a cytological examination for the correct diagnosis of incidental
18F-FDG uptakes was performed, classifying the results according to the Italian Thyroid
Cytology Classification System [27]. In particular, in 16 (14%) cases the result of the cyto-
logical examination was TIR5, in 13 (11%) it was TIR4, in 54 (45%) it was TIR3 while in
35 (30%) it was TIR2. Furthermore, of the 54 patients with a TIR3 classification, 24 (44%)
had a TIR3a result while TIR3b was the final cytological result for 30 (56%) patients. A
histological diagnosis of the TIs was performed in 71 (32%) cases and all of them revealed
the presence of malignancy. In particular, in 3 (4%) cases the presence of anaplastic carci-
noma was revealed, in 7 (10%) the presence of follicular carcinoma was underlined and in
61 (86%) there was a final diagnosis of papillary carcinoma. An evaluation of the predictive
abilities of semiquantitative PET/CT parameters and of RF to predict the final cytological
or histologic diagnosis was not performed because of the low sample of subjects beneath
all the subgroups mentioned before.

A total of 128 (58%) scans were performed on the Discovery 690 tomograph (scanner 1),
while 93 (42%) of them were acquired on the Discovery STE tomograph (scanner 2). The
mean value of the SUVmax of the TIs was 7.9, it was 4.3 for SUVmean, 5.8 for SUVlbm, 2.0
for SUVbsa, 9.2 for MTV and 35.0 for TLG. (Figure 1).

Analyzing PET/CT acquisition depending on the tomograph used for their execu-
tion, in 92 (72%) scans performed on scanner 1 the incidental uptake resulted of benign
nature while in 36 (28%) cases the final diagnosis was malignancy (1 anaplastic carcinoma,
4 follicular carcinomas and 31 papillary carcinomas). Regarding scanner 2, in 58 (62%)
scans the final diagnosis of incidental uptake was benignancy while in 35 (38%) cases the
presence of malignancy was underlined (2 anaplastic carcinomas, 3 follicular carcinomas
and 30 papillary carcinomas). No significant difference in terms of final diagnosis was
reported between the 2 scanners (p value = 0.1).
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Figure 1. (A): Axial CT, axial PET and axial fused PET/CT images demonstrating the presence of TI
revealed as intense focal uptake of 18F-FDG on the right lobe of thyroid. The lesion had a SUVmax of
44.47, an MTV of 0.7 and a TLG of 18.1 and subsequent cytological exam revealed no malignancy
(TIR2). (B): Axial CT, axial PET and axial fused PET/CT images of another scan demonstrating again
the presence of TI as a faint uptake on the right lobe of thyroid. The values of SUVmax, MTV and
TLG of the lesion were 2.64, 6.9 and 10.3, respectively. Cytological evaluation (TIR5) and subsequent
total thyroidectomy revealed the presence of papillary carcinoma.

3.2. Comparison between the Two Scanners

The major clinical and epidemiological characteristics of the patients (age, sex, ultra-
sound dimension and final diagnosis of the TIs) were not significantly different between
the two scanners.

Regarding semiquantitative parameters of PET/CT, only the values of SUVmax re-
sulted significantly different between the 2 scanners (p value = 0.046), while the remaining
parameters were not. In particular, the SUVmax values resulted higher on scanner 1
compared to scanner 2.

Focusing on RF, only 9 of 42 resulted in significant differences between the 2 scanners. In
particular, RF with apparent correlation on the type of scanner used for the acquisition were
Histo entropy_log10, Histo entropy_log2, Histo Energy, GLRLM LGRE, GLRLM SRLGE,
NGLDM busyness, GLZLM SZE, GLZLM SZHGE and GLZLM ZLNU (Table 3). However,
cross-correlation maps of RF between the two scanners were quite similar (Figure 2).

Table 3. Comparison of clinical parameters, semiquantitative PET/CT parameters and radiomics
features between the two scanners.

Parameters p-Value

Clinical

Age 0.787

Sex 0.522

Diameters at ultrasound 0.446
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Table 3. Cont.

Parameters p-Value

Semiquantitative PET/CT parameters

SUVmax 0.046

SUVmean 0.118

SUVlbm 0.119

SUVbsa 0.076

MTV 0.595

TLG 0.869

Radiomics features

Histo skewness 0.193

Histo kurtosis 0.924

Histo excess kurtosis 0.924

Histo entropy_log10 0.023

Histo entropy_log2 0.024

Histo energy 0.017

Shape volume_mL 0.211

Shape volume_vx 0.560

Shape sphericity 0.088

Shape compacity 0.518

GLCM homogeneity 0.104

GLCM energy 0.638

GLCM contrast 0.132

GLCM correlation 0.889

GLCM entropy_log10 0.319

GLCM entropy_log2 0.315

GLCM dissimilarity 0.145

GLRLM SRE 0.123

GLRLM LRE 0.113

GLRLM LGRE 0.026

GLRLM HGRE 0.069

GLRLM SRLGE 0.036

GLRLM SRHGE 0.069

GLRLM LRLGE 0.098

GLRLM LRHGE 0.135

GLRLM GLNU 0.260

GLRLM RLNU 0.962

GLRLM RP 0.126

NGLDM coarseness 0.471

NGLDM contrast 0.476

NGLDM busyness 0.006

GLZLM SZE 0.017
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Table 3. Cont.

Parameters p-Value

GLZLM LZE 0.168

GLZLM LGZE 0.053

GLZLM HGZE 0.086

GLZLM SZLGE 0.069

GLZLM SZHGE 0.041

GLZLM LZLGE 0.102

GLZLM LZHGE 0.561

GLZLM GLNU 0.366

GLZLM ZLNU 0.026

GLZLM ZP 0.093

Figure 2. Correlation maps for first and second order RF between the two scanners. Scanner 1
(Discovery 690) is presented on the left, while scanner 2 (Discovery STE) is presented on the right.
Blue means high positive correlation; red means high negative correlation; white means no correlation.

3.3. Predictive Accuracy

At univariate analysis (Table 4), for scanner 1 (Discovery 690) all PET/CT semiquanti-
tative parameters and RF obtained an AUC value between 0.6 and 0.8. Regarding scanner
2 (Discovery STE), again all of the semiquantitative PET/CT parameters and RF reached
a value of AUC between 0.6 and 0.8; in general, these values were lower than the those
reported for scanner 1. Furthermore, the evaluation of p-value allowed the selection of
some parameters with the best performances for the prediction of the final diagnosis of Tis,
for both scanner 1 and scanner 2.

Considering the combined analysis of both the scanners together (scanner 1 + 2), in
general PET/CT semiquantitative parameters revealed a higher AUC compared to RF,
with significant p-value. Interestingly, the combined evaluation of both scanners revealed
acceptable values of UAC with significant p-value for some RF, even if the same RF did not
reach these values at the analysis for single scanner.
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Table 4. Univariate analysis for semiquantitative PET/CT parameters and for radiomics features
for the single scanner and for both scanners considered together. Only values with AUC > 0.6 and
p-value < 0.05 are reported.

Mean AUC Mean p-Value

Parameters Scanner 1 Scanner 2 Scanner 1 + 2 Scanner 1 Scanner 2 Scanner 1 + 2

SUVmax 0.762 0.679 0.748 <0.01 0.02 <0.01

SUVmean 0.724 0.675 0.748 <0.01 <0.01 <0.01

SUVlbm 0.757 0.685 0.748 <0.01 0.01 <0.01

SUVbsa 0.756 0.689 0.742 <0.01 0.01 <0.01

Histo entropy_log10 0.709 0.674 0.724 <0.01 <0.01 <0.01

Histo entropy_log2 0.705 0.674 0.724 <0.01 <0.01 <0.01

GLCM entropy_log10 0.713 0.664 0.702 0.02 0.03 <0.01

GLCM entropy_log2 0.712 0.664 0.703 0.02 0.03 <0.01

GLCM dissimilarity 0.719 0.682 0.727 0.01 <0.01 <0.01

GLRLM HGRE 0.731 0.693 0.741 0.03 0.03 <0.01

GLRLM SRHGE 0.739 0.682 0.744 0.02 0.02 <0.01

GLRLM LRLGE 0.707 0.653 0.715 0.01 0.01 <0.01

GLZLM SZE 0.734 0.671 0.693 <0.01 <0.01 0.01

GLZLM HGZE 0.740 0.668 0.740 0.02 0.03 <0.01

GLZLM SZHGE 0.758 0.693 0.733 0.02 0.03 <0.01

GLZLM ZP 0.692 0.669 0.699 <0.01 0.01 <0.01

Variables with good performances only at Scanner 1 + 2 analysis

GLCM contrast 0.733 0.01

GLZLM ZLNU 0.729 0.04

GLRLM LRLGE 0.715 <0.01

GLZLM LGZE 0.706 <0.01

GLRLM LGRE 0.703 <0.01

GLCM homogeneity 0.702 <0.01

GLRLM SRLGE 0.687 <0.01

NGLDM busyness 0.684 0.01

GLRLM RP 0.660 0.04

GLZLM SZLGE 0.651 <0.01

AUC: area under the curve.

After performing a bivariate analysis, for both the single scanners and for both of the
scanners considered together, the best combinations between PET/CT semiquantitative
parameters and RF are summarized in Table 5. Similarly to univariate analysis, none of
the combinations reached an optimal AUC of 0.8 and the couples of parameters generally
obtained higher AUC values on scanner 1 than on scanner 2. Furthermore, for this analysis,
the p-values were statistically more significant on scanner 1 than on scanner 2. In this
setting, even if a comparison between the couples of variables obtained before is complex
given the heterogeneity between the two scanners, in general GLCM-related parameters
variously combined resulted the ones with best performances. This is true for both scanner
1 and scanner 2 and these findings are confirmed by the good results at univariate analysis
previously described. The GLRLM-related and GLZLM-related RF also revealed good

15



J. Clin. Med. 2022, 11, 615

performances in this setting. Interestingly, PET/CT semiquantitative parameters were
confirmed as good predictors only for scanner 2 (Figure 3).

Figure 3. Visual representations of the three combinations ((A) GLCM Entropy_log10+GLZLM_SZHGE,
(B) GLCM Entropy_log2+GLZLM:SZHGE; (C) GLCM Entropy_lo10+GLRLM_HGRE) with best perfor-
mances at bivariate analysis for both scanners considered together.

Table 5. Bivariate analysis for clinical, semiquantitative PET/CT parameters and radiomics features
for the single scanner and for both scanners considered together. For each analysis, only the couples
with best performances are reported.

Covariate 1 Covariate 2 Mean p-Value 1 Mean p-Value 2 Mean AUC

Scanner 1

GLZLM GLNU MTV <0.01 0.01 0.779

GLRLM RLNU MTV 0.02 0.03 0.776

GLCM energy GLCM entropy_log2 0.04 <0.01 0.771

GLCM energy GLCM entropy_log10 0.04 <0.01 0.771

GLCM entropy_log2 GLRLM HGRE 0.01 0.03 0.763

GLCM entropy_log10 GLZLM HGZE 0.02 0.02 0.762

GLCM entropy_log10 GLRLM HGRE 0.01 0.03 0.761

GLCM entropy_log2 GLZLM HGZE 0.02 0.02 0.760

GLCM entropy_log10 GLZLM SZHGE 0.01 0.02 0.760

GLCM entropy_log2 GLZLM SZHGE 0.01 0.02 0.759

GLRLM RP GLZLM SZHGE 0.04 0.02 0.751

GLRLM HGRE GLRLM RP 0.02 0.03 0.745

MTV TLG <0.01 0.01 0.741
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Table 5. Cont.

Covariate 1 Covariate 2 Mean p-Value 1 Mean p-Value 2 Mean AUC

GLRLM SRE GLZLM HGZE 0.03 0.01 0.740

NGLDM coarseness NGLDM busyness <0.01 0.01 0.738

Shape volume_mL GLRLM GLNU 0.03 0.01 0.736

GLRLM GLNU NGLDM coarseness 0.03 <0.01 0.734

GLRLM SRE GLZLM SZHGE 0.03 0.02 0.732

GLRLM SRE GLRLM HGRE 0.03 0.02 0.730

GLRLM LRLGE NGLDM coarseness <0.01 0.04 0.730

Shape volume_vx GLRLM GLNU 0.02 0.02 0.723

GLCM entropy_log10 GLZLM SZHGE 0.04 <0.01 0.713

Shape compacity GLZLM GLNU 0.01 <0.01 0.707

Shape volume_mL MTV 0.02 0.02 0.693

Ultrasound dimension MTV 0.01 0.02 0.691

GLCM correlation NGLDM coarseness <0.01 <0.01 0.690

Shape compacity NGLDM coarseness 0.03 0.01 0.680

Ultrasound dimension GLRLM GLNU 0.01 0.01 0.677

Scanner 2

GLRLM SRE SUVmean 0.04 0.01 0.712

GLCM entropy_log10 SUVbsa 0.05 0.01 0.697

GLCM entropy_log2 SUVbsa 0.05 0.02 0.696

GLCM entropy_log2 GLZLM SZHGE 0.03 0.02 0.689

GLCM entropy_log10 GLZLM SZHGE 0.03 0.02 0.689

GLRLM RP SUVmean 0.05 0.02 0.686

GLCM entropy_log2 GLZLM HGZE 0.05 0.02 0.682

GLCM entropy_log10 GLZLM HGZE 0.05 0.02 0.680

GLCM entropy_log10 GLRLM HGRE 0.04 0.02 0.679

GLCM energy GLRLM LRHGE 0.01 0.02 0.679

GLCM entropy_log2 GLRLM HGRE 0.04 0.02 0.679

NGLDM coarseness GLZLM ZP 0.03 <0.01 0.677

Histo energy GLRLM HGRE 0.04 0.03 0.676

GLCM homogeneity NGLDM coarseness <0.01 0.06 0.675

GLCM contrast GLCM entropy_log10 0.04 0.04 0.673

GLCM contrast GLCM entropy_log2 0.04 0.04 0.673

Histo energy GLZLM SZHGE 0.04 0.03 0.669

GLRLM SRE GLRLM HGRE 0.04 0.03 0.669

GLRLM SRE NGLDM coarseness 0.01 0.05 0.668

GLRLM LRE SUVmean 0.04 0.01 0.668

NGLDM coarseness NGLDM busyness 0.02 0.02 0.666

GLZLM GLNU MTV 0.02 0.02 0.663

GLCM energy GLZLM SZHGE 0.06 <0.01 0.660

GLCM energy GLRLM HGRE 0.06 <0.01 0.659
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Table 5. Cont.

Covariate 1 Covariate 2 Mean p-Value 1 Mean p-Value 2 Mean AUC

GLRLM RP NGLDM coarseness 0.01 0.05 0.657

GLRLM RLNU MTV 0.01 0.01 0.650

NGLDM coarseness MTV 0.04 0.03 0.627

Scanner 1 + 2

GLCM entropy_log2 GLZLM SZHGE <0.01 <0.01 0.769

GLCM entropy_log10 GLRLM HGRE <0.01 <0.01 0.769

GLCM entropy_log10 GLZLM SZHGE <0.01 <0.01 0.769

GLCM entropy_log10 GLZLM HGZE <0.01 <0.01 0.769

GLCM entropy_log2 GLRLM HGRE <0.01 <0.01 0.768

GLCM entropy_log2 GLZLM HGZE <0.01 <0.01 0.768

GLRLM SRE SUVmean <0.01 <0.01 0.763

GLRLM GLNU NGLDM Coarseness <0.01 <0.01 0.756

GLCM homogeneity GLRLM HGRE <0.01 <0.01 0.749

GLCM homogeneity GLZLM HGZE <0.01 <0.01 0.749

Histo energy GLRLM HGRE <0.01 <0.01 0.749

Histo energyUniformity GLZLM SZHGE <0.01 <0.01 0.748

GLCM homogeneity GLZLM SZHGE <0.01 <0.01 0.748

NGLDM coarseness NGLDM busyness <0.01 <0.01 0.746

GLRLM SRE GLRLM HGRE <0.01 <0.01 0.742

GLRLM RP GLZLM HGZE <0.01 <0.01 0.742

GLRLM SRE GLZLM HGZE <0.01 <0.01 0.742

GLRLM HGRE GLRLM RP <0.01 <0.01 0.742

NGLDM coarseness GLZLM ZP <0.01 <0.01 0.741

GLZLM GLNU MTV <0.01 <0.01 0.738

GLRLM SRE GLZLM SZHGE <0.01 <0.01 0.738

GLRLM RP GLZLM SZHGE <0.01 <0.01 0.737

GLRLM LRE GLRLM LRHGE <0.01 <0.01 0.737

GLRLM RLNU MTV <0.01 <0.01 0.730

Histo energy GLCM energy <0.01 <0.01 0.717

Shape compacity NGLDM coarseness <0.01 <0.01 0.681

GLCM correlation NGLDM coarseness <0.01 <0.01 0.654

Shape compacity GLZLM GLNU <0.01 <0.01 0.640

AUC: area under the curve.

4. Discussion

The aim of this study was to verify the predictive abilities of semiquantitative PET/CT
parameters and of RF to discriminate between benignant and malignant nature of TIs
revealed at 18F-FDG imaging.

On the basis of the resulting evidence we identified some remarkable points concerning
the effect of different PET scanners on RF extraction and the predictive features and
associated models.

In our experimental setting, we had to deal with images coming from different PET/CT
tomographs and this fact required a preliminary investigation of the effect of different
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technologies in producing images and subsequent image features. The results showed that
the scanner technology concretely affects some RF, as previously underlined in literature,
and in clinical day practice the use of different tomographs in the same department is
frequent [20,28–34]. In particular, the acquisition of the same phantoms on different tomo-
graphs with different scintillators and algorithm used for the reconstruction (number of
iterations, number of subsets or on the presence of partial volume correction) demonstrated
this evidence.

These findings suggest two relevant points: the former indicates that different scanners
can potentially have different preferred features in terms of correlations with a clinical
outcome; the second point suggests that we must critically consider radiomics models
coming from centers adopting different technologies. In other words, on one hand a unique
radiomic best model trained on many scanners is probably suboptimal for each of them and
on the other hand, any radiomic model coming from different centers should be internally
validated before considering its use in the daily practice. In particular, in the literature
only one study which evaluated the predictive role of RF in TIs [23] used different scanners
for the extraction of RF: this means that the reproducibility of the results (which is one of
the biggest challenges in radiomics) still remain uninvestigated in this field. Furthermore,
in our evaluation, only a small amount of RF demonstrated to be significantly different
between the two scanners, together with SUVmax, but nevertheless the cross-correlation
maps resulted quite similar, adding value to our results. In this setting, of the parameters
that after bivariate analysis demonstrated the best performances, GLZLM SZHGE was the
only one significantly different between the two scanners.

Regarding the predictive role of RF for the correct evaluation of Tis, at univariate
and bivariate analysis a good percentage of the aforementioned parameters revealed an
acceptable AUC between 0.6 and 0.8. However, none of them demonstrated an AUC above
0.8. Similarly, these AUC were coupled with a significant p-value in a high percentage
of the cases. It is worth underlining the fact that at bivariate analysis performed for both
the scanner considered together, the AUC values and the p-values were the best in the
whole study. This fact underlines a good predictive ability of some RF such as GLCM-
related (in particular GLCM entropy_log2 e GLCM entropy_log10), GLRLM-related and
GLZLM-related.

Only a small amount of works that investigate the predictive role of radiomics in the
evaluation of TIs at 18F-FDG PET/CT are available in literature [21–24].

Even if not clearly characterized by the presence of a proper texture analysis, the
first study to evaluate the distributive heterogeneity of 18F-FDG in TIs was produced by
Kim et al. [24]. In this work, the authors revealed that this heterogeneity was a promising
parameter which was able to predict the final nature of these TIs.

Subsequently, Sollini et al. [23] were the first to evaluate the predictive abilities of
texture analysis in this setting. Data of this study underlined the fact that SUVstd (the
standard deviation of the distribution of SUV inside the considered VOI), SUVmax, MTV,
TLG, Histo skewness, Histo kurtosis and GLCM correlation were the only parameters that
were able to predict the final diagnosis of TIs, with a general positive predictive value of
54% and a general negative predictive value of 85%.

A similar analysis was also performed by Aksu et al. [22], who underlined how the
semiquantitative PET/CT parameters and some shape-related, GLCM-related, GLRLM-
related and GLZLM-related RF obtained AUC values superior to 0.7. These findings were
partially confirmed in our study, where the same parameters confirmed these good results,
with the exception of semiquantitative parameters and shape-related RF. Furthermore,
the authors of the study developed a machine-learning algorithm using GLRLM RLNU e
SUVmax with a good general AUC value (0.731).

Lastly, Ceriani et al. [21] demonstrated the ability to predict the final nature of TIs
of some PET/CT semiquantitative parameters (SUVmax, SUVmean, SUVpeak, MTV e
TLG) and some RF. In this case, the authors performed texture analysis with a different
software from LIFEx and so RF resulted partly different in comparison to the ones used in
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our study. In general, some shape-related and GLCM-related features demonstrated good
performances and multivariate analysis confirmed TLG, SUVmax and Shape sphericity as
able to predict the final nature of Tis.

It is interesting to underline that PET/CT semiquantitative parameters resulted good
predictors in all of the studies, while in our work only SUVmean obtained a certain predic-
tive role at bivariate analysis. In this setting, we reported that AUC of semiquantitative
parameters were quite similar to AUC of RF only at monovariate analysis. Given the fact
that the bivariate predictive model did not confirm this evidence, we can assume that these
parameters do not perform well when trying to build models with multiple variables as in
our case. Furthermore, as previously described, data in literature about the role of these
parameters for the assessment of TIs are really heterogeneous and our findings confirm
these insights. Moreover, RF describe quality and parameters of images that cannot be
visually assessed and this is why we focused our attention on the evaluation of these
features, allowing us to better understand the role of 18F-FDG PET/CT in the prediction
of Tis nature.

Our study surely presents some limitations. First of all, this is a retrospective study
with the use of tomography that are not the actual state. Furthermore, the relatively low
sample of patients included in the work, even if higher than similar studies, appears
sub-optimal to clearly evaluate the predictive abilities of texture analysis. Furthermore,
RF extrapolation with a single software appears another limit of our analysis. Lastly, the
aforementioned problem of the reproducibility of radiomics analysis in terms of multi-
centric evaluation is still an open issue and, in this setting, further research in this field
are mandatory.

5. Conclusions

In conclusion, our study enabled the selection of some RF that are able to predict
with a certain good accuracy, the final nature of TIs discovered at 18F-FDG PET/CT imag-
ing. Classic semiquantitative and volumetric PET/CT parameters did not reveal this
ability. Furthermore, a good overlap in the extraction of RF between the two scanners
was underlined.
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Abstract: Hypoxia in cervical cancer has been associated with a poor prognosis. Over the years
68Ga labelled nitroimidazoles have been studied and have shown improved kinetics. We present
our initial experience of hypoxia Positron Emission Tomography (PET) imaging in cervical cancer
with 68Ga-Nitroimidazole derivative and the correlation with 18F-FDG PET/CT and immunohisto-
chemistry. Twenty women with cervical cancer underwent both 18F-FDG and 68Ga-Nitroimidazole
PET/CT imaging. Dual-point imaging was performed for 68Ga-Nitroimidazole PET. Immunohis-
tochemical analysis was performed with hypoxia inducible factor-1α (HIF-1α). We documented
SUVmax, SUVmean of the primary lesions as well as tumor to muscle ratio (TMR), tumor to blood
(TBR), metabolic tumor volume (MTV) and hypoxic tumor volume (HTV). There was no significant
difference in the uptake of 68Ga-Nitroimidazole between early and delayed imaging. Twelve patients
had uptake on 68Ga-Nitroimidazole PET. Ten patients demonstrated varying intensities of HIF-1α
expression and six of these also had uptake on 68Ga-Nitroimidazole PET. We found a strong negative
correlation between HTV and immunohistochemical staining (r = −0.660; p = 0.019). There was
no correlation between uptake on PET imaging and immunohistochemical analysis with HIF-1α.
Two-thirds of the patients demonstrated hypoxia on 68Ga-Nitroimidazole PET imaging.

Keywords: cervical cancer; hypoxia; 68Ga-Nitroimidazole; 18F-FDG; HIF-1α; immunohistochemistry

1. Introduction

Despite widespread awareness programs and improvements in screening, cervical
cancer continues to be a major cause of morbidity and mortality amongst women in low-
and middle-income states [1]. Some of the challenges related to the management include
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late presentation, access to treatment and poor response to therapy [2,3]. Hypoxia is a
common phenomenon linked to resistance to most forms of therapy in various malignancies
including cervical cancer [4–7]. Hypoxia refers to a state of sub-physiological levels of tissue
oxygen that develops due to excessive tumor growth which outgrows its blood supply
and the inability of the new impaired blood vessels to keep up with the demand [8,9]. The
presence or absence of hypoxia has therapeutic and prognostic implications.

Strategies to overcome hypoxia have been the subject of investigations over the years
as treatment becomes more personalized. Several methods have been implemented to try
and overcome hypoxia including intensity modulated radiation therapy (IMRT) which is
closely linked to dose-painting, and hypoxia sensitizing drugs [10,11]. Due to the high
costs and side effects of some of these therapies, it is vital to select patients that will likely
benefit from these additional therapies. Therefore, detection of hypoxia in cancer lesions
may help aid treatment planning.

The Eppendorf probe is considered the gold standard for hypoxia detection, however
there are many reasons that have seen it fall out of favor. The analysis of genes and
molecular markers that are upregulated in hypoxic states is another strategy to assess
for hypoxia. These markers include hypoxia inducible factor 1 alpha (HIF-1α), vascular
endothelial growth factor (VEGF) and carbonic anhydrase IX (CAIX), to name a few [12].
Other non-invasive methods have been sought and by far positron emission tomography
(PET) imaging has been the most widely investigated. Fluorinated nitroimidazole derivates,
specifically 18F-FMISO, were among the first tracers to be investigated for hypoxia imaging
and are by far the most robust [13]. Due to its inherent limitations (slow tracer kinetics
and non-specific washout) second and third generation nitroimidazole compounds such
as 18F-FAZA, 18F-FETNIM and 18F-HX4 were developed [14–16]. The 60/64Cu-ATSM
radionuclides were also developed and investigated as hypoxia markers [17]. The feasibility
of all these tracers for hypoxia imaging in cervical cancers has been demonstrated, however
some of them are not widely available. While imaging with the 18F-FDG plays a major role
in oncology for staging and therapy planning, several studies have demonstrated that its
role in imaging hypoxia is limited.

The chemistry of 68Ga makes for easy labelling with several peptides and molecules.
With the increase in availability of the 68Ga generator this makes the 68Ga-labelled nitroimi-
dazole derivatives attractive because 68Ga is available from a generator with a shelf life of
almost a year [18]. The pre-clinical work on these tracers have demonstrated the feasibility
of imaging hypoxia [19–23]. In these studies, 68Ga-Nitroimidazole compounds were more
hydrophilic than the 18F-labelled radiotracers and were selectively taken up in hypoxic
areas [24]. The aim of this paper was to investigate the feasibility of PET imaging of hypoxia
with 68Ga-Nitroimidazole in cervical cancer lesions and to correlate imaging findings to
findings on 18F-FDG PET/CT as well as immunohistochemical staining for HIF-1α.

2. Materials and Methods

2.1. Patients

Twenty women with histologically confirmed locally advanced cervical cancer were
prospectively recruited into the study. The patients were enrolled consecutively from
January 2020 to November 2021. The 18F-FDG PET/CT was performed as part of their work-
up for initial staging to plan therapy. These patients were recruited as part of an ongoing
study on hypoxia imaging. Informed consent was obtained from the patients for the scan as
well as to access their hospital records. In the patients that were recruited, the hemoglobin
levels at the time of imaging were determined and recorded. The study was approved
by the Human Research Ethics Committee of the University of Pretoria (protocol number:
691/2019). All procedures were performed in accordance with the ethical standards of the
institutional research committee in alignment with the 1964 Helsinki declaration and its
latter amendments.
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2.2. Radiochemistry of 68Ga-Nitroimidazole

The synthesis of 68Ga-Nitroimidazole was performed as previously described [21].
Briefly, we obtained 68Ga from our inhouse 68Ge/68Ga generator (iThemba LABS, Somerset
West, South Africa). We received the Nitroimidazole peptide complexed with TRAP
chelator from Korea (Radiation Applied Life Sciences, Department of Nuclear Medicine
and Cancer Research Institute of Radiation Medicine, Seoul National University College
of Medicine, Seoul, Korea). This nitroimidazole residue, 2-(2-nitroimidazolyl)ethylamine
was conjugated with TRAP via an acid-amine coupling reaction in dimethylsulfoxide
(DMSO) using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) as a coupling agent in the presence of N,N-diisopropylethylamine (DIPEA) as a
base. Radiolabeling was conducted at pH of 4.5 at 95 ◦C in a heating block for 10 min.
Labelling efficiency was verified by instant thin layer chromatography (ITLC) using 0.1 M
Na2CO3. Radiochemical yields of the prepared derivatives were found to be >96% for all
the derivatives.

2.3. 68Ga-Nitroimidazole PET/CT Imaging Procedure

There was no specific patient preparation applied for the 68Ga-Nitroimidazole scan.
The injected activity of 68Ga-Nitroimidazole was weight based (1.8–2.2 MBq) and

ranged between 111–185 MBq. We obtained a pelvic image at 30 min. post tracer injection.
This was followed by a whole body (vertex to mid-thigh) PET/CT image at 60 min post
tracer injection. Lasix was administered at the time of tracer injection. Patients were
catheterized prior to the 60-min image to reduce bladder activity. PET imaging was acquired
in 3D mode at 3 min per bed position. We used CT data for attenuation correction and for
anatomic delineation of lesions. We performed image reconstruction using ordered subset
expectation maximization iterative reconstruction algorithm (four iterations, eight subsets)
followed by post reconstruction filtering with a Gaussian filter applied at 5.0 mm FWHM.

2.4. 18F-FDG PET/CT Imaging Procedure

Patient preparation for 18F-FDG PET/CT included a minimum of 4 h of fasting which
is in keeping with published guidelines [25,26]. Blood sugar before 18F-FDG injections was
less than 7.1 mmol/L in all cases. The injected activity of 18F-FDG was between 3–5 MBq/kg.
We imaged patients after an uptake period of 60 min. Thirteen of the patients were imaged
on a Biograph 40 Truepoint PET/CT scanner (Siemens Medical Solutions, Lincolnshire,
IL, USA), while the other seven were imaged on a Biograph Vision 450 PET/CT scanner
(Siemens Medical Solutions, Lincolnshire, IL, USA). We performed a vertex to mid-thigh CT
scan with parameters adjusted for patients’ weight (120 KeV, 40–150 mAs) with a section
width of 5 mm and pitch of 0.8.

2.5. Image Analysis

Two Nuclear Medicine Physicians with over two decades experience reporting PET/CT
images reviewed the hypoxia 68Ga-Nitroimidazole PET/CT images. Reconstructed images
were displayed as maximum intensity projection image, PET, CT, and fused PET/CT in the
axial, coronal and sagittal planes on a dedicated workstation equipped with syngo software
(Siemens Medical Solutions, Lincolnshire, IL, USA).

2.6. Qualitative Analysis

The 60-min whole body images were analysed for bio-distribution as well as addi-
tional tumor related information. We performed qualitative assessment of the images and
recorded our findings using a grading scale of 0–3 with 0 = no uptake/uptake less than
normal background tissues, 1 = uptake similar to background activity, 2 = focal uptake
above background activity and 3 = uptake markedly above background activity [27]. For
this visual analysis, the background was considered as the blood pool.
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2.7. Semi-Quantitative Analysis

Semi-quantitative analyses were also used with calculation of SUVmax, SUVmean,
HTV and Tumor to muscle ratio (TMR) as well as Tumor to blood ratio (TBR). The muscle
tissue for the calculation of the TMR was the gluteus muscle and the aorta and left ventricle
were used for the tumor to blood ratio. The tumor to muscle or blood ratio was calculated
as the tumor SUVmax uptake divided by the SUVmean uptake in the gluteus muscle or the
blood (aorta). Hypoxic tumors were identified based on the semi-quantitative analysis as
those with at least one voxel with a 68Ga-Nitroimidazole signal greater than the calculated
threshold. A semi-automatic spherical volume of interest (VOI) was drawn encircling the
primary lesion in the cervix using an SUV threshold of 1.4 and a 3D isocontour of 41%. The
VOI was manually adjusted to exclude areas of physiological uptake adjacent to the primary
lesion. The maximum and mean standardized uptake values (SUVmax and SUVmean) and
the hypoxic tumor volume (HTV) of the primary lesion in each patient were recorded. The
hypoxic tumor volume (HTV) was defined as the volume in the 68Ga-Nitroimidazole PET
dataset with an intensity greater than the determined threshold. This analysis was based
on similar principles as the MTV determination. We divided the HTV by the MTV of the
primary tumor to calculate a fractional HTV.

18F-FDG PET/CT images were analyzed for the presence of nodal and distant metas-
tases. Nodal metastasis was differentiated from inflammation based on the experience of the
interpreting nuclear physicians using the following criteria as indicative of metastatic nodes:
the presence of asymmetry, size, architecture or consistency (absence of fatty hilum/center,
necrosis), the degree of uptake and the location. Disagreements were resolved by consensus.

2.8. Immunohistochemical Assessment

The slides obtained from endocervical biopsies of the cervix for initial diagnosis were
retrieved for immunohistochemical analysis. The slides were evaluated by an experienced
pathologist from the department of Anatomical Pathology, National Health Laboratory
Services (NHLS) at our institute. Hypoxia inducible factor 1 alpha (HIF-1α) monoclonal
rabbit anti-human antibodies (clone EP118) were used to evaluate the HIF-1α expression.
The tissue samples had all been fixed in 10% buffered formalin, processed and embedded
in paraffin routinely. Sections were cut at 3 μm using a Leica TP1020 microtome and
dried overnight at 60 ◦C. After deparaffinization in xylene, the sections were rehydrated
in decreasing ethanol solutions and incubated in 0.3% hydrogen peroxide for 10 min,
to block endogenous peroxidase. DAKO auto-stainer with PT link method of antigen
retrieval was done. Citrate buffer solution (pH 6) for 20 min was done. Peroxidase
was incubated for 5 min. Then, the slides were washed in PBS and put in the auto-
stainer. Then the antibody was put in for 30 min and washed again in PBS. Envision fluid
(polymer-peroxidase method, EnVision+/HRP, DAKO, Glostrup Kommune, Denmark)
was added, followed by incubation for 30 min. Bound antibodies were visualized by
using 0.05% 3,3′-diaminobenzidine solution (DAB solution, DAKO). Finally, sections were
counterstained with Meyer’s hematoxylin and mounted in Entellan (Merck, Darmstadt,
Germany). The grade of staining was defined via a light microscope. HIF-1α protein
expression, (nuclear unless otherwise specified), was graded in intensity form 0 (negative)
to 3 (strong), with 1 for weak intensity, 2 for moderate intensity. The distribution of staining
was assessed as 25%, 50%; 75% and 100% of the tumor cells and allocated scores 1, 2, 3 and
4. A value of the sum of intensity and distribution out of 6 was used to score the positivity
of the staining. HIF score = [intensity (I) + distribution (D)].

2.9. Statistical Analysis

Baseline clinical and demographic information of the patients was analyzed with
descriptive statistics. Categorical data are presented as frequencies while continuous
variables are presented as mean ± standard deviation (SD) or as median (interquartile
range, IQR). Statistical analysis was performed using the commercially available software
package SPSS 28.0. Normalcy was assessed by means of the Kolmogorov–Smirnov test. For
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non-normal distributed data, the Mann–Whitney test, Kruskal–Wallis test and Spearman-
rank test were used when appropriate. For normal distributed data, ANOVA with post-
hoc Bonferroni correction, the student t-tests and the Pearson correlation test were used
when appropriate.

Multivariate analysis was performed using Cox-regression including in sequential
order of statistical significance those variables that were found to be significant in univariate
analysis. Statistical significance was defined as a p-value ≤ 0.05

3. Results

All 20 women included in the study underwent both 68Ga-Nitroimidazole PET/CT
and 18F-FDG PET/CT on different days with a median interval of 6 days (range: 1–32)
between the two scans. The mean age of the study population was 44.65 ± 11.43 years
(range: 26–72). The majority (n = 16/20; 80%) of the patients had squamous cell carcinoma
while the rest had various other histological subtypes of cervical cancer. Most patients
were referred for a scan with an initial clinical impression of locally advanced disease,
however, some of the patients were upstaged by the 18F-FDG PET/CT. Seventeen patients
had a FIGO clinical stage of between IIB and IIIC2 while two patients had stage IVA and
one stage IVB. Thirteen patients demonstrated pelvic lymph node metastases on 18F-FDG
PET/CT. The median hemoglobin level was 10 g/dL (IQR: 9–11.75 g/dL). Demographic
characteristics of the patients are displayed in Table 1 below.

Table 1. Demographic characteristics of the patient cohort.

Variable Frequency Percent

Age (years)
Mean ± SD 44.65 ± 11.43
Range 26–72
Histological subtype
Mucinous endocervical carcinoma 1 5.0
Papillary squamourethelial carcinoma 1 5.0
Squamous cell carcinoma 16 80.0
Papillary surface serous carcinoma 1 5.0
Adenocarcinoma 1 5.0
FIGO stage
IIB 3 15.0
IIIA 1 5.0
IIIB 9 45.0
IIIC 2 10.0
IIIC1 1 5.0
IIIC2 1 5.0
IVA 2 10.0
IVB 1 5.0

SD: Standard Deviation; FIGO: International Federation of Gynecology and Obstetrics.

3.1. Qualitative and Semiquantitative Analysis of the PET/CT Images

The biodistribution was as anticipated with minimal tracer seen in the blood pool with
excretion through the urinary system. A few patients demonstrated liver and gallbladder
uptake. There was minimal background activity noted in the fat and muscles. The mean
SUVmax and SUVmean of the primary tumor on 18F-FDG PET/CT imaging was 22.1 ± 21.4
and 8.9 ± 7.6, respectively; while the mean SUVmax and SUVmean of the primary lesion
on 68Ga-Nitroimidazole PET/CT imaging was 3.54 ± 1.5 and 1.8 ± 0.8 for the early time
point and 3.43 ± 1.5 and 1.4 ± 0.4 for the delayed imaging. There was no statistical
difference noted in the mean SUVmax and SUVmean of the primary lesion between
the two time points on the 68Ga-Nitroimidazole scan (p = 0.461; p = 0.510, respectively).
Qualitatively, 12 patients had discernable focal uptake above background, three patients
had uptake similar to background and the remaining five patients had no uptake on 68Ga-
Nitroimidazole scan. The mean TMR on 18F-FDG PET/CT and at both time points on
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the 68Ga-Nitroimidazole scans were 38.3, 10.1 and 11.7, respectively. The mean TBRs on
18F-FDG PET/CT was 13.6 ± 11.3 and 13.5 ± 12.6 when using the aorta and ventricle as
the blood pool surrogate. The median TBR on the delayed images on 68Ga-Nitroimidazole
when using the aorta and ventricle were 2, while the mean TBR was 2.5 ± 1.6 and 3.3 ± 3.2.
Figure 1 below demonstrates the semi-quantitative parameters on both 18F-FDG and 68Ga-
Nitroimidazole PET/CT imaging.

Figure 1. The mean SUVmax, SUVmean, tumor to muscle ratio (TMR) and tumor to blood ratio (TBR)
for 18F-FDG and 68Ga-Nitroimidazole at 30 and 60 min. * PET: Positron Emission Tomography

The median MTV on the 18F-FDG PET/CT was 150.5 (18.41–548.93). The median
hypoxic tumor volumes on the early and delayed images were 50 and 60.85, respectively.
The hypoxic subvolume as a percentage of the MTV ranged from 2 to 98% (median 37%).

3.2. Immunohistochemistry Findings

We successfully retrieved histological specimen for 15 patients. Five patients had
negative staining for HIF-1α on immunohistochemistry. The remainder of the patients had
varying intensities of staining for HIF-1α with three (3) patients having weak staining, two
(2) had moderate intensity and five (5) patients had strong intensity. When considering the
hypoxia score, seven patients were considered positive for hypoxia. Table 2 represents the
intensity and percentage distribution of the HIF-1α expression within the tumor specimen.
In 70% (n = 7) of the patients with any level of HIF-1α expression on immunohistochemistry,
we demonstrated uptake on the 68Ga-Nitroimidazole hypoxia PET scan (Figures 2 and 3).
Statistically there was a very weak, almost negligible correlation between these findings
(r = 0.058; p = 0.837).
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Table 2. Immunohistochemical analysis and correlation to 68Ga-Nitroimidazole imaging qualitative
assessment.

Patient
No.

Histological Subtype
Intensity of Staining
of HIF-1α

Percentage
Distribution of
HIF-1α Expression

Sum of Intensity
and Distribution
(Out of 6)

Qualitative 68Ga-
Nitroimidazole PET
Findings

1 Squamous cell carcinoma 3 25% 4 2

2 Squamous cell carcinoma 3 75 % 6 2

3 Squamous cell carcinoma 3 75% 6 2

4 Papillary surface serous
carcinoma 2 75% 5 0

5 Squamous cell carcinoma 3 75% 6 0

6 Adenocarcinoma 3 75% 6 2

7 Squamous cell carcinoma 0 - 0 2

8 Squamous cell carcinoma 2 25% 3 2

9 Squamous cell carcinoma 0 - 0 2

10 Papillary squamo-urothelial
carcinoma 1 25% 2 1

11 Squamous cell carcinoma 0 - 0 1

12 Squamous cell carcinoma 1 25% 2 2

13 Squamous cell carcinoma 0 - 0 2

14 Squamous cell carcinoma 0 - 0 0

15 Squamous cell carcinoma 1 25% 2 2

Intensity of staining: 0 = no staining, 1 = weak intensity, 2 = moderate intensity, 3 = strong intensity. Sum of
intensity and percentage distribution out of a total of 6 (see methods section for detailed description). Values above
3 were considered positive for hypoxia. Qualitative 68Ga-Nitroimidazole PET findings: 0 = no uptake, 1 = uptake
similar to background, 2 = focal uptake above background, 3 = focal uptake markedly above background.

 

Figure 2. A 36-year-old female patient with FIGO stage II, squamous cell carcinoma of the cervix.
(A). 18F-FDG PET transaxial image through the pelvis demonstrating uptake in the primary tumor
(red arrow) with minimal uptake in the urinary bladder (blue arrow) (B). 68Ga-Nitroimidazole PET
transaxial image through the same plane exhibiting spatially incongruent uptake with inhomogeneous
uptake in parts of the tumor (red arrow) and intense activity in the urinary bladder (blue arrow).
(C) is the corresponding CT only image in the same plane with target organs marked with arrows.
The fractional hypoxic volume was 36%.

3.3. Correlation between 68Ga-Nitroimidazole PET/CT, 18F-FDG PET/CT Imaging and
Immunohistochemistry

There was no statistically significant correlation between the hemoglobin levels,
18F-FDG SUVmax, 68Ga-Nitroimidazole imaging and immunohistochemical analysis. The
median SUVmax and TMR on both 18F-FDG and 68Ga-Nitromimidazole at both time points
did not demonstrate any statistical difference in hypoxic and non-hypoxic states as assessed
by immunohistochemistry. When considering the hypoxia score, we found that five of
the seven patients considered positive for hypoxia on immunohistochemistry, displayed
uptake above background on the 68Ga-Nitroimidazole scan. Table 3. Demonstrates the
results of the Kruskal–Wallis test assessing the difference between quantitative parameters
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on both 18F-FDG and 68Ga-Nitroimidazole PET/CT imaging in hypoxic and non-hypoxic
states. There was no significant association between the presence of metastasis on 18F-FDG
and the presence of hypoxia both on imaging and immunohistochemistry. None of the
variables under study proved significantly different between those patients presenting
with distant metastasis versus those who without (p ≥ 0.162). When assessing the HTV, we
found no significant difference in the HTV of patients with positive results on immunohisto-
chemical staining and those with negative results. Importantly we found a strong negative
correlation between HTV and immunohistochemical staining (r = −0.660; p = 0.019). Addi-
tionally, hypoxia positivity proved moderately and significantly correlated to SUVmean
values of the primary tumor derived from the early and delayed 68Ga-nitroimidazole PET
examinations r = 0.531 (p = 0.42) and r = 0.580 (p = 0.024), see Figure 4. Additionally,
upon dichotomization of the primary tumor hypoxia score (group 0, scores: 0, 1 and 2
and group 1, scores: 3, 4, 5 and 6) TMR derived from the early 68Ga-nitroimidazole PET
examination proved significantly higher in tumors with score 1 versus those with score 0
(13.2 ± 7.3 versus 8 ± 13.2, respectively).

 

Figure 3. The immunohistochemical staining of HIF-1α expression in the endocervical biopsy specimen
of the patient in Figure 2. Well differentiated squamous cell carcinoma ×20 magnification. The tumor
areas with well differentiated cells (yellow arrow) with brown staining, demonstrate HIF-1α expression,
while the areas with other cell types (orange arrow) demonstrate little to no HIF-1α expression.

Table 3. SUVmax and TMR from the 18F-FDG and 68Ga-Nitroimidazole PET/CT scans correlated
with the HIF-1α expression.

Hypoxia on Staining

Negative Weak Moderate Strong

Median (Range) Median (Range) Median (Range) Median (Range) K p Value

18F-FDG SUVmax 17.32 (11.82–17.81) 21.21 (11.64–22.42) 13.70 (13.41–13.99) 17.50 (16.09–30.77) 2.927 0.403
18F-FDG TMR 30.00 (21.00–43.00) 38.00 (22.00–46.00) 27.00 (27.00–27.00) 32.00 (18.00–50.00) 0.670 0.880
68Ga-Ni SUVmax(1) 3.73 (1.00–4.00) 3.38 (3.00–4.00) 2.08 (2.00–2.00) 4.10 (2.00–5.00) 2.795 0.424
68Ga-Ni SUVmax(2) 3.71 (1.60–4.19) 3.06 (3.04–3.15) 1.77 (1.62–1.91) 3.57 (2.78–4.32) 4.342 0.227
68Ga-Ni TMR 8.00 (4.00–10.00) 9.50 (8.00–11.00) 10.00 (6.00–14.00) 15.00 (7.00–24.00) 2.669 0.446
68Ga-Ni TMR 2 11.00 (6.00–16.00) 15.00 (7.00–17.00) 7.50 (7.00–8.00) 12.00 (7.00–26.00) 1.852 0.604

K: Kruskal–Wallis test, 68Ga-Nitroimidazole maximum standardized uptake value (68Ga-Ni SUVmax): 68Ga-Ni
SUVmax (1) and 68Ga-Ni SUVmax (2): SUVmax at 30 and 60 min post tracer injection, respectively;
68Ga-Nitroimidazole tumor to muscle ratio (68Ga-Ni TMR): 68Ga-Ni TMR and 68Ga-Ni TMR 2 are the tumor to
muscle ratio at 30 and 60 min post tracer injection, respectively.
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Figure 4. Scatterplot showing the relationship between the hypoxia score (data shown in the X-axis)
and SUVmean of the primary tumor derived from the delayed 68Ga-Nitroimidazole PET images.

4. Discussion

The presence of hypoxia in solid tumors has a bearing on treatment and outcomes;
therefore, non-invasive modalities that can map it are essential for therapy planning.
Several PET tracers have been utilized for this purpose in various cancer entities with
variable results. Our study aimed to image hypoxia in cervical cancer lesions/tumors
with 68Ga-Nitroimidazole which is more hydrophilic and has demonstrated improved
properties compared to 1st, 2nd and 3rd generation 18F-labelled nitroimidazole tracers. The
biodistribution was as expected with intense activity seen in the kidney and urinary bladder
because of the hydrophilicity. The qualitative assessment revealed that two-thirds of the
patients had uptake in the primary tumor above background. This is similar to the >50%
rate of hypoxic tumors in studies using invasive needle electrode measurements [6,7,28]. In
a study of 38 women, Dehdashti and colleagues found discernable 60Cu-ATSM uptake in
all but one patient [29]. Another study using 18F-FMISO also detected focal areas of uptake
in all 16 patients [30]. Although the patient population in both studies was similar to ours
(locally advanced tumors), the differences seen in the numbers of patients with uptake
may be related to the differences in the tracers and tracer kinetics as well as interpretation
criteria. Most studies on hypoxia imaging (pre-clinical and clinical) report on the SUVmean
or none at all and we found the SUVmean on the delayed 68Ga-Nitroimidazole to be
strongly correlated to the positivity on immunohistochemical staining. This finding is most
likely related to the heterogeneity of hypoxic regions within a tumor and may explain why
most papers on this subject have reported on the SUVmean as opposed to the SUVmax.
The median SUVmax in our series was 3.63 and 3.27 at 30 and 60 min, respectively, which
is comparable to that reported in the clinical work using 18F-FMISO in cervical cancer
patients [30]. The other parameter that has been more commonly reported on, in the
context of hypoxia imaging using different tracers is the TMR or TBR. Preclinical studies
using 68Ga-labelled nitromidazoles have demonstrated that TMR and TBR were highest at
1 h post imaging. We confirmed this finding as we found a median TMR of 8 ± 4.8 and
10 ± 5.1 at 30- and 60-min post injection, respectively. Initial pre-clinical work on 68Ga-
Nitroimidazole revealed median TMRs as high as 7.41 ±1.12, 5.70 ± 2.5, 5.64 ± 0.8 [19–21].
The work on 64Cu-ATSM also revealed TMR 7.3 ± 1.8 [31]. These high TMRs contrast with
the TMRs when using 18F-labelled tracers and this may be attributed physical properties
of these tracers which result in faster clearance from background tissues. We found no
significant difference in the TMR and TBR between the 30 min and 60 min time points,
suggesting that images may be obtained as early as 30 min post tracer injection without
significantly compromising the image quality. Interestingly we also found higher TMRs
on the early 68Ga-Nitroimidazole scan in patients with hypoxia on immunohistochemistry

31



J. Clin. Med. 2022, 11, 962

than those with no hypoxia. This may further support early imaging. This is in contrast to
18F-FMISO which has prolonged imaging times up to 2 h post tracer injection.

There is an abundance of literature demonstrating hypoxia in cervical cancer lesions
using 18F-labelled tracers and 60/64Cu-ATSM, however very few of them correlated their
findings to immunohistochemistry which may be considered the gold standard. There are
various genes that are upregulated in hypoxic environments including vascular endothelial
growth factor (VEGF), Carbonic anhydrase IX (CAIX) and osteopontin to name a few. In
a study of 44 women with advanced cervical cancer, the authors found no correlation
between the expression of HIF-1α and tumor oxygenation as detected by an Eppendorf
device [32]. Vercellino and colleagues assessed the feasibility of imaging hypoxic lesions
with 18F-FETNIM and correlated their findings to osteopontin which is also upregulated
in hypoxic environments. They found no correlation between levels of osteopontin and
18F-FETNIM uptake. Similarly, we also failed to find a correlation between the HIF-1α
expression on immunohistochemistry and 68Ga-Nitroimidazole imaging. We found that
almost half of the patients with any level of HIF-1α expression on immunohistochemistry
had discernable hypoxia on PET imaging, while five of the seven patients with positive
hypoxia scores had uptake on 68Ga-Nitroimidazole PET. This is contrary to the study by
Grigsby et al. who correlated VEGF, CAIX, cyclo-oxygenase-2 (COX-2), epidermal growth
factor and apoptotic index with 60Cu-ATSM PET imaging of tumor hypoxia. Immunohis-
tochemical markers were expressed in most, if not all the tumors seen to be hypoxic on
60Cu-ATSM PET imaging [33]. Immunohistochemical analyses are fraught with challenges
including operator dependence and sampling issues etc., and this may be a reason for the
lack of correlation of these findings with imaging as seen in our study.

We believe there are unique patient groups or outcomes that deserve a special mention be-
cause of their interesting or unexpected findings. Two patients, namely patient 4 and 5 (Table 2)
demonstrated hypoxia on immunohistochemistry, however their 68Ga-Nitroimidazole PET
scans demonstrated no discernable areas of uptake. The reasons for the above may be
related to size of the tumor which may render the lesion/s prone to partial volume effect
or being missed because of the inherent resolution limits of the imaging unit. In three
patients (7, 9 and 13), we note the reverse, wherein the despite lack of HIF-1α, the 68Ga-
Nitroimidazole PET scan demonstrated uptake above background tissues. This outcome
may be related to sampling errors for the HIF-1α staining in view of the heterogeneous
nature of hypoxia.

Most oncology guidelines recommend the use of 18F-FDG PET/CT in the staging and
restaging of most malignancies including cancer of the cervix [34]. Often, 18F-FDG PET/CT
images are used for the visual estimation of uptake of hypoxia tracers within tumor lesions.
Furthermore, in-vitro studies have demonstrated that hypoxia results in increased FDG
uptake [35–37]. There are several studies which have correlated the findings on hypoxia
PET imaging with those from metabolic imaging. Grigsby et al. found no correlation be-
tween uptake parameters on 18F-FDG and 60Cu-ATSM PET scans, however they did note a
significant correlation between the presence of 18F-FDG positive lymph nodes and the find-
ings on 60Cu-ATSM PET [33]. The lack of correlation between the metabolic and hypoxia
imaging has been also demonstrated in other tumor entities [38,39]. Similarly, we could not
demonstrate any correlation between PET-derived parameters (SUVmax, SUVmean, TMR
and TBR) on the metabolic and hypoxic imaging. We also found no correlation between the
presence of any metastasis on 18F-FDG PET and 68Ga-Nitroimidazole. The hypoxic volume
was always less than the metabolic tumor volume in our patient cohort. This is in support
of the reports of heterogeneity of hypoxia, therefore further highlighting the importance of
hypoxia mapping with imaging studies.

We found a significant strong negative correlation between HTV and immunohisto-
chemistry (r = −0.660; p = 0.019). This finding was not anticipated. We postulate that
this finding may be due to several factors including tumoral environmental issues and
technical factors. We believe that other factors besides upregulation of HIF-1α are at play
in the hypoxic environment. A possible theory is the presence of a feedback mechanism
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between markers/genes within the tumor and HIF-1α. Another plausible explanation
may be related to the different isoforms of HIF-α, as it has been shown that there are at
least three, namely HIF-1α, HIF-2α and HIF-3α [40]. These α-subunits are regulated at the
protein level by oxygen dependent mechanisms. It has been shown that HIF-1α expression
is higher in acute hypoxia whereas that of HIF-2α is higher in chronic hypoxia [41,42]. This
finding calls for larger studies with modified and improved protocols to be conducted as to
unravel the association we found.

To the best of our knowledge, this is the first study to assess this novel 68Ga-Nitroimidazole
tracer in patients with cervical cancer. This very fact may prove to be a limitation since
there are no prior studies to compare our findings to, therefore most of our comparisons
are with pre-clinical studies, other 18F-labelled or the 64Cu-labelled hypoxia tracers. We
could not draw any strong conclusion because of the small sample size. The main excretory
pathway of the more hydrophilic 68Ga-Nitroimidazole is through the renal system. This
resulted in intense bladder uptake that may pose as a challenge for pelvic malignancies.
Despite urinary catheterization of the majority of our patients, the urinary bladder was
often incompletely drained, and this may pose a challenge in the interpretation of the scan.
Therefore, for pelvic malignancies, a tracer with minimal renal excretion or the employment
of radiomics, may optimize the interpretation of the findings. The immunohistochemistry
was performed on biopsy specimen that were collected at initial diagnosis and this may
misrepresent the true status of hypoxia in the entire tumor lesion. Lastly, immunohisto-
chemical analysis is highly operator dependent and this too may pose as a limitation in our
study. Future studies with pre-operative patients that will undergo surgery and subsequent
immunohistochemistry on more representative samples of the surgical specimen may yield
improved results. While it was our desire to perform survival analysis, local factors e.g.,
lack of centralized health informatic systems, proved to be a challenge. This information
may have added further insight in this area.

5. Conclusions

We found that there was no difference in the tumor uptake on 68Ga-Nitroimidazole
PET/CT between early (30 min) and delayed (60 min) imaging, which may suggest that
imaging can be acquired early without compromising the tumor to background ratio. Al-
though we detected hypoxia in two-thirds of the patients on 68Ga-Nitroimidazole PET
imaging, we found no significant relationship between HIF-1α and clinicopathological
features or 18F-FDG and 68Ga-Nitrimidazole PET/CT parameters. However, we found
higher TMRs and SUVmeans in patients with hypoxia as assessed on immunohistochem-
istry. Furthermore, there was a negative correlation between HTV as assessed by PET
hypoxia imaging and HIF-1α staining. Further, larger studies are required to determine
the prognostic value of using 68Ga-Nitroimidazole PET imaging to predict the pathological
and prognostic course of cervical cancer.
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Abstract: The goal of this retrospective study was to analyze and compare the prognostic role
of fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography (2-[18F]-
FDG PET/CT) features and sarcopenia, estimated by CT of PET in elderly (≥65 years) Mantle Cell
Lymphoma (MCL). We recruited 53 patients, who underwent pre-treatment 2-[18F]-FDG PET/CT and
end-of-treatment PET/CT, and the main semiquantitative parameters were calculated. Sarcopenia
was measured as skeletal muscle index (SMI, cm2/m2) and derived by low-dose PET/CT images
at the L3 level. Specific cut-offs for SMI were calculated by receiver operator curve and divided by
gender. Metabolic response was evaluated at end-of-treatment PET/CT, applying the Deauville score.
Progression Free Survival (PFS) and Overall Survival (OS) were calculated for the whole population
and for different subgroups, defined as per different sarcopenia cut-off levels. The specific cut-offs to
define sarcopenia were 53 cm2/m2 for male and 45.6 cm2/m2 for female. Thirty-two (60%) patients
were defined as sarcopenic. The 3-year and 5-year PFS rates were 29% and 23%, while the 3-year and
5-year OS rates were 43% and 33%. Metabolic response, total metabolic tumor volume (tMTV), total
lesion glycolysis (tTLG) and sarcopenia were independent prognostic factors for PFS. Considering
OS, no variable was significantly associated. Combination between PET features and sarcopenia may
help to predict PFS.

Keywords: Mantle Cell Lymphoma; PET/CT; MTV; TLG; sarcopenia; 18F-FDG

1. Introduction

Mantle Cell Lymphoma (MCL) is a non-Hodgkin’s lymphoma (NHL), with aggressive
behavior and poor prognosis representing less than 10% of all NHLs [1,2]. MCL is an
NHL frequent in advanced age; the median age at diagnosis ranges from 60 to 70 [3]. The
prognosis of elderly lymphoma patients is, of course, worse than that of younger patients;
this is probably due to the presence of age-related conditions and comorbidities that could
increase the risk of side effects after treatments and worsen the prognosis. Sometimes,
the chemotherapy regimen needs to be changed during the course of therapy, with a de-
escalation of doses or a reduction in the cycles [4]. The risk of relapse or progression is very
high and, nowadays, no clear and shared prognostic factors are available. Furthermore,
the MCL International Prognostic Index (MIPI), proposed as the prognostic index, found
controversial evidence in the literature [5,6]. The potential prognostic role of fluorine-
18-fluorodeoxyglucose positron emission tomography/computed tomography (2-[18F]-
FDG PET/CT) and its features is yet an open question [7]. Several recent papers [8–10]
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demonstrated that metabolic response after first-line therapy, metabolic tumor volume
(MTV) and total lesion glycolysis (TLG) were significantly related with progression free
survival (PFS), not with overall survival (OS). A detection of shared prognostic criteria could
be fundamental with the aim to stratify patients and personalize the patient management
and treatment. In this scenario, the potential prognostic role of sarcopenia and its indexes
are not evaluated. Sarcopenia can be considered a multi-factorial syndrome, defined by a
progressive and generalized loss of strength and skeletal muscle mass, which may increase
the risk of adverse events (until death) and reduce the quality of life [11]. In HL and diffuse
large B cell lymphoma (DLBCL), the sarcopenia estimated by CT (low-dose CT of PET
or high-dose CT) has been shown to be an independent prognostic factor [12,13], while
in MCL, these analyses are anecdotal with low numbers [14,15] of patients included and
mixed with other lymphoma histotypes [16,17].

For these reasons, the aim of this retrospective study was to analyze and compare
the prognostic value of PET/CT features and sarcopenia, estimated by CT of PET in
elderly MCL.

2. Materials and Methods

2.1. Patients

We have retrospectively screened about 42.011 2-[18F]-FDG PET/CT scans performed
in our Nuclear Medicine Department from January 2010 until December 2020 for any
reason. Among them, 140 had a histological diagnosis of MCL. The other patients had
different oncological or not oncological diseases. These patients were further selected
according to some inclusion criteria: (1) patients who performed a baseline PET/CT scan
and an end-of-treatment (eot) PET/CT after first line chemotherapy; (2) patients without a
previous history of other malignancies; (3) patients with an age at the time of MCL diagnosis
≥65 years; (4) patients with at least 12 months of follow-up from the baseline 2-[18F]-FDG
PET/CT. Finally, 53 patients were recruited (Figure 1). The medical records of these patients
were analyzed with attention to the main epidemiological (gender, age at diagnosis, BMI),
clinical (B symptoms, MIPI score, β2-microglobulin level and lactate-dehydrogenase (LDH)
level), histopathological (blastoid variant), size (bulky disease, splenomegaly), PET/CT
semiquantitative data and sarcopenia features. MIPI score, β2-microglobulin and LDH
values were dichotomized using a cutoff value of 2, 2.8 mg/L and 245 U/L respectively.

 

Figure 1. Flowchart of patients included.
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All patients were treated according to the institution’s standard protocol with
chemotherapy regimen. In 22 cases R-BAC (Rituximab, Bendamustine and Cytarabine)
regimen was performed up to six cycles of immuno-chemotherapy and in three cases, up to
four cycles; in ten cases R-CHOP (Rituximab, Cyclophosphamide, Hydroxydoxorubicine,
Oncovin and Prednisone) regimen was done up to six cycles and in five, up to three cycles;
in three cases R-hyper-CVAD (rituximab, hyper-fractionated cyclophosphamide, vincristine,
adriamycin, and dexamethasone alternating with rituximab, high-dose methotrexate, and
high-dose cytarabine) regimen was chosen and in the remaining ten patients MCL 0208 trial
which consisted of high-dose chemotherapy plus Rituximab, followed by Lenalidomide
and autologous stem cell transplantation as maintenance therapy was used.

There was a minimal overlap (n 11 patients) with a previous paper already published [9].

2.2. 2-[18F]-FDG PET/CT Imaging and Interpretation

All patients underwent a baseline 2-[18F]-FDG PET/CT scan before any kind of therapy
and, if available, an eotPET/CT. Then, 2-[18F]-FDG PET/CT was acquired after at least
4 h fasting and with glucose blood level <150 mg/dL. An activity of 3.5–4.5 MBq/Kg of
radiotracer was injected intravenously and scans began about 60 ± 10 min after the injection.
The scan was performed from the skull base to the mid-thigh on two PET/CT scanners:
Discovery ST and Discovery 690 PET/CT tomographs (General Electric Company—GE®

—Milwaukee, WI, USA) with standard parameters (CT: 80 mA, 120 kV without contrast;
2.5–4 min per bed-PET-step of 15 cm). The matrix of reconstruction was 256 × 256 and the
field of view was 60 cm. For both tomographs a standard non-contrast free-breathing helical
low-dose CT was obtained for morphologic correlation and attenuation correction. The D-
STE acquisition parameters were: 120 kV, fixed tube current ~73 mAs (40–160 mAs), 4 slices
× 3.75 mm and 3.27 mm interval, pitch 1.5:1, tube rotation 0.8 s. The D690 acquisition
parameters were: 120 kV, fixed tube current ~60 mAs (40–100 mAs), 64 slices × 3.75 mm
and 3.27 mm interval, pitch 0.984:1, tube rotation 0.5 s. For D690, time-of-flight (TOF) and
point spread function (PSF) were used as reconstruction algorithms; filter cutoff 5 mm,
18 subsets; three iterations. For D-STE, ordered subset expectation maximization (OSEM)
was applied; filter cutoff 5 mm; 21 subsets, two iterations.

When available, eotPET/CT were performed at least three weeks after the last cycle
of chemotherapy.

All PET images were analyzed visually and semi-quantitatively by a nuclear medicine
physician with experience (DA) with the measurements of the maximum standardized
uptake value body weight (SUVbw), the SUVmax corrected for the lean body mass (SU-
Vlbm), the SUVmax corrected for body surface area (SUVbsa), lesion to liver SUVmax
ratio (L-L SUV R), lesion to blood-pool SUVmax ratio (L-BP SUV R), MTV and TLG. Eot
PET/CT was interpreted visually by the same nuclear medicine physician with more than
10 years of experience (DA) applying the Deauville scores. According to Deauville crite-
ria [18], 2-[18F]-FDG PET/CT was interpreted as follows: 1 = no uptake above background,
2 = uptake equal to or lower than mediastinum, 3 = uptake higher than mediastinum and
lower than liver, 4 = uptake moderately increased compared to the liver and
5 = uptake markedly increased compared to the liver. After therapy, patients with a
score of 1–3 were judged as having complete metabolic response, while patients with score
4–5 as not complete metabolic response. For the measurements of SUV, a region of interest
(ROI) was drawn over the area of maximum activity of the lesion with highest uptake and
the SUVmax was derived as the highest SUV of the pixels within the ROI. SUVmax of the
liver was calculated at the VIII hepatic segment of axial PET images using a round-shape
ROI of 10 mm; SUVmax of the blood-pool was calculated at the aortic arch by use not
involving the vessel wall in a similar way. MTV was measured from attenuation-corrected
PET images using an SUV-based automated contouring program (Advantage Workstation
4.6, GE HealthCare) with an isocounter threshold method based on 41% of the SUVmax,
as previously recommended by European Association of Nuclear Medicine because of
its high inter-observer reproducibility [19]. Total MTV (tMTV) was obtained by the sum
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of all nodal and extranodal lesions. Bone marrow involvement was included in volume
measurement only if there was focal uptake; splenic involvement was considered if there
was focal uptake in spleen or diffuse uptake higher than 150% in the liver background.
Total TLG (tTLG) was calculated as the sum of the product of MTV of each lesion and
its SUVmean. Semiquantitative analyses were performed by the same nuclear medicine
physicians with long experience in lymphoma and in the use of Advantage Workstation
4.6, GE HealthCare for contouring.

2.3. Sarcopenia Analysis

Low-dose CT of 2-[18F]-FDG PET/CT scans were analyzed by a researcher for the
estimation of muscular and adipose tissues using Slice-O-Matic software V4.2 (Montreal,
QC, Canada Tomovision). A transaxial slice with a multiplanar reconstruction at the third
lumbar (L3) level was considered for the measurement of skeletal muscle area (SMA)
considering psoas, paraspinal, abdominal transverse rectum, internal and external oblique,
because the skeletal muscle in this area has been shown to represent the whole-body tissue
quantities [11]. To measure the SMA (cm2), CT Hounsfield unit thresholds were –29 to
150. If necessary, the tissue margins were manually corrected. Subsequently SMA was
normalized for the height to obtain the skeletal muscle index (SMI) expressed in cm2/m2.

2.4. Statistical Analysis

MedCalc (Belgium) was used as software for statistical analysis. Categorical variables
were expressed as simple and relative frequencies; the numeric variables were expressed as
mean, standard deviation, minimum and maximum.

The receiver operating characteristic (ROC) curve analysis was carried out to find the
best threshold point for each metabolic variable and SMI, which predict the risk of pro-
gression/relapse (Supplementary Table S1). Progression free survival (PFS) was calculated
from the date of pre-treatment 2-[18F]-FDG PET/CT to the date of first disease progression,
relapse, death or the date of last follow-up. Overall survival (OS) was calculated from the
date of pre-treatment 2-[18F]-FDG PET/CT to the date of death from any cause or to the
date of last follow-up. Survival curves were plotted according to the Kaplan–Meier method
and differences between groups were analyzed by using a two-tailed log rank test. Cox
regression was used to estimate the hazard ratio (HR) and its confidence interval (CI). A
p value of < 0.05 was considered statistically significant.

3. Results

3.1. Patients Features

Among 53 patients included, there was a prevalence of male patients (74%); the av-
erage age was 72.7 years old. Most patients had advanced tumor stage disease, with
stage IV in 45 patients. B-symptoms were present in 10 patients, while bulky disease
in 6 cases. LDL and β2 microglobulin were higher than normal range values in 19 and
18 patients, respectively. Table 1 summarizes the clinical characteristics of the population.
Pathological increased 18F-FDG-uptake was present in all patients, showing the pres-
ence of at least one nodal or extranodal hypermetabolic lesion. The average SUVbw was
9.6 (range 3.3–27), average SUVlbm was 7.4 (range 2.4–22.3), average SUVbsa was 2.4 (range
0.9–7.3), average L-L SUV R 46.27 (1.7–54), average L-BP SUV R 5.3 (1–44), average tMTV
was 358 cm3 (3–1800 cm3) and average TLG was 2023 (10–20088). The average SMI
was 49.9 cm2/m2 (range 36.3–67) and was significantly higher in men, with a mean
of 53.1 cm2/m2 (range 39–67), than women, with a mean value of 42 cm2/m2 (range
36.3–46.3) (Table 1). Based on Lugano classification metabolic response [18], 30 (57%) pa-
tients had a complete metabolic response at eotPET/CT. Fifteen (28%) patients had partial
metabolic response and five (9%) patients had progression of disease. Three patients died
before the execution of eotPET/CT.
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Table 1. Main features of our sample (53 patients).

Patients n (%) Average ± SD (Range)

Age (years) 72.7 ± 5.6 (66–88)

Sex male 39 (74%)

Sex female 14 (26%)

BMI 26.15 ± 4.4 (16.8–34.8)

Tumor stage at diagnosis (Ann Arbor)

I 0 (0%)

II 4 (7.5%)

III 4 (7.5%)

IV 45 (85%)

B symptoms 10 (19%)

Blastoid variant 7 (13%)

Bulky disease 6 (11%)

LDH ≤ 245 34 (64%)

>245 19 (36%)

β 2 microglobulin ≤ 2.8 35 (66%)

>2.8 18 (34%)

Ki-67 score ≤ 15% 22 (44%)

>15% 28 (56%)

MIPI score ≤ 2 12 (23%)

(>2) 41 (77%)

SUVbw 9.6 ± 5.3 (3.3–27)

SUVlbm 7.4 ± 4.4 (2.4–22.3)

SUVbsa 2.4 ± 1.4 (0.9–7.3)

Lesion to BP SUVmax ratio 6.2 ± 8.8 (1.7–54)

Lesion to liver SUVmax ratio 5.3 ± 6.8 (1–44)

tMTV 358 ± 481 (3–1800)

tTLG 2023 ± 3147 (10–20,088)

SMI 49.9 ± 7.7 (36.3–67)

for male 53.1 ± 6.3 (39–67)

for female 42 ± 3.4 (36.3–46.3)
BMI: body mass index; LDH: lactate dehydrogenase; MIPI: Mantle international prognostic index; SUV: standard-
ized uptake value; bw:body weight; lbm: lean body mass; bsa: body surface area; BP: blood pool; MTV: metabolic
tumor volume; TLG: total lesion glycolysis; SMI: skeletal muscle index; SD: standard deviation.

3.2. Sarcopenic Analysis

For the definition of sarcopenia, in the absence of specific shared thresholds based
on the MCL population, we derived our thresholds by applying ROC curve analysis. A
separate analysis for male and female was performed (Supplemental Table S1). The gender-
specific cut-offs were 53 cm2/m2 for male and 45.6 cm2/m2 for female. With these cut-offs,
32 (60%) of our patients were considered sarcopenic. There was a significantly higher
prevalence of sarcopenia in females than males (93% vs. 47%, p = 0.001), with no significant
differences found considering age, BMI, tumor stage, B symptoms, bulky disease, blood
samples (LDH, β 2 microglobulin), MIPI score and complete metabolic response at eot PET
(Table 2). Instead, the presence of the blastoid variant was significantly higher in patients
with sarcopenia. Focusing on the relationship between semiquantitative PET/CT variables
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and sarcopenia, no significant differences among SUVbw, SUVlbm, SUVbsa, lesion to BP
SUVmax ratio and lesion to liver SUVmax ratio were registered, comparing sarcopenic and
not sarcopenic cases. Further, tMTV and tTLG were significantly higher in patients with
low SMI.

Table 2. Comparison of baseline variables between sarcopenic and not sarcopenic patients applying
cut-offs of 53 cm2/m2 for male and 45.6 cm2/m2 for female.

Sarcopenia
n = 32

Not Sarcopenia
n = 21

p Value

Male:Female 21:13 18:1 0.001

Age (mean ± SD) 73.4 ± 5.7 71.4 ± 5.2 0.338

BMI 25.8 26.6 0.801

Tumor stage advanced 29 (91%) 19 (90%) 0.985

Bulky disease 4 (12.5%) 2 (10%) 0.745

Splenomegaly 14 (44%) 6 (29%) 0.093

Blastoid variant 7 (22%) 0 (0%) 0.021

LDH (mean ± SD) 276 ± 264 208 ± 83 0.257

β 2 microglobulin (mean ± SD) 4.5 ± 5.5 2.44 ± 2 0.526

MIPI score > 2 10 (31%) 5 (24%) 0.288

Complete metabolic response 17 (57%) 13 (62%) 0.537

SUVbw (mean ± SD) 8.7 ± 4.9 10.8 ± 5.7 0.139

SUVlbm (mean ± SD) 6.7 ± 4 8.35 ± 4.8 0.144

SUVbsa (mean ± SD) 2.2 ± 1.3 2.7 ± 1.6 0.160

Lesion to BP SUVmax ratio (mean ± SD) 4.7 ± 5.7 6.3 ± 10 0.411

Lesion to liver SUVmax ratio (mean ± SD) 5.4 ± 4.8 7.4 ± 9 0.402

tMTV (mean ± SD) 470 ± 57 192 ± 34 0.040

tTLG (mean ± SD) 2726 ± 378 985 ± 138 0.033
BMI: body mass index; LDH: lactate dehydrogenase; MIPI: mantle international prognostic index; SUV: standard-
ized uptake value; bw: body weight; lbm: lean body mass; bsa: body surface area; BP: blood pool; MTV: metabolic
tumor volume; TLG: total lesion glycolysis; SD: standard deviation.

3.3. Survival Analysis

At a median follow-up of 50 months, a progression of disease or relapse was registered
in 37 patients (70%), with an average time of 17.2 months (range: 2–62 months), while death
occurred in 26 patients (49%), with a mean time of 33.6 months (range: 2–120). Overall, the
3-year and 5-year PFS rates were 29% and 23%, while the 3-year and 5-year OS rates were
43% and 33%. In univariate analysis, blastoid variant, Deauville Score 4–5, tMTV, tTLG
and SMI were significantly correlated with PFS (p = 0.015, p = 0.032, p = 0.001, p < 0.001,
p < 0.001), while the other clinical and metabolic features were not (Figure 2, Table 3). In
multivariate analysis, the Deauville Score 4–5, tMTV, tTLG and SMI were confirmed to
be independent prognostic factors. Considering OS, only tMTV and tTLG were shown to
be significantly related to outcome at univariate analysis, but not at multivariate analysis.
SMI demonstrated no prognostic impact (Figure 3, Table 3). Combining tMTV and SMI
thresholds, patients without sarcopenia and with low metabolic volume disease (<90 cm3)
had the best PFS, without any case of progression/relapse during the follow-up. The worst
PFS was specific of patients with sarcopenia independent from the tMTV value (Figure 4).
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Figure 2. Progression free survival according to Deauville score (a), tMTV (b), tTLG (c) and SMI (d).

Figure 3. Overall survival according to Deauville score (a), tMTV (b), tTLG (c) and SMI (d).
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Table 3. Univariate and multivariate analyses for PFS and OS.

Univariate Analysis Multivariate Analysis

p Value HR (95% CI) p Value HR (95% CI)

PFS

Sex 0.299 1.358 (0.500–2.333)

Age 0.298 1.225 (0.284–2.585)

MIPI score 0.582 1.989 (0.500–4.212)

LDH level 0.121 0.610 (0.292–1.154)

B2
microglobulin 0.895 1.053 (0.476–2.333)

Bulky disease 0.458 0.124 (0.102–1.715)

Splenomegaly 0.248 1.582 (0.123–3.002)

Blastoid variant 0.015 1.292 (1.101–1.500) 0.102 1.250 (0.888–1.650)

Deauville score 0.032 2.155 (1.068–4.351) 0.042 2.255 (1.250–3.690)

SUVbw * 0.555 1.446 (0.759–3.042)

SUVlbm * 0.434 1.111 (0.534–2.126)

SUVbsa * 0.331 1.459 (0.339–2.856)

L-L SUV R * 0.450 1.107 (0.756–2.122)

L-BP SUV R * 0.324 1.222 (0.444–4.235)

tMTV * 0.001 3.190 (1.568–6.374) 0.039 2.833 (1.053–7.619)

tTLG * <0.001 3.258 (1.638–6.479) 0.022 2.075 (0.889–4.843)

SMI * <0.001 0.125 (0.062–0.253) <0.001 0.031 (0.007–0.132)

R-BAC vs other 0.401 0.852 (0.222–1.589)

OS

Sex 0.211 1.666 (0.389–5.026)

Age 0.375 1.389 (0.445–3.005)

MIPI score 0.690 0.987 (0.666–1.589)

LDH level 0.480 0.825 (0.450–1.454)

B2
microglobulin 0.333 0.858 (0.420–1.689)

Bulky disease 0.387 1.258 (0.555–2.297)

Splenomegaly 0.222 1.359 (0.801–1.987)

Blastoid variant 0.342 0.659 (0.350–1.259)

Deauville score 0.402 1.404 (0.596–3.310)

SUVbw * 0.453 0.816 (0.464–1.408)

SUVlbm * 0.160 0.698 (0.368–1.179)

SUVbsa * 0.207 0.677 (0.363–1.245)

L-L SUV R * 0.125 0.689 (0.376–1.127)

L-BP SUV R * 0.307 0.631 (0.306–1.452)

tMTV * 0.028 0.374 (0.172–0.811) 0.129 0.563 (0.105–1.009)

tTLG * 0.049 0.448 (0.207–0.970) 0.062 0.550 (0.102–1.120)

SMI * 0.262 1.574 (0.736–3.365)

R-BAC vs. other 0.396 0.701 (0.386–1.499)
PFS: progression free survival; OS: overall survival; HR: hazard ratio; CI: confidence interval; N◦: number; SUV:
standard uptake value; bw: body wheight; lbm: lean body mass; bsa: body surface area; L-L R: lesion to liver ratio;
L-BP R: lesion to blood pool ratio; MTV: total metabolic tumor volume; TLG: total lesion glycolysis. * Variables
dichotomized using cutoff values after ROC analysis reported in Supplemental Table S1.
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Figure 4. Kaplan–Meier curve considering the combination of tMTV and SMI.

4. Discussion

The clinical meaning of the sarcopenia has already been investigated and it is emerging
as a promising tool for predicting the survival and treatment response [20–23]. However,
in lymphoma patients, its usefulness is not yet clear because controversial evidence is
available and the studies present are based specifically on HL and DLBCL [12,24], while for
the other lymphoma histotyopes, specific studies are lacking. For this reason, we aimed to
analyze patients affected by MCL, which is a lymphoma typical in advanced age. Just in this
setting, the evaluation of the role of sarcopenia may be fundamental. For the measurements
of sarcopenia, several techniques and imaging examinations have been proposed, such as
hand-held dynamometer, CT and MRI [25,26]. These tools are very different for availability,
cost, ease of execution and accuracy. CT seems to have the best compromise and it is often
applied for the evaluation of the muscular area, due to its ability to distinguish adipose
and muscular tissue from other soft tissues of the body. A recent paper demonstrated a
good agreement and reproducibility between low-dose CT of PET and high-dose CT in
the measurements of the adipose and muscular area [27]. These results underlined the
possibility to use 2-[18F]-FDG PET/CT, both for the measurements of “classical” PET/CT
parameters (like SUV, MTV, TLG) and sarcopenia.

To the best of our knowledge, no studies about the rate and the role of sarcopenia
in MCL are available, particularly in advanced age patients. We decided to select elderly
MCL patients, because they are, by definition, frail patients with a high risk of toxicities
and poor prognosis.

Due to the lack of consensus for optimal cut-off levels to define sarcopenia in lym-
phoma patients, and especially in MCL, we derived specific values for our population
using ROC curve analysis. Many different thresholds have been proposed [12], specific
for gender, BMI, ethnicity and geographic regions. Thus, it is hazardous to consider a
unique threshold validated in other lymphoma variants. The cut-off values obtained in
our analysis were 53 cm2/m2 for males and 45.6 cm2/m2 for females. Further studies with
larger samples are essential to confirm or change these results, especially for women, where
our cases are relatively low (n 14). However, these values may be considered a starting
point to investigate. With these cut-offs, we found a prevalence of sarcopenia in 60% of our
sample and it was more diffused in women than men. Besides gender, only the blastoid
variant is significantly related to sarcopenia status, assuming a more aggressive disease in
blastoid CML [28].

The second goal of our study was to analyze the prognostic role of several variables,
including 2-[18F]-FDG PET/CT features and sarcopenia, in terms of PFS and OS.
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Besides quantitative parameters, visual analysis, applying the Deauville score, re-
mains a valid prognostic variable for PFS in MCL, as demonstrated by several papers and
confirmed in our analysis [9,29].

Among 2-[18F]-FDG PET/CT parameters, MTV and TLG were shown to be superior
than SUV-related factors, but also in this case, the significant correlation from the multi-
variate analysis was confirmed only for PFS. The same evidence was revealed considering
sarcopenia. However, the combination of tMTV and sarcopenia better predicts the PFS.
The absence of prognostic factors to predict OS may be explained by the advanced age of
patients, which probably significantly influenced the outcome; moreover, it could be other
variables not evaluated in this study with a prognostic impact. The open question, not yet
resolute, is the choice of the cut-off values to apply to define sarcopenia with CT.

Several limitations affect the quality of this work, such as the retrospective study de-
sign, the heterogeneous management received by patients (for example primary treatment)
and the relatively low number of patients included due to the inclusion criteria chosen.
This is the first attempt to investigate the prognostic role of sarcopenia, detected by CT in
combination with PET/CT features, in elderly MCL. Prospective studies are warranted to
better define, in real-life settings, whether these easy and patient-level approaches retain
their significance and utility and could be used to improve treatment tailoring in the setting
of elderly MCL.

5. Conclusions

Baseline evaluation CT of PET may help to define sarcopenia, with a specific cutoff for
gender in elderly MCL. Sarcopenia, together with Deauville score, tMTV and tTLG, may
help to predict PFS. Instead, they had no role in predicting OS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11051210/s1, Supplemental Table S1: Receiver operating
characteristic (ROC) curve analysis of metabolic and sarcopenic PET/CT parameters.

Author Contributions: Conceptualization, D.A., F.B., R.G.; methodology, N.P., F.D., A.T.; formal
analysis, N.P., D.A., R.G.; investigation, A.T.; F.B., F.D.; writing—original draft preparation, D.A.,
N.P.; writing—review and editing, D.A., R.G., F.B., F.D., N.P.; supervision, R.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the retrospective design of the study, according to local laws.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are not public, but are present in our institution.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J. World Health Organization Classification of
Tumours of Haematopoietic and Lymphoid Tissues; IARC Press: Lyon, France, 2008.

2. Maddocks, K. Update on Mantle cell lymphoma. Blood 2018, 132, 1647–1656. [CrossRef] [PubMed]
3. Lynch, D.T.; Koya, S.; Acharya, U. Mantle Cell Lymphoma. 9 August 2021. In StatPearls [Internet]; StatPearls Publishing:

Treasure Island, FL, USA, 2021.
4. Doordujin, J.K.; Kluin-Nelemans, H. Mangement of mantle cell lymphoma in the elderly patient. Clin. Interv. Aging 2013, 8, 1229–1236.
5. Hoster, E.; Dreyling, M.; Klapper, W.; Gisselbrecht, C.; van Hoof, A.; Kluin-Nelemans, H.C.; Pfreundschuh, M.; Reiser, M.;

Metzner, B.; Einsele, H.; et al. A new prognostic index (MIPI) for patients with advanced-stage mantle cell lymphoma. Blood
2008, 111, 558–565. [CrossRef] [PubMed]

6. Shah, J.J.; Fayad, L.; Romaguera, J. Mantle Cell International Prognostic Index (MIPI) not prognostic after R-hyper-CVAD. Blood
2008, 112, 2583–2584. [CrossRef]

7. Albano, D.; Treglia, G.; Gazzilli, M.; Cerudelli, E.; Giubbini, R.; Bertagna, F. 18F-FDG PET or PET/CT in Mantle Cell Lymphoma.
Clin. Lymphoma Myeloma Leuk. 2020, 20, 422–430. [CrossRef]

46



J. Clin. Med. 2022, 11, 1210

8. Mato, A.R.; Svodoba, J.; Feldman, T.; Zielonka, T.; Agress, H.; Panush, D.; Miller, M.; Toth, P.; Lizotte, P.M.; Nasta, S.; et al.
Post-treatment (not interim) positron emission tomography-computed tomography scan status is highly predictive of outcome in
mantle cell lymphoma patients treated with R-HyperCVAD. Cancer 2012, 118, 3565–3570. [CrossRef] [PubMed]

9. Albano, D.; Bosio, G.; Bianchetti, N.; Pagani, C.; Re, A.; Tucci, A.; Giubbini, R.; Bertagna, F. Prognostic role of baseline 18F-FDG
PET/CT metabolic parameters in mantle cell lymphoma. Ann. Nucl. Med. 2019, 33, 449–458. [CrossRef]

10. Mayerhoefer, M.E.; Riedl, C.C.; Kumar, A.; Gibbs, P.; Weber, M.; Tal, I.; Schilksy, J.; Schoder, H. Radiomic features of glucose
metabolism enable prediction of outcome in mantle cell lymphoma. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2760–2769.
[CrossRef]

11. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 601. [CrossRef]

12. Albano, D.; Dondi, F.; Ravanelli, M.; Tucci, A.; Farina, D.; Giubbini, R.; Treglia, G.; Bertagna, F. Prognostic Role of “Radiological”
Sarcopenia in Lymphoma: A Systematic Review. Clin. Lymphoma Myeloma Leuk. 2021. [CrossRef] [PubMed]

13. Zilioli, V.R.; Albano, D.; Arcari, A.; Merli, F.; Coppola, A.; Besutti, G.; Marcheselli, L.; Gramegna, D.; Muzi, C.; Manicone, M.; et al.
Clinical and prognostic role of sarcopenia in elderly patients with classical Hodgkin lymphoma: A multicentre experience. J.
Cachexia Sarcopenia Muscle 2021, 12, 1042–1055. [CrossRef]

14. Burkart, M.; Schieber, M.; Basu, S.; Shah, P.; Venugopal, P.; Borgia, J.A.; Gordon, L.; Karmali, R. Evaluation of the impact of
cachexia on clinical outcomes in aggressive lymphoma. Br. J. Haematol. 2019, 186, 45–53. [CrossRef]

15. Karmali, R.; Alrifai, T.; Fughhi, I.A.M.; Shah, P.; Venugopal, P.; Borgia, J.A.; Gordon, L.; Karmali, R. Impact of cachexia on
outcomes in aggressive lymphomas. Ann. Hematol. 2017, 96, 951–956. [CrossRef] [PubMed]

16. Armenian, S.H.; Iukuridze, A.; The, J.B.; Mascarenhas, K.; Herrera, A.; McCune, J.S.; Zain, J.M.; Mostoufi-Moab, S.; McCormack,
S.; Slavin, T.P.; et al. Abnormal body composition is a predic- tor of adverse outcomes after autologous haematopoietic cell
transplantation. J. Cachexia Sarcopenia Muscle 2020, 11, 962–972. [CrossRef] [PubMed]

17. Caram, M.V.; Bellile, E.L.; Englesbe, M.J.; Terjimanian, M.; Wang, S.C.; Griggs, J.J.; Couriel, D. Sarcopenia is associated with
autologous transplant-related outcomes in patients with lymphoma. Leuk. Lymphoma 2015, 56, 2855–2862. [CrossRef]

18. Barrington, S.F.; Mikhaeel, N.G.; Kostakoglu, L.; Meignan, M.; Hutchings, M.; Müeller, S.P.; Schwartz, L.H.; Zucca, E.; Fisher,
R.I.; Trotman, J.; et al. Role of imaging in the staging and response assessment of lymphoma: Consensus of the International
Conference on Malignant Lymphomas Imaging Working Group. J. Clin. Oncol. 2014, 32, 3048–3058. [CrossRef]

19. Boellaard, R.; Delgado-Bolton, R.; Oyen, W.J.; Giammarile, F.; Tatsch, K.; Eschner, W.; Verzijlbergen, F.J.; Barrington, S.F.; Pike,
L.C.; Weber, W.A.; et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: Version 2.0. Eur. J. Nucl. Med. Mol.
Imaging 2015, 42, 328–354. [CrossRef] [PubMed]

20. Kamarajah, S.K.; Bundred, J.; Tan, B.H.L. Body composition assessment and sarcopenia in patients with gastric cancer: A
systematic review and meta-analysis. Gastric Cancer 2019, 22, 10–22. [CrossRef]

21. Deng, H.Y.; Zha, P.; Peng, L.; Hou, L.; Huang, K.L.; Li, X.Y. Preoperative sarcopenia is a predictor of poor prognosis of esophageal
cancer after esophagectomy: A comprehensive systematic review and meta-analysis. Dis. Esophagus 2019, 32, doy115. [CrossRef]
[PubMed]

22. Mintziras, I.; Miligkos, M.; Wachter, S.; Manoharan, J.; Maurer, E.; Bartsch, D.K. Sarcopenia and sarcopenic obesity are significantly
associated with poorer overall survival in patients with pancreatic cancer: Systematic review and meta-analysis. Int. J. Surg.
2018, 59, 19–26. [CrossRef]

23. Sun, G.; Li, Y.; Peng, Y.; Lu, D.; Zhang, F.; Cui, X.; Zhang, Q.; Li, Z. Can sarcopenia be a predictor of prognosis for patients with
non-metastatic colorectal cancer? A systematic review and meta-analysis. Int. J. Colorectal. Dis. 2018, 33, 1419–1427. [CrossRef]
[PubMed]

24. Surov, A.; Wienke, A. Sarcopenia predicts overall survival in patients with malignant hematological diseases: A meta-analysis.
Clin. Nutr. 2021, 40, 1155–1160. [CrossRef] [PubMed]

25. Cooper, C.; Fielding, R.; Visser, M.; van Loon, L.J.; Rolland, Y.; Orwoll, E.; Reid, K.; Boonen, S.; Dere, W.; Epstein, S.; et al. Tools in
the assessment of sarcopenia. Calcif. Tissue Int. 2013, 93, 201–210. [CrossRef] [PubMed]

26. Sinelnikov, A.; Qu, C.; Fetzer, D.T.; Pelletier, J.S.; Dunn, M.A.; Tsung, A.; Furlan, A. Measurement of skeletal muscle area:
Comparison of CT and MR imaging. Eur. J. Radiol. 2016, 85, 1716–1721. [CrossRef] [PubMed]

27. Albano, D.; Camoni, L.; Rinaldi, R.; Tucci, A.; Zilioli, V.R.; Muzi, C.; Ravanelli, M.; Farina, D.; Coppola, A.; Camalori, M.; et al.
Comparison between skeletal muscle and adipose tissue measurements with high-dose CT and low-dose attenuation correction
CT of 18F-FDG PET/CT in elderly Hodgkin lymphoma patients: A two-centre validation. Br. J. Radiol. 2021, 94, 20200672.
[CrossRef] [PubMed]

28. Jain, P.; Wang, M. Blastoid Mantle Cell Lymphoma. Hematol. Oncol. Clin. N. Am. 2020, 34, 941–956. [CrossRef] [PubMed]
29. Albano, D.; Laudicella, R.; Ferro, P.; Allocca, M.; Abenavoli, E.; Buschiazzo, A.; Castellino, A.; Chiaravalloti, A.; Cuccaro, A.;

Cuppari, L.; et al. The Role of 18F-FDG PET/CT in Staging and Prognostication of Mantle Cell Lymphoma: An Italian Multicentric
Study. Cancers 2019, 11, 1831. [CrossRef] [PubMed]

47





Citation: Reinert, C.P.; Perl, R.M.;

Faul, C.; Lengerke, C.; Nikolaou, K.;

Dittmann, H.; Bethge, W.A.; Horger,

M. Value of CT-Textural Features and

Volume-Based PET Parameters in

Comparison to Serologic Markers for

Response Prediction in Patients with

Diffuse Large B-Cell Lymphoma

Undergoing CD19-CAR-T Cell

Therapy. J. Clin. Med. 2022, 11, 1522.

https://doi.org/10.3390/jcm11061522

Academic Editor: Arnoldo Piccardo

Received: 23 January 2022

Accepted: 8 March 2022

Published: 10 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Value of CT-Textural Features and Volume-Based PET
Parameters in Comparison to Serologic Markers for Response
Prediction in Patients with Diffuse Large B-Cell Lymphoma
Undergoing CD19-CAR-T Cell Therapy

Christian Philipp Reinert 1,*, Regine Mariette Perl 1, Christoph Faul 2, Claudia Lengerke 2, Konstantin Nikolaou 1,3,

Helmut Dittmann 4, Wolfgang A. Bethge 2,† and Marius Horger 1,†

1 Department of Radiology, Diagnostic and Interventional Radiology, University Hospital Tuebingen,
Hoppe-Seyler-Str. 3, 72076 Tuebingen, Germany; regine.perl@med.uni-tuebingen.de (R.M.P.);
konstantin.nikolaou@med.uni-tuebingen.de (K.N.); marius.horger@med.uni-tuebingen.de (M.H.)

2 Department of Hematology, Oncology, Clinical Immunology and Rheumatology, University Hospital
Tuebingen, Hoppe-Seyler-Str. 3, 72076 Tuebingen, Germany; christoph.faul@med.uni-tuebingen.de (C.F.);
claudia.lengerke@med.uni-tuebingen.de (C.L.); wolfgang.bethge@med.uni-tuebingen.de (W.A.B.)

3 Cluster of Excellence iFIT (EXC 2180) Image Guided and Functionally Instructed Tumor Therapies,
University of Tuebingen, 72074 Tuebingen, Germany

4 Department of Radiology, Nuclear Medicine, University Hospital Tuebingen, Hoppe-Seyler-Str. 3,
72076 Tuebingen, Germany; helmut.dittmann@med.uni-tuebingen.de

* Correspondence: christian.reinert@med.uni-tuebingen.de; Tel.: +49-7071-298-7212; Fax: +49-7071-295-845
† These authors contributed equally to this work.

Abstract: The goal of this study was to investigate the value of CT-textural features and volume-
based PET parameters in comparison to serologic markers for response prediction in patients with
diffuse large B-cell lymphoma (DLBCL) undergoing cluster of differentiation (CD19)-chimeric anti-
gen receptor (CAR)-T cell therapy. We retrospectively analyzed the whole-body (WB)-metabolic
tumor volume (MTV), the WB-total lesion glycolysis (TLG) and first order textural features derived
from 18F-FDG-PET/CT, as well as serologic parameters (C-reactive protein [CRP] and lactate de-
hydrogenase [LDH], leucocytes) prior and after CAR-T cell therapy in 21 patients with DLBCL
(57.7 ± 14.7 year; 7 female). Interleukin 6 (IL-6) and IL-2 receptor peaks were monitored after
treatment onset and compared with patient outcome judged by follow-up 18F-FDG-PET/CT. In
12/21 patients (57%), complete remission (CR) was observed, whereas 9/21 patients (43%) showed
partial remission (PR). At baseline, WB-MTV and WB-TLG were lower in patients achieving CR
(35 ± 38 mL and 319 ± 362) compared to patients achieving PR (88 ± 110 mL and 1487 ± 2254;
p < 0.05). The “entropy” proved lower (1.81 ± 0.09) and “uniformity” higher (0.33 ± 0.02) in patients
with CR compared to PR (2.08 ± 0.22 and 0.28 ± 0.47; p < 0.05). Patients achieving CR had lower
levels of CRP, LDH and leucocytes at baseline compared to patients achieving PR (p < 0.05). In
the entire cohort, WB-MTV and WB-TLG decreased after therapy onset (p < 0.01) becoming not
measurable in the CR-group. Leucocytes and CRP significantly dropped after therapy (p < 0.01). The
IL-6 and IL-2R peaks after therapy were lower in patients with CR compared to PR (p > 0.05). In
conclusion, volume-based PET parameters derived from PET/CT and CT-textural features have the
potential to predict therapy response in patients with DLBCL undergoing CAR-T cell therapy.

Keywords: diffuse-large B cell lymphoma; chimeric antigen receptor T cells; response assessment;
positron emission tomography; computed tomography; texture analysis

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of non-Hodgkin’s
lymphoma in adults with a prevalence of almost 40% [1]. Standard treatment regimens are
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efficacious, but up to 15% of patients will exhibit primary refractory disease and another 30–
35% will experience relapse after initial response [2,3]. In the refractory/relapsed DLBCL
patients, incidence of disease recurrence is high, even after salvage therapy combined with
autologous stem cell support, leading to a dismal long-term survival rate [4]. In this setting,
novel treatment strategies are explored. A promising, emerging therapy option are CD19
CAR (chimeric antigen receptor)-T cells, which consist of genetically modified autologous
T cells by retroviral or lentiviral vectors containing DNA encoding a CAR [1]. It has been
shown that CD19 CAR-T cells provide high and durable response rates even in refractory
and relapsed DLBCL [5–7].

Imaging is playing a major role for diagnosis and treatment monitoring in patients with
DLBCL, and the most frequently recommended technique is the positron emission tomog-
raphy (PET) using 18F-Fluorodeoxyglucose (FDG) as a tracer targeting glucose metabolism
mostly in combination with computed tomography (CT) [8]. Hence, morphologic and
glucometabolic changes in tumor herald either lymphoma response or relapse. The latter
has been further refined by calculating the entire metabolic tumor volume (MTV) and the
total lesion glycolysis (TLG). Both PET and CT image data can be additionally analyzed by
using texture analysis with potential for tumor characterization either in the primary setting
(baseline) for prognosis evaluation, or during therapy as an adjunct to morphologic and
metabolic changes for more accurate response assessment [9,10]. Finally, some laboratory
biomarkers like lactate dehydrogenase (LDH) in serum have been used for a long time as
prognostic factors in lymphoma patients.

CD19-CAR T cell therapy as immunotherapy leads to a strong immunological response
with T cell activation and cytokine release as illustrated by the most commonly observed
adverse effect: cytokine release syndrome (CRS) and immune effector cell-associated neu-
rotoxicity syndrome (ICANS). Manifestation of CRS goes along with hypersecretion of IL6,
IL2-R, ferritin and CRP from activated macrophages following CAR-T cell activation [11].

Hence, the intention of this study was to investigate the value of CT-textural fea-
tures and volume-based PET parameters in comparison to serologic markers for response
prediction in patients with DLBCL undergoing CD19-CAR-T cell therapy.

2. Material and Methods

This retrospective image and laboratory data analysis was approved by the local ethics
committee and the patients waived written consent (project number 277/2020BO2).

2.1. Patient Characteristics

Twenty-one consecutive patients with DLBCL (mean age 57.7 ± 14.7 year; seven
female) undergoing CAR-T cell therapy from 06/2018 to 02/2021 were retrospectively
evaluated. All patients had pathologically confirmed DLBCL. According to Ann-Arbor
classification, 2/21 patients had a stage I, 3/21 patients had stage II, 5/21 patients had stage
III and 11/21 patients were classified stage IV. According to the International Prognostic
Index (IPI) scoring system, 3/21 patients were rated score 1, 9/21 patients were rated score
3 and 9/21 patients were rated score 4. Patient characteristics are summarized in Table 1.

Table 1. Patient characteristics.

I II III IV

Ann-Arbor stage 2 3 5 11
International Prognostic Index Score 3 0 9 9
Cytokine Release Syndrome Grade 10 7 2 1

At baseline staging, before CAR-T cell therapy, 17/21 patients underwent 18F-FDG-
PET/CT and 4/21 patients underwent CT using standardized protocols. All patients were
additionally monitored by serologic parameters. At first follow-up after CAR-T cell therapy,
18/21 patients underwent 18F-FDG-PET/CT and 3/21 patients underwent CT.
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Therapy response was classified according to the Lugano classification system includ-
ing CT-based response criteria and the Deauville five-point scale (Deauville 5PS) scoring
system [12]. Each FDG-avid (or previously FDG-avid) lesion was rated independently by
two readers. Response to CAR-T cell therapy was defined as PR in case of metabolically
active disease (Deauville score 4), which is defined as lymphoma manifestations with
18F-FDG-uptake slightly to moderately higher than the liver background 18F-FDG-uptake
without metric progression on CT. In case of no measurable 18F-FDG-uptake and 18F-FDG-
uptake below or equal to uptake in the liver (Deauville score 1–3), CR was assigned.

2.2. Imaging Protocols

All PET/CT examinations were performed on a state-of-the art clinical scanner (Bio-
graph mCT®, Siemens Healthineers, Erlangen, Germany). All patients fasted overnight
before examination. Approximately 300 MBq 18F-FDG were injected intravenously 60 min
prior to image acquisition. Standardized CT examination protocols included weight-
adapted 90–120 mL intravenous CT contrast agent (Ultravist 370®, Bayer Vital, Leverkusen,
Germany). Portal-venous phase acquisitions were obtained with 70 s delay time using
a tube voltage of 120 kV and a reference dose of 200 mAs. Image reconstruction was
performed using iterative CT reconstruction (Siemens SAFIRE®, Forchheim, Germany).
PET was acquired from the skull to the mid-thigh level over six to eight bed positions
and reconstructed using a 3D ordered subset expectation maximization algorithm (two
iterations, 21 subsets, Gaussian filter 2.0 mm, matrix size 400 × 400, and slice thickness
2.0 mm). PET acquisition time was 2–3 min per bed position.

CT was performed with patients in the supine position using a 128-slice MDCT
scanner (SOMATOM Definition Flash, Siemens Healthcare, Erlangen, Germany). Contrast-
enhanced portal-venous phases were obtained using 120-kV photon energy, 200-mAs tube
current, a soft tissue image reconstruction kernel, and 1-mm slice thickness for image
reconstruction. A weight-adapted iodine contrast agent (Ultravist [Iopromide] 370, Bayer
Vital, Leverkusen, Germany) was given intravenously at a rate of 2 mL/s followed by a
30-mL saline chaser. Image acquisition began 70 s after the start of contrast agent injection.
Image reconstruction was performed in all patients using filtered back projection.

2.3. Quantitative Image Analysis

The segmentation of lymphoma manifestations was performed by one reader using
approved software for quantification of PET parameters on Syngo.via VB 30A (Siemens
Healthineers, Erlangen, Germany). Evaluation included all lesions which were charac-
terized by increased 18F-FDG uptake above liver background activity (Deauville score 4).
Segmentation of each lesion was performed manually using 50%-isocontour volumes of
interests (VOIs) for quantification. Whole-body MTV and whole-body TLG were calculated
as the sum of all quantified lymphoma manifestations per patient.

CT-texture analysis (CTTA) was performed in contrast-enhanced CT images derived
from whole-body CT or whole-body 18F-FDG-PET/CT obtained in the portal-venous en-
hancement phase using a standardized protocol and dedicated radiomics software (Siemens
Healthcare, Erlangen, Germany) that is based on the pyradiomics package, a python pack-
age for the extraction of radiomics features from medical imaging [13]. A slice thickness of
1 mm was used. Regions of interests (ROIs) were drawn manually in lymphatic tissue care-
fully excluding neighboring tissues like blood vessels. This standardized procedure of ROI
setting was performed by a radiologist with five years of experience in CTTA. Standardized
measurements were performed to provide comparability for all data sets. All set ROIs were
used to generate specific VOIs. The first step consisted of image filtration for selectively
extracting features of different sizes and intensity variation. In the 2nd step, quantification
of tissue texture followed. The computation of each texture type for an input VOI involved
assigning a new value (“texture value”) to all voxel of that VOI and thus creating a “texture
image”. This involved the creation of a three-dimensional VOI within the largest lymph
node, the features of which were used to calculate texture values on a fine spatial scale.
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Computation was performed on the current voxel and its neighborhood, and the results of
that were stored as the current voxel’s texture value. To ensure reliable statistics for this
patient cohort, we limited analysis of textural parameters to the following 1st order features
which describe the distribution of voxel intensities within the mask through commonly
used and basic metrics: mean, uniformity, entropy, skewness. The definitions of these
textural parameters are provided in Table 2.

Table 2. Definitions of measured 1st order textural features *.

1st Order Feature Definition

Entropy
• Specifies the uncertainty/randomness in the image values.
• Measures the average amount of information required to encode the

image values.

Mean • Mean of voxel intensities within the region

Skewness

• Measures the asymmetry of the distribution of values about the
mean value.

• Depends on where the tail is elongated and where the mass of the
distribution is concentrated

• Can be positive or negative.

Uniformity

• Sum of the squares of each intensity value.
• Measure of the homogeneity of the image array, where a greater

uniformity implies a greater homogeneity or a smaller range of
discrete intensity values.

* Describe the distribution of voxel intensities within the image region defined by the mask through commonly
used and basic metrics.

2.4. Laboratory Parameters

Laboratory parameters were extracted from the clinical data base on the same day as
imaging. The upper limits of the reference ranges were: 250 U/L for serum LDH, 0.5μg/dL
for CRP, 130 U/L for AP, 4100–11,800 1/μL for leucocyte count, 158–613 U/mL for soluble
IL-2R and 0–4 ng/L for IL-6.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS Version 22 (IBM Corporation, Armonk,
NY, USA). We tested all parameters for the normality with a Kolmogorov-Smirnov test. A
Mann-Whitney-U test was used to test the differences in tumor volumetric parameters, 1st
order textural features and laboratory parameters between the patient groups achieving CR
or PR. To address the multiple comparisons, a Benjamin Hochberg correction was applied.
The adjusted p-values were considered significant at a level of 0.05.

3. Results

In 12/21 DLBCL patients (57%), CR was observed after CAR-T cell therapy, whereas
9/21 patients (43%) showed PR. No patient had a progression at first follow-up after CAR-T
cell therapy.

3.1. Quantitative Analysis of Tumor Volumetric Parameters

The whole-body MTV and whole-body TLG differed significantly (p < 0.01 and p < 0.05,
respectively) between the subgroups assigned to CR or PR showing lower levels in the CR
group at baseline (MTV: 35 ± 38 mL vs. 88 ± 110 mL; TLG: 319 ± 362 vs. 1488 ± 2254)
(Figure 1).
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Figure 1. (a) At baseline 18F-FDG PET/CT before CAR-T cell therapy, both the whole-body MTV
(35 ± 38 mL vs. 88 ± 110 mL) and (b) the whole-body TLG (319 ± 362 vs. 1488 ± 2254) were lower
in patients achieving CR compared to patients achieving PR (p < 0.01 and p < 0.05). The asterisk (*)
indicates clinical significance (p < 0.05).

In the entire patient cohort, a significant (p < 0.01) decrease was observed for whole-
body MTV (62 ± 86 mL vs. 4 ± 5 mL) and whole-body-TLG (925 ± 1722 vs. 33 ± 59)
(Figure 2). After CAR-T cell therapy, MTV and TLG were not measurable in the subgroup
achieving CR, whereas in the subgroup with PR, MTV (88 ± 110 mL vs. 7 ± 4 mL) and
TLG (1488 ± 2254 vs. 41 ± 39) significantly decreased (p < 0.01).
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Figure 2. (a) Whole-body MTV at baseline 18F-FDG-PET/CT before CAR T cell therapy (62 ± 86 mL)
and at first follow-up 18F-FDG-PET/CT (4 ± 5 mL) after CAR T cell therapy in the entire patient
cohort (p < 0.01). (b) Whole-body TLG at baseline 18F-FDG-PET/CT before CAR-T cell therapy
(925 ± 1722) and at first follow-up 18F-FDG-PET/CT (33 ± 59) after CAR-T cell therapy in the entire
patient cohort (p < 0.01). The asterisk (*) indicates clinical significance (p < 0.05).

3.2. CT-Texture Analysis

At baseline, the “entropy” proved lower (1.81 ± 0.1) in patients achieving CR com-
pared to patients achieving PR (2.08 ± 0.2; p < 0.05) (Figure 3a). In contrast, the “uniformity”
was higher in patients with CR (0.33 ± 0.02) compared to patients with PR (0.28 ± 0.47;
p < 0.05) (Figure 3b). No significant differences were found for “skewness” (0.11 ± 0.21
[CR] vs. −0.32 ± 1.23 [PR]; p > 0.05) and “mean” (66.1 ± 18.89 [CR] vs. 49.3 ± 23.9 [PR];
p > 0.05) with a trend in “mean” for higher values in patients with CR.
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Figure 3. (a) Entropy at baseline imaging before CAR-T cell therapy in patients achieving CR
(1.81 ± 0.1) vs. PR (2.08 ± 0.2; p < 0.05). (b) Uniformity at baseline imaging before CAR-T cell therapy
in patients achieving CR (0.33 ± 0.02) vs. PR (0.28 ± 0.47; p < 0.05). The asterisk (*) indicates clinical
significance (p < 0.05).

3.3. Laboratory Parameters

In the group of patients achieving CR after CAR-T cell therapy, the mean serum LDH
proved significantly lower compared to the PR group at baseline (240 ± 28 U/L [CR] vs.
443 ± 262 U/L [PR]; p < 0.05) (Figure 4a). The CRP levels in serum at baseline also proved
significantly lower in the CR group compared to the PR group (2.6 ± 4.6 μg/dL [CR] vs.
4.2 ± 6.6 μg/dL [PR]; p < 0.05) (Figure 4b). At baseline, no differences were found for the
leucocyte count between patients achieving CR (5127 ± 766 1/μL) and PR (5290 ± 3142
1/μL; p > 0.05).
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Figure 4. (a) Serum LDH at baseline before CAR-T cell therapy in patients achieving CR
(240 ± 28 U/L) vs. patients achieving PR (443 ± 262 U/L; p < 0.05). (b) CRP at baseline before CAR-T
cell therapy in patients achieving CR (2.6 ± 4.6 μg/dL) vs. patients achieving PR (4.2 ± 6.6 μg/dL;
p < 0.05). The asterisk (*) indicates clinical significance (p < 0.05).

In the whole patient cohort, we observed a significant decrease of CRP (2.8 ± 5.6 μg/dL
vs. 0.1 ± 0.2 μg/dL; p < 0.01) and leucocyte count (5348 ± 2514 1/μL vs. 2954 ± 2024 1/μL;
p < 0.01) and trend towards lower serum LDH (366 ± 235 U/L vs. 242 ± 69 U/L; p > 0.05)
after CAR-T cell therapy.

The mean time interval between re-infusion of CAR-T cells and IL-6 peak was
6.5 ± 4.3 days and between re-infusion of CAR-T cells and Il-2R peak the time was
7.4 ± 4.1 days. The IL-6 peak (867 ± 951 ng/L vs. 9121 ± 11,266 ng/L) and IL-2R
peak (2483 ± 1164 U/mL vs. 5548 ± 3949 U/mL) were lower in patients with CR compared
to PR, without statistical significance (p > 0.05) (Figure 5).
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Figure 5. IL-6 peak (867 ± 951 ng/L vs. 9121 ± 11,266 ng/L) and IL-2R peak (2483 ± 1164 U/mL vs.
5548 ± 3949 U/mL) in patients with CR vs. PR (p > 0.05).

After CAR-T cell therapy, 20/21 patients developed a cytokine release syndrome (CRS).
Of these, 10/21 patients had a CRS grade I, 7/21 patients had a CRS grade II, 2/21 patients
had a CRS grade III and 1/21 patient had a CRS grade IV. In the group of patients with
CR after CAR-T cell therapy, two patients had a manifest CRS (grade > 1), whereas eight
patients with PR developed a manifest CRS.

4. Discussion

In this study, we investigated the predictive value of textural features derived from CT
and volume-based parameters derived from 18F-FDG-PET/CT in comparison to serologic
markers in patients with DLBCL undergoing CD19-CAR-T cell therapy.

Patients achieving PR had a considerably higher MTV and TLG in the baseline setting
compared to patients achieving morphological and metabolic CR. This is not surprising,
as the MTV was already found to have predictive value in lymphoma [14–16]. Xie et al.
reported a negative progression-free survival (PFS) in patients with DLBCL presenting high
MTV and SUVmax values in the pre-treatment setting, irrespective of the applied treatment
regimen [14]. Similarly, Zhou et al. described MTV as the only independent predictor of
progression-free survival and overall survival in their patient cohort with DLBCL undergo-
ing R-CHOP therapy [15]. In a subsequent analysis, the same authors found baseline TLG
to be a significant predictor of PFS [16]. Quantification of the volumetric parameters MTV
and TLG and calculation of cut-off values for response prediction were also performed by
Xie and Sasanelli [16,17]. Furthermore, response prediction based on MTV was performed
in patients with follicular lymphoma undergoing immuno-chemotherapy [18].

Expectedly, quantitative 18F-FDG-PET proved also to be a good therapy monitoring
tool with significant reduction in glucose metabolism in patients achieving PR and no
residual uptake in patients achieving metabolic CR.

Other quantitative predicting and response monitoring metric features are those
derived from texture analysis of either PET-metabolic or CT-morphologic image data,
which are then post-processed by using radiomics parameters [13]. At this point, our
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results obtained from CT-radiomics analysis indicate that with increasing tumor tissue
homogeneity and correspondingly decreasing heterogeneity in the baseline setting, the
chances of achieving CR significantly increase. Similar results were reported in DLBCL
patients undergoing immunochemotherapy [10]. Aide et al. demonstrated that 18F-FDG-
PET heterogeneity of the largest lymphoma lesion was an independent predictor of two
years-event-free survival [10]. In this study, the only independent predictor when analyzed
together with IPI and MTV was the long-zone high-grade level emphasis.

Texture analysis was further demonstrated to have potential in improving the value of
pretreatment PET/CT for prediction of the interim response of primary gastrointestinal-
DLBCL [9]. In this report, the SUVmax, MTV, as well as the entropy were significantly
higher in the non-CR group. In the report by Aide et al., texture analysis of the skeleton in
patients with DLBCL proved beneficial for diagnosis of infiltration with skewness being
the only independent predictor of PFS [19].

The assumption that images contain information of disease-specific processes is the
basis for the use of radiomics, which aims at enhancing the existing data by means of
advanced mathematical analysis. Various studies from different fields in imaging highlight
the potential of radiomics to support clinical decision-making [20,21]. However, various
technical factors may influence the extracted radiomic features, which is a limitation of this
approach that needs to be considered [22].

Although radiomics applications have yet to arrive in routine clinical practice, image
interpretation using radiomics has potential in terms of a more personalized medicine in
the future.

Another discipline in which radiomics is now increasingly being applied is pathol-
ogy [23]. The idea to genetically classify tumors without biopsy using non-invasive extrac-
tion of image information promises support in diagnostics, individualized prognosis and
therapy planning.

LDH is a non-specific marker for lymphoma whose prognostic significance is well
established for both indolent and aggressive lymphomas at the time of diagnosis, which
indirectly reflects the tumor burden. As expected, we found lower serum levels of LDH at
baseline in DLBCL patients, which reached CR after CAR-T cell therapy. LDH significantly
decreased after therapy accompanied also by decreasing serum levels of CRP and leucocyte
count.

Of interest, the IL-6 and IL-2R serum peaks measured in the first week after CAR-T
cell therapy onset proved lower in patients classified CR compared to patients classified
PR. Almost half of our patient cohort developed a manifest CRS (grade 2 or higher) after
CAR-T cell therapy, which was mainly observed in patients with PR after treatment.

Our results are in line with already existing data with respect to response prediction
in DLBCL showing similar results of studies exploring the role of PET/CT and CT in
immunotherapy.

Our study has some limitations. First, not all patients received the same CD19-CAR-T
cells compound. Second, due to the retrospective study design, a selection bias or other
confounding factors cannot be excluded. Third, the histologic subtype of DLBCL was
not considered because of the small size of the entire cohort hampering an otherwise
statistical analysis. Our observations have to be confirmed by larger prospective studies
using multivariate analyses which include tumor volumetric and serologic markers.

In conclusion, volume-based PET parameters derived from PET/CT and CT-textural
features have the potential to predict therapy response in patients with DLBCL undergoing
CAR-T cell therapy.
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Abbreviations

CAR chimeric antigen receptor
CD19 cluster of differentiation 19
CR complete remission
CRS cytokine release syndrome
CTTA CT texture analysis
Deauville 5PS Deauville five-point scale
DLBCL diffuse large B-cell lymphoma
FDG 18F- Fluorodeoxyglucose
ICANS immune effector cell-associated neurotoxicity
IL interleukin
IPI international prognostic index
LDH lactate dehydrogenase
MBq megabecquerel
MTV metabolic tumor volume
PFS progression-free survival
PR partial remission

R-CHOP
Rituximab in combination with cyclophosphamide, doxorubicin, vincristine, and
prednisone

ROI region of interest
SUV uptake value
TLG total lesion glycolysis
VOI volume of interest
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Abstract: Background: Paraneoplastic neurological syndromes (PNS) affecting the CNS (central
nervous system) are rare, presenting in less than 1% of all those with cancer. The pathogenesis of
paraneoplastic neurological syndromes is not fully understood, but it is presumed to result from
an immune attack on the underlying malignancy. The presence of different types of onconeural
antibodies may occur in different tumors and can lead to different clinical manifestations, making
the early detection of cancers challenging. Aim: An evaluation of [18F]FDG PET/CT in neoplastic
tumor detection in patients with paraneoplastic neurological syndromes having negative or unre-
markable results of conventional radiological imaging. Methods: Among all patients diagnosed
with paraneoplastic neurological syndromes in the Neurology Department in 2016–2020, 15 patients
with unremarkable conventional radiological findings who underwent [18F]FDG PET/CT were in-
cluded in the study. Results: [18F]FDG PET/CT enabled localization of suspected malignancy in 53%
(8 of 15) of PNS cases with previous unremarkable conventional radiological findings. Conclusion:
[18F]FDG PET/CT may be considered as a useful tool for neoplastic tumor detection in patients
with paraneoplastic neurological syndromes, accelerating the diagnostic process and enabling faster
initiation of appropriate treatment.

Keywords: paraneoplastic syndromes; neurooncology; [18F]FDG PET/CT; PNS

1. Introduction

Paraneoplastic syndromes represent a wide range of symptoms associated with malig-
nancy. They are usually systemic dysfunctions which are not a direct result of neoplastic
tumor invasion or metastasis. They may manifest with symptoms from various systems and
organs, causing endocrine, neurological, dermatological, rheumatological and hematologi-
cal syndromes, usually, in areas and organs that are not directly affected by the neoplasm.
The most common malignancies associated with paraneoplastic syndromes include breast,
lung, pancreas, kidney as well as gynecological and hematological tumors. The incidence
and prevalence of paraneoplastic disorders is estimated to be 0.89/100,000 person-years and
4.4 per 100,000, respectively [1]. In many cases, the etiology of the syndrome is unknown.
Most often, they are autoimmune reactions to circulating tumor antigens or an effect of
biologically active substances, such as hormones, growth factors or cytokines secreted by
tumor cells.
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Paraneoplastic neurologic syndromes (PNS) in the large majority respond well to the
symptomatic therapy; however, not in all cases is such treatment effective. The population-
based study estimated an incidence of PNS at about 1/100,000 person-years and a prevalence
of 4/100,000, with the incidence ratio increasing over time [2]. The clinical presentation of PNS
is excessively variable (Table 1); hence, the proper diagnosis requires extensive workup and
clinical experience. In 2004, an international panel of experts recommended diagnostic criteria
defining a neurological syndrome as a paraneoplastic syndrome based on the coexistence
of onconeural antibodies and the presence of clinical symptoms. Further, they categorized
those presentation as “classical” and “non-classical” syndromes. “Classical” syndromes
(e.g., Lambert–Eaton myaesthenic syndrome, limbic encephalitis, encephalomyelitis, subacute
cerebellar degeneration, sensory neuronopathy, dermatomyositis, or opsoclonus-myoclonus)
are more likely to be associated with an underlying malignancy [3].

According to the current knowledge, PNS occur in two main mechanisms of immune
response. The first is the direct immune response against neuronal receptors or other cell
membrane antigens. The most common types of abovementioned antibodies and their
clinical significance are summarized in Table 2. Those syndromes usually present clinically
by rapidly developing neurological dysfunction, which might not be related to tumor size
or growth and frequently respond well to anti-inflammatory treatment. In the second type,
the immunoreactivity is triggered by intra-cellular neuronal proteins, which are more often
associated with the development of malignancy. In that mechanism, the immune response
targets originate from intracellular antigens/proteins revealed by neuronal death. In those
conditions, neurological damage is usually more severe and very often irreversible. The
most common types of antibodies against intra-cellular neuronal proteins, associated with
underlying malignancy, and their clinical symptoms are summarized in Table 3.

However, tumor removal itself is very seldom linked with good prognosis (e.g., teratoma
removal in patients with NMDA (Anti-N-methyl-d-aspartate-mediated encephalitis) [4]),
prompt identification and treatment are strongly recommended in order to eliminate
proteins triggering the immune response (e.g., small cell carcinoma with anti Hu [5]).
Within the pursuit of identifying the origin of malignancy, early imaging using radiological
procedures (CT or MRI) often fails to establish the diagnosis. Among the widely available
methods of advanced diagnostic procedures, a whole-body [18F]FDG PET/CT might be
indispensable in the search for underlying pathology.

In the current state of knowledge, the value of [18F]FDG PET/CT as a pivotal imaging
in doubtful cases is recommended but not fully elucidated. The rarity and complex-
ity of neurological PNS leads to a paucity of information necessary to formulate strong
diagnostic recommendations.

Table 1. Paraneoplastic syndromes of the nervous system classified by location. Adapted from Dalmau
J, Rosenfeld MR. Paraneoplastic syndromes of the CNS. Lancet Neurol. 2008; 7(4): 327–340. [6].

Brain, Cranial Nerves and Retina Spinal Cord Peripheral Nerves or Muscle Neuromuscular Junction

Non-Classic PNS

Brainstem encephalitis Stiff -person syndrome Sensorimotor neuropathy

Myasthenia gravis

Optic neuritis Myelitis Neuropathy and
paraproteinaemia

Cancer-associated retinopathy Necrotising myelopathy Neuropathy with vasculitis

Melanoma-associated retinopathy Motor-neuron syndromes Polymyositis

Acute necrotising myopathy

Acquired neuromyotonia

Autonomic neuropathies

Classic PNS

Cerebellar degeneration Sensory neuronopathy

Lambert-Eaton myasthenic
syndrome

Limbic encephalitis Intestinal pseudo-obstruction

Encephalomyelitis Dermatomyositis

Opsoclonus-myoclonus
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Table 2. Major paraneoplastic onconeuronal antibodies reactive with neuronal membrane antigens.
Adapted from Galli, J.; Greenlee, J. Paraneoplastic Diseases of the Central Nervous System [7].

Antibody
Common Neurological

Phenotypes
Common Associated

Malignancies

Anti-AMPAR Limbic encephalitis
Breast
Lung

Thymus

Anti-LGI1/Anti-
CASPR2

Limbic encephalitis
Faciobrachial dystonic

seizures
Morvan’s syndrome

Thymoma (especially in patients
positive for both antibodies)

Other neoplasms (rare)

Anti-GABAbR Limbic encephalitis,
status epilepticus Small-cell lung cancer

Anti-mGluR1 Cerebellar degeneration Hodgkin’s disease

Anti-mGlur2 Cerebellar degeneration Small-cell cancer; alveolar
rhabdomyosarcoma

Anti-mGluR5 Limbic encephalitis Hodgkin’s disease

Anti-VGKC Cerebellar degeneration
(Lambert–Eaton myasthenic syndrome) Small-cell lung cancer

Table 3. Major paraneoplastic onconeuronal antibodies reactive with intracellular neuronal antigens.
Adapted from Galli, J.; Greenlee, J. Paraneoplastic Diseases of the Central Nervous System [7].

Antibody
Common Neurological

Phenotypes
Common Associated

Malignancies

Anti-CRMP5
Optic neuritis

Cerebellar degeneration
Encephalomyelitis

Small-cell lung cancer
Breast carcinoma

Anti-GAD65
Stiff person syndrome

Limbic encephalitis
Cerebellar ataxia

Thymoma
Renal cell carcinoma

Anti-Hu
(ANNA-1)

Limbic encephalitis,
encephalomyelitis, dorsal

sensory neuropathy

Small-cell lung cancer
Neuroendocrine tumors
Retinoblastoma (infants)

Anti-Ma1 Limbic or brain-stem
encephalitis

Non-small-cell lung
cancer; other

Anti-Ma2 Limbic or brain-stem
encephalitis

Testicular or other germ cell tumors
Non-small-cell lung cancer

Anti-Ri
(ANNA-2)

Cerebellar degeneration,
opsoclonus myoclonus,
brain-stem encephalitis

Breast
Small-cell lung cancer

Anti-Tr Cerebellar degeneration Hodgkin’s disease

Anti-Yo
(PCA-1) Cerebellar degeneration Ovary, uterus, adnexa

Breast

The aim of the study was to assess the usefulness of [18F]FDG PET/CT in patients with
high risk of PNS and negative or unremarkable results of conventional radiological imaging.

2. Methods

Among the patients diagnosed with neurological syndromes between 2016–2020 in
the Neurology Department of University Hospital in Krakow, we selected cases with a
clinical picture strongly suggesting an underlying neoplastic background (rapid course of
PNS and resistance to conventional first-line treatment).

In 15 of them, with positive or unremarkable results of onconeuronal antibodies, due
to negative or unambiguous results of conventional screening (including radiological and
endoscopy workup), the [18F]FGD PET/CT was applied.
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Among these patients, seven were diagnosed with classical neurological PNS (cerebel-
lar degeneration—3 cases, sensory polyneuropathy—1 case, autoimmune encephalitis—3
cases), and 7 with non-classic PNS (myasthenia gravis (MG)—1, myelitis—1, motor neu-
ron disease—1, sensorimotor polyneuropathy—4). Additionally, a patient with Primary
Angiitis of Central Nervous System (PACNS) (1) was included in the analysis, since several
cases of sporadic presentation of that disease as a paraneoplastic syndrome are available in
the literature.

All patients’ demographic data, clinical presentation, cerebrospinal fluid (CSF) eval-
uation, previous imaging results and onconeuronal antibodies screening were recorded
from the available patient database. The distribution of PNS types diagnosed among the
analyzed group is presented in Table 4.

Table 4. The distribution of PNS types diagnosed among the analyzed group and the results of
[18F]FDG examination.

Classic PNS
No of Patients with PNS

Included to Analysis
No of Patients with Positive

[18F]F-FDG PET/CT Findings
Percentage of PET/CT
Positive Examination

Cerebellar degeneration 3 3 100

Sensory polyneuropathy 1 0 0

Autoimmune encephalitis 3 1 33

Non-classic PNS

Myasthenia gravis 1 1 100

Myelitis 1 1 100

Sensorimotor polyneuropathy 4 2 50

Motor neuron disease 1 0 0

Others

Primary Angiitis of Central
Nervous System (PACS) 1 0 0

Sum 15 8 53

2.1. Image Acquisitions and Analysis

[18F]FDG PET/CT examinations were conducted in accordance with the standard
protocol on GE DISCOVERY 690 VCT scanner (Krakow, Poland). All patients fasted at
least 6 h before the procedure. Bedside fasting blood glucose of more than 11.0 mmol/L
was not accepted. Imaging was performed 60 min after intravenous administration of the
radiotracer. An initial low-dose CT without contrast enhancement (Smart mA with range:
50–180 mA) was performed, in order to correct for photon attenuation and to co-localize
FDG uptake and anatomical structures. The FDG PET/CT was performed from the mid-
thigh to the top of the head. Patients received 4 MBq [18F]FDG per 1 kg body mass (2 min
per bed position in three-dimensional mode). The PET data were reconstructed with the
use of the GE (matrix size 128 × 128, Vue Point FX reconstruction method: 16 subsets,
3 iterations reconstruction algorithm). Corrections were applied for attenuation, dead time,
scatter and random coincidences. All image analyses were performed on fused PET/CT
data sets. Slice thickness of the PET short-axis images was 3.3 mm. The estimated dose of
radiation per patient was about 9.5 mSv.

All images were reviewed using first attenuation-corrected images. In all cases, a
senior nuclear medicine consultant made an initial assessment of [18F]FDG-PET scans,
which was then re-assessed by the consultant radiologist.

The PET/CT was binary classified, so a positive result was defined as the presence
of a metabolically active tumor of any region of body, suspicion of metabolically active
dissemination of neoplastic disease or increased focal uptake, being highly suspected to
correspond with malignancy.
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The negative results were considered as scans with no FDG uptake, and with any focal
increased uptake with intensity higher than the surrounding tissues, but in localization not
highly suspicious as a malignancy.

2.2. Statistical Analysis

Demographic and clinical characteristics were analyzed by producing tables of fre-
quency for categorical variables and by calculation of the median and range for continuous
variables. IBM SPSS Statistics for Windows, version 27 (IBM Corp., Armonk, NY, USA) was
employed for the statistical analysis.

3. Results

A group of 15 patients (9 females and 6 males) were eligible for the study. The median
age was 70 years (range: 32–88 years). All patients underwent anatomical neuroimaging of
the brain—in 5 cases, head CT and in the remaining cases, MRI. A total of 14 patients also
underwent lumbar puncture; in one patient, due to lack of consent, only blood tests were
performed. The whole group was evaluated for the presence of onconeuronal antibodies
[Table 5]. Positive results of [18F]FDG PET/CT were found in 8 out 15 cases, which were
associated with 4 types of neurological PNS.

The following percentages of positive results were found: in patients with myelitis
100% (1 case), cerebral degeneration 75% (3 of 4 cases) and among patients with polyneu-
ropathies 50% (2 of 4 cases).

Among patients with myasthenia gravis, primary angiitis of the central nervous
system and motor neuron disease there were no positive results of PET/CT (total number
of observations: 4). The increased FDG uptake was found in 4 cases in lungs, in 1 case in
colon, in 2 cases in lymph nodes of neck and chest and in 1 case in stomach (Figure 1).

  
(A) (B) 

  
(C) (D) 

Figure 1. MRI and PET/CT results of a patient with cerebellar degeneration. (A,B) nonspecific
vascular demyelination detected on MRI. (C,D) metabolically active area in the pylorus and in the
locoregional lymph nodes detected on [18F]FDG PET/CT.
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Table 5. Clinical. biochemical. and imaging data of patients included in the study.

Patient
No

Sex, Age Neuroimaging (CT, MR) CSF Results Antibodies
Metabolic Abnormalities

of CNS
PET/CT Abnormalities

Cerebellar Degeneration

1. F. 88 Brain MRI: nonspecific vascular demyelination; no
clinical relevance

Cytosis 0.005 × 103/uL

(0–0.005 × 103/uL)
Protein 48.5 mg/dL

(20.00–40.00)
oligoclonal bands: positive

anti-Yo none
metabolically active area in the pylorus

and metabolically active lymph node next
to the pylorus SUV max 7.8

2. F. 83

Brain MRI: leukoaraiosis around lateral ventricles.
nonspecific vascular demyelination. moderate cortical

artrophy—mainly posterior.
bilateral hyperintense changes in the thalami and

caudate nuclei on diffusion weighted imaging (DWI).

Cytosis 0.004 × 103/uL

(0–0.005 × 103/uL)
Protein 34.8 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-NMDA.
anti-Yo

Generalized
cortico-subcortical atrophy

of the brain.

metabolically active lymph nodes in the
mediastinum and chest—suspection

of lymphoma
SUV max 10.5

3. M. 66 Brain MRI: not performed (due to contraindications)
Brain CT: normal

Cytosis 0.006 × 103/uL

(0–0.005 × 103/uL)
Protein 40.6 mg/dL

(20.00–40.00)
oligoclonal bands: positive

not detected not detected metabolically active tumor in the
transverse colon SUV max 5.0

Autoimmune Encephalitis

4. F. 32 Brain MRI: normal

Cytosis 0.018 × 103/uL

(0–0.005 × 103/uL)
Protein 26.3 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-NMDA none

increased metabolism of FDG in the
topography of numerous lesions in

both lungs
SUV max up to 7.5

5. M. 30
Brain MRI: demyelinating lesions located bilaterally in
the white matter of the frontal and parietal lobe, in the

periventricular and subcortical areas.

Cytosis 0.002 × 103/uL

(0–0.005 × 103/uL)
Protein 47.2 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-NMDA none not significant

6. F. 74

Brain MRI: epidermal cysts located anteriorly from the
medulla oblongata, on the left side; numerous

demyelinating lesions located in the white matter of
the centrum semiovale, periventricular and

paraventricular areas; numerous, small signalless
zones on Susceptibility-Weighted Imaging (SWI)

which correspond to the presence of haemosiderin
deposits—after microchemorrhages

Cytosis 0.002 × 103/uL

(0–0.005 × 103/uL)
Protein 37.3 mg/dL

(20.00–40.00)
oligoclonal bands: positive

anti-NMDA cortical-subcortical atrophy
of the brain not significant

Myasthenia Gravis

7. F. 79 Brain MRI: nonspecific vascular demyelination; no
clinical relevance not performed anti-AChR areas of porencephaly with

decreased FDG metabolism not significant

Myelitis

8. F. 70

Brain MRI: leukoaraiosis around lateral ventricles; few.
small changes with increased signal in T2 in the radial
corona radiata in the frontal lobes; moderate cortical

atrophy of the brain and cerebellum.
Cervical Spine MRI:

The zone of increased signal in the T2 sequences
dependent on the central part of the spinal cord.

extending from the C2 / C3 to C6 / C7 level

Cytosis 0.008 × 103/uL

(0–0.005 × 103/uL)
Protein 74 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-AQP4 none moderately metabolic active tumour in
segment 4/5 of the right lung. SUV max 3.5

Polyneuropathy

9. M. 59 Brain MRI: not performed.
Brain CT: normal not performed not detected none

metabolically active tumor in the apex of
the left lung with the involvement of

homonymous mediastinal lymph
nodes—SUV max 9.4

10. F. 56 MRI: not performed.
Brain CT: normal not performed not detected none not significant

11. F. 73 Brain MRI: not performed.
Brain CT: normal

Cytosis 0.003 × 103/uL

(0–0.005 × 103/uL)
Protein 144.1 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-PNMA2
(Ma2/Ta)

anti-CV2.1
None

metabolically active cervical lymph node
and a metabolically active soft tissue mass

in the lower part of the neck and in the
upper mediastinum

SUV max 5.7

12. M. 69 Brain MRI: nonspecific vascular demyelination; no
clinical relevance. not performed anti-PNMA2

(Ma2/Ta) none not significant

13. M. 65 Brain MRI: nonspecific vascular demyelination; no
clinical relevance.

Cytosis 0.002 × 103/uL

(0–0.005 × 103/uL)
Protein 187 mg/dL

(20.00–40.00)
oligoclonal bands: negative

not detected none lesion in the 1 + 2 segment of left lung SUV
max 2.2

Primary Angiitis of Central Nervous System

14. M. 38

Brain MRI: disseminated demyelinating lesions
located in the cortico-subcortical area of the right

insula. bilaterally in the corona radiata. and single
irregular lesions with cortico-subcortical distribution.

Cytosis 0.004 × 103/uL

(0–0.005 × 103/uL)
Protein 38.2 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-Yo none

nonspecific segmental metabolic
stimulation in the loops of the small

intestine
SUV max 7.7

Motor Neuron Disease

15. F. 67 Cervival Spine MRI: multi-level discopathy without
pressure on the surrounding nerve roots.

Cytosis 0.001 × 103/uL

(0–0.005 × 103/uL)
Protein 67.96 mg/dL

(20.00–40.00)
oligoclonal bands: negative

anti-Yo none not significant
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The mean value of SUV max in pathological findings were 6.59 (range 2.2–10.5).
The [18F]FDG PET/CT findings along with patients’ demographic information, clin-

ical presentation, results of brain/spinal cord imaging, presence and type of onconeural
antibodies, and CSF analysis results are summarized in Table 5.

4. Discussion

PNS are rare (less than 1%) manifestation of malignancy. However, its significance
is greater, because of diagnostic difficulties and demanding therapeutic process. Due to
the increased availability of onconeural antibody tests, there is a progress in both early
diagnosis and the implementation of effective targeted therapy.

According to published guidelines for PNS diagnosis [8] in all cases tumor removing
is indicated, increasing chance for proper control of PNS symptoms. In patient (No. 4),
the neurological symptoms including involuntary movements and psychotic symptoms,
were refractory to therapy with steroids, intravenous immunoglobulins and monoclonal
anti-CD20 antibody. Only identification and resection of the papillary thyroid cancer led to
remission, however PET/CT examination revealed dissemination.

Other risk factors of neurological autoimmune disorders such as coexisting autoim-
mune disease or a family history of autoimmunity may mislead the initial diagnosis, but in
all cases, exclusion of malignancy is mandatory. The evaluation of serum cancer markers
such as CA-125, CA-15.3, prostate-specific antigen, and carcinoembryonic antigen with
subsequent CSF assessment are usually the first steps in diagnostic workup. In our cohort,
only one patient (No. 10) had an elevated carcinoma antigen 15-3 (Ca 15-3), suggesting an
underlying paraneoplastic syndrome; however, the [18F]FDG PET/CT result was negative.

In many patients, CSF analysis demonstrates abnormalities such as elevated protein,
pleocytosis, the presence of oligoclonal bands or mixed abnormalities, but normal CSF
analysis results do not exclude the possibility of PNS [9]. Patients No. 2, 4 and 14 had
normal CSF findings, although other elements of the clinical picture indicated the possibility
of PNS. Finally, only in the patient with cerebellar syndrome (No. 2) did the PET/CT
scan show metabolically active lymph nodes in the mediastinum and chest, suggesting
myeloproliferative syndrome.

Onconeuronal antibodies may act as markers for the specific tumors, e.g., anti-Yo
for breast or reproductive system tumors, anti-Hu for small-cell lung cancer, anti-Ri for
breast or lung or anti-Ma2 for testicle malignancy. In these cases, targeted tumor seeking
by CT, mammography, pelvic or testicular ultrasound is essential. However, in cases with
high risk of malignancy established by the presence of antibodies directed against intra-
cellular neuronal proteins and adequate clinical presentation, PET/CT with [18F]FDG may
bring additional benefits due to the high sensitivity of PET/CT in the detection of small,
aggressive tumors. Furthermore, many types of PNS and onconeuronal antibodies can
appear in several types of tumors, such as Anti-Yo antibodies which were found in patients
with cerebellar syndrome (No. 1, 2), primary CNS vasculitis (No. 14) and motor neuron
disease (No. 15). In this context, in cases with positive, unspecific for particular malignancy,
antibodies, PET/CT may have additional value, enabling whole-body screening during a
single examination.

The meta-analysis evaluating the suitability of [18F]FDG PET/CT in PNS demon-
strated a pooled sensitivity of 0.81 and specificity of 0.88 in patients with suspicion of
paraneoplastic syndrome [10]. However, that high pooled sensitivity results from data
analysis of all patients with PNS having both positive and inconclusive/negative results of
prior conventional imaging. In our study, the efficacy of [18F]FDG PET/CT was 53%, but
only patients with negative previous radiological and endoscopic exams were evaluated in
whom PET/CT had a real clinical benefit.

In the clinical context, it is worth considering if and when PET/CT should be re-
peated in case of a negative initial study. The guidelines recommend regular oncological
surveillance every 6 months for up to 4 years [11] for initially negative imaging results;
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however, prolonged time of observation may be connected with unfavorable outcomes in
some patients.

The worsening of a known autoimmune syndrome or the occurrence of a new one
may suggest dissemination or recurrence of the malignancy. In two patients (No. 3 and 8),
the PET/CT exam was repeated (after 12 and 3 months, respectively) due to progressing
clinical symptoms. In patient 8 the second exam revealed lung malignancy.

Several studies have shown that whole-body [18F]FDG-PET and [18F]FDG PET/CT
are very useful in the screening of patients with suspected paraneoplastic syndrome and
positive paraneoplastic antibodies [12]. However, a recent study conducted by another
group suggested that the presence of paraneoplastic antibody should not be an indispens-
able factor for performing [18F]FDG PET/CT [13,14]. In our study, the effectiveness of
[18F]FDG PET/CT in the detection of pathology in patients with the presence and absence
of onconeuronal antibodies was confirmed. In three PNS patients with negative onconeural
antibodies and clinical presentation highly suggesting malignancy, PET/CT scans were
positive. Furthermore, in total, there were 53% of positive [18F]FDG PET/CT results (50%
and 57% of patients with non-classical and classical PNS, respectively).

The results of our study indicate the potential benefits of [18F]FDG PET/CT in a
routine neurological practice in selected patients with PNS, regardless of their onconeural
antibody status and type of PNS.

5. Highlights

[18F]FDG PET/CT may be effective in malignancy detection in a large group of PNS
patients with negative results of prior diagnostic procedures.

In a routine neurological practice, selected patients with PNS may benefit from
[18F]FDG PET/CT regardless of their onconeural antibody status and type of PNS.

Repeating [18F]FDG PET/CT may have additional value, but the optimal timing for
the second examination remains uncertain.
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Abstract: 18F-FDG PET/CT is a powerful diagnostic tool in breast cancer (BC). However, it might
have a reduced sensitivity in differentiated, oestrogen receptor-positive (ER+) BC. In this setting,
specific molecular imaging with fluorine-oestradiol (18F-FES) PET/CT could help in overcoming
these limitations; however, the literature on the diagnostic accuracy of this method is limited. We
therefore planned this systematic review and meta-analysis to compare 18F-FDG and 18F-FES PET/CT
in ER+ BC patients. We performed a literature search to identify all studies performing a head-to-
head comparison between the two methods; we excluded review articles, preclinical studies, case
reports and small case series. Finally, seven studies were identified (overall: 171 patients; range:
7–49 patients). A patients-based analysis (PBA) showed that 18F-FDG and 18F-FES PET/CT had a
similar high pooled sensitivity (97% and 94%, respectively) at the lesion-based analysis (LBA), 18F-FES
performed slightly better than 18F-FDG (pooled sensitivity: 95% vs. 85%, respectively). Moreover,
when we considered only the studies dealing with the restaging setting (n = 3), this difference in
sensitivity was even more marked (98% vs. 81%, respectively). In conclusion, both tracers feature an
excellent sensitivity in ER+ BC; however, 18F-FES PET/CT could be preferred in the restaging setting.

Keywords: PET/CT; FDG; FES; breast cancer; oestrogen receptor; diagnosis; nuclear medicine

1. Introduction
18F-FDG PET/CT is a very useful imaging tool in staging breast cancer (BC) patients

with locally advanced disease [1–3] or in restaging patients with biochemical relapse with-
out evidence of structural recurrence on conventional imaging procedures [4,5]. However,
the 18F-FDG avidity of BC is associated with histopathological features and can thus show
relevant variations [6,7]. In particular, patients with less differentiated, triple-negative
BC often present with 18F-FDG avid metastases and, in this setting, 18F-FDG PET/CT
can provide relevant additional information when compared with morphological imag-
ing modalities or with surgical staging [8]. Conversely, well-differentiated and oestrogen
receptor-positive (ER+) BCs often present metastases with relatively low glucose consump-
tion and thus inconstant positivity on 18F-FDG PET/CT. Therefore, in this particular field
of patients, more specific PET/CT agents, such as receptor tracers, still represent an unmet
diagnostic need.
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Fluorine-oestradiol 18F-FES PET/CT has been introduced as an effective imaging pro-
cedure in patients with metastatic BC and previous histological confirmation of ER+ status
on the primary tumour, to assess whether ERs are also expressed in loco-regional or distant
metastases [9]. Indeed, 18F-FES PET/CT provides excellent whole-body information about
heterogeneity in ER expression in BC metastases, thus allowing to predict the response
to endocrine therapy [10]. However, little can be said about the diagnostic role of this
receptor-specific tracer and, although some studies proved its low sensitivity in detecting
BC liver metastases [11,12], others showed its relevant diagnostic impact on BC bone metas-
tases [11,13]. Overall, it is not clear yet whether 18F-FES PET/CT could be proposed as a
core imaging procedure in ER+ BC patients with suspected distant metastases and whether
it could be preferred to 18F-FDG PET/CT, at least in some specific instances.

To clarify this diagnostic issue, we performed a systematic search of the literature
to identify original studies reporting a diagnostic head-to-head comparison of 18F-FES
PET/CT and 18F-FDG PET/CT in detecting ER+ BC metastases. We also carried out a
meta-analysis of the available data using sensitivity as a diagnostic outcome measure.

2. Materials and Methods

The systematic review was conducted according with the PRISMA statement [14].

2.1. Search Strategy

Two authors (A.P. and G.B.) searched the available literature independently. The
search and selection process consisted of four separate steps.

In the first step, so-called “sentinel” studies were identified in PubMed by entering
various combinations of the following keywords: 18F-FES, 18F-FDG, PET/CT, breast cancer
and oestrogen receptor. In the second step, the results were used to identify specific MeSH
terms in PubMed. In the third step, PubMed, CENTRAL, Scopus, Web of Science and
the web were searched using the selected MeSH terms. In the final step, we evaluated
the studies that compared the sensitivity of 18F-FES PET/CT and 18F-FDG PET/CT in
identifying disease localization in patients affected by ER+ BC. All initially eligible articles
were screened, and those reporting a head-to-head comparison of 18F-FES PET/CT and 18F-
FDG PET/CT in BC patients were included. Review articles, studies based on preclinical
data, phantom studies, case reports, small case series and studies with overlapping data
were excluded.

The references of the included studies were searched to identify further potential
matches. The search process was concluded on 21 December 2021.

2.2. Data Extraction

The two authors (A.P. and G.B.) extracted independently:

1. General characteristics of the studies (authors, year of publication, country, study
design, population).

2. Technical parameters (mode of acquisition, fasting before 18F-FDG injection and
premedication, mean injected activity, uptake time, interval elapsed between the two
imaging procedures, PET/CT scan field of view, PET/CT image analysis and use of
reference standard).

3. Sensitivity of the two imaging procedures: this parameter was computed as a patient-
based analysis (PBA) and a lesion-based analysis (LBA).

4. Standard of reference (SOR).

In the evaluation phase, full-text articles and their supplementary materials were
included; in case of missing data, the responsible corresponding authors were contacted via
e-mail. The extracted data were cross-checked and any discrepancy was discussed through
a consensus meeting.
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2.3. Study Quality Assessment

The risk of bias of included studies was assessed by one author (F.F.) using the
QUADAS-2 method [15]. Briefly, for each study, an evaluation of the seven QUADAS-2
items was performed and each point was scored as having high, low or unclear risk of
bias. High and unclear risk of bias were assigned 1 and 0.5 points, respectively; studies
that totalled four or more points were excluded from the meta-analysis.

2.4. Statistical Analysis

A proportion meta-analysis was carried out using a random- effects statistical model.
Pooled data are presented with their 95% confidence interval (95% CI) values. Heterogeneity
across studies was assessed with the I-square statistic (I2): a value of 50% or higher was
considered as a high heterogeneity. Publication bias was evaluated with Egger’s test [16].

The multidisciplinary follow-up was used as SOR to be able to compute the sensitivity
of both image modalities (PBA/LBA). The OpenMeta[Analyst] statistical software (CEBM,
Providence, RI, USA) was used for the statistical analyses.

3. Results

3.1. Literature Search Outcome

A total of 55 records were initially identified after duplicate removal, and their titles
and abstracts were assessed; 12 articles had to be excluded since they reported single cases
or small cases series. Out of the remaining 43 records, 36 were excluded because they did
not meet the set inclusion criteria. Therefore, seven articles were finally selected [12,17–22],
including 171 ER+ BC patients (Figure 1).

Figure 1. PRISMA flowchart, depicting the studies selection criteria.

3.2. Qualitative Analysis (Systematic Review)

The seven articles included in the systematic review had been published between
2013 and 2021. All of them had a retrospective design. Three studies were carried out in
China, while India, Republic of Korea, USA and Italy, contributed one study each. The
characteristics of the studies and their patients’ populations are summarized in Table 1.
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3.2.1. Technical Aspects

The imaging modality consisted of PET/CT with low-dose computed tomography
settings in all cases. Information on fasting before 18F-FDG (4–6 h) injection were available
in all articles. On the other hand, fasting was not required before 18F-FES injection.

The injected radiotracer activity ranged from 185 to 370 MBq for 18F-FDG PET/CT and
from 111 to 222 for 18F-FES PET/CT. The time interval between radiotracer injection and
PET/CT image acquisition was similar across the studies, being 60 min for both tracers in
the majority of cases but one [19] in which 18F-FES PET/CT acquisition started 80–100 min
after the tracer injection.

In all studies, PET image analysis was performed by a combination of qualitative (vi-
sual) and semi-quantitative analysis through the calculation of the maximum standardized
uptake values (SUVmax).

On visual analysis, 18F-FDG focal uptake greater than the surrounding normal tissue
that could not be explained by physiological activity was considered as positive in five
studies [12,18,20,22,23]. In the remaining two studies, the criteria to classify 18F-FDG
PET findings as positive were not clearly specified [17,21]. When 18F-FES PET/CT was
considered, in three studies a SUVmax cut-off was introduced to interpret as positive each
focal tracer uptake [18,20,22]. On the other hand, a visual interpretation (i.e., uptake higher
than surrounding background) was used in another study [12], and in a further three
analyses, the criteria were not reported [17,19,21]. All technical aspects are summarized in
Table 2.

3.2.2. Diagnostic Performance

The seven articles selected for the systematic review were published between 2013 and
2021 and included populations consisting of 7 to 49 patients affected by ER+ BC (Table 1).
Table 3 details the rate of positive cases at the PBA and LBA.

Overall, 18F-FDG PET/CT and 18F-FES PET/CT showed very high sensitivity in detect-
ing sites of disease in ER+ BC patients. Indeed, in two studies, 18F-FDG PET/CT identified
more patients with BC lesions/metastases than 18F-FES PET/CT [19,22]. Conversely, in
one study, 18F-FES PET/CT showed more BC lesions than 18F-FDG PET/CT [21]. In the
other four studies [12,17,18,20], both diagnostic procedures identified at least one BC lesion
in the 75 patients analysed. Overall, no significant differences between the two methods
were reported.

When the ability for detecting each single lesion/metastasis was considered (i.e.,
LBA), 18F-FES PET/CT identified more BC lesions in three studies [18,21,22] and 18F-
FDG PET/CT identified more BC lesions in another three studies [12,19,20]. In one study,
including only patients with primary BC, both modalities identified the same number of
lesions [17]. As the main finding, we can point out that the studies reporting a higher
number of 18F-FDG-positive lesions included patients often affected by ductal carcinoma
(i.e., 96%) [19] among which were also included those with ER+ HER2 + BC (11%) [19]
and those with liver metastases (>10%) [12]. In addition, these patients were studied at a
time of suspicious relapse when heterogeneity, due to the comparison of metastatic ER-
clones, is more frequent [12,20]. On the other hand, studies showing a higher number of
18F-FES-positive lesions often analysed patients affected by lobular BC [21] or patients with
a high prevalence of bone metastases [22]. Moreover, patients were predominantly affected
by ER+ HER- BC [18,22] and were often studied at the time of their first staging [18].

When the impact on clinical decision making was considered, only one study [18]
reported that 18F-FES PET/CT was able to change therapeutic strategies in 5 out of the
19 (26.5%) patients analysed at the time of first staging. Indeed, this diagnostic procedure
was able to properly downstage two patients and upstage three when compared with
18F-FDG PET/CT.
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Table 3. Data available in the seven studies included in the present systematic review.

First Author [ref] Patients
18F-FES
PET/CT

18F-FDG
PET/CT

Lesions
18F-FES
PET/CT

18F-FDG
PET/CT

n (tot) +ve +ve n (tot) +ve +ve

Yang et al. (2013) [17] 11 11 11 11 11 11
Gupta et al. (2017) [12] 10 10 10 146 116 134

Liu et al. (2019) [18] 19 19 19 238 216 197
Chae et al.(2020) [19] 40 32 36 45 32 36
Liu et al. (2020) [20] 35 35 35 235 218 235

Ulaner et al. (2021) [21] 7 7 6 254 254 111
Bottoni et al. (2021) [22] 49 42 46 1536 1532 912

Legend. +ve: positive.

3.2.3. Quality Assessment of the Studies

The risk of bias was assessed according to seven items, which are listed in Table 4.
The overall bias score ranged from none to 2.5; therefore, no study had to be excluded
because of high bias risk. The most frequent sources of possible bias were the “study
test” and “reference standard categories” since, in some studies, it was unclear whether a
blinded evaluation of the two methods had been performed. In particular, in the study by
Ulaner et al. [21], the same reader assessed both examinations. In opposition to this, risks
regarding the feasibility were almost never detected.

Table 4. Quality assessment of the studies and risk of bias in each study considered.

Risk of Bias Feasibility

First Author Year
Patient

Selection
Study
Test

Reference
Standard

Timing
Patient

Selection
Study Test

Reference
Standard

Yang et al. [17] 2013 L L L L L L L

Gupta et al. [12] 2017 H U L L H L L

Liu et al. [18] 2019 L U U L L L L

Chae et al. [19] 2020 L L L U L L L

Liu et al. [20] 2020 L U U L L L L

Ulaner et al. [21] 2021 L H H L L L L

Bottoni et al. [22] 2021 L U U L L L L

Legend: H = high, L = low, U = unclear.

3.3. Quantitative Analysis (Meta-Analysis)

The pooled sensitivity of 18F-FES PET/CT and 18F-FDG PET/CT in terms of PBA and
LBA was computed (Table 5 and Figures 2–5) based on the available data (see Table 3).
Regarding PBA, the pooled sensitivity of 18F-FDG PET/CT and 18F-FES PET/CT was 97%
and 94%, respectively, with overlapping 95% confidence intervals. In the LBA, however,
we observed a wider difference between the pooled sensitivity of the two methods (95% for
18F-FES vs. 85% for 18F-FDG). Although the 95% confidence intervals of the two methods
were overlapping, the values of 18F-FES PET/CT were consistently at the higher end of
the spectrum (93–97%), while those of 18F-FDG PET/CT showed a much larger spread
(68–100%). In all the analyses, high heterogeneity was found (Table 5).

On the basis of the above results, the heterogeneity of PBA and LBA was explored by
using the following covariates: timing of the studies (i.e., PET/CT assessment on staging
and on time of relapse), their sample sizes, the prevalence of ductal or lobular BC, and the
prevalence of bone and liver metastases.
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Table 5. Pooled sensitivity for PBA and LBA of 18F-FES PET/CT and 18F-FDG PET/CT.

PBA LBA

Sensitivity
(95% CI)

I2 Egger’s Test (p)
Sensitivity
(95% CI)

I2 (%) Egger’s Test (p)

18F-FES PET/CT 94% (89–99) 52.7% p = 0.048 95% (93–97) 93.66% p < 0.01
18F-FDG PET/CT 97% (94–99) 0% p = 0.62 85% (68–100) 99.44% p < 0.001

Legend: PBA, patient-based analysis; LBA, lesion-based analysis.
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Figure 2. Sensitivity of 18F-FDG PET/CT at the level of patients across studies.
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Figure 3. Sensitivity of 18F-FES PET/CT at the level of patients across studies.
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Figure 4. Sensitivity of 18F-FDG PET/CT at the level of the lesions across studies.
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Figure 5. Sensitivity of 18F-FES PET/CT at the level of the lesions across studies.

However, these last variables could not be tested, given incomplete and inconsis-
tent data, and only the variable “timing of the studies” was explored. As illustrated in
Figures 2 and 3, the heterogeneity of the 18F-FES PET/CT and 18F-FDG PET/CT results
was no longer present in the PBA when we considered these two groups separately. In
fact, in the staging scenario, the sensitivity in the PBA of both the 18F-FES PET/CT and
18F-FDG PET/CT was 97% (Figures 2 and 3). Conversely, at the time of restaging, the
patient-based sensitivity of 18F-FES PET/CT and 18F-FDG PET/CT was 90% and 95%
respectively (Figures 2 and 3).

When LBA was conducted, the sensitivity of 18F-FES PET/CT and 18F-FDG PET/CT
at the time of first staging was 88% and 89% respectively, while at the time of restaging it
was 81% and 98%, respectively (Figures 4 and 5). Interestingly, the sensitivity of 18F-FES
PET/CT at the time of restaging was significantly higher than that of the same procedure
at the time of staging (Figure 4).

4. Discussion

In this systematic review and meta-analysis, we aimed to clarify the diagnostic role of
18F-FES PET/CT in BC patients compared to 18F-FDG PET/CT. In fact, 18F-FES PET/CT has
gained significant attraction as a non-invasive means to predict the effectiveness of hormone
blockade. However, its potential in the mere diagnostic evaluation is still debated [1,8,21].
In this study, we gathered all the available evidence of its sensitivity in ER+ BC patients
when compared with the more commonly used 18F-FDG PET/CT.

Our qualitative and quantitative assessment in this particular BC subpopulation
showed that there are no significant differences in terms of sensitivity between the two PET
tracers at the PBA. Indeed, both molecular imaging modalities proved able to detect patients
affected by ER+ BC with similarly high sensitivity. The lack of significant difference between
these two modalities can, however, be explained by the selection of patients included in the
analysis. These patients were evaluated at the time of first staging for an already known
primary tumour or who underwent PET at the time of relapse to evaluate the extension
or the ER expression of the metastatic disease. This population is indeed characterized
by a very high prevalence of a true positive BC lesion; the probability that at least one
these lesions was detected by one of the two molecular imaging procedures was very
high. The small diagnostic advantage of the 18F-FDG PET/CT over 18F-FES PET/CT (97%
vs. 94%) reported in our analysis seems related to the variability in terms of the clinical
characteristics of the patients. Indeed, the high prevalence of metastatic heterogeneity,
often present at the time of restaging, can be associated to false negative 18F-FES PET/CT
results. When the diagnostic performances of these two imaging procedures at the time of
recurrence was explored by means of a PBA, the sensitivity of 18F-FDG PET/CT and that
of 18F-FES PET/CT was 95% and 90%, respectively.

Conversely, when we investigated the diagnostic sensitivity of these diagnostic tools
by means of an LBA, we found that the sensitivity of 18F-FDG PET/CT and that of 18F-FES
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PET/CT was 85% and 95%, respectively. Indeed, when the analysis was focused on the
time of disease relapse, 18F-FES PET/CT was more sensitive than 18F-FDG PET/CT (98%
vs. 81%) with a trend towards significance (95% CI: 97–100% and 56–100%, respectively).

Overall, the use 18F-FDG PET/CT as a first-line examination appears to be the best
strategy to stage and restage the ER+ BC subjects, being able to identify the highest number
of true positive patients. However, if this approach is applied to a population of ER+
BC with low metastatic heterogeneity (i.e., lobular breast cancer, or ductal breast cancer
with a high percentage of ER positive and HER2 negative cells) it could underestimate
the actual disease burden since such a clone could show low glucose avidity. Indeed,
although 18F-FES PET/CT has low sensitivity in detecting liver metastases (given the
intense background tracer uptake in this organ), it has a very high sensitivity in disclosing
peripheral lesions in other organs or tissues, such as bone lesions, which represent the
most frequent sites of disease in ER+ BC [22]. In addition, as reported by Gupta et al. [12],
one of the diagnostic advantages of this receptor PET tracer is its higher specificity in
characterizing cervical, axillary and mediastinal lymph nodes, which may often present
unspecific uptake at 18F-FDG PET/CT and thus be misinterpreted on 18F-FDG PET/CT.

Although our systematic review and meta-analysis reported interesting and useful
results to understand the weaknesses and strengths of the two imaging procedures, some
limitations should also be borne in mind. First, only seven studies, investigating relatively
small patient populations, were fit for inclusions in this meta-analysis. In addition, all these
seven studies showed a retrospective design, and three out of seven included a low number
of ER+ BC patients. However, the selection criteria limited us to studies that tested both 18F-
FDG PET/CT and 18F-FES PET/CT within a restricted time frame. Second, a computation
of specificity was not possible since none of the studies reported the true negative rate.
Third, the absence of histological confirmation of suspected distant metastases detected by
both modalities is an important bias that could have affected some of the studies included in
this analysis [12,20–22], and we cannot exclude the possibility that some of the metastases
detected by PET tracers may have been false-positive findings. However, given the elevated
prevalence of patients with disseminated disease, the likelihood of any given finding to
be a false negative was relatively low. Moreover, ethical and practical reasons prevented
the execution of a biopsy evaluation of each single lesion. In addition, in at least 3 out
of 7 studies, a multidisciplinary follow-up (consisting of clinical and imaging evaluation)
was available. Fourth, only two out of the seven studies reported information regarding
the menopausal status of the patients. Indeed, these data could be of value to correctly
estimate the real sensitivity of 18F-FES PET/CT that could theoretically be affected by
competitive binding of high oestradiol concentration. However, the exact endogenous
oestrogen concentration that can have a measurable effect on tumour 18F-FES uptake
remains hitherto unexplored [9]. Statistically significant heterogeneity of the 18F-FES
PET/CT pooled heterogeneity was found across studies. Regrettably, the sparse data
available in the studies did not allow exploration of the heterogeneity with the exception of
the variable “timing of the studies”.

Finally, at this time, data about the cost/effectiveness of 18F-FES PET/CT in compari-
son with that of 18F-FDG PET/CT do not exist. However, it is conceivable that, when the
overall expense is considered, the additional information provided by FES might help in
optimizing the cost by guiding the choice of the most appropriate therapeutic protocol.

5. Conclusions

The present data show that both 18F-FDG PET/CT and 18F-FES PET/CT represent
accurate imaging procedures in patients with ER+ BC, providing comparable results in
terms of sensitivity. However, in the field of lesion detection, we observed a non-negligible
difference in favour of 18F-FES PET/CT. Thus, the use of 18F-FES PET/CT as a first-line
molecular imaging procedure might be considered in lobular breast cancer or ductal breast
cancer with a high percentage of ER and HER2 negative. However, larger, multicentre and
prospective studies are required to confirm these preliminary indications.
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Abstract: Meningiomas are the most common primary intracranial tumors. The majority of patients
can be cured by surgery, or tumor growth can be stabilized by radiation. However, the management of
recurrent and more aggressive tumors remains difficult because no established alternative treatment
options exist. Therefore, innovative therapeutic approaches are needed. Studies have shown that
meningiomas express somatostatin receptors. It is well known from treating neuroendocrine tumors
that peptide radioreceptor therapy that targets somatostatin receptors can be effective. As yet, this
therapy has been used for treating meningiomas only within individual curative trials. However,
small case series and studies have demonstrated stabilization of the disease. Therefore, we see
potential for optimizing this therapeutic option through the development of new substances and
specific adaptations to the different meningioma subtypes. The current review provides an overview
of this topic.

Keywords: meningioma; peptide receptor radionuclide therapy; PRRT; targeted therapy; somatostatin
receptor; SSTR

1. Introduction

With an incidence of 8.81/100,000, meningiomas are the most common primary in-
tracranial tumor [1]. These slow-growing tumors develop along the meningeal coverings
of the cerebral convexities, skull base, and spine, and in rare cases even within the ventri-
cles. Depending on the size and location, a variety of different symptoms and syndromes
can emerge [2]. Treatment is advisable for lesions that show concerning growth, cause
symptoms, or have a significant size in a critical location. Most meningiomas can be ef-
fectively treated by surgical resection. Radiation therapy can be applied in selected cases
but is particularly important in recurrent cases or for meningiomas that are histopatho-
logically graded as more aggressive [3]. Other than surgery and radiation, there are no
established treatment modalities outside of previous clinical trials [4]. The management
of meningiomas that recur after resection and radiation treatment remains especially chal-
lenging, and alternative treatment options are urgently needed. Targeted therapies based
on molecular aberrations [5] are currently under investigation in several clinical trials, with
a focus on high-grade and recurrent meningiomas (e.g., NCT02648997, NCT03279692, and
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NCT03631953). However, an innovative treatment option for recurrent meningiomas has
been applied in difficult cases. Peptide receptor radionuclide therapy (PRRT) utilizes the
expression of somatostatin receptors (SSTRs) in meningioma tissue. Somatostatin analogs
coupled to a radionuclide apply radiation directly to tissue that expresses somatostatin re-
ceptor 2A, such as meningioma cells [6,7]. In recent years, this targeted treatment approach
has been investigated for use against meningiomas. This review focuses on the current
use of PRRT to treat meningiomas and provides an outlook regarding its potential future
therapeutic role.

2. Peptide Receptor Radionuclide Therapy

2.1. Somatostatin Receptors

Somatostatin receptors, through which somatostatin exerts its effects, were first de-
scribed in 1978 by Schonbrunn and Tashjian [8]. Five different subtypes have been dis-
covered in humans and other mammals. The SSTR2 subtype has one intron, which can
result in two different receptors, SSTR2A and the SSTR2B, by alternative splicing. The
remaining subtypes do not possess introns [9]. However, SSTR2B has only been detected
in mouse tissue, and it is unclear whether this subtype is also expressed in humans [10].
These G protein-coupled receptors are composed of glycoproteins [11] and are membrane-
bound with seven alpha-helical transmembrane domains [10]. They have an extracellular
N-terminal end, which is responsible for binding the specific ligand somatostatin. The C-
terminal end is intracellular and transmits signal transduction [10] through a heterotrimeric
G protein that consists of an α-, β-, and γ-subunit and triggers different intracellular path-
ways with the help of GTP. Upon binding of a ligand to the SSTR, the cascade further
triggers activation or inhibition of cytoplasmic targets via membrane-bound proteins [12].
Examples of commonly triggered pathways include the adenylate cyclase and the phos-
pholipase C system, which act as signal amplifiers. However, the direct stimulation of
potassium or calcium channels can also be triggered to achieve the desired effects [13,14].
Somatostatin is involved in numerous physiological regulatory mechanisms in several
different organ systems, including the inhibition of endocrine and exocrine secretions,
gastrointestinal motility and nutrient absorption, and neurotransmitter regulation [15].

A central task of SSTR is the inhibition of cell proliferation. The antiproliferative effects
of somatostatin and its receptors are mediated through several mechanisms. SSTR2 and
SSTR3 can induce apoptosis of single cells via p53 or independently of p53. SSTR1, SSTR4,
and SSTR5 can induce cell arrest in the G1 phase of the cell cycle via the modulation of
mitogen-activated protein (MAP) kinase [16]. There are numerous other modes of action
of SSTRs that are reserved for their respective tissues. SSTRs occur in varying densities
and in different expression patterns. They are found in the brain, pituitary gland, and
peripheral nervous system. In the gastrointestinal tract, they are found in large numbers
in the stomach, duodenum, jejunum, and pancreas. They are also present in the kidneys,
adrenal glands, thyroid gland, and immune cells [11,17,18].

An important discovery was the expression of SSTRs in a large variety of tumors,
including most neuroendocrine tumors, such as gastroenteropancreatic neuroendocrine
tumors (GEP-NETs) and carcinoids. SSTRs also occur in renal cell carcinoma, breast cancer,
and lymphoma. Furthermore, SSTRs are expressed in brain tumors, such as glial tumors,
pituitary adenomas, and meningiomas [18,19]. Studies conducted on meningiomas have
shown the presence of all five different SSTR subtypes in varying degrees of expression.
SSTRs could be detected by immunohistochemistry and by mRNA identification with
RT-PCR [20–24]. In these studies, SSTR2A showed the strongest expression [20–23,25]. We
performed a large retrospective analysis of immunohistochemical expression of all five
SSTRs in 726 meningiomas. This large cohort also showed strong expression of SSTR1
and SSTR5 and different expression patterns within various clinical subgroups, such as
neurofibromatosis type 2 and WHO grades II and III meningiomas [24].

Whether somatostatin expression is linked to tumor proliferation or progression
remains unclear, especially because its main function is essentially antiproliferative.
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2.2. History and Development

In 1987, Krenning et al. examined 1000 patients with various tumors by octreotide
receptor scintigraphy (Octreoscan) to visualize SSTR expression. It was hypothesized that
tumors showing high uptake may respond well to therapy with somatostatin analogs [26]
because somatostatin exerts an antiproliferative effect. Furthermore, the idea of combining
somatostatin with radiation was developed so that the radiation dose could be directly
delivered to the tumor tissue. These so-called “theranostic substances”, with diagnostic
(peptide receptor scintigraphy) and therapeutic (peptide receptor radionuclide therapy)
features, were first used in neuroendocrine tumors [27]. The first instance of PRRT was in
the early 1990s for a patient with metastatic glucagonoma, which resulted in tumor growth
impairment as well as decreasing levels of circulating glucagon [28].

Initially, 111In-DTPA octreotide, which emits Auger and conversion electrons, was
applied for PRRT, with SSTR as the target. However, this compound exhibited affinity
exclusively for SSTR2 and was additionally not suitable for commercially available ß-
emitters such as 90Y and 77Lu. Therefore, other somatostatin analogs such as DOTATOC
and DOTATATE were coupled with the corresponding ß-emitters to form 177Lu-DOTATATE
and 90Y-DOTATOC [29] and used in subsequent studies. PRRT was increasingly used in the
treatment of neuroendocrine tumors. It is often applied for metastasized tumors for which
the usual treatment methods, such as surgery or localized radiation therapy, are no longer
suitable options. Often, standard chemotherapy is no longer sufficient or does not achieve
adequate symptom control. In these cases, treatment can be carried out with PRRT [29–31].
The phase III NETTER-1 trial demonstrated that PRRT significantly improved the quality
of life and progression-free survival of patients with midgut neuroendocrine tumors who
received 177Lu-DOTATATE and high-dose octreotide [32]. With the knowledge that several
tumor types highly express SSTRs [33], PRRT has also been used therapeutically for other
tumor types as an individual curative attempt after the exhaustion of current treatment
methods [34–36].

In many cases, meningiomas can be cured by surgical excision or stabilized radiation
therapy [3]. However, sometimes these treatments are not sufficient, and it becomes
difficult to treat recurrences or multifocal occurrences of meningiomas; for example, a
meningiomatosis cerebri. This often affects patients suffering from neurofibromatosis type
2 (NF2) or tumors corresponding to WHO grades II or III. Through various studies, we know
that virtually all meningiomas express SSTRs, although to a varying extent [20,22,24,25,37].
This has been recognized as an opportunity to apply PRRT in individual cases of advanced
meningioma [29,38].

2.3. Clinical Application and Experience in Meningioma

Certain conditions must be met to perform PRRT. To assess whether there is sufficient
receptor expression, the standard procedure prior to therapy is to detect it via peptide
receptor positron emission tomography (PET), e.g., with 68Ga. This also includes imaging
the kinetics of the therapeutic substance [39]. Once sufficient receptor expression has
been determined through PET imaging, the patient becomes a candidate for therapy.
Somatostatin analogs, such as DOTATOC or DOTATATE, which bind to SSTRs (particularly
SSTR2A), are administered intravenously. The administered peptides are coupled to a ß-
emitter, usually 90Yttrium (Y). This coupling allows the systemic delivery of a cytotoxic level
of radiation to individual target cells expressing SSTRs [40]. In addition, adjacent tumor
cells that do not necessarily express SSTRs are also irradiated. Alternatively, small studies
and case reports have shown that intra-arterial administration of the radiopharmaceutical
increases the uptake in meningiomas [41–43].

However, there are no specific guidelines regarding this treatment for meningiomas,
but general standards for PRRT in NETS are applied. A glomerular filtration rate of at
least 40 mL/min or a creatinine value <2.0 mg/dL must be present in order to assure
sufficient clearance and to maintain functional organ reserve because the treatment is
nephrotoxic. Likewise, there is a risk of hematotoxicity and pretherapeutic cutoffs for
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platelet and leukocyte count and hemoglobin need to be considered. Therefore, regular
monitoring is necessary, which may lead to a pause in treatment [44]. There could also
be a risk of acute bone marrow toxicity, particularly in patients who received extended
external beam radiation or myelotoxic chemotherapy before PRRT. The number of cycles
for non-compromised patients varies from two to five for 90Y-DOTATATE/-DOTATOC and
177Lu-DOTATATE/-DOTATOC. The time interval between cycles ranges between 6 and
12 weeks. The approved activity levels range from 2.78–4.44 GBq for 90Y-DOTATATE/-
DOTATOC and from 5.55–7.4 GBq for 177Lu-DOTATATE/-DOTATOC. Therapy needs to be
adjusted for patients with restricted renal function or borderline bone marrow capacity [45].

Currently, there are only a few studies on PRRT for meningiomas with small patient
cohorts. However, some have shown stabilization of the disease. In one study, 5–15 GBq of
90Y-DOTATOC was administered to a group of 29 patients with recurrent meningiomas, and
disease stabilization was observed in 66% of the patients [6]. Another study demonstrated
that a combination of external beam radiation therapy (EBRT) and PRRT was well-tolerated
in patients with unresectable primary or recurrent meningioma and resulted in disease
stabilization in 7 of the 10 patients [46]. These results confirmed the findings of a previous
analysis of the outcome of patients treated with EBRT and PRRT in combination. In
that study, ten patients with unresectable WHO grades I or II meningiomas experienced
disease stabilization [47]. PRRT was also investigated in patients suffering from NF2.
They received four cycles of 177Lu-DOTATOC with a median activity of 7.4 GBq. Tumor
stabilization occurred in six of eleven patients [48]. A meta-analysis regarding PRRT in
meningiomas was performed by Miriam et al. They included 111 patients with treatment-
refractory meningiomas, and 63% achieved disease control. The 6-month progression-
free survival rates and the 1-year overall survival decreased with higher WHO grades.
Explicit guidelines for the treatment of meningioma using SSTR-targeted PRRT have
still yet to be internationally established. However, the mentioned comprehensive meta-
analysis recently evaluated SSTR-targeted PRRT using 90Y-DOTATOC, 177Lu-DOTATOC,
177Lu-DOTATATE, or combinations in histologically validated meningioma [49]. The
evaluated studies in the meta-analysis applied SSTR-targeted PRRT on treatment-refractory
meningioma patients with exhausted conventional treatment modalities such as: surgery,
fractioned or stereotactic radiotherapy, or chemotherapy prior to SSTR-targeted therapy.
Before the start of therapy, intense SSRT-expression was confirmed in the meningiomas
using PET/CT. Independent of the tumor grade for up to six cycles of therapy, a median
of 12,590 Mbq (range: 1688–29,772) was applied for treatment. Manageable mild transient
hematotoxicity (anemia, leukopenia, lymphocytopenia, and thrombocytopenia) was the
major side effect co-occurring under PRRT and as such, constant evaluation of hemoglobin,
granulocytes, leukocytes, and thrombocytes is warranted before and between PRRT cycles.
Overall, PRRT showed a positive treatment effect with manageable side effects. Treatment
response was evaluated using different radiological assessment protocols finding favorable
overall survival in the combined outcome of all studies [49].

The meta-analysis underlines the small number of cases that have been published
so far. At present, no larger controlled trials have been conducted. One randomized trial
is currently recruiting patients with recurrent or progressive meningiomas for treatment
with the radiolabeled somatostatin antagonist 177Lu-satoreotide (PROMENADE study,
NCT04997317). An overview of the studies already conducted can be seen in Table 1.
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Table 1. Studies that have investigated the effect of PRRT on meningiomas.

Reference Type of Study Cohort Response PFS (Months) OS (Months)
Adverse

Events/Toxicity

Bartolomei et al. [6] prospective n = 29
stabilization

n = 19
progression

n = 10

6 (from end of
PRRT) 40 white blood cells

n = 18 renal n = 1

Hartrampf et al. [46] prospective n = 10 stabilization n = 7
progression n = 3 91.1 105 none

Kreissl et al. [47] prospective n = 10
stabilization n = 8
Partial remission
n = 1 complete
remission n = 1

- - none

Kertels et al. [48] retrospective n = 11 stabilization n = 6
no response n = 5 12 37

temporary
leukopenia n = 53
thrombozytope-
nia n = 15 renal
n = 3 liver n = 1

Seystahl et al. [50] retrospective n = 20
stabilization

n = 10
progression

n = 10
5.4 not reached lymphocytopenia

70%

PFS: progression-free survival. OS: overall survival. PFS and OS are given as mean values.

3. Outlook

3.1. Pretreatment PET Imaging vs. Routine SSTR Expression Assessment

Before PRRT can be considered for meningioma treatment, PET imaging is used
to provide important information about the expected treatment efficacy. PET imaging
with 68Ga-labeled somatostatin analogs is used to estimate the potential for radionuclide
uptake in meningioma tissue during PRRT. Similarly, this method was demonstrated in
an imaging study of 11 meningioma patients who underwent several whole-body and
single-photon emission computed tomographies (SPECT/CT) during PRRT to assess the
radionuclide kinetics [39]. Furthermore, a correlation between the DOTATATE/-TOC PET
imaging signal and the response to PRRT was demonstrated in a retrospective analysis of 20
patients suffering from recurrent or high-grade meningioma. The authors also performed
immunohistochemical staining of SSTR2A and observed that a high expression signal was
associated with improved 6-month progression-free survival [50].

Only a few studies have investigated the expression of the different somatostatin
receptors in meningioma tissue, and different methods were applied in these studies. Our
recent retrospective analysis described the distribution of the immunohistochemical expres-
sion of all five somatostatin receptors in 726 meningiomas, which is the largest analysis of
this kind so far [24]. Whether a certain level of SSTR expression is associated with PRRT
efficacy is unclear. Currently, SSTR expression as assessed by PET imaging is used to predict
treatment efficacy. However, additional immunohistochemical studies on the distribution
of SSTRs, and especially their correlation to DOTATATE/DOMITATE PET data, are still
warranted. This would allow the definition of an immunohistochemical scoring cutoff that
may have predictive value regarding PRRT. Because immunohistochemical staining is easy
to perform and analyze, it could be integrated in the routine meningioma workup and
possibly replace the more expensive PET imaging for the pre-PRRT assessment. However,
the expression of SSTRs may not be homogeneous throughout the entire tumor tissue.
Consequently, the immunohistochemical detection of SSTRs and the calculation of total
SSTR expression from intraoperative tumor samples may not be representative of the whole
tumor. Moreover, SSTR expression may change over time, and the immunohistochemical
results from tumor tissue that was resected several years ago may not be representative
of the tissue in a recurring tumor later in the disease course. Therefore, a noninvasive
assessment of whole-tumor SSTR expression through PET imaging will probably remain a
practical, useful, and reliable alternative, despite its costs. Additionally, more experience
with grading SSTR expression must be gained, and a standardized scoring system needs to
be established.
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3.2. Development of New Substances and the Potential of Tailored PRRT

Peptide receptor radionuclide therapy to treat meningiomas is based on its interaction
with the somatostatin receptor 2A expressed in meningioma cells. The somatostatin analog
applied in PRRT is octreotide, which has a high affinity to SSTR2A [51–53]. Patients who
suffer from a meningioma that does not show sufficient SSTR expression through PET
imaging should theoretically not be considered for PRRT. Our recent retrospective analysis
has demonstrated that SSTR1 and SSTR5 are also highly expressed in many meningiomas.
SSTR3 and SSTR4, by contrast, show low immunohistochemical expression [24]. However,
there is currently very little knowledge about the link between immunohistochemical
somatostatin receptor expression and treatment efficacy. A strong immunohistochemical
signal does not necessarily mean that the PRRT will be effective. In our opinion, if the indi-
cation of this treatment approach is to be widened, it is crucial to explore the targetability of
somatostatin receptors other than SSTR2A. An important factor that supports this idea is the
variability of the distribution of SSTR expression among clinical subgroups. For example,
SSTR2A expression is significantly lower in neurofibromatosis type 2 meningiomas [24].
Therefore, alternative substances to octeotride should be considered as a vehicle for PRRT.
For example, pasireotide has a high affinity to somatostatin receptors 1, 2, 3, and 5 [54],
making it a potential candidate for a more efficacious PRRT. In addition, it has not yet been
shown whether PRRT would be more efficacious if it were directed towards multiple SSTRs.
Extending this idea leads to the prospect of applying a patient-tailored mixture of PRRT
vehicles designed after a thorough tissue or imaging analysis of the somatostatin receptor
profile of an individual meningioma. Routine immunohistochemistry seems to be an ideal
tool for this because it is inexpensive and easy to implement. However, standardized scor-
ing is necessary to ensure comparable results. We utilized the scoring system described by
Barresi et al., 2008, which incorporates the staining intensity and area of immunopositivity
into a product called the intensity distribution score [25]. Computational quantification can
potentially eliminate interobserver variance, which is the main limitation of this score.

Another point which could ensure a better efficacy of PRRT is, as already mentioned
in the previous chapter, the intra-arterial application of PRRT. Vonken et al. were able to
demonstrate a higher tracer accumulation in the tumor tissue [42]. Apart from another
case report and a small study [41,43], which also showed a better uptake in meningioma,
further studies are missing. It would therefore be desirable to conduct future studies on
the effect of intra-arterial application on the difference in efficacy, overall survival and
progression-free survival.

3.3. Refining PRRT through Preclinical Models

Preclinical research in animal models may also help to develop novel personalized
therapies by refining the in vivo evaluation of receptor expression in multiple tumor
entities. For example, high SSTR2A affinity to radiolabeled octreotide has been previously
characterized in rats [53]. Moreover, Soto-Montenegro et al. successfully demonstrated
the feasibility of imaging somatostatin analogs using PET/CT in a mouse meningioma
xenograft model [55]. Our literature review found that although several meningioma animal
models have been established [56,57], preclinical PRRT evaluations are still extremely
limited. Specifically, the preclinical evaluation of receptor subtypes focusing on affinity and
distribution in multiple tumor grades is lacking. We believe that this information would be
highly relevant to validate novel radiopeptide candidates.

Preclinical research has focused on improving the current SSTR2A analogs. For
example, the theranostic treatment efficacy of 67Cu-CuSarTATE was shown to be similar
to that of 177Lu-DOTATATE in a mouse pancreas tumor model, identifying a novel agent
for dosimetry calculation in humans [58]. SSTR2 expression has also been demonstrated
in tumor models of pheochromocytoma, small cell lung cancer and thyroid cancer in
mice [59–61]. Recent work has also focused on the evaluation of SSTR2 using 177Lu-
DOTATATE in combination with small-molecule poly (ADP-ribose) polymerase-1 (PARP)
inhibitors, which showed an increased antitumor efficacy in mice [62].
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In our opinion, more knowledge is needed about the distribution of SSTRs other
than SSTR2A, in order to expand the armamentarium of PRRT. At the same time, more
data is required regarding the dynamics of receptor expression in the tumor over time
and the influence of adjuvant treatments, such as radiotherapy on SSTR expression. This
could be easily accomplished preclinically, where noninvasive in vivo PET imaging can be
performed longitudinally and be directly corroborated by immunohistochemistry. This
could also provide preliminary evidence on treatment efficacy and the receptor expres-
sion profile of specific tumor types. At the same time, these experiments would in-
crease the characterization and evaluation of novel theranostic radiotracers poised for
clinical application.

4. Conclusions

Peptide receptor radionuclide therapy is an innovative treatment approach for menin-
giomas, with a large and untapped potential.
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Abstract: Solitary fibrous tumor (SFT) of the central nervous system, previously named and classified
with the term hemangiopericytoma (HPC), is rare and accounts for less than 1% of all intracranial
tumors. Despite its benign nature, it has a malignant behavior due to the high rate of recurrence and
distant metastasis, occurring in up to 50% of cases. Surgical resection of the tumor is the treatment
of choice. Radiotherapy represents the gold standard in the case of post-surgery residual disease,
relapse, and distant metastases. In this context, imaging plays a crucial role in identifying the
personalized therapeutic decision for each patient. Although the referring imaging approach in SFT
is morphologic, an emerging role of positron emission tomography (PET) has been reported in the
literature. However, there is still a debate on which radiotracers have the best accuracy for studying
these uncommon tumors because of the histological or biological heterogeneity of SFT.

Keywords: solitary fibrous tumor; hemangiopericytoma; PET/CT; fluorodeoxyglucose; fluorocholine;
non-FDG radiopharmaceuticals

1. Introduction

In 2021, the latest and most recent version of the 5th edition of WHO Classifica-
tion of Tumors of the Central Nervous System (CNS5) was published. One of the most
important innovations is the introduction of a new classification of tumor types and
subtypes, thanks to novel diagnostic technologies such as DNA methylome profiling.
Focusing on mesenchymal, non-meningothelial tumors, the hybrid term solitary fibrous
tumor/hemangiopericytoma (SFT/HPC), previously used in the 2016 WHO classification,
has been abandoned in favor of the use of the term solitary fibrous tumor (SFT) alone to
fully comply with the nomenclature of soft-tissue pathology [1].

SFTs are rare mesenchymal malignancies of soft-tissue cells with a high percentage of
recurrence. In particular, intracranial SFTs constitute 2.5% of meningeal neoplasms and less
than 1% of all intracranial tumors [2]. At present, magnetic resonance imaging has a well-
established role in the identification and diagnosis of this rare tumor. However, because
of SFTs’ high tendency to have locoregional recurrences and distant metastases, in recent
years, multimodality imaging, particularly positron emission tomography/computed
tomography (PET/CT), has shown an increasingly significant role, thanks to the possibility
of obtaining both metabolic and morphological information in a single scan. Furthermore,
it is a non-invasive and total-body examination, with high sensitivity and specificity [3,4].

We aimed to present a brief critical overview of the role of PET/CT in diagnosing,
local disease relapse, or distant metastases evaluation in the treatment response to surgery
and/or radiotherapy and in the follow-up of patients affected by intracranial SFT.
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2. Solitary Fibrous Tumor

SFT is a very rare and uncommon neoplasm, accounting for only 1.6% of all central
nervous system (CNS) tumors. In the 2016 World Health Organization (WHO) classification
of CNS tumors, SFTs and HPCs constituted a single disease entity, known as SFT/HPC.
However, in the last recent update of WHO CNS5, the term “hemangiopericytoma” was
deleted to emphasize the biological similarities within tumor types and to align with the
soft-tissue pathology nomenclature [1].

This tumor was firstly known by the term hemangiopericytoma, coined by Stout and
Murray in 1942, to highlight the origin from the capillary and postcapillary venules of pericytes.
It can occur in any anatomical body region with the presence of capillaries and a typical
localization involves the meninges of the dura mater, with an incidence of 16–33% of SFTs in the
head or neck [5]. From a histological point of view, these tumors are characterized by spindle
mesenchymal cells with a rich vascular component. Usually, the presence of hypercellularity,
hemorrhage and/or necrosis, pleomorphic nuclei, and foci of dedifferentiation suggests a
malignant behavior [6]. The tumor immunophenotype can be characterized by CD34 and
smooth-muscle-actin positivity and by S100 protein, CK pool, and desmin negativity [7]. In
accordance with previous immunohistochemical features, the new WHO CNS5 reported that
STFs show NAB2 and STAT6 gene fusion as well as STAT6 overexpression [2].

Even many years after the end of the first (line) treatment, locoregional relapses, as well as
distant metastases, are very common, and a prompt diagnosis could be crucial for better patient
management. However, probably due to SFTs’ rarity, there are no clear recommendations on
the best imaging method to evaluate them [8]. The literature is characterized by small-sample-
size studies and case series, showing that complete surgical resection with clear margins is
the treatment of choice. However, one year after the stand-alone surgery option, a very high
percentage of disease relapse, rating from 88 to 100%, may occur as a result of tumor infiltration
in adjacent vascular structures with a worsening of survival [9]. Stereotaxic radiosurgery
has emerged as a promising adjuvant treatment to reduce the relapse rate of the disease [2].
In an updated overview on radiation therapy options for intracranial HPC, Ciliberti and
colleagues showed that postoperative radiotherapy (RT) can lead to a consistent decrease in local
recurrences, moving from 88% to 12.5%, and longer relapse-free survival [9]. In addition, when
the lesion is close to critical anatomical structures, stereotactic radiotherapy can be considered.
However, even after a wide surgical resection or a combined surgery–radiotherapy treatment,
recurrences and metastases can subsequently occur in up to 50% of cases [10,11].

In this scenario, imaging can play a crucial role in potentially guiding the best thera-
peutic decision and in establishing tailored treatment.

Although the referring imaging approach in SFTs is morphologic, it may fail in dif-
ferentiating between scar tissue and viable tumor in post-treatment evaluation. For this
purpose, PET has demonstrated a promising role [12,13].

3. Search Strategy

A literature search was conducted on the Medline (PubMed) database including
all articles published up to 30 June 2022. The following keywords were entered to rule
the search: “intracranial solitary fibrous tumor” AND “positron emission tomography”,
AND “PET” AND “nuclear medicine”, “hemangiopericytoma” AND “positron emission
tomography” AND “PET” AND “nuclear medicine”, “intracranial hemangiopericytoma”
AND “positron emission tomography” AND “PET” AND “nuclear medicine”. Only
articles edited in English in the last 10 years were included in this review. After reading the
abstracts, some articles were excluded because they did not meet the goal of our review
in evaluating the use of PET/CT in patients affected by intracranial SFT/HPC. For the
same reason, some articles were not considered in the final draft after reading the full text.
To identify supplementary eligible articles, additional references were searched from the
retrieved review articles. Due to the rarity of SFT, most of the articles in the literature are
represented by case reports and interesting images. The main characteristics of the included
studies are detailed in Table 1.
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4. Evidence-Based Medicine of PET/CT in Intracranial Solitary Fibrous
Tumor/Hemangiopericytoma

In the last decade, PET/CT emerged as a non-invasive, whole-body diagnostic tool
with an important role in diagnosis, staging, detecting possible disease relapses and distant
metastases, differentiating between scar and viable tissues, and in the follow-up of patients
affected by SFT. To the best of our knowledge, this is the first literature review that focuses
on the role of PET/CT in intracranial SFTs. This topic could reveal to be great interest in
identifying the best accurate PET radiopharmaceutical to diagnose and follow up this rare
tumor. Indeed, despite its benign nature, SFT has a malignant behavior, with a characteristic
high rate of locoregional relapse and of distant metastases due to its hypervascularity.

To date, most of the authors referred to 18F-FDG as the main PET radiotracer used in
this oncological field to assess glucose metabolism activity, usually increased in neoplastic
cells. 18F-FDG is intracellularly trapped after GLUT-transporter uptake and hexokinase
phosphorylation in glucose-6-phosphate. The hypercellularity of SFT lesions may support
its application in these cases. However, the intense physiological uptake of the brain makes
adequate 18F-FDG PET imaging of intracranial tumors a challenge [21]. In some cases of
SFT/HPC, 18F-FDG PET may be helpful to differentiate necrotic from viable tumors, with
both hypoenhancing on CT but with different metabolic activities on PET, significantly
influencing the treatment decision [28]. Generally, FDG uptake in SFT/HPC cells is de-
creased compared with the surrounding tissue, while intense 18F-FDG hypermetabolism
may suggest the presence of a more malignant variety of SFT, with a significant impact on
prognosis [22]. The relatively low SUVmax values in 18F-FDG PET studies could help to dif-
ferentiate SFT from other malignancies. In addition, a differential diagnosis with respect to
other tumors may be facilitated by a dual-tracer technique to compare different image pat-
terns developed by two PET radiotracers. For example, low glucose metabolism in contrast
to high 11C-Methionine uptake may help to differentiate HPC from meningioma [29].

The high probability of developing metastases linked to the malignant behavior of
this mesenchymal tumor makes 18F-FDG PET/CT a potential ideal tool to ensure ade-
quate whole-body examination and to correctly guide therapeutic decision making with a
tailored approach [8].

In Wu et al.’s case report, 18F-FDG PET/CT was performed to restage a 25-year-
old man affected by a malignant SFT of the right occipital lobe primarily treated with
multiple craniotomies and postoperative conformal RT. PET/CT showed both intracra-
nial disease recurrence and, above all, massive bilateral pulmonary lesions and multiple
bone metastases [14].

Cheung et al. confirmed the fundamental role of 18F-FDG PET/CT in identifying
distant metastases from SFT/HPC describing a case of a 67-year-old woman treated with
the resection of a paravertebral soft-tissue mass with histological diagnosis of HPC. After
eight years, MRI detected three histologically proven SFT/HPC lesions of the right posterior
occipital calvarium, while 18F-FDG PET/CT showed multiple hypermetabolic lesions
involving lymph nodes and bone from the calvarium to the sacrum [15].

Furthermore, the literature reports a case of 41-year-old man surgically treated for a
cerebellar HPC. After twenty-two years, the patient experienced multiple renal and pul-
monary metastases, pathologically proven to be HPC, and a local intracranial recurrence, all
of them surgically treated. Two years later, abdominal CT revealed a pancreatic tumor, con-
firmed with whole-body 18F-FDG PET/CT with intense radiopharmaceutical uptake. This
lesion was surgically removed and histopathological examination confirmed the diagnosis
of HPC, with similar pathological findings to those of the original cerebellum HPC [16].

However, in some cases, 18F-FDG PET/CT may not prove to be adequately reliable
in accurately detecting all SFT/HPC lesions, since low–moderate glucose metabolism in
both primary and metastatic lesions can be observed. Recently, Liu Xiao et al. reported a
case of a 40-year-old patient affected by intracranial STF/HPC with a left renal metastatic
lesion showing only mild 18F-FDG uptake and homogeneous contrast enhancement after
contrast-medium administration [17].
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Similarly, Hayenga and his colleagues reported a case of a 34-year-old woman affected
by HPC of the right cerebellopontine angle (CPA) who underwent surgical treatment com-
bined with postoperative RT. After 3 years of disease-free interval, 18F-FDG PET/CT was
performed showing low FDG avidity both in intracranial and extracranial recurrences of
the spinal canal [18]. Consistent with these reports, Yasen and colleagues reported negative
FDG uptake in the presence of HPC recurrence and metastasis. Namely, a woman with
bilateral-frontal-cerebral-convex and parafalx HPC was surgically treated and underwent
18F-FDG PET/CT six years later, demonstrating high-density lesions on CT images with-
out FDG uptake and low-density solid lesions without FDG uptake in the frontal lobe
parafalx and in the right posterior and left outer lobes of the liver, respectively. The his-
tological examination of calvarium and hepatic lesions showed homogeneous features of
HPC tumor [19]. These are examples of SFT/HPC lesions with low glucose metabolism,
almost similar to background FDG activity, suggesting that 18F-FDG PET/CT should not
be the only diagnostic tool to be used in this set of patients, especially for the detection of
craniospinal-axis SFT/HPC [18].

Another issue that deserves consideration and that may limit 18F-FDG PET/CT perfor-
mance is the FDG heterogenous uptake between primitive SFT/HPC and metastatic lesions.
In this regard, Grunig and colleagues reported a case of a 46-year-old patient with high
FDG uptake in primary-dura HPC and liver metastases, but moderate radiopharmaceutical
uptake in a leg-muscle tissue lesion [20].

In relation to these 18F-FDG PET/CT limitations, current literature debates which is
the most accurate PET radiopharmaceutical to adequately study this rare benign, but with
malignant behavior, tumor with possible histological or biological heterogeneity.

Some authors highlighted that SFT/HPC shows different spectral patterns on MR
spectroscopy, with dominant Choline expression [30,31]. This feature suggested the poten-
tial usefulness of radiolabeled Choline as an ideal PET radiopharmaceutical in SFT/HPC
detection [21,32,33]. Choline is a precursor of the biosynthesis of cell-membrane phos-
pholipids, which is increased in the most malignant tumors, including SFTs. In fact, once
intracellular uptake is performed by specific transporters, Choline is phosphorylated by
choline-kinase in phosphorylcholine and incorporated into the cell membrane [34–36].
Considering the anatomical proximity with brain parenchyma, a further advantage of
18F-FCH PET/CT is the very low brain uptake with a favorable tumor-to-background ratio
with a better image contrast. The low physiological distribution of Choline in normal white
and grey matter may help to distinguish different brain tumors with increased uptake from
benign lesions and radiation necrosis with the lowest uptake [36]. In the case report by Sar-
daro et al., 18F-Fluorocholine (18F-FCH) PET/CT showed superior performance compared
with 18F-FDG PET/CT in a 69-year-old patient with two local recurrences of malignant
orbital SFT, playing a crucial role in differentiating between small recurrences/pathological
lesions and scar tissue in brain parenchyma (Figure 1) [7]. The favorable Choline tumor-
to-background ratio [37] allows better and well-defined visualization of the lesion with
intracranial localization to be obtained [38].

Similarly, Jehanno et al. reported a case of a 50-year-old male with a previous history
of surgically treated intracranial HPC who experienced a local recurrence eighteen months
later. After partial resection, the authors performed both preoperative 18F-FDG PET/CT
and 18F-FCH PET/CT for the treatment planning of residual disease located along the
optic nerve. 18F-FDG PET/CT did not show any significant uptake. Conversely, 18F-FCH
PET/CT precisely detected an intense radiopharmaceutical uptake of residual disease in
the retro-orbital region, more properly guiding the following RT [21].
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Figure 1. A 69-year-old male patient with a second loco-regional recurrence of left supraorbital
solitary fibrous tumor. (A) A brain MRI scan revealed on axial MRI T2c+ a rounded lesion on the
lateral side of the left orbit, strongly suspected of disease relapse (red arrow). (B) Two weeks later,
18F-FDG PET/CT showed no radiopharmaceutical uptake in the left supraorbital region (red arrow).
(C) Conversely, after seven days, 18F-FCH PET/CT showed intense uptake in the aforementioned
lesion (red arrow; SUVmax 6.8).

Some authors reported SFT lesions immunohistochemically and histologically char-
acterized by a high expression of somatostatin receptor (SSRs), especially subtype 2, well
studied with somatostatin-receptor molecular imaging methods. Lavacchi and colleagues
reported a case of an intracranial SFT/HPC with distant metastasis studied with 111In
Pentetreotide, a gamma-emitter radiolabeled somatostatin analogue, able to target the
highly expressed SSRs in anecdotal SFT lesions, with potential theragnostic implication. In
Lavacchi et al.’s case, high radiopharmaceutical uptake was observed both in primitive and
distant metastases. Namely, a 64-year-old female affected by cranial-posterior-fossa SFT
was restaged 18 years after surgical treatment due to an 111In Pentetreotide scan having
detected multiple intracranial recurrences and hepatic, renal, and pulmonary metastases
with avid tracer uptake [22]. Similarly, high SSR expression in intracranial and extracranial
lesions was detected with a 111In-Pentreotide scan in a 54-year-old woman with intracranial
HPC of the right optic nerve sheath and bone distant metastases. In the same patient, low
FDG uptake in the aforementioned sites confirmed the unreliability of 18F-FDG PET/CT
in some cases [23]. Furthermore, 68Ga -Dodecane tetra-acetic acid tyrosine-3-octreotate
(68Ga-DOTATATE) is a PET radiopharmaceutical usually used for neuroendocrine-tumor
imaging and now increasingly considered as an adjunctive imaging tracer for multiple
solid neoplasms, including mesenchymal tumors [39]. Similarly to 111In-Pentetreotide,
68Ga-DOTATATE is a positron-emitter radiolabeled somatostatin analogue able to reveal
a high concentration of surface SSRs, with the advantages of superior spatial resolution
and accuracy, faster acquisition and lower radiation exposure [24]. In particular, Hung
et al. found negligible FDG uptake but intense 68Ga-DOTATATE avidity of pulmonary
metastases in a 68-year-old woman affected by primitive intracranial HPC [24].

In addition to FDG and choline, the literature reports the use of other PET radiotracers
for the identification of this uncommon neoplasm. In some cases, HPC/SFTs may show
high 68Ga-Prostate-Specific Membrane Antigen (68Ga-PSMA) avidity [40]. PSMA is a
type II integral transmembrane glycoprotein, known as folate-hydrolase 1 or glutamate-
carboxypeptidase II, with neuropeptidase activity. It was found to be surprisingly overex-
pressed in the neovasculature endothelium of some brain tumors, such as gliomas with
significant angiogenic activity, whereas low PSMA expression can be found in tumor cells
or healthy brain. Low PSMA uptake in the normal brain parenchyma and its high tumor-
to-background ratio allows an accurate localization of intracranial lesions with PSMA
overexpression to be performed, which seems not to be related to the type of brain malig-
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nancy. The literature reports higher PSMA-uptake in high-grade gliomas and metastatic
brain tumors than in central-nervous-system lymphoma and radiation necrosis, while there
are no data about the differential diagnosis with SFT/HPC because of the rarity of this
tumor [25,36,41]. Patro and colleagues described intense 68Ga-PSMA avidity in all hepatic
and bones metastases in a 53-year-old woman with primitive right-posterior-cranial-fossa
HPC, in contrast with the low glucose metabolism of these lesions, probably due to PSMA
overexpression in tumor neovasculature [25].

Interestingly, Zhang et al. showed an intense 68Ga-Fibroblast-activation-protein in-
hibitor (68Ga-FAPI) (compared with low 18F-FDG uptake) in a 23-year-old female patient
with SFT/HPC of the right frontal lobe. Fibroblast activation protein (FAP) is strongly
overexpressed in the stroma of human cancers, including SFTs, and its quinoline-based
FAP inhibitor can be internalized after binding to the FAP enzymatic domain. This suggests
the potential role of this new PET radiotracer with a specific target for FAP, which can be
overexpressed in this mesenchymal tumor [26,42]. The Acetate property of being a fatty
acid precursor and thus an indirect biomarker of fatty acid synthesis can be exploited. In
fact, ACT is converted to Acetyl Co-A, which is incorporated into cholesterol and fatty
acids. Jong et al. reported a single case of dual-tracer 11C-acetate (11C-ACT) and 18F-FDG
PET /CT in a 47-year-old male patient with intracranial HPC, showing significantly higher
11C-ACT uptake of bone metastases than FDG uptake, probably due to the over-expression
of fatty acid synthase in this kind of tumors [27,43].

5. Conclusions

PET/CT could play a fundamental role in diagnosis, staging, post-treatment eval-
uation (surgery, radiotherapy, chemotherapy), disease relapses and distant metastases
detection, and follow-up of patients affected by intracranial SFT, a benign but inherently
aggressive tumor.

However, the literature still debates which type of PET radiopharmaceutical could
guarantee the best accuracy for correctly and promptly guiding the management of this set
of patients.

18F-FDG PET/CT shows an extremely heterogeneous behavior, with modest or low ra-
diopharmaceutical uptake in most cases of single- or dual-tracer studies, variable sensitivity
and low reliability.

Compared with 18F-FDG PET/CT, 18F-FCH PET/CT appears to be superior in de-
tecting intracranial SFTs thanks to the histological and biological features of SFT and a
favorable tumor-to-background ratio.

Other radiopharmaceuticals labeled with Gallium 68 also demonstrate a promising
role in SFT-relapse or distant-metastases detection.

The current literature shows that 18F-FDG is the most widely used radiopharmaceuti-
cal in this set of patients. However, although fully aware that numerous studies are needed
to identify which radiotracer to use based on the biological and histological characteristics
of this rare tumor, our limited experience unquestionably reveals the superiority of 18F-
FCH PET/CT, compared with 18F- FDG PET/CT, for the study of patients with intracranial
SFT. 18F-FCH PET/CT can play a significant role in providing information for both local
recurrence and distant metastases.

Therefore, for all the aforementioned reasons, it would be desirable to include PET/CT
as a diagnostic, sensitive, non-invasive method in the guidelines for the management
of SFT.
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Abstract: [18F]FDG PET/MRI was shown to have limited sensitivity for N-staging in FIGO I/II
cervical carcinoma. Therefore, this prospective study aimed to investigate the additional value of
multiparametric dual-time-point PET/MRI and to assess potential influencing factors for lymph node
metastasis (LNM) detection. A total of 63 patients underwent whole-body dual-time-point [18F]FDG
PET/MRI 60 + 90 min p.i., and 251 LN were evaluated visually, quantified multiparametrically,
and correlated with histology. Grading of the primary tumor (G2/G3) had a significant impact
on visual detection (sens: 8.3%/31%). The best single parameter for LNM detection was SUVavg,
however, with a significant loss of discriminatory power in G2 vs. G3 tumors (AUC: 0.673/0.901). The
independent predictors SUVavg, ΔSUVpeak, LN sphericity, ADC, and histologic grade were included
in the logistic-regression-based malignancy score (MS) for multiparametric analysis. Application of
MS enhanced AUCs, especially in G2 tumors (AUC: G2:0.769; G3:0.877) and improved the accuracy
for single LNM from 34.5% to 55.5% compared with the best univariate parameter SUVavg. Compared
with visual analysis, the use of the malignancy score increased the overall sensitivity from 31.0% to 79.3%
(Youden optimum) with a moderate decrease in specificity from 98.3% to 75.6%. These findings indicate
that multiparametric evaluation of dual-time-point PET/MRI has the potential to improve accuracy
compared with visual interpretation and enables sufficient N-staging also in G2 cervical carcinoma.

Keywords: [18F]FDG PET/MRI; multiparametric imaging; dual-time-point kinetic; cervical carcinoma;
lymph node metastases

1. Introduction

Cervical cancer is the fourth most common cancer in women worldwide [1]. It affects
young women starting in their 20s with the highest incidence at the age of 40 in the
US and EU (of 15.1/100,000) [1,2]. Lymphatic spread occurs frequently already in early-
stage cervical cancer, which mostly presents with (micro-) metastases [3,4]. These small
metastases are hard to detect by CT or MRI, but the presence of lymph node metastases
(LNM) is the most important prognostic factor in early tumor stages [2–7], and decisions
on primary treatment (surgery vs. radiochemotherapy) depend on nodal involvement.
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As cervical carcinoma is staged using the clinical FIGO classification, systematic lym-
phadenectomy, despite being associated with high morbidity, is still the gold standard for
N-staging [2,7–9]. To reduce morbidity, sentinel lymph node (SLN) biopsy was introduced
in 1999 for cervical carcinomas, proving to be safe for early-stage cancer in the case of suc-
cessful SLN labeling [2,7,10–13]. However, even with correct tracer injection, SLN mapping
can fail owing to strong venous tracer outflow or a transformation of the tumoral lymphatic
drainage in pre-existing lymphatic tumor spread [14–16]. In addition, parametrial infiltration,
while increasing the risk of LNM from 1% to 5–20% and fundamentally changing clinical
management, often remains undetected until surgery [17,18]. Furthermore, the SLN technique
was reported to be insufficient for the evaluation of the para-aortic LN status [16,19].

As a consequence, efforts have been made in recent years towards enabling more accu-
rate and noninvasive N-staging by means of new imaging techniques, contrast agents, and
tracers [20]. In this context, MRI reaches a very high specificity of about 95%, but only un-
satisfying sensitivity of about 50% in early tumor stages [21]. However, the combination of
MRI and [18F]FDG PET ([18F]FDG PET/MRI) improves the diagnostic accuracy in detecting
pelvic and para-aortic LNM as well as distant metastases significantly [22]. Nevertheless,
the sensitivity of the visual assessment of [18F]FDG PET/MRI in cervical carcinoma, even
by experts, is limited owing to the low tumor-to-background ratio, especially of small
LNM [16]. As histological ultrastaging revealed a much higher prevalence of isolated
tumor cells in the LN or micro-LNM in early tumor stages than hitherto expected [23], the
performance of [18F]FDG PET/MRI has to be improved.

Therefore, this study aimed to analyze the additional value of multiparametric PET/MR
imaging comprising a dual-time-point [18F]FDG PET/MRI for N-staging in early tumor
stages compared with expert reading using a swift, clinically applicable imaging protocol.

2. Materials and Methods

This prospective trial was registered in the German Clinical Trial Register (DRKS-ID:
DRKS00014346) and approved by the institutional review board (registry no. 173/2015BO01) [24].
All participants provided written informed consent. A total of 69 consecutive patients with
histopathologically confirmed cervical carcinoma and clinically determined stage ≤ FIGO
IIB underwent whole-body dual-time-point [18F]FDG PET/MRI. A total of 63 of 69 partici-
pants underwent preoperative SLN mapping with SPECT/CT, followed by intraoperative
SLN detection with a gamma probe and surgical staging between March 2016 and October
2020, and were included in the analysis (Figure 1).

Figure 1. Consort flow diagram. Data are given as numbers of patients with LNM/all patients in subgroups.
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2.1. PET/MRI Protocol

All patients underwent whole-body dual-time-point PET/MR after injection of about
3 MBq [18F]FDG per kg body weight (150–250 MBq, Biograph mMR®, (Siemens Healthineers,
Erlangen, Germany), axial field of view: 258 mm, 4 × 4 × 20 mm LSO crystals, sensitivity:
14.1 cps/kBq, full width at half maximum @1 cm: 4.6 mm, no time-of-flight). Patients were
asked to fast for at least 8 h, and blood sugar levels had to be below 150 mg/dl at injection. The
early PET/MRI scan started with the first pass from midthigh to skull base 64.7 ± 11.7 min
p.i., immediately followed by the delayed scan covering the inguinal and pelvic LN levels
90.6 ± 12.6 min p.i. An MRI contrast agent (8 mL Gadovist®) was applied except when
contraindicated. Detailed MRI parameters are presented in Supplementary Table S1.

PET and MRI acquisitions were performed simultaneously, and the images were
fused for further analysis. Acquisition time was defined by the MRI sequences and was
BMI-adapted at 4–6 min/bed position for the first scan and 12–16 min/bed position for
the delayed pelvic scan. Imaging data were reconstructed applying an iterative ordered
subset expectation maximization algorithm (256 × 256 matrix) with a 4 mm Gaussian
filter. Attenuation correction was performed using an MRI-based μ-map (SyngoMR E11®,
Siemens Numaris/4, Siemens Healthineers, Erlangen, Germany).

2.2. SLN SPECT/CT

LN mapping was performed 3–5 h after intracervical injection of ≈ 200 MBq [99mTc]
Tc-Nanocolloide at the 3, 6, 9, and 12 o’clock positions. Imaging was performed with a
hybrid SPECT/CT scanner (Discovery 670 Pro®, GE Healthcare, Chicago, IL, USA), as
described previously [16]. An SLN was defined as focal activity enrichment in SPECT in a
plausible anatomical region.

2.3. Histological Validation

Histological validation of LN was performed by removing the SLN, followed by a
systematic pelvic lymphadenectomy. Para-aortic LN were removed if intraoperatively
conspicuous or malignant SLN. [99mTc]Tc-Nanocolloide-labeled SLN were localized and
identified intraoperatively through a laparoscopic gamma probe (Neoprobe®, Models
1017 and 1100, Devicor Medical Products, Inc., Cincinnati, OH, USA), resected separately,
and sent for frozen sectioning. SLN were further ultrastaged with the preparation of the
entire LN in 200 μm slices.

2.4. Image Evaluation and Data Quantification

The evaluation of PET/MRI images with malignancy assessment of LN was performed
prospectively in consensus by one radiology and one nuclear medicine specialist each with
at least 8 years of experience in PET and MRI imaging. Anatomical positions of resected
LN were identified on PET/MRI images based on their position in SLN SPECT/CT and
the surgeon’s description of the localization intraoperatively.

Multiparametric data were collected using a dedicated software (syngo.via® 8.2;
Siemens Healthineers) and matched retrospectively with histology. Volumes of inter-
est (VOI) were placed manually around every histologically confirmed LN on early and
(standardized uptake value = SUVe) and delayed PET (SUVd). Quantification was per-
formed as SUVmax and SUVpeak as well as SUVmean (50% isocontour). Blood pool
correction (bpc) for SUV measurements (bpcSUV) was performed by dividing the lesions
SUV by the SUVmean (without isocontour) of an ROI placed in a large venous vessel in the
same PET bed position.

bpcSUV =
SUV VOI

SUV blood pool
(1)
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Dual-time-point [18F]FDG kinetics were calculated using a retention index (RI), as
described by Nogami et al. [25], and extended with a blood pool correction.

RI =
bpcSUVd − bpcSUVe

bpcSUVe × 100%
(2)

In addition, the absolute difference of the bpcSUV between the early and delayed scan
was defined as SUVΔ.

ΔSUV = bpcSUVd − bpcSUVe (3)

LN diameters were measured in the perpendicular short and long axis in the transaxial
plane. Sphericity was defined as the ratio of short- to long-axes diameter. Diffusion was quantified
manually using an ROI in the apparent diffusion coefficient (ADC) maps in LN ≥ 4 mm.

2.5. Statistical Analysis

Statistical analysis was performed using the SPSS Statistics 25.0 software (IBM Inc.,
Armonk, NY, USA), MedCalc v20.009 (MedCalc Software Ltd., Ostend, Belgium), and
R 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). All parameters acquired
were benchmarked against the gold standard histology. Differences in prevalence were
tested for significance using the Chi2 test. Differences between the means of groups were
analyzed using the two-tailed t-test.

Listwise deletion was performed in case of missing values. Optimal cut-off values in
ROC analyses were set at the Youden optimum.

The newly defined malignancy score (MS) predicts the probability of a lymph node
exhibiting malignant histology based on a mixed logistic regression model, including the
multiparametric imaging measures. This model uses the optimally weighted combination
given the included predictors and covariances in the sample predicting the histological
findings and incorporates random intercepts for patients within which the individual nodes
account for dependencies. The probabilities are predicted for the current sample without
using these random effects as these will not be known in future cases or samples for which
one may wish to use the procedure. The criterion for statistical significance was set at α = 0.05.

3. Results

3.1. Patient Cohort

In total, 251 LN from 63 patients were assessed histologically and quantified multi-
parametrically with [18F]FDG PET/MRI. A total of 211 of 251 LN were located within the
FOV of the delayed scan, enabling dual-time-point [18F]FDG kinetic calculation. A total of
219 of 251 LN had a sufficient size for ADC calculation. A total of 79 of 251 LN from 54 of
63 patients met the criteria for SLN in [99mTc]Tc-Nanocolloide SPECT/CT. Detailed patient
characteristics are presented in Table 1.

Table 1. Patient characteristics (n = 63).

Average ± SD Range

Age at PET/MR (years) 46.8 ± 11.5 28–72
Patient height (cm) 166 ± 6.6 152–187
Patient weight (kg) 71.0 ± 16.2 44–117
BMI (kg/m2) 25.7 ± 5.4 15–40
Time between PET/MR and LN histology (days) 22.4 ± 16.7 1–89 *

* One outlier with 89 d but no LNM at histology.

3.2. Prevalence of LNM Dependent on Stage and Grade of Primary Tumors

In 2 patients and 6 LN, respectively, no grading of the primary tumor was reported
owing to conizations performed at other centers and no tumor was left when performing
the (radical) hysterectomy in our center. The prevalence of LNM increased with the T-stage
of the primary tumor (Figure 1). The patient-based prevalence of LNM was not significantly
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higher in patients with G3 (40%) than G2 (29.6%) tumors (p = 0.35). No LNM occurred in
patients with G1 tumors.

3.3. Interrelationships of Histology and PET/MRI Parameters

LNM demonstrated a higher SUV, larger diameters, higher RI, and ΔSUV than benign
LN, as detailed in Supplementary Table S2.

Moreover, these differences were amplified by the grade of the primary tumor, as
presented in Figure 2 and Supplementary Table S2. In particular, LNM from G3 tumors
presented with significantly higher SUV and FDG dynamics between early and delayed
scan measured with RI-SUVavg (p = 0.03) and ΔSUVavg (p = 0.02) compared with LNM
from G2 tumors (p < 0.01; Supplementary Table S3). Furthermore, G3 LNM presented with
a greater short-axis diameter vs. G2 LNM (p < 0.01) and a slight increase in sphericity
(p = 0.08), while ADC revealed no significant difference.

 
(A) (B) 

 
(C) (D) 

Figure 2. Boxplots presenting [18F]FDG PET (A,B) and MRI (C,D) parameters of lymph nodes
dependent on the tumor grade of the primary tumor derived from biopsy before PET/MRI. No LNM
were present in G1 carcinomas.

LN short-axis diameter correlated significantly with SUVe, SUVd, BPCSUVe, BPCSUVd, and
ΔSUVpeak (p < 0.01, r: 0.477–0.716) but not with RI-SUVpeak (r = 0.085) or ADC (r = 0.241).
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G3 LNM revealed an increase in [18F]FDG uptake between early and delayed scans
compared with benign LN (RI-SUVpeak and ΔSUVpeak: p < 0.01 and 0.02), as presented
for representative cases in Figure 3a,b. A similar trend was observed for RI-SUVpeak in
G2 LNM, though not reaching significance (p = 0.19).

(a) 

(b) 

Figure 3. (a). Case of a 49-year-old patient with pT1b2 G3 cervical cancer. Focal [18F]FDG uptake
(arrow) of the right interiliac LN decreased by 33% between early (60 min, SUVavg 1.8) and delayed
PET scan (88 min, SUVavg 1.2) and was histologically confirmed as lymphofollicular hyperplasia.
(b). Case of a 41-year-old patient with pT2b G3 cervical cancer. The left iliac extern LNM (arrow)
presents an ongoing [18F]FDG trapping between the early (60 min, SUVavg 2.1) and delayed scan
(82 min, SUVavg 2.5) and a slight decrease in blood pool activity.
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3.4. PET/MRI Parameter Evaluation

PET demonstrated high accuracy in differentiating between LNM and benign LN using an
SUV-based quantification with an AUC of up to 0.809 (Figure 4 and Supplementary Table S2)
without significant differences between the SUV quantification parameters SUVemax, SUVepeak,
and SUVemean (p ≥ 0.54).

 
(A) (B) 

 
(C) (D) 

Figure 4. ROC analysis for the detection of lymph node metastases of selected [18F]FDG PET/MRI
parameters for G 1-3 tumors (A) and (B) as well es G2 tumors (C) and G3 tumors (D) separately.

The delayed PET scan did not result in a significantly higher AUC than the early PET
scan (p ≥ 0.55). Blood pool correction improved the AUC in the delayed PET slightly but
nonsignificantly (SUVeavg: 0.784 vs. 0.766; SUVdavg: 0.741 vs. 0.767, p = 0.73).

109



J. Clin. Med. 2022, 11, 4943

The primary tumor grade crucially impacted the accuracy of LNM detection in PET with
a significant decrease in discriminatory power in G2 versus G3 tumors (SUVeavg G2: 0.673;
G3: 0.901, p < 0.01). The error rate (ER = false-positive + false-negative rate = 1-accuracy) was
more than twice as high for G2 LNM (65.5%) as for G3 LNM (30.4%) at their individual
optimal SUVeavg cut-off (Supplementary Figure S1), while the prevalence was comparable
(G2: 17.5% vs. G3: 23.0%).

Dual-time-point kinetics calculated with RI and ΔSUV significantly correlated with
malignancy, especially in G3 tumors with an AUC up to 0.791 (p < 0.01). The SUVpeak
quantification method achieved the highest AUCs but required blood pool correction.
Overall, the ΔSUV calculation method was comparable to the RI-SUV but performed
slightly and nonsignificantly better in G3 tumors (G3 SUVavg: 0.791 vs. 0.718, p = 0.48).

LN diameters revealed a significant discriminatory power for short-axis (0.741) and
long-axis (0.777) measurements and performed best in LNM from G3 tumors (AUC:
0.904 and 0.881). LN sphericity was not a significant stand-alone predictor of LNM, neither
in G2 nor G3 tumors (p ≥ 0.269).

ADC presented a borderline significant discriminatory power (AUC 0.600, p = 0.05),
with a significantly lower AUC compared with the SUVavg and short-axis diameter
(p < 0.01 and p = 0.03, n = 162).

3.5. Multiparametric Approach

The parameters ADC, sphericity, bpcSUVeavg, and tumor grade of the primary tumor
were identified as independent predictors of LNM and were included in the calculation of
the MS, as described above. The response variable of the model were the probabilities of
being malignant predicted by the model, calculated as a sum of the predictor values weighted
according to their (fixed effect) regression coefficients. After listwise exclusion of cases with
missing parameters, the sample size was 171 LN with 21.1% prevalence of metastases.

Using MS resulted in a high discriminatory power between malignant and benign LN
(AUC: 0.820, 95% CI: 0.736–0.879). At the optimal cut-off value (Youden optimum: 0.042), the
MS improved sensitivity from 63.5% to 72.2% compared with SUVeavg at a specificity of 80.7%.

Furthermore, error rates could be lowered (47.0%) and kept constant over a wider
cut-off range compared with the best single parameter SUVeavg (52.7%), as presented in
Supplementary Figure S1.

Further subgroup analysis focusing on the grade of the primary tumor revealed a sig-
nificantly (p < 0.01) better prediction of LNM in G3 tumors (AUC 0.850, 95% CI: 0.755–0.945)
compared with G2 tumors (AUC 0.695, 95% CI: 0.526–0.863). In particular, the parameter
SUVe showed a markedly different predictivity for LNM in G2 compared with G3 tumors
(log-odds: SUV: 1.5/17.7, p = 0.01).

3.6. Additional Value of Dual-Time-Point [18F]FDG Kinetic

The implementation of dual-time-point parameters significantly improved the model fit.
The most predictive parameters were ΔSUVpeak (log-likelihood: −42.66; χ2 difference = 7.11;
p < 0.01) and RI-SUVpeak (log-likelihood: −43.44; χ2 difference = 5.20; p = 0.02; log-likelihood
of the comparison model without these dual-time-point parameters: −46.21, n = 144).

Implementing the dual-time-point [18F]FDG kinetic parameter ΔSUVpeak in the MS
lowered error rates in G2 tumors by one-third from 65.5% to 44.5% compared with the best
single parameter SUVavg (Supplementary Figure S1).

Inclusion of ΔSUVpeak and RI-SUVpeak resulted in a slightly but not significantly increased
discriminatory power (MS + ΔSUVpeak: AUC: 0.837; sensitivity: 79.3%; specificity: 75.7%)
compared with the standard MS model (AUC: 0.820; sensitivity: 72.2%; specificity: 80.7%).

3.7. Visual vs. Multiparametric Evaluation

Specificity was set by the visual evaluation, and corresponding sensitivity was compared
between visual and multiparametric LN evaluation using MS. Applying MS increased the
overall sensitivity from 31.0% to 37.9% compared with the expert consensus at a set specificity
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of 98.3% (n = 144, prevalence: 20.1%), although the defined specificity was far from the Youden
optimum of the MS (sensitivity: 79.3%; specificity: 75.6% at cut-off of 0.0042).

For G3 tumors, MS revealed a higher sensitivity (47.1% vs. 58.8%) compared with the
human reader at a set specificity of 96.3% (n = 71, prevalence 23.9%), which was close to
the Youden optimum (sensitivity of 76.4% at a specificity of 85.1%; cut-off: 0.0908).

For G2 LNM, using MS, resulted in an identical sensitivity of 8.3% at a set specificity
of 100% (n = 73, prevalence: 16.4%). However, sensitivity increased from 8.3% to 83.3% if
adjusted to the Youden optimum at a specificity of 72.1% (cut-off: 0.0435).

4. Discussion

To our knowledge, this is the first prospective study analyzing the additional di-
agnostic value of a multiparametric [18F]FDG PET/MRI analysis compared with expert
consensus reading for N-staging with histology as the gold standard in FIGO I/II cervical
carcinomas. A multiparametric malignancy score was introduced, which integrates dual-
time-point [18F]FDG kinetics and biopsy-based grading of the primary tumor in addition
to established PET and MRI parameters. Using [99mTc]Tc-Nanocolloide for SLN labeling
provided accurate transfer of LN positions via SLN SPECT/CT to PET/MRI, resulting in
high data quality, which is a strength of this study.

Our results indicate that multiparametric analysis using the MS may double the
sensitivity in LNM detection in FIGO I/II cervical cancer in G2 tumors compared with
visual evaluation. As PET/MRI has already been shown to improve T- and M-staging,
enhancing the accuracy in N-staging is the next big step in optimizing noninvasive staging
for cervical carcinoma. This is of high clinical relevance, as surgical LN staging is currently
the first step of surgery in advanced cervical cancer (in contrast to early cancer, where
radical hysterectomy is usually the first step, followed by (sentinel-) LN dissection) [2].
Furthermore, preoperative assessment and evaluation of nodal involvement have a direct
therapeutic impact as the presence of LNM leads to a change from radical hysterectomy to
radiochemotherapy according to current guidelines [2].

4.1. Impact of Tumor Grade

Another key finding of this study was the strong influence of tumor grade on [18F]FDG
uptake and [18F]FDG kinetics of LNM, which fundamentally affects their visibility in PET.
As grading is usually assessed by biopsy as part of the initial gynecological examination,
this is available when PET/MRI scan is performed.

The integration of histological characteristics into a multiparametric imaging-based
analysis adds complementary information. In particular, primary tumor histology changed
both the weighting of the individual parameters and their cut-off values in our study.

The present data indicate that the low sensitivity of [18F]FDG PET/MRI for G2 LNM
might rather be due to smaller size, low SUV, and discreet [18F]FDG kinetics compared
with their hitherto often assumed lower prevalence. In fact, LNM prevalence in G2 was not
significantly different from that in G3 tumors using ultrastaging as the gold standard [26].
This finding is of high clinical relevance, as a solely visual assessment of [18F]FDG PET
comes with insufficient sensitivity for N-staging in G2 tumors. Under consideration of early
data, it can be hypothesized that the SLN technique may achieve more accurate N-staging
than visual evaluation of [18F]FDG PET/MRI in early-stage G2 carcinoma [16,27]. This
is even more important as, currently, in stage T1B1 and lower (i.e., early cervical cancer
below 2 cm), LN dissection of only the SLN is currently considered state of the art [2]. Thus,
preoperative knowledge of positive LN has a direct impact on the surgical procedure.

4.2. Dual-Time-Point [18F]FDG PET

In contrast to previous studies, we introduced a short-period dual-time-point imaging
protocol using an interval of 30 min instead of 1–2.5 h [25,27,28], which enables continuous
scanning without the need for repositioning patients. Even for this short time interval, a
significant increase in tumoral [18F]FDG uptake was found—calculated as RI as proposed
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by Nogami et al. [25]—which was a significant independent predictor of malignancy.
Furthermore, it was shown for the first time that the increase in [18F]FDG uptake over time
was only significant for G3 LNM but not for G2 LNM. G2 LNM presented with a slight
decrease in SUV analogous to the decline of blood pool activity, which might be explained
by lower metabolic activity and tumor cell density [29].

Blood pool correction was crucial for dual-time-point dynamic measurements owing to
a decreasing blood pool and increasing scatter correction artefacts caused by rising activity
concentrations in the bladder. Although the dual-time-point kinetics were a significant
factor, delayed PET images did not outperform the early scans. This might be due to LNM
with increasing SUV dynamics already showing increased uptake on early PET scans.

4.3. Experts vs. Malignancy Score

Visual evaluation of LNM by expert readers was highly specific but accompanied by
poor sensitivity, which runs counter to the principle of presurgical screening.

By using the MS with a cut-off value at the Youden optimum, the sensitivity could
be improved substantially, especially in G2. The moderate loss of specificity would be
acceptable, as false-positive pelvic LN are re-evaluated during surgery.

The sensitivity of visual evaluation was even lower than described in previous studies
(31% vs. 45–88%) [30,31]. This might be due to our cohort of solely early-stage carcinomas
and the higher number of micrometastases detectable by ultrastaging, as discussed above.

4.4. Limitations

The results presented here only pertain to G2 and G3 tumors as no LNM occurred in
the small number of G1 tumors in our cohort.

The smaller FOV of the delayed [18F]FDG PET/MRI scan limited the dual-time-point
analysis to pelvic LN.

In order to avoid further strain on the information extracted from the data, a listwise
exclusion of cases was applied throughout the analyses; however, this resulted in a varying
number of LNM in the results.

Furthermore, the multiparametric evaluation was based on histology and, therefore,
was performed retrospectively in contrast to prospective reading of the experts. Conse-
quently, the multiparametric analysis was subjected to accommodation of random effects to
keep the diagnostic performance of MS comparable to the expert reading and other cohorts.

Prior to a broader clinical application, the presented MS should be validated prospectively
in a comparable setting, which is planned for the second half of this ongoing clinical trial.

5. Conclusions

G2 vs. G3 tumor grade was identified as a crucial factor for limited visual detectability
of LNM on [18F]FDG PET/MRI in early cervical carcinoma.

Multiparametric evaluation of dual-time-point [18F]FDG PET/MRI has the potential
to considerably improve the accuracy of LNM detection and to extend sufficient N-staging
also to G2 tumors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11174943/s1, Figure S1. Error rates for the detection of lymph
node metastases by single parameter and multiparametric malignancy score in dependence of tumor
grading. The multiparametric malignancy score (MS) (D) lowers the error rate (ER = false positive
rate FNR + false negative rate FPR) about 5 percentage points and stabilizes the ER over a wider
range compared to the best single parameter SUVeavg (A). Implementing dual timepoint kinetics
(E) further enhances this effect and lowers the summed error rate ER by another 2 percentage points
compared to the standard MS (D). In G2 tumors, this effect is most evident with a significant reduction
in summed error rate ER of 21 percentage points from 65.5% (C) to 44.5% (F). Grade of primary tumor
has an huge impact on detectability of lymph note metastases with an doubling of error rates in
G2 LNM (C) compared to G3 LNM (B) with a sharp increase in FNR starting at an SUV of 1. Table S1.
MRI imaging parameters. Table S2. Survey table of AUC analysis of the dual-time-point PET/MRI
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parameters for G2 and G3 cervical carcinoma. No lymph node present in G1 tumors. Table S3. Effect
of the tumor grade on PET/MR parameters of lymph node metastases.
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Abstract: Background: Hybrid imaging with prostate-specific membrane antigen (PSMA) is gaining
importance as an increasingly meaningful tool for prostate cancer (PC) diagnostics and as a guide
for therapy decisions. This study aims to investigate and compare the performance of [18F]PSMA-
1007 (18F-PSMA) and [68Ga]Ga-PSMA-11 positron emission tomography/computed tomography
(68Ga-PSMA) in the initial staging of PC patients. Methods: The data of 88 biopsy-proven patients
were retrospectively evaluated. PSMA-avid lesions were compared with the histopathologic Gleason
Score (GS) for prostate biopsies, and the results were plotted by receiver operating characteristic
(ROC)-curve. Optimal maximum standardized uptake value (SUVmax) cut-off values were rated
using the Youden index. Results: 18F-PSMA was able to distinguish GS ≤ 7a from ≥7b with a
sensitivity of 62%, specificity of 85%, positive predictive value (PPV) of 92%, and accuracy of 67%
for a SUVmax of 8.95, whereas sensitivity was 54%, specificity 91%, PPV 93%, and accuracy 66% for
68Ga-PSMA (SUVmax 8.7). Conclusions: Both methods demonstrated a high concordance of detected
PSMA-avid lesions with histopathologically proven PC. 18F-PSMA and 68Ga-PSMA are both suitable
for the characterization of primary PC with a comparable correlation of PSMA-avid lesions with GS.
Neither method showed a superior advantage. Our calculated SUVmax thresholds may represent
valuable parameters in clinical use to distinguish clinically significant PC (csPC) from non-csPC.

Keywords: PSMA hybrid imaging; staging of primary prostate cancer; [18F]PSMA-1007; [68Ga]Ga-
PSMA-11; SUVmax cut-off level; prostate carcinoma

1. Introduction

Prostate carcinoma (PC) is the second most common tumor in men worldwide. Its
predicted mortality rate in the European Union for 2020 is 10/100,000, which has decreased
by 7.1% since 2015 due to advances in screening and treatment of the disease [1]. In
particular, the early detection of PC and the early initiation of therapy have contributed
significantly to the reduced mortality rate.

Current conventional imaging for PC, such as multiparametric magnetic resonance
imaging (MRI) and computed tomography (CT), show limitations, especially in the pri-
mary diagnosis of lymph node metastases (LNM) [2]. Other diagnostic methods, such
as positron emission tomography (PET), usually in combination with CT, are therefore
used in PC diagnostics. The prospective, randomized multicenter study called “proPSMA”
showed that in patients with biopsy-proven high-risk PC, PET/CT with prostate-specific
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membrane antigen (PSMA PET/CT) imaging is superior to conventional combined CT
and bone scintigraphy for primary staging of PC metastases [2,3]. The transmembrane
protein PSMA is particularly overexpressed in higher-grade prostate cancer cells and offers
an optimal target for radiolabeled ligands [4]. One of the world’s most commonly used
PSMA inhibitors is the 68Gallium(68Ga)-labeled [68Ga]Ga-HBED-CC-PSMA, also named
[68Ga]Ga-PSMA-11, which was also used in the Hofmann study [2,3,5]. Several other PSMA
ligands for labeling with 68Ga and 18Fluorine (18F) have been developed in recent years.
In particular, the 18F-labeled tracers will be further explored [2,4]. 18F has a half-life of
110 min, whereas 68Ga has one of 68 min, which is an advantage for the delivery of radio-
pharmaceuticals. An additional advantage of 18F-labeled PSMA ligands is optimal positron
energy, which enables higher resolution of PET images with refined image quality [2,4,6].
Currently, according to the European Association of Urology (EAU), European Association
of Nuclear Medicine (EANM), European Society for Radiotherapy & Oncology (ESTRO),
European Society of Urogenital Radiology (ESUR), the International Society of Urological
Pathology (ISUP), and the International Society of Geriatric Oncology (SIOG) there are few
comparative data on 18F- with 68Ga-labeled PSMA tracers in a clinical setting [2].

The goal of this study is to investigate and compare [18F]PSMA-1007 PET/CT (18F-
PSMA) and [68Ga]Ga-PSMA-11 PET/CT (68Ga-PSMA) for the primary staging of PC
patients and to distinguish between low- and intermediate-risk versus (vs.) high-risk PC as
well as between low- and intermediate-favorable risk vs. intermediate-unfavorable and
high-risk PC, using the best maximum standardized uptake value (SUVmax) cut-off value
to identify clinically significant PC foci.

2. Materials and Methods

2.1. Study Design

Our investigation included 88 consecutive patients with elevated serum PSA levels
and with biopsy-confirmed PC who underwent PSMA PET/CT for primary staging and
specifically for the detection of possible metastases. For the retrospective analysis of the
data, the datasets of patients who had received prior prostate therapy were excluded. The
data for the period 2017 to 2021 were collected at a practice for Radiology and Nuclear
Medicine in Cologne, Germany. Fifty-two patients underwent 18F-PSMA, and thirty-six
patients underwent 68Ga-PSMA. The PSMA uptake of the 18F-PSMA and of the 68Ga-PSMA
PET findings were quantified as SUVmax. The PSMA-positive lesions in the included
patients were compared with histopathologic results of the prostate biopsies. A prostate
biopsy was performed in all patients. PC was verified histologically with TRUS-guided or
multiparametric MRI (mpMRI)-fusion guided prostate biopsy. In all patients, an adeno-
carcinoma of the prostate was histopathologically proven by biopsy. The biopsy results
expressed as Gleason Score (GS) formed the reference basis for the PSMA PET/CT findings.
Clinically significant PC (csPC) was defined as GS 7b-tumors or greater (any ISUP grade
group ≥ 3) (subgroup: csPCa) and as GS 8-tumors or greater (any ISUP grade group ≥ 4)
(subgroup: csPCb) [2].

2.2. Positron Emission Tomography/Computed Tomography Imaging Protocol and Interpretation

The study was performed using a PET/CT scanner (Gemini TF16; Philips Medical
Systems, Best, The Netherlands). PET/CT images were acquired in 3D acquisition mode
(matrix 168 × 168) 90 ± 10 min after intravenous injection of 326 ± 51.8 MBq [18F]PSMA-
1007 or 60 ± 10 min post injectionem (p.i.) of 257 ± 85.7 MBq [68Ga]Ga-PSMA-11. PET
images from the skull base to the proximal thigh were acquired for 3 min per bed position
(axial field of view: 21.8 cm). A maximum inspiratory contrast-enhanced CT in the venous
phase was performed in all included patients for attenuation correction and anatomical
correlation. Decay, random, scatter, and attenuation correction were implemented. PET
image reconstruction was carried out by using an ordered-subset expectation maximization
(OSEM)-algorithm with 2 iterations and 14 subsets and Gaussian filtering with 4.2 mm
transaxial resolution at full width at half maximum. Volumes of interest (VOIs) were drawn
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on the foci suspected of being malignant due to the PSMA distribution pattern on PET in
consensus with CT imaging. Values for tracer uptake expressed as the SUVmax measured
on the VOIs were plotted on a receiver operating characteristic (ROC) curve. The area
under the ROC (AUC) as well as the best cut-off level for SUVmax to classify the VOIs
were calculated. Two experienced board-certified nuclear medicine physicians and two
experienced board-certified radiology physicians, each of them with more than 5 years of
experience in PSMA PET/CT hybrid imaging, assessed the images by consensus.

2.3. Statistical Analysis

Numeric data are presented as median or mean ± standard deviation (SD). We evalu-
ated the relationship between PSMA PET/CT positivity (e.g., expressed as SUVmax) and
clinical parameters such as GS. To compare the two patient cohorts 18F-PSMA and 68Ga-
PSMA and identify differences between them, we performed Student’s t-tests for data
that showed a normal distribution or nonparametric Mann–Whitney U tests for sample
data that was not normally distributed. Using a ROC curve analyses, the performances
of the procedures (18F-PSMA and 68Ga-PSMA) for distinguishing between PC with low-
and intermediate-favorable risk vs. intermediate-unfavorable and high-risk as well as
between low- and intermediate-risk vs. high-risk were calculated by plotting sensitivity
against 1-specificity. Optimal SUVmax cut-off values were rated using the Youden index
for the separate methods (18F-PSMA and 68Ga-PSMA). A p value < 0.05 was considered as
statistically significant. We carried out the statistical analyses using SPSS version 27.0 (IBM
SPSS Statistics Corporation, Ehningen, Germany).

3. Results

We identified 88 patients who underwent 18F-PSMA (52) or 68Ga-PSMA (36). The
median age was 67.5 years (range 51–80 years) in the patient group of 18F-PSMA and
65.5 years (range 48–79 years) in patients whose imaging was conducted with 68Ga-PSMA.
Clinical and pathological characteristics of the study population are summarized in Table 1.
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Table 1. Patients’ characteristics.

Clinical Variable Value Clinical Variable Value

Number of
[18F]PSMA-1007 PET/CT

patients
52 Number of

[68Ga]Ga-PSMA-11 PET/CT patients 36

Age Age

Median 67.5 Median 65.5

Range 51–80 Range 48–79

Mean ± SD 67.4 ± 7.7 Mean ± SD 65.8 ± 7.7

Gleason Score (GS) Gleason Score (GS)

GS 6 3 GS 6 5
(low-risk + grade group 1) 5.8% (low-risk + grade group 1) 13.9%

GS 7a 10 GS 7a 7
(low–intermediate or intermediate-favorable

risk + grade group 2) 19.2% (low–intermediate or intermediate-favorable
risk + grade group 2) 19.4%

GS 7b 11 GS 7b 14
(high–intermediate or intermediate-unfavorable

risk + grade group 3) 21.2% (high–intermediate or intermediate-unfavorable
risk + grade group 3) 38.9%

GS 8 8 GS 8 7
(high-risk + grade group 4) 15.4% (high-risk + grade group 4) 19.4%

GS > 8 20 GS > 8 3
(high-risk + grade group 5) 38.5% (high-risk + grade group 5) 8.3%

PSA (ng/mL) PSA (ng/mL)

Median 8.8 Median 13.0

Range 2.68–167 Range 3.1–93

Positivity rate Positivity rate

PET/CT positive 52/52 PET/CT positive 35/36
patients/total 100% patients/total 97.2%

Abbreviations: PSMA, prostate-specific membrane antigen; PET/CT, positron emission tomography/computed
tomography; SD, standard deviation; y, year; PSA, prostate-specific antigen.

PSMA-avid lesions were found in all 52 study patients in the 18F-PSMA cohort and in
97.2% (35/36) of the 68Ga-PSMA cohort. The 18F-PSMA scans detected prostatic lesions
with elevated PSMA avidity in 100% (52/52), LNM in 32.7% (17/52), and bone metastases
in 17.3% (9/52) of cases. A total of 35 out of 36 (97.2%) untreated patients, who underwent
a 68Ga-PSMA, showed lesions with an elevated tracer uptake in the prostate. 68Ga-PSMA
scans also detected LNM in 16.7% (6/36) and bone metastases in 8.4% (3/36) of cases. A
total of 33 patients, who underwent 18F-PSMA, demonstrated solitary PSMA tracer-positive
prostatic lesions, whereas 26 patients showed them in the 68Ga-PSMA group.

In our study, 5.8% (3/52) of PSMA-positive PET lesions, based on all patients with
PSMA-positive findings, in the 18F-PSMA cohort and 11.4% (4/35) in the 68Ga-PSMA cohort
were categorized as low-risk PC (GS < 7) with ISUP grade group 1. In one patient with
a biopsy finding of GS 6, no increased PSMA avidity was detected in the PET/CT with
[68Ga]Ga-PSMA-11. Intermediate-risk PC (GS 7) with ISUP grade groups 2 and 3 occurred
in 40.4% (21/52) of 18F-PSMA-positive and in 60% (21/35) of 68Ga-PSMA-positive patients,
whereas 53.8% (28/52, 18F-PSMA) and 28.6% (10/35, 68Ga-PSMA) showed high-risk PC
lesions with an ISUP grade group 4 to 5 (Table 2, Figures 1 and 2).
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Table 2. PSMA-positive scan lesions for staging patients in relation to the Gleason Score (GS).

GS < 7 GS 7a GS 7b GS 8 GS > 8 Chi2, r

[18F]PSMA-1007 PET/CT patients (52):

PSMA positive (52/52) 3 10 11 8 20

Prostatic lesions (52/52) 3/5.8% 10/19.2% 11/21.2% 8/15.4% 20/38.5%

Metastases (19/52) 0 3/5.8% 3 /5.8% 3/5.8% 10/19.2% p =0.494 *
r = 0.252

LNM (17/52) 0 2/3.8% 3/5.8% 3/5.8% 9/17.3% p = 0.531 *
r = 0.266

[68Ga]Ga-PSMA-11 PET/CT patients (36):

PSMA positive (35/36) 4 7 14 7 3

Prostatic lesions (35/36) 4/11.4% 7/20% 14/40% 7/20% 3/8.6%

Metastases (9/36) 0 0 3/8.6% 4/11.4% 2/5.7% p =0.030 *
r = 0.513

LNM (6/36) 0 0 2/5.7% 2/5.7% 2/5.7% p = 0.086 *
r = 0.442

* Fisher exact test. Abbreviations: PSMA, prostate-specific membrane antigen; PET/CT, positron emission
tomography/computed tomography; LNM, Lymph node metastases; GS, Gleason Score; p < 0.05 is considered
significant; r, Pearson correlation coefficient.

The 88 study patients were separately (18F-PSMA and 68Ga-PSMA) grouped into
categories by GS and compared as follows: patients with GS 6 and GS 7 vs. patients with
GS ≥ 8 and with GS 6 and GS 7a vs. patients with GS ≥ 7b (Figures 1 and 2).

In the 18F-PSMA cohort, PC prostatic lesions with histopathology of low- and intermediate-
favorable risk PC (GS ≤ 7a) were shown in 25% (13/52) compared to 75% (39/52) with
histopathology of intermediate-unfavorable and high-risk PC (GS ≥ 7b) (Figure 1). PSMA-
avid metastases and PSMA-positive LNM were shown in 5.8% with GS ≤ 7a (3/52) vs.
30.8% with GS ≥ 7b (16/52) and in 3.8% with GS ≤ 7a (2/52) vs. 28.8% (15/52) with
GS ≥ 7b (Figure 1).

For the 68Ga-PSMA cohort, the distribution of the PSMA-avid PC lesions in the prostate
was as follows: 31.4% (11/35) with GS ≤ 7a vs. 68.6% (24/35) with GS ≥ 7b, respectively
(Figure 2). Neither PSMA-positive metastases nor LNM were shown in the subgroup with
GS ≤ 7a, whereas the subgroup with GS ≥ 7b revealed PSMA-avid metastases in 25.7%
(9/35) of cases and positive LNM in 17.1% (6/35) (Figure 2).
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Figure 1. Distribution of positive findings (shown by [18F]PSMA-1007 PET/CT) classified by Gleason
Score (GS) categories (patients with GS < 7 to GS ≥ 8 and the comparison of GS ≤ 7a versus patients
with GS ≥ 7b).

 

Figure 2. Distribution of positive findings (shown by [68Ga]Ga-PSMA-11 PET/CT) classified by
Gleason Score (GS) categories (patients with GS < 7 to GS ≥ 8 and the comparison of GS ≤ 7a versus
patients with GS ≥ 7b).

The PSMA uptake of the [18F]PSMA-1007 and of the [68Ga]Ga-PSMA-11 PET findings
was quantified as SUVmax. Comparing 18F-PSMA and 68Ga-PSMA scanned patients, there
was no statistical significance for the differentiation of mean and median SUVmax for the
most intense prostatic lesions (p = 0.224) (mean SUVmax ± SD: 12.2 ± 10.4 vs. 10.0 ± 8.0,
median SUVmax 9.0 vs. 6.7).

When using a SUVmax of 2.5 as the cut-off value between PC lesions in the prostate
with low- and intermediate-favorable risk (GS ≤ 7a) vs. with intermediate-unfavorable
and high-risk (GS ≥ 7b), 18F-PSMA indicated a sensitivity of 100%, a positive predictive
value (PPV) of 76%, and an accuracy of 76% (Table 3). For 68Ga-PSMA, the sensitivity was
97%, the PPV was 75%, and the accuracy was 77%, respectively (Table 3).
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Table 3. Test parameters for the staging of prostate cancer with [18F]PSMA-1007 PET/CT and with
[68Ga]Ga-PSMA-11 PET/CT; distribution of positive prostatic findings classified by Gleason Score
(GS) categories (GS ≤ 7a versus GS ≥ 7b; GS ≤ 7 versus GS ≥ 8).

GS ≤ 7a vs. ≥7b
Cut-Off SUVmax 2.5

GS ≤ 7a vs. ≥7b
Cut-Off SUVmax 8.95/SUVmax 8.7 *

GS ≤ 7 vs. ≥8
Cut-Off SUVmax 4.75/SUVmax 6.2 **

[18F]PSMA-1007
PET/CT

[68Ga]Ga-
PSMA-11 PET/CT

[18F]PSMA-1007
PET/CT

[68Ga]Ga-
PSMA-11 PET/CT

[18F]PSMA-1007
PET/CT

[68Ga]Ga-
PSMA-11 PET/CT

Sensitivity 100% 97% 62% 54% 90% 89%

Specificity 10% 27% 85% 91% 52% 33%

NPV 100% 100% 42% 48% 73% 93%

PPV 76% 75% 92% 93% 61% 43%

Accuracy 76% 77% 67% 66% 63% 63%

Abbreviations: SUVmax, maximum standardized uptake value; vs., versus; PSMA, prostate-specific membrane
antigen; PET/CT, positron emission tomography/computed tomography; NPV, negative predictive value; PPV,
positive predictive value. * for [18F]PSMA-1007 PET/CT SUVmax 8.95, [68Ga]Ga-PSMA-11 PET/CT SUVmax 8.7.
** for [18F]PSMA-1007 PET/CT SUVmax 4.75, [68Ga]Ga-PSMA-11 PET/CT SUVmax 6.2.

Using the Youden index, the best analyzed cut-off value for 18F-PSMA was a SUVmax
of 8.95 (subgroup: 18F-7a/b) for distinguishing GS ≤ 7a from GS ≥ 7b prostatic lesions.
ROC analysis showed an AUC of 0.750 (95% Cl 0.590; 0.911; SD (AUC) = 0.082; p = 0.007)
for the comparison with a SUVmax of 8.95 (18F-7a/b). The sensitivity, the specificity, the
PPV, and the accuracy for 18F-7a/b was 62%, 85%, 92%, and 67%, respectively. For the
differentiation of GS ≤ 7 from GS ≥ 8 (subgroup: 18F-7/8) an AUC of 0.592 (95% Cl 0.539;
0.881; SD (AUC) = 0.055; p = 0.26) with a SUVmax of 4.75 (18F-7/8) was evaluated with a
sensitivity of 90%, a specificity of 52%, a PPV of 61%, and an accuracy of 63%, respectively
(Table 3).

By means of ROC analysis, the best cut-off value for 68Ga-PSMA was a SUVmax of 8.7
(subgroup: 68Ga-7a/b) to differentiate GS ≤ 7a and GS ≥ 7b PC lesions (AUC = 0.814; 95%
Cl 0.668; 0.961; SD (AUC) = 0.075; p = 0.003) with a sensitivity of 54%, a specificity of 91%, a
PPV of 93%, and an accuracy of 66%. The best AUC for distinguishing GS ≤ 7 from GS ≥ 8
PC lesions was 0.710 (95% Cl 0.539; 0.881; SD (AUC) = 0.087; p = 0.055) with a SUVmax of
6.2 (subgroup: 68Ga-7/8) and with a sensitivity of 89%, a specificity of 33%, a PPV of 43%,
and an accuracy of 63% (Table 3).

Figure 3 shows a 18F-PSMA with a histopathologically confirmed aggressive PC with
a GS of 8 (4 + 4), without locoregional LNM and without skeletal metastases, but with three
mediastinal LNM of normal size, located infracarinally and bilaterally hilar with a high
PSMA avidity, and Figure 4 shows a 68Ga-PSMA with a histopathologically confirmed
aggressive PC with a GS of 8 (4 + 4) with locoregional LNM and without distant LNM and
without skeletal metastases.
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(a) 

 

Figure 3. Cont.
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(b)  

 
(c) 

 

Figure 3. (a–c) Case study of a patient with evidence of a prostate-specific membrane antigen (PSMA)-
avid prostatic finding in the initial staging (a) (with an initial prostate-specific antigen of 5.0 ng/mL)
concordant with the histopathologically confirmed aggressive prostate carcinoma (PC) with a Gleason
Score of 8 (4 + 4). The [18F]PSMA-1007 positron emission tomography/computed tomography
showed no locoregional lymph node metastases or skeletal metastases, but three mediastinal lymph
nodes ((a): blue arrows) of normal size, located infracarinally (b) and bilaterally hilar ((c): hilar right),
carrying intensive tracer uptake (the highest maximum standardized uptake value of 11.4), which
were histopathologically confirmed as metastatic PC.
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Figure 4. Case study of a patient with evidence of a prostate-specific membrane antigen (PSMA)-
avid prostatic finding in the initial staging with an initial prostate-specific antigen of 13.0 ng/mL,
concordant with the histopathologically confirmed aggressive prostate carcinoma (PC) with a Gleason
Score of 8 (4 + 4). The [68Ga]Ga-PSMA-11 positron emission tomography/computed tomography
showed five locoregional lymph node metastases (blue arrows) carrying intensive tracer uptake (the
highest maximum standardized uptake value of 19.4), which were histopathologically confirmed as
metastatic PC.

124



J. Clin. Med. 2022, 11, 5064

4. Discussion

The EAU-EANM-ESTRO-ESUR-ISUP–SIOG Guidelines 2022 explicitly emphasize
that most published studies on the primary staging of PC were based on 68Ga-labeling for
PSMA PET imaging, and few studies were based on 18F labeling [2,7]. According to these
guidelines, there are currently no conclusive data comparing 68Ga-PSMA with 18F-PSMA
imaging in primary PC staging. In this context, the present study can possibly make a
valuable contribution to the comparison of the two methods, 68Ga-PSMA and 18F-PSMA,
in the clinical staging of PC.

In this comparative study of 68Ga-PSMA vs. 18F-PSMA in patients with newly diag-
nosed PC, we analyzed the PSMA-positive lesions that were determined to be malignant.
PSMA-avid prostatic foci in concordance with histopathologically proven PC were found
in all 52 study patients in the 18F-PSMA cohort, while 68Ga-PSMA showed them in 97.2% of
the cohort (35/36). The imaging data for prostatic lesions were compared with histopatho-
logic prostate biopsy results expressed as GS. Our results showed concordant findings with
both tracers, which is in line with other studies comparing 18F-PSMA and 68Ga-PSMA in
primary staging [8–10]. Kuten et al. reported in a head-to-head comparison that the identi-
fication of all intermediate- and high-risk PC lesions was comparable by both methods [8].
Hoberück et al. described, in a retrospective intraindividual comparison, that 18F- as well
as 68Ga-PSMA appeared largely interchangeable, with neither tracer significantly outper-
forming the other [9]. The authors described that no significant difference considering
SUVmax of tumor lesions was shown [9]. A prospective intraindividual comparative study
on 18F-PSMA and 68Ga-PSMA for PC staging, evaluation at biochemical recurrence and
assessment of metastatic disease, by Pattison et al. demonstrated a high concordance of 92%
for TNM stage [10]. Further studies confirmed similar findings in PSMA PET/CT imag-
ing with the two radiopharmaceuticals in the setting of restaging PC patients, too [11,12].
Rauscher et al. showed similar detection rates in patients with biochemical recurrence
after radical prostatectomy. However, five times as many positive findings of benign origin
were found in 18F-PSMA compared with 68Ga-PSMA [11]. The side-by-side evaluation
specifically requested by the authors for the 18F-PSMA diagnosis of PET and CT images as
well as intensive reader training on well-known pitfalls (for example, non-specific tracer
uptake in the ganglia) in the clinical context [11] was implemented in a quality-assured
manner by the diagnostic specialists in our present study. In a further restaging study by
Hoffmann et al., both methods (18F-PSMA and 68Ga-PSMA) showed comparable overall
findings [12]. Exceptions to this, however, were a clearer distinction between positive and
negative results in the 18F-PSMA imaging considering a PSA threshold, determined in the
study, in biochemical recurrent patients after radical prostatectomy [12]. However, Rahbar
et al. described on the basis of patient images that 18F-PSMA offers an advantage over
imaging with 68Ga-PSMA for the detection of local recurrence after primary local therapy
due to the later renal tracer excretion. The authors related this advantage to case constel-
lations with unclear lesions near the ureter or the urinary bladder [13]. Renal excretion
of 68Ga-PSMA and radioactive bladder filling obscures local recurrence in the situation
of biochemical recurrence but is of less relevance in initial tumor staging as in our study.
Considering the comparison of 68Ga-PSMA and the PET/CT with another 18F-labeled
radiotracer, named [18F]rhPSMA-7 (18F-rhPSMA-7), a study by Kroenke et al. showed
similar tumor positivity rates and SUVmax values for primary PC and biochemical recur-
rence of PC [7,14]. Giesel conducted a comparative study considering different 18F-labeled
PSMA PET ligands. The comparison of [18F]DCFPyl PET/CT (18F-DCFPyl) with 18F-PSMA
also showed no significant differences in the detection of carcinoma foci or their SUVmax
values [6].

In order to improve underdetection of high-grade PC and overdetection of low-grade
PC [2,4], it makes sense to define a separation sharpness for the clinical setting. The cancer
patients who would not benefit from a therapy should be considered separately from
the patients with expected therapy success. The EAU-EANM-ESTRO-ESUR-ISUP–SIOG
Guidelines 2022 do not specify how the term csPC should be defined exactly [2]. The
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guidelines report that studies mostly define GS 7 tumors and upwards or GS 7b tumors and
upwards as clinically significant and that authors should decide for themselves and explain
this in the study design [2]. In our study, we defined in one patient subgroup csPCa as any
ISUP grade group ≥ 3 malignancy (patients with the high–intermediate or intermediate-
unfavorable PC risk of GS 7b and above) and in a second patient subgroup csPCb as any
ISUP grade group ≥ 4 malignancy (patients with the high PC risk of GS 8 and above), in
order to then be able to compare both groups. Our study mainly focused on analyzing
the best SUVmax cut-off value to identify the clinically significant PC foci and to compare
the results of both methods. PSMA-avid lesions were defined as suspicious of malignancy
when the uptake of the tracer was significantly higher than the surrounding benign tissue,
when the tracer uptake appeared focal in character, and when the lesions were classified as
primarily malignant (in the opinion of experts based on their extensive experience in the
interpretation of PSMA PET/CT scans). Experience has shown that suspicious PET lesions
with a SUVmax of 2.5 or higher were mostly associated with compatible and duplicatable
visual evidence of PC foci and, therefore, this value was initially used as a cut-off to
distinguish between PET positivity and negativity for both radiopharmaceuticals. Because
the tumor-to-background ratio for the malignant lesions compared with the benign tissue in
the PSMA PET/CT is very high according to previous studies (e.g., in comparison to FDG
PET/CT, [15]) and the difference in the detected lesions was clearly shown in the present
study, we did not list the SUVmean values separately, as this would have no added value.

First, choosing a routinely used SUVmax of 2.5 as the cut-off value between csPC and
clinically insignificant PC, the findings of both methods demonstrated similar concordance
in our study. 18F-PSMA revealed 25% (13/52) of PC prostatic lesions with histopathology of
low- and intermediate-favorable risk PC (GS ≤ 7a) vs. 75% (39/52) with histopathology of
intermediate-unfavorable and high-risk PC (GS ≥ 7b) with a sensitivity of 100%, a PPV of
76%, and an accuracy of 76% considering a SUVmax of 2.5. For 68Ga-PSMA, the results were
31.4% (11/35) vs. 68.6% (24/35) with a sensitivity of 97%, a PPV of 75%, and an accuracy of
77% with the uptake of the radiotracer above a SUVmax of 2.5. In the present study, because
the specificity of both methods was extremely low (10% vs. 27%) using a SUVmax threshold
of 2.5, an optimal SUVmax cut-off value was determined for 18F-PSMA and for 68Ga-PSMA
by Youden index calculation. The reasons for reduced specificity in PSMA imaging are
well known and include neovascularization and PSMA overexpression in non-prostatic
tissue, e.g., benign neoplasms, i.e., thyroid and parathyroid adenomas, and in non-prostatic
malignancies such as breast cancer, thyroid cancer, gliomas, lung cancer, neuroendocrine
tumors, lymphoma, and renal cell carcinoma. There are fewer false positives if the PSMA
images are interpreted by experts who are aware of the various pitfalls [16].

Subsequently, ROC curves were used to characterize the diagnostic performance. By
considering the PSMA-avid prostatic lesions and the corresponding classification in the
GS based on the biopsy, a SUVmax of 8.95 was analyzed by ROC analysis (p = 0.007) to
differentiate between csPC and clinically insignificant PC (subgroup: csPCa) for 18F-PMSA
with a sensitivity of 62%, a specificity of 85%, a PPV of 92%, and an accuracy of 67%.
68Ga-PSMA gave similar findings for a SUVmax of 8.7 (p = 0.003) with a sensitivity of 54%,
a specificity of 91%, a PPV of 93%, and an accuracy of 66%, respectively. However, our data
show a higher (but also moderate) specificity and a higher PPV for 18F-PSMA (52% and
61% based on a SUVmax of 4.75) in comparison with 68Ga-PSMA (33% and 43% based on a
SUVmax of 6.2), when differentiating between low- and intermediate-risk PC vs. high-risk
PC (subgroup: csPCb), with comparable sensitivity (90% vs. 89%) and accuracy (63%
both). But these data did not show statistical significance (SUVmax of 4.75, p = 0.26 and
SUVmax of 6.2, p = 0.055). Kuten et al. calculated ROC curves to distinguish pathological
from non-pathological components of the prostate, for which both methods proved to be
suitable [8]. A comparison of the results with our calculated values is not possible because
the comparison groups differ. Additionally, due to the lack of statistical significance, no
optimal SUVmax values could be calculated in the study by Kuten et al. [8].
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The results of diagnostic PSMA imaging as part of the staging of PC offer the possibility
of guiding biopsy and therapy management to detect the targeted PC lesions with the
most aggressive tumor foci (csPC) [17,18]. A mpMRI in combination with a PSMA hybrid
imaging fusion biopsy could increase the accuracy of directed biopsy [18]. Pepe et al.
demonstrated a lower false positive rate and a better negative predictive value compared
with mpMRI. In 80% of the cases, a biopsy could have been omitted based on the PSMA
PET/CT results [18]. As part of individual therapy management, hybrid imaging with
PSMA PET/CT enables optimal patient selection as well as personalized monitoring [17].
In this regard, our calculated SUVmax cut-offs can be used to differentiate between low-
and intermediate-favorable from intermediate-unfavorable and high-risk PC lesions. The
more we know about diagnostic imaging (such as the correlation between PSMA receptor
density and GS as well as PSMA imaging with different radiopharmaceuticals and their
physiological expression in non-prostatic benign tissue and non-prostatic tumors, both
benign and malignant) and can optimize it, the better therapy decisions can be made [17].
Because present EAU Guidelines state that there is currently no conclusive data comparing
68Ga-PSMA vs. 18F-PSMA imaging in primary PC staging [2], we investigated this. The
comparison could not show any clear advantage for one of the methods in our study,
which is also an important statement for clinical application. In all 52 study patients
in the 18F-PSMA cohort and in 97.2% (35/36) of the patients in the 68Ga-PSMA cohort,
PSMA-avid prostate lesions were detected concordant with histopathologically proven PC.
PSMA-positive metastases were shown in 5.8% (3/52) in the intermediate-favorable risk
18F-PSMA cohort vs. in 30.8% (16/52) in the intermediate-unfavorable risk group, but no
PSMA-avid metastases (0/35) were seen in the 68Ga-PSMA intermediate-favorable risk
cohort vs. 25.7% (9/35) with GS ≥ 7b. In view of the nearly similar results and the good
performance of 18F- as well as 68Ga-labeled compounds, the challenge for the use of the
appropriate radiopharmaceutical could potentially be made depending on availability [12].
Nevertheless, further studies are needed to assess the position of routinely established
68Ga- and 18F-labeled compounds in PSMA imaging and their actual clinical utility. These
will be carried out on the different radiotracers in order to shed light on new aspects, the
overall impact on survival, and the clinical impact of PSMA-based diagnostics such as
PSMA-targeted biopsies [7,18]. In this context, a randomized study that would perform
a combined PSMA imaging with a mpMRI as a guide for prostate biopsy in the initial
stage with a high suspicion of csPC and would consider different radiotracers might be
useful [19–22]. Limitations of the present study include the retrospective nature of the
analysis, the small number of patients, and the lack of an intraindividual comparison of
the patients. To confirm and expand our results we recommend further studies, ideally
prospective with larger patient cohorts.

5. Conclusions
18F-PSMA and 68Ga-PSMA both show promising results in the detection of newly

diagnosed PC with comparable correlation of PSMA-avid lesions with GS. Neither method
showed an outstanding superior advantage. Studies reporting 18F-PSMA and 68Ga-PSMA
are equally relevant for the staging of patients with PC. With regard to both methods,
the importance of PSMA imaging for the detection of metastases is also clear in primary
staging, especially in patients with high-risk and intermediate-unfavorable risk PC. Our
calculated thresholds for the SUVmax value may represent valuable parameters in clinical
use for the discrimination of csPC from non-csPC and may also serve to guide prostate
biopsies and support the identification of aggressive PC foci.
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Abstract: Intra-tumoural heterogeneity (IH) is a major determinant of resistance to therapy and
outcomes but remains poorly translated into clinical practice. Intrahepatic cholangiocarcinoma
(ICC) often presents as large heterogeneous masses at imaging. The present study proposed an
innovative in vivo technique to functionally assess the IH of ICC. Preoperative 18F-FDG PET-CT and
intraoperative ultrasonography were merged to perform the intraoperative navigation of functional
tumour heterogeneity. The tumour areas with the highest and the lowest metabolism (SUV) at
PET-CT were selected, identified during surgery, and sampled. Three consecutive patients underwent
the procedure. The areas with the highest uptake at PET-CT had higher proliferation index (KI67)
values and higher immune infiltration compared to areas with the lowest uptake. One of the patients
showed a heterogeneous presence of FGFR2 translocation within the samples. Tumour heterogeneity
at PET-CT may drive biopsy to sample the most informative ICC areas. Even more relevant, these
preliminary data show the possibility of achieving a non-invasive evaluation of IH in ICC, paving the
way for an imaging-based precision-medicine approach.

Keywords: intra-tumoural heterogeneity; intrahepatic cholangiocarcinoma; positron emission
tomography–computed tomography; immunology; FGFR2 translocation; imaging fusion; navigation
technology

1. Introduction

Intra-tumoural heterogeneity (IH) is regarded as a major determinant of resistance to
therapy and patients’ prognosis but remains poorly translated into clinical practice [1–3].
The evaluation of IH has been mostly determined from the laboratory analyses of resected
specimens, while, more recently, much of the research has been concentrated on imaging.
The possibility of achieving a non-invasive mapping of IH is extremely appealing, because
it would allow a better characterisation of the tumour (IH-based biopsies), a more precise
prediction of prognosis, and a more effective treatment (IH-based therapies). Progress in
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medical imaging modalities open new opportunities for the investigation of IH. Positron
emission tomography–computed tomography (PET-CT) offers unique functional imaging
of liver tumours [4–6]. Navigation technology systems [7,8] may merge different imaging
modalities (morphologic and functional ones) to optimise the identification of the different
tumour areas.

Among liver tumours, intrahepatic cholangiocellular carcinoma (ICC) is probably
the most adequate to study IH. It is often diagnosed at an advanced stage and presents
as large heterogeneous masses with a non-homogeneous uptake at PET-CT [9]. This
presentation at imaging corresponds to a major genetic IH [10,11], even if the two have
never been associated.

The present study depicts an innovative in vivo technique to functionally study the
IH of ICC. Preoperative 18F-fluorodeoxyglucose (FDG) PET-CT images were merged with
ultrasonography ones to navigate the tumour and to precisely explore the association
between IH at imaging and IH at pathology. In this proof-of-concept study, we tested the
procedure during surgery to unequivocally evaluate its reliability and accuracy.

2. Materials and Methods

All consecutive patients affected by ICC and undergoing surgery were considered.
Inclusion criteria were (a) aged ≥18 years; (b) ICC size >50 mm; (c) preoperative PET-CT
with evidence of tumour areas having a heterogeneous uptake. Exclusion criteria were:
(a) diagnosis of mixed hepato-cholangiocarcinoma at the final pathology; (b) preoperative
chemotherapy or any preoperative loco-regional treatment, including thermal ablation,
chemoembolisation, or radioembolisation; (c) uncontrolled diabetes or any metabolic alter-
ation preventing an accurate SUV evaluation. The standard preoperative imaging included
thoracoabdominal CT and hepatic magnetic resonance imaging (MRI). A multidisciplinary
team discussed the management of every patient. Informed consent was signed by all the
participants. The local ethics committee approved the study (approval number: 146/20 on
20 February 2020).

2.1. PET-CT Imaging

FDG PET-CT were performed on General Electric Discovery 690 (General Electric
Healthcare, Waukesha, WI, USA) according to standard procedures. Reconstructed images
were examined and interpreted by an experienced nuclear medicine physician (EL). The
tumour areas with different metabolic activities at PET-CT were preoperatively identified.
In each ICC, we considered sampling only the spots with the highest and with the lowest
standardised uptake value (SUVmax and SUVmin, respectively) within the tumour. The
low-uptake areas corresponding to necrosis at morphologic imaging (CT and MRI) were
not considered.

2.2. IOUS and Intraoperative Navigation

At the point of laparotomy, intraoperative ultrasonography (IOUS) was performed using
an Esaote Twice ultrasound system (Esaote, Genoa, Italy), equipped with an intraoperative
T-shaped probe (IOT332 probe, Esaote, Genoa, Italy), working at 3–11 MHz frequency.

The two imaging modalities (PET-CT and IOUS) were synchronised by a semi-automatic
system in the following steps. The images of PET-CT were uploaded to the ultrasound
machine and then projected onto the screen beside the standard IOUS images. Some
intrahepatic anatomic landmarks identified on the PET-CT (e.g., umbilical portion, first-
order bifurcation of the right portal branch, hepato-caval confluence) were manually
identified at IOUS. Once a landmark was visualised at IOUS, the axial image of PET-
CT with the same landmark was identified and selected, and a mark was placed on the
anatomical structure in the two imaging modalities. After the identification and selection
of two landmarks, the machine provided an automatic synchronisation of the two imaging
modalities. The correct synchronisation between the two imaging modalities was then
verified by scanning all the liver. If any discordance was observed, some additional
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anatomic landmarks were selected to refine the process until a perfect overlapping of
all intrahepatic anatomical structures was achieved. Once the process was completed,
the overlapping of the full liver was obtained, and the PET-CT navigation was possible
(Figure 1). The SUVmax and the SUVmin tumour areas selected at PET-CT were identified
and sampled using a 16-gauge Trucut needle (Figure 2); the needle trajectory was selected
to be fully included within the resected portion of the liver to avoid any risk of tumour-
seeding in the future liver remnant. At least two biopsies were taken from each area. At
the end of the resection, the same targeted areas were again identified, and a macrobiopsy
was performed. Only samples with an adequate cellular composition were retained for the
analyses (through a quick histologic check after sampling).

 

Figure 1. Navigation technology with the intraoperative fusion of preoperative PET-CT and IOUS.
The tumour areas having different uptake at PET-CT are identified in vivo during surgery. (a) PET
axial view of ICC; (b) Intraoperative fusion of PET-CT and IOUS images.

 

Figure 2. IOUS-guided biopsy of the tumour areas having different uptake at PET-CT.
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2.3. Pathology Analyses

The specimens were fixed in formalin, paraffin-embedded, and stained with haematoxylin-
eosin. Each sample had a standard morphological evaluation. Immunohistochemistry (IHC)
was used to analyse the following parameters: the expression of CK7 and CK19; immune
infiltrate (CD3+, T-lymphocyte marker; CD4+, helper/inducer T-lymphocyte marker; CD8+,
suppressor/cytotoxic T-lymphocyte marker; CD68+, macrophage marker; and CD163+,
M2 macrophage marker); the expression of programmed cell death protein 1 (PD1), its
ligand (PD-L1), and tumour protein p53; proliferation index (Ki67); and metabolic enzymes
glucose-6-phosphate dehydrogenase (G6PD) and citrate synthase (CS). We analysed the
presence of FGFR2 translocations and the presence of microsatellite instability, and the
loss of heterozygosity (1p36) using fluorescence in situ hybridisation. For PD1, PD-L1,
p53, Ki67, G6PD, and CS, data were expressed as the percentage of immunoreactive cells
compared to the total number of neoplastic cells. For the immune infiltrate (CD3, CD4, CD8,
CD68, CD163), data were expressed as the percentage of immunoreactive cells compared to
the total number of immune cells.

The specimens from SUVmax and SUVmin areas were separately analysed, and their
data were compared. Both IOUS-guided tumour biopsies before resection and macroscopi-
cal biopsies at the end of resection were analysed. The concordance between samples from
the same area was assessed.

3. Results

We enrolled three consecutive patients with a diagnosis of ICC confirmed at pathology.
Table 1 summarises the patients’ characteristics. The mean tumour size was 92 mm (range
60–120). At PET-CT, the mean SUVmax was 11.2 (8.9–14.7), the mean SUVmin was 5.3
(5.1–5.5), and the mean difference between the two was 5.8 (3.5–9.6). The synchronisation
of PET-CT with IOUS and its navigation was successful in all patients.

Table 1. Clinical characteristics of the patients.

Patient #1 Patient #2 Patient #3

Age 76 60 71
Sex Male Male Male

Tumour size, mm 120 60 97
Number of tumours 1 1 1

Grading G2 G2 G3
Surgical margin, mm 3 10 1

Microscopic vascular invasion Y N Y
Perineural infiltration N N Y

Table 2 summarises the pathology data. The IH of ICC was evident in different
analyses. One patient had a lower tumour grading in the SUVmin area than in the SUVmax
one (G1 vs. G2). One patient had a phenotypic IH, i.e., variable CK19 positivity in areas
with a different uptake. One patient had a molecular IH: FGFR2 translocation was evident
in the high-uptake area, while it was not in the low-uptake one. PET-CT uptake was also
associated with the proliferative index in two patients (70% in the SUVmax area vs. 10% in
the SUVmin area of one patient; 70 vs. 20%, respectively, in one). Finally, IH on PET-CT
corresponded to heterogeneous immune infiltration: SUVmax areas had a higher CD8+
infiltrate in all patients (a mean of 15 vs. 8%), and a higher CD4+ (30 vs. 10%), CD68+
(25 vs. 10%), and CD163+ (30 vs. 12%) infiltrate in two patients. Metabolic indexes, PD1,
PD-L1, and p53 expression were similar between areas.
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Table 2. Summary of the pathology results.

Patient #1 Patient #2 Patient #3

Area SUV Min Area SUV Max Area SUV Min Area SUV Max Area SUV Min Area SUV Max

SUV 5.1 14.7 5.5 9.9 5.4 8.9
Morphology stroma < cells cells > stroma cells = stroma cells = stroma cells = stroma cells = stroma
Phenotype CK7+ CK19−/+ CK7+ CK19−/+ CK7+ CK19/+ CK7+ CK19−/+ CK7+ CK19−/+ CK7+ CK19−

Grading G1 G2 G2 G2 G3 G3
Proliferation
index (KI67)

15% 15% 10% 70% 20% 70%

P53 20% 10% 30% 30% 60% 60%
PDL-1 Neg Neg Neg Neg Neg Neg
PD1 5% Neg 5% 10% 5% Neg

FGFR2 WT WT WT Translocated WT WT
1p36 LOH LOH Conserved Conserved Conserved Conserved

Immune infiltrate

CD3 10% 10% 10% 10% 10% 20%
CD4 10% 20% 10% 40% 20% 20%
CD8 5% 10% 10% 20% 5% 15%
CD68 10% 20% 10% 30% 20% 20%

CD163 20% 20% 20% 50% 5% 10%
Metabolic indexes

G6PD 80% 80% 40% 100% 50% 50%
CS 100% 60% 80% 100% 20% 20%

CD163, marker of M2 macrophages; CD3 (cluster of differentiation 3), marker of T-lymphocytes; CD4, marker
of helper/inducer T-lymphocyte; CD68, pan-macrophage or M1 marker; CD8, marker of suppressor/cytotoxic
T-lymphocyte; CK19, cytokeratin 19; CK7, cytokeratin 7; CS, citrate synthase; FGFR2, fibroblast growth factor
receptor 2; G6PD, glucose-6-phosphate dehydrogenase; Ki67, proliferation index; LOH, loss of heterozygosity;
Neg, negative; p53, tumour suppressor protein; PD-1, programmed cell death protein 1; PD-L1, programmed
death ligand 1; SUV, (standardised uptake value) semiquantitative parameter of FDG uptake; WT, wild type.

The pathology data of IOUS-guided biopsies and macrobiopsies after resection ob-
tained from the same area were concordant.

4. Discussion

ICC is an aggressive malignancy with a poor prognosis. Standard chemotherapy has
scarce disease control [12], but targeted therapies and immunotherapy could change this sce-
nario. Some of the commonest ICC mutations concern the p53 pathway, Ras/Raf/MEK/ERK
pathway, metabolic pathway (IDH1/IDH2), FGFR2, and 1p36 [10,11,13]. To date, targeted
therapies for FGFR2 rearrangements and IDH1 mutations have been approved, and some
other drugs have had tissue-agnostic approval [14,15]. However, the effectiveness of sys-
temic therapies is limited by profound tumour genetic heterogeneity [10,11]. Walter et al.
depicted varying expression patterns of MSH6 (mismatch repair protein) in peripheral
and central areas of ICC [16]. Goyal et al. reported intra-tumoural clonal heterogeneity, in
terms of acquired resistance to FGFR inhibition, in patients with FGFR2-fusion-positive tu-
mours [17]. The possibility of predicting IH with non-invasive imaging is of major interest
but has not been demonstrated yet.

ICC malignant cells have increased their expression of glucose transporters and a high
activity of hexokinase, which leads to augmented glucose metabolism [4]. It corresponds to
an increased FDG accumulation at PET-CT, especially in moderately and poorly differenti-
ated ICCs [5]. High glucose metabolism in ICC is expected to be associated with increased
tumour aggressiveness. Indeed, Seo et al. reported a high SUV as an independent predictor
of postoperative recurrence [6].

We investigated the association between the heterogeneous uptake of ICC at PET-CT
and IH. Among liver tumours, ICC is the most adequate for this analysis: it is usually diag-
nosed at an advanced stage (large masses); FDG PET-CT uptake is often non-homogeneous;
and resectable patients do not receive preoperative chemotherapy, which could compro-
mise PET-CT findings. Navigation technology provided a fundamental contribution. It
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is commonly used to guide the percutaneous interstitial treatment of tumours not visi-
ble on ultrasound [7]. In liver surgery, navigation technology merges preoperative and
intraoperative imaging to identify the anatomy and the correct plane [8]. We used the
fusion of preoperative PET-CT with IOUS to have an accurate identification of tumour areas
with a different uptake at PET-CT. The intraoperative analysis allowed us to maximise the
precision of the biopsy and unequivocally ascertain the capability of PET-driven biopsies
to detect IH.

In the present series, PET-CT effectively caught IH. FDG uptake was associated with
proliferative index (Ki67) and tumour grading: the areas with the highest SUV were the
most aggressive parts of ICC. We also observed interesting results concerning genetic
mutations and immune infiltration. In one patient, PET-CT identified a heterogeneous
mutational status of FGFR2 (a wild-type in the SUVmin area and translocated in the
SUVmax one). The remaining two patients had a wild-type status of FGFR2 in all biopsies.
Considering immune infiltration, tumour areas with a higher FDG uptake had higher levels
of T-lymphocytes (CD3+ and CD4+/CD8+) and macrophages (CD68+/CD163+) compared
to areas with a lower uptake. Those data are clinically relevant: FGFR2 mutations are
the target of approved drugs [14,18,19], and the immune infiltrate is a major determinant
of prognosis in ICC patients [20,21]. A further result deserves consideration. In general,
the key enzymes of anaerobic glycolysis and mitochondrial respiration (G6PD and CS,
respectively) did not show a clear association with the SUV. Even if FDG PET-CT detects an
augmented glucose metabolism [22], the different uptake did not always correspond to a
heterogeneous metabolic pattern. Due to the study design (three patients), we can formulate
some hypotheses about the mechanisms underlying the heterogeneous FDG uptake, also
considering that they can vary among patients. In one patient, the expression of citrate
synthase, which is used in oxygen-dependent ATP production, dropped in the high-SUV
area. This finding is consistent with the concept of increased glucose consumption in the
hypoxic areas of the tumours, which are forced to switch to the energy-inefficient anaerobic
glycolysis and thus require many times more substrate for the same ATP output [23].
In the remaining two patients, the high-uptake areas were probably related to a major
increase in the proliferative index (of both patients) and an FGFR2 translocation (in one).
Investigations on the link between the latter gene and glucose metabolism are thus far
limited, but the FGF/FGFR pathway involves anti-apoptosis signalling, proliferation, and
angiogenesis [24].

The present study is in line with modern oncological research. Advanced imaging
and analyses achieved excellent results for ICC, being able to provide a non-invasive
prediction of tumour pathology data and prognosis [25,26]. Focusing on PET-CT, Yugawa
et al. demonstrated that FDG uptake is associated with immune infiltration [27]. Fiz et al.
reported that the radiomic analysis of the ICC and peritumoral tissue accurately predicts
tumour grading, microvascular invasion, and survival [28]. Our preliminary data are
coherent with such literature but represent a major step forward, thanks to IH mapping.

The proposed approach is clinically relevant for at least two reasons. First, the fu-
sion of two different imaging modalities—morphological (ultrasound) and functional
(PET)—provided a non-invasive depiction of ICC heterogeneity and detection of the most
significant tumour portions. Even if our data are preliminary, the concordance of these
results among multiple samplings from the same area strengthens the reliability and the
reproducibility of the present technique. PET-driven biopsies could become a new standard
in ICC patients: to catch the most relevant and aggressive areas of the tumour, have a more
precise prediction of prognosis, and schedule a more effective patient-tailored treatment.
Theoretically, the same approach could be applied to other liver tumours (primary or
metastatic) and tracers. Liver metastases from colorectal cancers have both an intense FDG
uptake with heterogeneous areas and a proven intralesional heterogeneity that correlates
with prognosis [29–31]. Metastatic neuroendocrine tumours have a known inter-lesional
heterogeneous DOTA peptides uptake, which can bear relevance for treatment strate-
gies [32]. The tracers of the PSMA molecules can visualise the heterogeneity of prostate
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cancer metastases and, more recently, primary hepatic malignancies [33,34]. The uptake
can depict variations in vascularity across the tumoural volume [34].

Second, the present technique was the first one that reliably associates the different
FDG-uptake areas with tumour heterogeneity at a phenotypic, molecular, and genetic level
and with immune infiltration. Our experience only provides a preliminary exploration of
the concept but could be the basis for a better understanding of IH, a precision-medicine
approach, and the identification of new biomarkers and therapeutic targets. By analysing
a larger population, we could identify the SUV values and patterns which are able to
non-invasively predict tumour characteristics.

5. Conclusions

The present study demonstrates that the fusion of morphological and functional
imaging modalities may allow an in vivo and reliable evaluation of tumour heterogeneity.
Discrepant intra-tumoural phenotypic, molecular, and genetic patterns were identified, as
well as heterogeneous immune infiltrations. The proposed approach could increase the
efficacy of percutaneous biopsies and could be the basis for a better understanding of IH.
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Abstract: Immune checkpoint inhibitors are currently the standard of care for many advanced solid
tumors, and they have been recently approved for the treatment of relapsed/refractory Hodgkin lym-
phoma and primary mediastinal B cell lymphoma. Assessments of the response to immunotherapy
may be complicated by the occurrence of the flare/pseudoprogression phenomenon, consisting of
initial tumor enlargement and even the appearance of new lesions, followed by a response, which
may initially be indistinguishable from true progression. There have been efforts to characterize and
capture the new patterns of response observed during immunotherapy, namely, pseudoprogression
and delayed response, and several immune-related response criteria have been proposed. Confirm-
ing progression on a subsequent scan and measuring the total tumor burden are both common in
immune-related criteria. Due to the peculiarity of hematologic malignancies, lymphoma-specific
immune-related criteria have been developed (LYRIC), and they have been evaluated in research
studies in comparison to the Lugano Classification. In this review work, we illustrate the evolution of
the response criteria in lymphomas from the first CT-based criteria to the development of the PET-
based Lugano Classification, further refined to take into account the flare phenomenon encountered
during immunotherapy. We also describe the additional contribution of PET-derived volumetric
parameters to the interpretation of responses during immunotherapy.

Keywords: immunotherapy; Hodgkin lymphoma; FDG-PET; pseudoprogression; LYRIC; MTV

1. Introduction

In the last decade, novel biological agents with an immune mechanism have entered
the clinical world; the newest agents are immune checkpoint inhibitors. Nowadays, immune
checkpoint inhibitors represent the standard of care for advanced melanoma, non-small-cell
lung cancer, renal carcinoma and head and neck tumors [1–3]. In the last decade, the impres-
sive results of phase I and II studies exploring the effectiveness and safety of PD-1 inhibitors
in Hodgkin lymphoma (HL) [4,5] and primary mediastinal B cell lymphoma (PMBCL) [6]
granted the accelerated approval of anti-PD-1 by the FDA without a confirmatory phase III
study. In 2016, nivolumab was approved by the FDA for the treatment of relapsed/refractory
classical HL (cHL) after autologous stem cell transplantation and brentuximab vedotin as the
first hematologic indication. Pembrolizumab was approved for relapsed/refractory cHL after
at least three lines of therapy in 2017 and for relapsed PMBCL after the failure of two or more
lines of therapy in 2018 (Keynote 013 study).

The impact of immune checkpoint inhibitors on the treatment of HL is related to the
unique property of HL of being constituted only by a minority of malignant cells (Reed–
Stemberg cells) embedded in an abundant microenvironment, whose cells overexpress PD1-
PDL1 due to a genetic aberration in the 9p23-24 locus. Immune checkpoint inhibitors are
of minor importance in non-Hodgkin lymphoma (NHL); no immune checkpoint inhibitor
approval exists for NHL. However, for relapsed/refractory NHL, the option of chimeric
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antigen receptor T (CAR-T) cell therapy is gaining ground. CAR-T therapy was recently
approved by the FDA and EMA for the treatment of relapsed/refractory diffuse large B
cell lymphoma.

Immune checkpoint inhibitors, working with an immune mechanism, may cause a
transient increase in tumor burden due to inflammation, named pseudoprogression, and
they may alter tumor metabolism, yielding false positive and false negative results on FDG-
PET/TC. In recent years, novel response criteria were designed in an attempt to capture
these additional response patterns beyond those observed in conventional chemotherapy.

In this review work, we examine the evolution of response criteria from the first efforts
to describe the effects of conventional chemotherapy on tumor growth to the development
of lymphoma-specific criteria and their refinement to be suitable to capture the benefit
provided by immunotherapy. We also describe the contribution of additional FDG-PET/CT
quantitative parameters, such as metabolic tumor volume (MTV) and total lesion glycolysis
(TLG), to assessing changes in tumor burden in the course of immunotherapy.

2. Immunobiology of Immune Checkpoints

Tumor cell growth is promoted by the ability of tumor cells to “escape” from the im-
mune system and to be immunotolerant. Tumor cells lose their immunogenic antigens and
manipulate the microenvironment dysregulating immune checkpoints to express inhibitory
signals [7–9]. The rationale of immunotherapy is to restore a florid T-cell cytotoxic re-
sponse directed against the tumor, and this can be achieved either by activating stimulatory
checkpoints or by inhibiting inhibitory checkpoints [10].

The most relevant inhibitory checkpoints are programmed death cell receptor 1 (PD1)
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), both being receptors expressed
on the T-cell surface inducing T-cell anergy. PD1, through the interaction with its ligand,
programmed death cell ligand 1 (PDL1), expressed in antigen-presenting cells (APCs),
activated T cells and tumor cells, inhibits the T-cell cytotoxic response [11]. CTLA-4 inhibits
T-cell proliferation by blocking the costimulatory molecules of the B7-CD28 superfamily
expressed on APCs [12].

The knowledge about the expression of immune inhibitory checkpoints in hema-
tologic malignancies has been illustrated in a recent review work by Witkowska and
Smolewsky [13]. HL widely overexpresses PD1/PDL1 due to a widespread genetic alter-
ation in the locus 9p23-24 and the subsequent activation of Janus kinase 2 [14]. PMBCL
shows a high expression of PD1 ligands, especially the EBV-positive subtype, probably
mediated by virus latent proteins [15,16]. Follicular lymphoma (FL), originating from B
germinal centers similarly to HL and PMBCL, may express PD1 ligands [17]. CTLA-4
expression, of which little is known about, might be observed in T-cell lymphomas and
Sezary syndrome [18].

3. Review of PET-Based Criteria for Response Assessment

3.1. Background and Assessment of Response to Conventional Chemotherapy

The first effort towards the standardization of assessments of the response to cancer
treatment was a handbook published in 1979 promoted by the World Health Organization
(WHO) [19]. The WHO criteria stated the concept of the tumor bidimensional measurement
of tumor burden as a sum of the products of lesion diameters before and after therapy and
established the four response categories still currently in use: complete response, partial
response, stable disease and progressive disease.

The first guidelines to incorporate the metabolic data provided by FDG-PET/CT
in response assessment were the European Organization for Research and Treatment of
Cancer (EORTC) criteria, released in 1999 [20]. The reference region for complete metabolic
response was the background adjacent to lesions. The main goal of the EORTC criteria was
to evaluate the viability of residual masses: based on metabolic activity, it was feasible to
discriminate fibrotic/necrotic changes from residual tumors.

142



J. Clin. Med. 2023, 12, 3498

A new set of joint EORTC/National Cancer Institute CT-based guidelines for response
assessment, the Response Evaluation Criteria in Solid Tumors (RECIST), was first published
in 2000 [21] and then revised and updated in 2009 (RECIST 1.1) [22]. In contrast to the
bidimensional assessment of the WHO criteria, being laborious and time consuming, the
RECIST criteria rely on a unidimensional assessment of the largest axial diameters of the
tumors [23]. Moreover, RECIST introduced the concept of target lesions.

In the same year, 2009, on the heels of RECIST, Wahl et al. published the PET Response
Criteria in Solid Tumors (PERCIST) [24]. Similarly to RECIST, the PERCIST criteria rely
on the assessment of residual metabolic activity in target lesions (hottest lesions). The
remarkable innovations of PERCIST are the introduction of SUV lean (SUL, SUV normalized
for lean body mass) and SUL peak and the definition of the minimum measurable activity
as 1.5 times hepatic activity.

Due to the peculiarity of hematologic malignancies, specialized criteria for response
assessment in lymphomas were developed. The first effort to design response criteria spe-
cific for lymphomas was the International Working Group (IWG) criteria [25], sponsored by
the National Institute of Health, published in 1998. The IWG criteria were CT-based criteria,
and they introduced a fifth response category, namely, complete response/unconfirmed
(CRu), defined as the persistence of residual nodal masses despite a reduction greater than
75% in the sum of the product of diameters. CRu reflects the difficulty of assessing the
origin of residual masses based purely on radiological data.

In the early 2000s as the fast growth of PET began and as PET/CT tomographs were
developed, the gain in accuracy provided by PET, able to assess the viability of residual
masses, was recognized, leading to the proposal of the so-called IWG+PET criteria by
Juweid et al. in 2005 [26]. Soon after in 2007, in the context of a project promoted by
the German Study Group, the International Harmonization Project, two publications by
Cheson et al. [27] and by Juweid et al. [28] updated the IWG criteria, embodying PET in
the response evaluation. These modified criteria were based on an integrated evaluation
of CT and PET. The PET evaluation was qualitative and provided a positive or negative
classification based on a comparison of activity in residuals with activity in reference regions
(mediastinal blood pool for residual masses greater than 2 cm and adjacent background for
smaller lesions). The assessment of viability in residual tumors enabled by PET/TC led to
the elimination of the ambiguous CRu category.

In 2009, an International workshop held in Deauville (France) formulated novel re-
sponse criteria, the Deauville Score (DS) [29,30]. DS is a five-point scale based on a visual
comparison of activity in residual tumors with activity in reference regions (mediasti-
nal blood pool and liver). In 2013, at the 12th International Conference on Malignant
Lymphomas, the Lugano Classification was developed [31], a body of consensus recom-
mendations for staging and response assessment in lymphomas. According to the Lugano
guidelines, both contrast CT and PET have to be performed in the setting of response
assessment. Separate sets of response criteria for CT and PET evaluations were published.
For PET interpretation, DS was adopted. DS, being simple and easy to implement, had
widespread diffusion and underwent a process of standardization across centers, becoming
the gold standard for response assessment in lymphomas.

In the case of uncertainty of DS attribution, research groups active in the field rec-
ommend confirming visual evaluations with the SUV ratio between residual tumors and
reference regions [32]. Recently, quantitative extensions of DS were also developed, par-
ticularly qPET [33,34], but these methods have not yet been prospectively validated and
need standardization.

The evolution of the response criteria in oncology and hematology over time is pre-
sented in Figure 1.

3.2. Pseudoprogression and Hyperprogression

The Lugano Classification was designed to assess the response to traditional chemother-
apy or conventional chemo-immunotherapeutic regimens, including rituximab. The patterns
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of response to immunotherapy differ from the patterns observed in conventional treatments.
Usually, response occurs early after immunotherapy, and, consequently, an early response
evaluation after two–three cycles of therapy is advisable. Response assessment may be con-
founded by the phenomena of delayed response and flare/pseudoprogression. Delayed
response consists of a late objective response in the course of treatment, after initial tumor
growth and apparent progression of the disease. Flare/pseudoprogression was first described
in lymphomas and chronic lymphocytic leukemia receiving lenalinomide as a rapid increase
in the size of lymph nodes, often painful, accompanied by fever and lymphocytosis [35–37].
Flare/pseudoprogression is defined as an increase in the size of baseline lesions and even the
appearance of new lesions when the patient is clinically improving. It represents an apparent
progression on imaging, in the absence of clinical deterioration of the patient, and it is followed
by a response. Pseudoprogression usually occurs early during treatment. The increase in
the size of baseline lesions is an inflammatory phenomenon due to T-cell recruitment, NK
activation and a massive release of cytokines [38]. It is crucial to recognize pseudoprogression
and to not discontinue treatment before achieving clinical benefit.

Figure 1. Evolution of criteria for response to cancer treatment. Timeline illustrating the evolution of
response criteria over time in oncology and hematology, outlining the differences in method of tumor
measurement, PET interpretation and assessment of progression of disease. SPD: sum of products of
diameters. SLD: sum of longest axial diameters. MBP: mediastinal blood pool. SUL: standardized
uptake lean mass. DS: Deauville Score. Cru: unconfirmed complete response. irPD: immune-related
progression of disease. IR: indeterminate response. iUPD: immune-unconfirmed progression of disease.

Hyperprogression, defined as a rapid acceleration of tumor growth, is a new aggressive
pattern reported in a fraction of lung cancer, melanoma, renal carcinoma [39] and head and
neck carcinoma [40] cases treated with anti-PD-1/PD-L1. Compared to pseudoprogression
described above, hyperprogression is a disruptive phenomenon, and it is not prone to
uncertainty in interpretation.
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3.3. Assessment of Response to Immunotherapy

Atypical responses encountered in patients under immune checkpoint blockade, due to
delayed responses and pseudoprogression, and additional response patterns beyond those
of conventional chemotherapy classified by the WHO and RECIST criteria were shown to
be associated with survival benefit comparable to typical responses [41] and needed to be
taken into account in response assessment. There have been efforts to characterize these
phenomena and to incorporate them into novel response criteria.

In 2009, a publication by Wholchok et al. proposed the Immune-Related Response
Criteria (IRC) [41], novel CT-based immune therapy response criteria adapted from the WHO
criteria, based on the experience of community workshops using data from patients with
advanced melanoma treated with ipilimumab. Across this cohort of patients, four patterns of
response to ipilimumab were reported. Two patterns were captured by conventional response
criteria: (1) a shrinkage in baseline lesions without new lesions and (2) “stable” disease,
eventually followed by a slow steady decline of tumor burden (TB). The other two were new
and were beyond conventional response assessment: (3) response after an initial increase in
TB and (4) a reduction in overall TB concomitantly with the appearance of new lesions.

The main statements of the IRC can be resumed as follows:

1. Immune-related progression (irPD) of disease needs to be confirmed in a subsequent
scan at least 4 weeks later in the absence of clinical deterioration and the worsening of
laboratory parameters, aimed to uncover delayed response and pseudoprogression
phenomena. PD confirmation is required before withdrawing treatment.

2. Stable disease is considered a therapeutic effect and a surrogate end-point for clinical
benefit in contrast to assessment of the response to conventional cytotoxic therapy.

3. Overall, TB has to be measured, even when new lesions appear. The threshold for SD
and partial response (PR) are the same as that in the WHO criteria, but new lesions
are included in TB assessment.

The IRC have been implemented into clinical trials evaluating immune checkpoint
inhibitors in solid tumors.

In 2013, the IRC were adapted to the unidimensional RECIST criteria and called
Immune-Related RECIST (irRECIST) [42]. In 2017, the RECIST working group adapted the
RECIST 1.1 criteria to the new body of knowledge about the patterns of response to im-
munotherapy in solid tumors and developed the so-called Immune-RECIST (i-RECIST) [43].
i-RECIST have a new response category of “immune unconfirmed progression” that re-
quires confirmation on a subsequent scan within 6–8 weeks, accounting for the occurrence
of pseudoprogression and delayed response.

In the studies on the immune checkpoint blockade in LH and N, a similar incidence
of delayed response and flare/pseudoprogression, and response patterns similar to those
reported in solid tumors have been observed. However, merely translating the IRC in the
setting of response assessment in lymphomas was not considered totally appropriate for
the following reasons: First, over time, there was an independent evolution of the response
criteria for solid tumors and lymphomas. Response in solid tumors is assessed using
morphologic unidimensional criteria, the RECIST criteria, whereas response in lymphomas
is evaluated using the Lugano Classification based on PET/TC and on a bidimensional
assessment of lymph node size on CT. Second, progression is defined by the WHO criteria
as an increase in size >25% of the sum of the product of the diameters of solid tumors,
whereas in lymphomas, an increase in the size of a single lymph node accompanied by PET
positivity is adequate to discern progression. Third, response assessment in solid tumors is
based on a dimensional evaluation of masses, always considered abnormal, whereas in the
setting of lymphomas, residual masses do not have just an interpretation, since they can
represent fibrotic/necrotic changes, according to metabolic activity.

To address these issues, in 2016, the LYRIC criteria (Lymphoma Response to Im-
munomodulatory Therapy Criteria) [44] were developed as a refinement of the Lugano
Classification accounting for features specific of immunotherapy. In the LYRIC criteria, a CT-
based size assessment and a PET/TC evaluation are integrated together. LYRIC introduced
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the novel category of indeterminate response (IR) to account for flare/pseudoprogression
and delayed response, requiring a confirmatory study, either a biopsy or subsequent
imaging within 12 weeks. Three types of IR were identified:

• IR(1): Progression (defined as >50% increase in overall TB) in the first 12 weeks of
therapy without clinical deterioration.

• IR(2): Appearance of new lesions in the context of overall TB stability (Figure 2).
• IR(3): Increase in the uptake of existing lesions without a concomitant increase in

lesion size and number (Figure 3).

 

Figure 2. IR (2): Pseudoprogression in a patient on nivolumab for Hodgkin lymphoma. Panel
(A) shows baseline disease. Panel (B) (II–III) shows the appearance of new nodal lesions (red arrows)
in early PET evaluation after four cycles of immunotherapy. PET/TC evaluation at a later time point
(C) demonstrates regression of the nodal flares and metabolic response.

The LYRIC criteria were applied in studies assessing the response to immunotherapy
in lymphomas and were compared with the Lugano Classification.

In 2017, with the aim of unifying the response criteria in lymphoma with the response
criteria in solid tumors in the context of clinical trials evaluating new therapeutic agents
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in a mixed population of patients with lymphoma and patients with solid tumors, an
international working group developed the Response Evaluation Criteria in Lymphoma
(RECIL) [45]. RECIL looks at the RECIST criteria, proposing a unidimensional evaluation
of the sum of the longest axial diameters in a maximum of three target lesions, instead of
the sum of the product of diameters in up to six target lesions as suggested by the Lugano
criteria. Based on the hypothesis that new therapeutic agents can alter a tumor’s metabolism
and, thus, have the potential to increase false-positive and false-negative FDG-PET results,
RECIL decreased the role of PET in response assessment in lymphomas. Although in the
Lugano Classification, complete response (CR) was represented by PET negativity (DS 1–3)
regardless of lesion size, in RECIL, the CR response category requires a shrinkage >30% of
lesions besides PET negativity. The PR category was also modified to capture the mixed
responses encountered with novel treatments. In the Lugano Classification, the increase in
size >50% of a single lesion is sufficient to discern PD, even if other lesions concomitantly
decrease in size. In contrast, in RECIL, similarly to the IRC and LYRIC seen above, the
overall tumor burden is considered, and this case may discern PR, defined as a decrease in
size >30% of overall TB accompanied by PET positivity (DS 4 or 5). RECIL introduced a
novel provisional category of minor response, defined as a shrinkage of lesions >10% and
<29% accompanied by any PET status, aiming to account for a response that does not fulfill
the criteria for traditional response categories but may be associated with survival benefit.
A comparison of the Lugano Classification, LYRIC and RECIL 2017 is presented in Table 1.

Table 1. Comparison between Lugano lymphoma classification, LYRIC and RECIL 2017.

Lugano LYRIC RECIL 2017

Number of target lesions Up to 6 Up to 6 Up to 3

Measurement method Bidimensional: perpen-
dicular diameters

Bidimensional: perpe-
ndicular diameters

Unidimensional: long diameter
of any target lesion

Complete response
(CR)

PET negativity (DS 1–3)
with or without
a residual mass

Same as Lugano PET negativity (DS 1–3) plus
reduction in SLD > 30%

Minor response
(MR) No Same as Lugano Yes: reduction in SLD between

≥10% and <30%

Partial response
(PR)

Reduced FDG-PET uptake
(DS 4–5)

Decrease SPD ≥ 50%
Same as Lugano

Reduction in SLD ≥ 30% not
meeting criteria for CR

New lesions are included
in overall TB

Stable disease
(SD)

Stable FDG-PET uptake
(DS 4–5)

Decrease SPD < 50%
Same as Lugano Decrease <10% to

increase ≤20% in SLD

Progression of disease
(PD)

Increased FDG-PET
uptake (DS 4–5)

Increase SPD ≥ 50%
New lesions

As with Lugano,
with the exception of IR

IR(1): ≥50% increase in SPD
in first 12 weeks

IR(2): <50% increase in SPD with
new lesion(s), or ≥50% increase in

PPD of a lesion or set of lesions
IR(3): increase in FDG uptake

without a concomitant
increase in lesion size

Increase in SLD by 20%. For
relapse from CR, at least one
lesion should measure 2 cm

in the long axis with or
without PET activity

SPD: sum of product of perpendicular diameters of target lesions. SLD: sum of the longest diameters of target
lesions. IR: indeterminate response.
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Figure 3. IR (3): Panel (A) shows baseline lesions (red arrow). Early PET evaluation (B) during
nivolumab for Hodgkin lymphoma shows increase in FDG uptake (red arrow) in baseline lesions
without concomitant increase in size. At subsequent PET evaluation (C), there is a concordant
increment in size (red arrow), and criteria for true progression are met.

Figure 4. Flowchart of assessment of response to immunotherapy in lymphoma.

For an assessment of the response to immunotherapy in lymphomas, FDG-PET should
be performed at baseline and repeated after three–four cycles (at 9–12 weeks). Immune
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checkpoint inhibitors induce inflammation that can translate into increased FDG uptake
and even into the appearance of new lesions in the absence of true progression. In the
assessment of patients with lymphoma during the course of immunotherapy, collaboration
between clinicians, radiologists and PET readers in the context of a multidisciplinary
approach is advisable in equivocal and challenging cases to discriminate treatment-induced
inflammation/pseudoprogression from true progression. Decisions must be based on a
repeated scan taken 12 weeks later. A re-biopsy, when feasible, might be necessary in cases
of persistent FDG uptake, and it is encouraged in cases with the appearance of new lesions
of indeterminate origin. We illustrate a possible algorithmic approach to patients with HL
on immunotherapy in Figure 4.

4. Contribution of PET/CT-Derived Volumetric Parameters to Response Assessment

The morphologic CT-based criteria most widely adopted, the RECIST criteria, rely on
a unidimensional assessment of target lesions, with up to five (two per organ maximum)
intended to represent a sample of the total TB. Indeed, the assessment of the entire TB using
CT in an individual patient is time consuming and complex. In contrast, by using PET/CT,
exploiting the quantitative potential of parametric images, foci that accumulate FDG can
be outlined by grouping together pixels with SUV above a chosen threshold (typically 41%
of the maximum), quantified and summed up, with the aid of semiautomatic software for
segmentation and with minimal manual intervention [46]. It is feasible to measure the total
TB as metabolically active volume (MTV). Consequently, it is possible to easily assess the
variations in TB between baseline and after therapy. Total lesion glycolysis, defined as MTV
multiplied by SUVmean, can also be assessed using semiautomatic software, combining
volumetric data with metabolic parameters.

EANM guidelines for the use of PET/CT to evaluate the response to immunotherapy
recommend performing the computation of volumetric parameters at baseline to study
their modifications later during treatment [47].

The additional contribution of PET-derived volumetric parameters has been evalu-
ated in recent research studies (Table 2). Two single-center, retrospective studies [48,49]
suggested that the SUV metric is suitable to evaluate the response to immunotherapy
in relapsed/refractory HL. They outlined a significantly greater MTV (ΔMTV) and TLG
reduction (ΔTLG) in responders (CR and PR according to DS) than in non-responders.
A study by Castello [49] and colleagues also showed that, in the majority of responders
(29/31), tumor burden shrinkage was greater than 50%. In this study, the variation in the
tumor burden metrics at an early evaluation (8 weeks) correlated with variation at later
time points and accurately predicted the long-term outcomes of the patients.

Table 2. Contribution of MTV to assessment of response to immunotherapy.

Study Patients Treatment Time Points Response Criteria SUV Metrics Results

Savas et al.
(2018) [50]

13 I-IV HL
Newly

diagnosed
PEM 3 cycles Lugano MTV Mean ΔMTV-90%

CR 50%

Dercle et al.
(2018) [48] 16 R/R HL Nivolumab/

PEM 3 mth Lugano
LYRIC

SUVmax
SUVmean

MTV
TLG

ΔMTV-90% in responders
(PR+CR)

ΔMTV < 50% in refractory
(SD+PD)

Castello et al.
(2019) [49] 43 R/R HL Nivolumab/

PEM

Early (8 wks)
Interim
(17 wks)

Lugano
LYRIC

SUVmax
SUVmean

MTV
TLG

ΔMTV > 50% in
29/31 responders
(PR+CR) Median
MTV-95% CR 60%

Voltin et al.
(2020) [51]

53 IIb HL
therapy naïve Nivolumab 4 cycles

(16 wks) Lugano MTV
TLG

Average
ΔMTV-91%
CR 46.4%

R/R: relapsed/refractory. PEM: pembrolizumab.
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The feasibility of response assessment using PET-derived volumetric parameters
has been evaluated in small cohorts of naïve patients receiving HL therapy. A study by
Savas et al. [50] in 13 patients with newly diagnosed HL assessed ΔMTV and ΔTLG after
3 sequential cycles of pembrolizumab. Based on the analysis of the response rates at the end
of treatment, this study suggested that the response to pembrolizumab is better captured by
the dramatic decline in TB at an early assessment compared to conventional criteria, namely,
DS and SPD. Similarly, a study by Voltin [51] in 53 patients with early unfavorable HL
(stage II) treated with nivolumab showed an early near-complete MTV reduction (ΔMTV
91%), despite there being lower rates of CR assessed with conventional criteria. Based
on the outcome analysis on a follow-up period of 12 months, the authors suggested that
conventional criteria could underestimate the response in this cohort of stage II HL.

Recently, considering tumor heterogeneity and differences in therapy response, ar-
tificial intelligence (AI) approaches, radiomics and machine learning algorithms, have
emerged as non-invasive technologies using medical imaging analyses. AI can extract sig-
nificant quantitative data from patients’ medical images and correlate image features with
diagnostic and therapeutic outcomes [52,53]. Radiomics has been applied in lymphomas
to examine baseline FDG-PET for differential diagnosis from other malignancies and in
evaluations of bone marrow involvement and pre-treatment risk [54,55], but, currently, no
data are available for radiomic analyses in the context of assessments of the response to
immunotherapy in lymphomas [56,57].

As the state of the art, it is recommended to assess MTV and TLG before treatment
and during treatment in scheduled PET scans to quantify changes in tumor burden, as this
can orient the interpretation of the response to immunotherapy.

5. Immune-Related Adverse Events

Immune-related adverse events (irAEs) represent a major cause of treatment discontinua-
tion and a confounding factor in response assessment at imaging. However, the side effects
experienced during immunotherapy seem to be better tolerated than the side effects due to
cytotoxic therapy; a lower risk of serious (grade III–IV) adverse events has been reported [58].

IrAEs are related to the recruitment of an immune infiltrate in the organs involved.
From this perspective, IrAEs can be seen as an “undesirable” sign of immune activation or
rather that immunotherapy is acting effectively, as suggested by some studies reporting an
association between irAEs and treatment efficacy [59,60].

The first sign of immune activation is the inversion of the liver-to-spleen ratio, which
may be accompanied by splenomegaly. Speen activation can be associated with a mild
diffuse uptake in bone marrow. In an early phase, reactive lymph nodes may be seen in the
basin of the tumor. A sarcoid-like reaction, consisting of an increased uptake in mediastinal
hilar lymph nodes and pulmonary granulomatosis, can also occur. These phenomena are
transient, self-limiting and require monitoring until their resolution.

IrAEs can affect any organ, particularly the endocrine system’s glands (hypophysi-
tis, thyroiditis and adrenalitis). A symmetrical enlargement of the adrenal gland with
diffusely increased FDG uptake can be due to adrenalitis (Figure 5). With particular ref-
erence to nivolumab-induced thyrotoxicity, in a recent metanalysis by Barroso-Sousa and
colleagues [61], incidence rates of 6.5% for hypothyroidism and of 2.5% for thyrotoxico-
sis are reported. Nivolumab-induced thyroid dysfunction is due to painless thyroiditis,
characterized in most cases by an early-onset, transient, thyrotoxic phase, commonly fol-
lowed by hypothyroidism. A research study investigated the underlying mechanism of
the thyroid [62], suggesting that, since normal thyroid tissue expresses PDL1 and PDL2
mRNA and proteins, PD1 pathway blockade impairs immunotolerance and can induce
autoimmune thyroiditis in the absence of TRAb positivity. The appearance of a diffusely
increased FDG uptake in the thyroid gland in the course of immunotherapy (Figure 6)
should be considered suggestive of incipient thyroiditis, even before clinical manifestation
and obtaining laboratory findings [63].

150



J. Clin. Med. 2023, 12, 3498

 

Figure 5. Adrenalitis: patient with advanced melanoma. Panel (A) shows CT (I) and PET/CT (II) during
therapy with tyrosine kinase inhibitors; adrenal glands appear normal. Note the appearance of intense
hypermetabolism in the adrenal glands (box (B), II) accompanied by symmetrical enlargement in CT
images (box (B), I) during combined nivolumab plus ipilimumab treatment.

Figure 6. Nivolumab-induced thyroiditis: (A) no uptake in the thyroid gland at baseline. (B) appearance
of diffuse mild uptake in the thyroid gland in a patient receiving nivolumab for Hodgkin lymphoma
who developed thyroiditis.

A threatening irAE that can limit treatment cycles is checkpoint-inhibitor-related
pneumonitis (CPI). An accurate diagnosis of CIP can be difficult since, during the treatment
of oncological patients, other factors (infections, radiation therapy and other drugs) are
often mixed. In recent years, several studies [64,65] have demonstrated the potential
of CT radiomics to differentiate CIP from other conditions, such as radiation-induced
pneumonitis, leading to the development of the Rad-score [66], a robust model combining
11 imaging histological features with bilateral involvement and sharp borders.

The spleen must be critically checked: spleen enlargement and the inversion of the
physiological spleen-to-liver ratio can occur in the course of immunotherapy, similarly
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to what is observed during conventional rituximab-based regimens, and should not be
mistaken for lymphoma involvement.

IrAEs can be asymptomatic; in this context, FDG-PET/CT, being sensitive to foci of
active inflammation, including those due to immune activation, has the unique ability to
detect irAEs before clinical manifestation.

6. Future Perspectives

The selection of patients suitable to receive immunotherapy relies on several biomark-
ers (PD-L1 immunohistochemistry, immunohistochemistry for mismatch repair proteins,
PCR-based assays for microsatellite instability and sequencing for tumor mutational burden
on biopsy); however, they are not perfect and cannot accurately predict patient outcome.
Furthermore, the current approach to assessing PD1 status cannot detect heterogeneity
over time and across lesions due to the dedifferentiation of tumor clones, which may occur
during therapy. To address these limitations, novel PET tracers, designed as antibodies
or fragments of antibodies for specific immunotargets (immune-PET), were developed in
the past few years. Immuno-PET offers the possibility to non-invasively image in vivo
the whole body biodistribution of immune checkpoints and hold the potential to guide
treatment decision making.

The first human PD-L1 PET study was conducted with 89Zr -atezolizumab in 22 patients
with metastatic non-small-cell lung cancer (NSCLC), bladder cancer and triple-negative
breast cancer [67]. The patients were imaged before starting immunotherapy. The study
demonstrated a high tracer uptake in normal lymphoid tissue and sites of inflammation.
Tumor lesions showed a generally high tumor uptake, with great intra-patient and inter-
patient heterogeneity. [89Zr]Zr-atezolizumab uptake in tumor lesions correlated with the
response to therapy, PFS and OS and outperformed immunohistochemistry on a fresh
biopsy in the prediction of clinical response.

CD8 cells play an essential role in the cytotoxic response to tumors boosted by im-
munotherapy. The results of a clinical study evaluating the CD8 PET tracer 89ZED88082A,
a zirconium-89-labeled one-armed antibody in solid tumors, have recently been pub-
lished [68]. In this study, PET imaging was performed before and during immunotherapy.
The pre-treatment biodistribution of the tracer showed specific CD8 targeting, with a
high tracer uptake in normal lymphoid tissue. The tracer uptake in tumor lesions was
variable within and between patients. The tumor uptake was higher in patients with
mismatch-repair-deficient tumors and was correlated with CD8 cell density in tumors
stained immunohistochemically. A higher SUVmax in tumor lesions at baseline showed a
trend with improved OS. The results of serial 89ZED88082A imaging during immunother-
apy showed a great spatial and temporal heterogeneity of the behavior of lesions in re-
sponders, providing an insight into the complex dynamic tumor microenvironment. A
phase II trial investigating the efficacy of atezolizumab consolidation therapy in high-risk
DLBCL is ongoing (HOVON 151) (NCT03850028) (https://clinicaltrials.gov last update
posted 18 June 2019, accessed on 25 April 2023). In this study, patients are evaluated with
sequential 89Zr-atezolizumab imaging before and after R-CHOP induction therapy, during
atezolizumab consolidation therapy and at the time of suspected relapse. The HOVON
151 trial reflects the application of immune-PET in the clinical setting and may widen
therapeutic options in lymphomas.

In the future, the promising field of immuno-PET may hopefully improve patient
selection for immunotherapy and response assessment, and it may guide the development
of new agents.

7. Conclusions

The criteria for response assessment in lymphoma have deeply evolved in the last decade,
assigning an outstanding role to FDG-PET/CT. This path starts from the first lymphoma-
specific CT-based criteria and leads towards the PET-based Lugano Classification, which,
nowadays, represents the gold standard. The LYRIC criteria, the recent refinement of the
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Lugano Classification, were conceived to capture the new patterns of response observed
during treatment with novel immunotherapy agents that have entered the clinic. In this
context, PET/CT has the unique ability to assess response and uncover immune-related
adverse events. PET/CT quantitative parameters, such as MTV and TLG, assessing changes
in tumor burden may be useful tools in interpreting the response to immunotherapy.
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Abstract: Background: Static [18F]FDG-PET/CT is the imaging method of choice for the evaluation
of indeterminate lung lesions and NSCLC staging; however, histological confirmation of PET-positive
lesions is needed in most cases due to its limited specificity. Therefore, we aimed to evaluate the
diagnostic performance of additional dynamic whole-body PET. Methods: A total of 34 consecutive
patients with indeterminate pulmonary lesions were enrolled in this prospective trial. All patients
underwent static (60 min p.i.) and dynamic (0–60 min p.i.) whole-body [18F]FDG-PET/CT (300 MBq)
using the multi-bed-multi-timepoint technique (Siemens mCT FlowMotion). Histology and follow-up
served as ground truth. Kinetic modeling factors were calculated using a two-compartment linear Pat-
lak model (FDG influx rate constant = Ki, metabolic rate = MR-FDG, distribution volume = DV-FDG)
and compared to SUV using ROC analysis. Results: MR-FDGmean provided the best discriminatory
power between benign and malignant lung lesions with an AUC of 0.887. The AUC of DV-FDGmean

(0.818) and SUVmean (0.827) was non-significantly lower. For LNM, the AUCs for MR-FDGmean

(0.987) and SUVmean (0.993) were comparable. Moreover, the DV-FDGmean in liver metastases was
three times higher than in bone or lung metastases. Conclusions: Metabolic rate quantification was
shown to be a reliable method to detect malignant lung tumors, LNM, and distant metastases at least
as accurately as the established SUV or dual-time-point PET scans.

Keywords: whole-body; dynamic PET; parametric FDG; Patlak; FDG; PET/CT

1. Introduction

Lung cancer continues to be the tumor disease with the leading number of cancer
deaths worldwide [1]. Precise staging is essential for the initiation of adequate therapy [2].
PET/CT with the glucose analog [18F]Fluorodeoxyglucose ([18F]FDG) assumes a central
function for staging lung cancer, according to international guidelines [3,4]. [18F]FDG-PET
is generally performed as a static scan, at a defined uptake time of 60 to 90 min after
intravenous (i.v.) tracer application. However, due to increased [18F]FDG affinity in inflam-
matory tissue, [18F]FDG-PET is known to have limited specificity for an accurate evaluation
of thoracic lymph nodes, especially in the presence of frequently associated tumor inflam-
matory pulmonary disease. Thus, [18F]FDG-avid lymph nodes must be biopsied before
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surgery or radiotherapy to rule out malignancy histologically [3,4]. However, such an
intervention is often difficult and risky in clinical practice due to the often-limited car-
diopulmonary reserve. Furthermore, the evaluation of indeterminate lung lesions, which
cannot be biopsied due to their location or unfavorable risk–benefit to the patient, is also
an indication for PET [3,4].

One way to generate complementary PET information is to quantify the tracer dis-
tribution over time. Until recently, this was typically feasible using two workflows with
significant limitations. The first option is a dynamic acquisition, where the tracer distri-
bution is continuously measured in a defined but limited anatomical region. Using this
method, the axial field of view of current well-established PET scanners (generally between
15 and 30 cm) limits the anatomical coverage, which in turn restricts the dynamic acquisition
of whole-body data [5,6]. A second option is a dual-/multi-time-point PET: this technique
combines two or more static PET examinations and calculates the difference in [18F]FDG
uptake [7–9]. Whereas traditional dynamic PET is not suitable for whole-body staging
due to the limited FOV of the PET scanner, dual-time-point imaging has already shown
significantly increased accuracy for the assessment of mediastinal lymph node metastases
(LNM) in a large meta-analysis of 654 patients with non-small cell lung cancer (NSCLC) [7].

Dynamic whole-body PET data can be produced using an innovative combination of
dynamic acquisition at the start of the scan followed by multiple subsequent whole-body
scans either in the “step-and-shoot” or in the “continuous-bed-motion” technique. This
form of dynamic data acquisition can be used for Patlak kinetic modeling, which enables
the assessment of [18F]FDG distribution in different compartments separately for each
organ and tissue in the body [10–13]. However, the clinical benefit of this technique and of
dynamic information on tumor staging has not been completely elucidated.

Therefore, the aim of this prospective study was to assess the feasibility of dynamic
whole-body PET acquisition in a clinical setting and to evaluate the diagnostic performance
of parametric imaging in the classification of indeterminate lung lesions and lymph nodes.

2. Materials and Methods

2.1. Study Design

Thirty-three consecutive patients with indeterminate pulmonary lesions and a clinical
indication for [18F]FDG-PET/CT were enrolled into this prospective unicentric trial between
June 2019 and April 2022, as shown in detail in the Consolidated Standards of Reporting
Trials (CONSORT) flow diagram (Figure 1). This prospective trial was approved by the
Institutional Review Board (registry No. 333/2019BO2) and is listed in the German Clinical
Trial Register (DRKS-ID: DRKS00017717). All patients signed an informed consent.

2.2. PET/CT Examination Protocol

Patients were asked to fast for at least 6 h prior to examination. Weight, size, and
blood sugar level were measured before i.v. tracer administration. Blood glucose level was
below 140 mg/dL in all patients without the administration of insulin 8 h prior to tracer
application. [18F]FDG dosing was weight-based using 4.0 ± 0.6 MBq/kg. All patients were
positioned with arms up on a vacuum mattress on the PET/CT (Biograph mCT, Siemens
Healthineers) table to reduce motion artifacts and were asked to breathe as calmly and
steadily as possible.

Before PET, a full diagnostic CT with adaptable tube voltage and tube current (CARE
KV 120–140 kV, CARE Dose 4D 40–280 mAs) was performed. An iodinated contrast agent
(80–100 mL Ultravist® 370, Bayer Vital GmbH, Leverkusen, Germany) was administered to
all patients except for contraindications.

The dynamic PET acquisition started simultaneously with the i.v. injection of [18F]FDG
and lasted a total of 80 min. The initial table position was centered over the cardiac region
(BI ≈ 6 min) to acquire the individual input function followed by whole-body (WB) dynamic
PET of skull to mid-thigh (WB ≈ 74 min) using continuous-bed-motion as described in
detail by Karakatsanis et al. and Rahmim et al. [10–12].
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Figure 1. CONSORT flow diagram for patient enrolment. PET = Positron Emission Tomography;
CT = Computer Tomography.

Image data were subdivided into 43 time frames (12 × 5 s, 6 × 10 s, 8 × 30 s, 7 × 180 s,
and 10 × 300 s.) The time activity curve (TAC) was derived by an automatically generated
cylindric volume of interest (VOI: 10 mm diameter and 20 mm long) centered in the
descending aorta with acquired CT images using ALPHA (automated learning and parsing
of human anatomy) as implemented in the vendor’s software (VG70A, Siemens Healthcare
GmbH, Erlangen, Germany).

2.3. Reconstruction and Postprocessing

Dynamic PET data (cardiac region and WB) were reconstructed with OSEM 3D re-
construction applying point-spread-function (PSF) and time-of-flight (TOF)—using two
iterations, 21 subsets, a 200 × 200 matrix, and a 5 mm Gaussian filter. The reconstructed
passes 12–17 of the WB and the resulting TAC were used to perform the Patlak reconstruc-
tions with two iterations, 21 subsets, a 200 × 200 matrix, and a Gaussian 5 mm filter as
implemented in the vendor’s software (VG70A, Siemens Healthcare GmbH).

A standard of care static whole-body image was reconstructed by using passes
15–17 of the WB, with ultraHD-PET (PSF + TOF), two iterations, 21 subsets, and a
400 × 400 matrix with a Gaussian 2 mm filter.

[18F]FDG kinetics were modeled using a two-compartment model based on linear
Patlak analysis [14,15], as described in detail by A. M. Smith et al. [16], resulting in the gen-
eration of whole-body Patlak slope and Patlak intercept parametric images. Patlak slope,
which represents the constant influx rate of [18F]FDG (Kimean, given in mL/(min × 100 mL)
= 0.01 × min−1), was multiplied by the blood glucose level to calculate the metabolic rate
of [18F]FDG (MR-FDGmean) and is expressed as μmol/(min × 100 mL). Patlak intercept is
expressed in percent and represents the distribution volume of free [18F]FDG (DV-FDGmean)
in the reversible compartments and fractional blood volume [13]. Semiquantitative mea-
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surements were performed in static images using SUVmax, SUVmean (50% isocontour), and
SUVpeak (1 mL sphere).

2.4. Image Evaluation and Segmentation

Parametric images were produced and quantified using syngo.via® 8.2 (Siemens
Healthineers, Erlangen, Germany). Volumes of interest (VOIs) were manually delineated in
the fused PET/CT images and validated by a certified expert in nuclear medicine with more
than five years of experience in PET/CT. VOIs were overlaid on the Ki dataset, DV-FDG,
and on the static PET images for data extraction. If necessary, manual coregistration was
performed to assure adequate realignment.

2.5. Ground Truth

The final diagnosis was provided by histology, long-time follow-up, and/or as a
consensus decision of the institutional interdisciplinary tumor board.

2.6. Statistical Analysis

Differences in the mean values of two groups, features, or methods were tested for
significance using the two-sided Student’s t-test. Levene’s test was performed to assess the
equality of variance before the t-tests.

One-way ANOVA was performed to compare the dignity (inflammation, benign, or
malign) of the different groups for the studied metrics (e.g., DV-FDGmean, MR-FDGmean).
An alpha level of 0.05 was used for analysis. Subsequent multiple comparison correction
was performed using Tukey’s honestly significant difference procedure. Results of the
ANOVA are shown with p values in the main manuscript. Correlation coefficients were
calculated according to Pearson and a Pearson correlation coefficient of r > 0.7 was defined
as strong, 0.7–0.3 as moderate, and <0.3 as a weak linear correlation. A p-value < 0.05 was
considered statistically significant.

The intersection of the false-negative and false-positive rates was defined as the
optimal cut-off value. Statistical analysis was performed with SPSS Statistics 28.0 software
(IBM Inc., Armonk, NY, USA), MATLAB v. R2022b (The MathWorks, Inc., Natick, MA,
USA), and MS Excel 2019 v.2206 (Microsoft corporation, Redmond, WA, USA).

3. Results

3.1. Patient Cohort

Thirty-nine patients met the inclusion criteria for this prospective study between
October 2019 and April 2022, of whom 34 consented to study-related dynamic PET acqui-
sition. One patient received further treatment abroad and dropped out of the analysis.
Consequently, 33 patients with complete datasets were included in the analysis. Gender
distribution was 42% women (14/33) and 58% men (19/33). Male patients were signif-
icantly older (68 ± 9 yrs vs. 60 ± 10 yrs, respectively, p = 0.032) and taller (178 ± 9 cm
vs. 161 ± 9 cm, respectively, p < 0.001) than female patients with comparable weight
(78 ± 22 kg vs. 70 ± 10 kg, respectively, p = 0.053) and BMI (26 ± 6 vs. 27 ± 4, respectively,
p = 0.475). The blood glucose level before tracer administration did not differ between the
sexes and was 5.44 ± 0.94 mmol/L.

3.2. Pulmonary Lesions

Detailed pulmonary lesion analysis is shown in Table 1 with 66.7% (22/33) classified
as malignant and 33.3% as benign. In one patient, the lung lesion had completely regressed
between external CT-scan and PET/CT, so that no lung lesion measurements could be
obtained. The final diagnosis was confirmed histologically in 64.6% of the patients (21/33),
by follow-up in 21.2% (7/33), and as a consensus decision of the interdisciplinary tumor
board in 15.2% (5/33).
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Table 1. Patients’ characteristics and diagnosis.

Study-ID Sex Age at PET
Final Diagnosis of

Lung Lesion
Diagnosis

Confirmation

Tumor Stage

T N M

1 f 54 Inflammation Follow-up
2 m 81 CLL Biopsy
3 f 56 Benign Follow-up
4 m 75 NSCLC Surgery T4 N2 M1a
5 m 61 Hematoma Follow-up
6 m 58 NSCLC Surgery pT3 pN0 cM0
7 m 64 Inflammation Follow-up
8 m 78 NSCLC Biopsy cT3 cN2 cM0
9 f 50 NSCLC Biopsy cT4 cN3 cM1

10 m 82 Benign Follow-up
11 m 66 NSCLC Biopsy pT2a N0 M0

12 m 79 Inflammatory
myofibroblastic tumor Surgery

13 m 69 SCLC Biopsy cT4 cN3 cM1c
14 f 71 NSCLC Surgery pT2a pN0 cM0
15 f 73 NSCLC Surgery pT1b pN0 cM0

16 m 77 Malign Interdisciplinary
Tumor board cT1b N0 M0

17 f 76 NET Surgery pT2a pN0 pM0

18 f 41 Benign Interdisciplinary
Tumor board

20 m 69 NSCLC Surgery pT1b pN0 pM0
21 f 57 NSCLC Surgery pT1c pN0 pM0
22 f 56 Hamartoma Follow-up
23 f 56 Sarcoidosis Biopsy

24 f 73 Regredient Lesion Interdisciplinary
Tumor board

25 f 57 NSCLC Biopsy cT3c cN1 pM1a
26 m 52 Inflammation Follow-up

28 m 61 Primary Lung Tumor Interdisciplinary
Tumor board cT1b cN0 cM0

29 m 66 Primary Lung Tumor Interdisciplinary
Tumor board cT4 cN2 cM1b

30 f 69 NSCLC Biopsy cT4 cN0 cM0
31 m 59 NSCLC Surgery pT2b pN0 cM0

32 f 54 NSCLC Surgery pT2a
pT1a

pN1
pN0

pMx
pMx

33 m 73 NSCLC Biopsy T2b Nx M1
35 m 54 Inflammation Biopsy
36 m 65 NSCLC Biopsy cT2a cN2 cM0

CLL = Chronic Lymphatic Leukemia; NET = Neuroendocrine Tumor; NSCLC = Non-Small Cell Lung Cancer;
SCLC = Small Cell Lung Cancer.

3.3. Feasibility of Patlak-PET Data Acquisition

All patients tolerated the complete scheduled acquisition time. No examination had to
be discontinued or repeated due to technical difficulties. A representative multiparametric
scan is presented in Figure 2.

3.4. Effect of Quantification Method on Diagnostic Accuracy

Each semiquantitative PET measurement was performed using three different quantifi-
cation methods: max, mean (50% isocontour), and peak (1 mL sphere). The quantification
method showed no significant effect on the AUC, neither for the lung lesions nor for the
lymph nodes, as detailed in Supplementary Tables S1 and S2. For clarity, only the “mean”
value is reported in the results.

Malignant lung lesions revealed a significantly higher tumor volume, SUVmean, Patlak
Kimean, MR-FDGmean, and DV-FDGmean compared with benign lung lesions, as detailed in
Table 2 and Figure 3. Benign pulmonary nodules were markedly smaller than inflammatory
sites, however, this difference was not significant in this cohort (p = 0.057).
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Figure 2. Representative example of multiparametric [18F]FDG PET-imaging of a patient
(Study-ID 33) suffering from an adenocarcinoma of the lung (dotted arrow). A single liver metas-
tasis was detected with PET and was histologically confirmed (solid arrow). Of note is the high
DV-FDG of the liver metastasis compared to the lung tumor in combination with homogeneous
imaging of the surrounding tumor-free liver parenchyma. DV-FDG = Distribution Volume of FDG;
FDG = Fluorodeoxyglucose; Ki = Influx Rate Constant; PET = Positron Emission Tomography;
SUV = Standardized Uptake Value.

Table 2. Measurements of lung lesions, lymph nodes, and metastases depending on their classification
as benign, malignant, or inflammatory.

Total Malign Benign Inflammation

Lung lesions n = 32 n = 21 n = 6 n = 5
Volume (mL) 33.41 ± 58.63 48.34 ± 67.09 1.85 ± 1.71 * 8.63 ± 5.80 *
Density (HU) 19.55 ± 28.93 20.78 ± 30.18 3.72 ± 23.26 * 33.40 ± 25.16

SUVmean 6.45 ± 5.56 8.40 ± 5.89 2.05 ± 1.33 * 3.50 ± 1.89
Patlak Kimean

(mL/(min × 100 mL)) 1.93 ± 2.1 2.67 ± 2.26 0.30 ± 0.17 * 0.78 ± 0.56

MR-FDGmean
(μmol/(min × 100 mL)) 10.82 ± 12.62 15.01 ± 13.68 1.56 ± 0.80 * 3.88 ± 3.38

DV-FDGmean (%) 110.35 ± 99.56 114.25 ± 106.95 31.13 ± 9.87 * 63.03 ± 26.89

Lymph nodes n = 65 n = 6 n = 47 n = 12
Short-axis (mm) 9.38 ± 5.75 17.73 ± 8.22 7.61 ± 2.73 * 6.57 ± 0.54 *
Long-axis (mm) 15.95 ± 7.97 26.52 ± 10.35 12.32 ± 4.27 * 12.45 ± 3.93 *

Volume (mL) 2.05 ± 6.40 8.17 ± 13.63 0.65 ± 7.22 0.77 ± 0.66
SUVmean 3.43 ± 4.60 11.09 ± 6.54 1.67 ± 0.68 * 1.86 ± 0.38 *

Patlak Kimean
(mL/(min × 100 mL) 0.70 ± 1.14 2.47 ± 1.80 0.28 ± 0.16 * 0.40 ± 0.69 *

MR-FDGmean
(μmol/(min × 100 mL)) 3.85 ± 6.58 14.31 ± 10.13 1.50 ± 0.83 * 1.32 ± 0.30 *

DV-FDGmean (%) 57.02 ± 36.00 112.69 ± 44.81 43.13 ± 17.24 * 54.50 ± 12.35 *

Metastases n = 7
SUVmean 6.94 ± 4.00

Patlak Kimean
(mL/(min × 100 mL)) 1.47 ± 1.03

MR-FDGmean
(μmol/(min × 100 mL)) 8.37 ± 5.82

DV-FDGmean (%) 69.45 ± 49.63

* The asterisk and bold font reflects the significant result (p < 0.01) of Tukey’s honestly significant difference proce-
dure for multiple comparison correction when separately comparing benign and inflammation to malign findings.
One-way ANOVA was significant for main group effects in all evaluations (p < 0.05). HU: Hounsfield Units.
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Figure 3. Boxplots illustrating gender-specific SUVmean (A,B) Patlak Kimean (C,D) MR-FDGmean

(E,F) and DV-FDGmean (G,H) measurements in the function of lung lesions (A,C,E,G) and lymph
nodes (B,D,F,H). Asterisk (�) represents an extreme value. Circle (o) represents an outlier.
DV-FDG = Distribution Volume of FDG; FDG = Fluorodeoxyglucose; Ki = Influx Rate Constant;
MR = Metabolic Rate; PET = Positron Emission Tomography; SUV = Standardized Uptake Value.

3.5. Lymph Nodes Characteristics

LNM had a significantly higher SUVmean, Patlak Kimean, MR-FDGmean, and DV-
FDGmean compared to benign and to inflammatory altered LN. Furthermore, LNM pre-
sented a significantly larger short- and long-axis diameter compared to benign and to
inflammatory-altered LN, as presented in Table 2. Tumor volume was not a feature that
was consistently increased in malignant lesions and could, therefore, not significantly
discriminate dignity between the three groups in this cohort.

3.6. Patlak FDG-PET: Dynamic Parameter Evaluation

Liver tissue was chosen as the reference organ and measurements were performed in all pa-
tients (n = 33) in tumor-free liver tissue (SUVmean: 2.79; MR-FDGmean: 2.08 μmol/(min × 100 mL);
Kimean: 0.406 mL/(min × 100 mL).

Kimean and MR-FDGmean correlated strongly for lung lesions (r = 0.989; p < 0.001) and
LN (r = 0.994; p < 0.001), so that only MR-FDGmean is shown in the following figures for
reasons of conciseness. Quantified MR-FDGmean correlated strongly with SUVmean for lung
lesions (r = 0.930; p < 0.001) as well as LN (r = 0.967; p < 0.001), as presented in Figure 4.
The correlation between DV-FDGmean and MR-FDGmean was slightly lower but still strong
and significant (lung lesions: 0.826, LN: 0.760, p < 0.001).

In distant metastases, MR-FDGmean quantification showed a strong correlation (r = 0.943;
p < 0.001) with SUVmean, regardless of the location of metastases or histology of primary
tumors, as presented in the scatterplot in Figure 5A.

When only bone and lung metastases were considered, a strong correlation between
SUVmean and Patlak intercept was observed (r = 0.891; p = 0.017).

In contrast, DV-FDGmean revealed a three-times higher value in an NSCLC liver
metastasis (153.63%) compared to the other bone and lung metastases (55.54%), as shown
in Figure 5B. As a result, the correlation with SUVmean fell below the significance level
(r: 0.457, p = 0.302). However, considering only bone and pulmonary metastases, a strong
correlation between SUVmean and DV-FDGmean r = 0.891 (p = 0.017) was found.
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Figure 4. Scatterplots illustrating the correlation between SUVmean, MR-FDGmean, and DV-FDGmean

of different types of lung lesions (A,C) and lymph nodes (B,D). Interestingly, DV-FDGmean (B) and
MR-FDGmean (D) of the lymph nodes were proportionally half of the values of primary lesions
(A,C), while the magnitude of SUVmean of lymph nodes and primary lesions was found similar.
DV-FDG = Distribution Volume of FDG; FDG = Fluorodeoxyglucose; Ki = Influx Rate Constant;
MR = Metabolic Rate; PET = Positron Emission Tomography; SUV = Standardized Uptake Value.

3.7. Discriminatory Power between Benign and Malignant Lung Lesions

SUVmean and the dynamic parameters Patlak Kimean, MR-FDGmean, and DV-FDGmean
revealed very good discriminatory power in the AUC-analysis between benign and ma-
lignant lung lesions even at high-significance levels (p < 0.001), as detailed in Figure 6
and Table 3.

Table 3. AUC values of pulmonary lesions (n = 32, prevalence: 52.4%).

AUC Std. Error 95% CI p-Value Cut-off Value Sens. Spez.

PET: SUVmean 0.827 0.073 0.684–0.970 0.003 3.08 81.0% 72.7%

PET: MR-FDGmean 0.887 0.057 0.775–1.000 <0.001
61.7

(μmol/(min × 100 mL)) 81.0% 81.8%

PET: Patlak Ki-FDGmean 0.861 0.065 0.735–0.988 0.001
0.68

(mL/(min × 100 mL)) 81.0% 81.8%
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Table 3. Cont.

AUC Std. Error 95% CI p-Value Cut-off Value Sens. Spez.

PET: DV-FDGmean 0.818 0.075 0.671–0.965 0.004 54.3% 76.2% 81.8%
Ratio: SUVmean

lesion/SUVmean blood pool
0.835 0.070 0.698–0.973 0.002 1.86 71.4% 72.7%

Ratio: SUVmean

lesion/SUVmean liver tissue
0.838 0.071 0.699–0.977 0.002 1.38 71.4% 72.7%

CT: Lesion volume 0.797 0.078 0.643–0.950 0.007 5.6 mL 71.4% 72.7%
CT: Lesion density 0.550 0.109 0.335–0.764 0.648 17.0 HU 61.9% 63.6%

CT: Lesion SD density 0.677 0.103 0.475–0.880 0.104 15.1 HU 76.2% 63.2%

Significant results are highlighted in bold.

(A) 

(B) 

Figure 5. Scatterplots illustrating the correlation between SUVmean and MR-FDGmean (A); and
SUVmean and DV-FDGmean (B) measurements in the function of the type of distant metastases and
primary tumor histology. Metastases of NSCLC are coded as small circle, SCLC as large circle. DV-
FDG = Distribution Volume of FDG; FDG = Fluorodeoxyglucose; MR = Metabolic Rate; NSCLC = Non
Small Cell Lung Cancer; SUV = Standardized Uptake Value; SCLC = Small Cell Lung Cancer.
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Figure 6. ROC analyses of CT morphologic, static as well as parametric, PET data to differentiate
between malignant and benign lung lesions. CT = Computer Tomography; DV-FDG = Distribution
Volume of FDG; FDG = Fluorodeoxyglucose; Ki = Influx Rate Constant; MR = Metabolic Rate;
NSCLC = Non Small Cell Lung Cancer; SUV = Standardized Uptake Value; SCLC = Small Cell
Lung Cancer.

MR-FDGmean provided the best discriminatory power between benign and malignant
lung lesions with a high AUC of 0.887. At a somewhat lower level, the AUC of DV-
FDGmean was 0.818 and that of the SUVmean was 0.827, although the difference did not
reach significance in the AUC comparison in this cohort. MR-FDGmean was slightly more
specific than SUVmean (81.8% vs. 72.7%, respectively) at a sensitivity of 81.0% (cut-off value
of 61.7 μmol/(min × 100 mL)).

Normalizing the SUVmean of the lung lesions to the SUVmean of the blood pool in the
descending aorta or the hepatic parenchyma did not result in a relevant AUC improvement,
as presented in Table 3.

Regarding CT features, malignant lung lesions presented with significantly larger
volume, as detailed in Table 2. Determination of the pulmonary nodule density was not
able to reliably distinguish tumor foci from benign lung lesions (p = 0.65).

3.8. Discriminatory Power between Benign and Malignant Lymph Nodes

The parametric PET parameters MR-FDGmean, Patlak Kimean, and DV-FDGmean pro-
vided excellent discriminatory power between LNM and benign LN. The AUC of the
static PET parameter SUVmean (AUC 0.993) was slightly, but not significantly, higher than
parametric PET parameters, as detailed in the ROC (Figure 7) and Table 4. SUVmean showed
the highest sensitivity and specificity within all PET parameters at an optimal cut-off value
of SUV 2.6.

For parametric PET, MR-FDGmean revealed the highest AUC of 0.987 followed by
Patlak Kimean and DV-FDGmean with non-significantly lower AUC of 0.958 and 0.948,
respectively. Semiautomatic diameter measurements also reached excellent AUC with 0.969
for the short-axis and 0.947 for the long-axis diameter, as shown in Figure 7 and Table 4.
The calculation of the tumor-to-liver or tumor-to-metastases ratios did not improve AUC
for either Patlak Kimean, MR-FDGmean, DV-FDGmean, or SUVmean.
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Table 4. AUC values of mediastinal lymph nodes (n = 65, prevalence: 18.5%).

AUC Std. Error 95% CI p-Value Cut-off Value Sens. Spez.

PET: SUVmean 0.993 0.007 0.979–1.000 <0.001 2.61 100% 94.3%

PET: MR-FDGmean 0.987 0.011 0.966–1.000 <0.001
2.58

(μmol/(min × 100 mL)) 91.7% 90.6%

PET: Patlak Ki-FDGmean 0.958 0.034 0.891–1.000 <0.001 0.49 (mL/(min × 100 mL)) 83.3% 92.5%
PET: DV-FDGmean 0.948 0.028 0.893–1.000 <0.001 60.5 % 83.3% 81.1%

CT: short axis 0.969 0.020 0.929–1.000 <0.001 10.5 mm 91.7% 84.9%
CT: long axis 0.947 0.028 0.893–1.000 <0.001 16.1 mm 83.3% 84.9%

Significant results are highlighted in bold.

Figure 7. ROC analyses of CT morphologic, static as well as parametric, PET data to differentiate
between malignant and benign lymph nodes. CT = Computer Tomography; DV-FDG = Distribution
Volume of FDG; FDG = Fluorodeoxyglucose; Ki = Influx Rate Constant; MR = Metabolic Rate;
NSCLC = Non Small Cell Lung Cancer; SUV = Standardized Uptake Value; SCLC = Small Cell
Lung Cancer.

3.9. Effect of Distant Metastases on SUVmean, Patlak Kimean, and DV-FDGmean Values of Primary
Tumor and LNM

A further analysis was performed to assess the differences in SUV, Patlak Ki, MR-
FDGmean, and DV-FDGmean of lung lesions and LNM in patients with or without dis-
tant metastasis (M1, contralateral thoracic and/or extrathoracic). LNM presented with
significantly higher SUVmean (M1: 13.49 ± 5.65; M0: 3.89 ± 1.89 p = 0.018), Patlak
Kimean (M1: 3.09 ± 1.63; M0: 0.63 ± 0.43 mL/min/100 mL, p = 0.031), and MR-FDG (M1:
17.78 ± 9.31; M0: 3.90 ± 1.22 μmol/(min × 100 mL), p = 0.032), but non significantly higher
DV-FDGmean (M1: 124.16% ± 44.78; M0: 78.23 ± 25.55, p = 0.129) values in patients with
distant metastases (n = 5) compared to M0.

However, primary tumors showed only non-significantly higher SUVmean (10.33 ± 5.37
vs. 5.73 ± 5.37%), Patlak Kimean (3.2 ± 1.85 vs. 1.69 ± 2.1 mL/min/100 mL), MR-FDGmean
(18.23 ± 11.01 vs. 9.45 ± 12.60 μmol/(min × 100 mL)), and DV-FDGmean (143.11 ± 91.01
vs. 104.28 ± 101.48%) values in patients with M1 compared to M0.

4. Discussion

This prospective study investigates the additional diagnostic value of whole-body
parametric Patlak analysis of [18F]FDG PET in patients with indeterminate lung lesions in
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a clinical setting. Moreover, we explore the diagnostic performance of dynamic data in the
detection of LNM and distant metastases compared to standard static PET scans at 60 min
p.i. First, methodologically, we demonstrate the reliability of dynamic whole-body PET/CT
acquisition in a multi-bed–multi-timepoint technique with continuous table movement in
the clinical routine on a conventional PET scanner. Second, we confirm that the quantified
metabolic rate of [18F]FDG (MR-FDG) seems to be at least as accurate in distinguishing
malignant from benign findings as the state-of-the-art semiquantitative SUV measurement
using 60 min p.i. static scan.

Parametric data from MR-FDG and Patlak Ki correlated strongly with the established
SUVmean measurements and had comparable AUCs for the classification of lung lesions.
However, a closer look at the ROC indicated a slightly higher specificity in the mid-high
sensitivity range for MR-FDG. This finding may indicate that MR-FDG and Ki are slightly
more robust than SUV, which is in line with the results of the virtual clinical trial by Ye
et al. [17]. In that study, the Ki was found to be superior to the SUV in the detection of
NSCLC and more robust in the case of significant count rate reductions. However, the
findings were validated only on a small sample size [17].

The parametric whole-body dynamic [18F]FDG PET measurements of our trial were
consistent with the limited data available from previous studies [18]. In direct comparison
to single-bed dynamic PET measurements published by Yang et al., our results demonstrate
slightly higher SUVs in the primary tumor (M0: SUVmean 5.73 vs. 5.23; M1: 10.33 vs.
8.41), and considerably lower Ki values (M0: 0.0169 min−1 vs. 0.026; M1: 0.032 min−1

vs. 0.050) [6]. Similar results were also found for LNM, whose uptake was also shown
to be dependent on the presence of distant metastases (SUVmean: M0: 3.89 vs. 4.22; M1:
13.49 vs. 5.57) [6].

While SUVmean measurements are generally accepted in the clinical setting, the use
of Kimean is not validated yet. Here, the MR-FDG values of the lung tumors differed
up to a factor of two compared to the dynamic single-bed measurements at comparable
SUVmean. This effect was more emphasized and indeed dependent on the presence of
distant metastases (Patlak Kimean: M0: 0.0063 vs. 0.016 min−1, M1: 0.031 vs. 0.033 min−1) [6].
Notably, our data showed a significantly stronger correlation between SUVmean and Patlak
Kimean (r: 0.93–0.97 vs. 0.76–0.88) compared to the data published by Yang et al. [6]. Such
varying strength of correlation between two parameters, which were calculated at one site
each, indicate that the Ki values may depend on the calculation method. However, this
must be further investigated.

In addition, it is also important to consider that although the magnitude increments
of SUVmean and Patlak Kimean or MR-FDGmean are quite similar, they represent different
physiological information. SUVmean is the sum of metabolized [18F]FDG-6P trapped in the
compartment and un-metabolized [18F]FDG, while MR-FDG solely reflects metabolized
[18F]FDG-6P activity [18].

Furthermore, data on our DV-FDG measurements, which represents the combined
distribution volume of free [18F]FDG in blood and tissue (reversible compartment), also
revealed strong correlations with trapped [18F]FDG measured within MR-FDG and Patlak
Kimean (irreversible compartment) [18]. Interestingly, the only hepatic metastasis in our
cohort was visually more distinct and focal in the parametric DV-FDG image, compared
to the other parametric parameters. Furthermore, this lesion presented with a remarkably
higher DV-FDG value, when compared to the lung or bone metastases. One potential
explanation for this effect in the liver metastasis is a previously reported increment of
dephosphorylation of the trapped [18F]FDG-6P in liver tissue [18]. High dephosphorylation
activity would result in less irreversible trapping and significant efflux of the initially
trapped [18F]FDG-6P via the bidirectional GLUT (esp. GLUT 1) transporter out of the
cell and back into plasma [18]. This would result in higher DV-FDG values since the
reversible compartment also includes both free [18F]FDG in blood and tissue as well as
some [18F]FDG-6P [18]. Even if the value of DV-FDG has caused some controversy [19], our
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data are supportive of investigations evaluating DV-FDG as a potential imaging biomarker
for liver metastases.

Interestingly, in our cohort, the diagnostic performance of Patlak Kimean and MR-
FDG seems to achieve at least equal or higher discriminatory power in the detection of
mediastinal LNM when compared to the dual-time-point (DTP) dynamic PET using an
SUV retention index (RI-SUV) between 1 h and 2 h p.i. by Shinya et al. [9] or the DTP data
presented in the largest meta-analysis by Shen et al. [7] (AUC 0.958 vs. 0.794 and 0.9331) on
lesion-based analysis. In detail, our MR-FDGmean quantifications presented with higher
sensitivity of 92% vs. 74% at a defined specificity of 76% and higher specificity of 89%
vs. 76% at a defined sensitivity of 74% compared to the DTP-based RI-SUV estimation
published by Shinya et al. [9].

Regarding the performance of dynamic parameters for the detection of distant metas-
tases, there are still insufficient data in the literature. The parametric [18F]FDG dynamic
data presented in this study, however, provide the largest published cohort with histologic
validation. MR-FDG was shown to be a robust parameter with a very strong correlation to
SUVmean regardless of the histology of the primary tumor or location of metastasis (bone,
lung, or liver).

Limitations

There are several limitations in this prospective pilot study. First, the sample size of
LNM and distant metastases is relatively small, even though it represents one of the largest
published collectives. However, due to large effect sizes, the data presented are significant
and, therefore, might enable a pre-conclusive analysis.

In addition, some of the lesions could not be confirmed by biopsy; thus, the diagnosis
had to be confirmed based on the conclusion of the interdisciplinary tumor board, as is the
gold standard for many lesions.

Data acquisition was performed within a single-center study setting; thus, the inter-
comparability of measurements between different PET scanners cannot be evaluated.

5. Conclusions

The dynamic whole-body acquisition of [18F]FDG using the Patlak plot was shown
to be a stable method for the determination of whole-body glucose metabolism dynamics
that operates well in routine clinical practice even on a standard PET/CT scanner. The
quantification of the MR-FDG detects malignant lung tumors, LNM, and distant metas-
tases with at least comparable accuracy as the established SUVmean or time-consuming
dual-time-point PET scans. In contrast to MR FDG, which correlates strongly with SUV,
the distribution volume (DV) of [18F]FDG was considerably higher in liver metastases,
indicating a potential additional benefit for the Patlak parameter DV-FDG in detecting
hepatic metastases.
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prevalence: 18.5%).
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