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Preface to "Role of Medical Imaging in Cancers”

Medical imaging comprises a huge amount of imaging techniques, from ultrasound and
computed tomography (CT) to molecular imaging comprising magnetic resonance imaging (MRI)
and positron emission tomography (PET).

Molecular imaging allows for the remote, noninvasive sensing and measurement of cellular and
molecular processes in living subjects. It provides a window into the biology of cancer from the
sub-cellular level to the patient undergoing a new, experimental therapy. Conventional imaging,
and mainly CT, remains critical to the management of patients with cancer, while molecular imaging
provides more specific information, such as early detection of changes with therapy, identification of
patient-specific cellular and metabolic characteristics, that have a considerable impact on morbidity
and mortality.

Molecular imaging has developed rapidly in the last years, particularly in the oncological
field. The development of new hybrid scanners, like digital PET/CT, PET/MRI and single photon
emission tomography (SPET)/CT, has significantly improved the detection of tumors, in all phase
of disease (from the initial staging to the evaluation of response to therapy). Moreover, the
introduction of various radiopharmaceutical agents has opened new scenarios for the in-vivo
molecular characterization of cancer.

This Special Issue will highlight the role of medical imaging, with particular interest to molecular
imaging in cancer management, covering some important aspects by focalizing the attention of new

discoveries for the big killers, like prostate cancer, lung cancer, breast cancer and colon cancer.

Stefano Fanti, Laura Evangelista
Editors






cancers ﬁw\.@

Article

Neoadjuvant Pazopanib Treatment in High-Risk Soft
Tissue Sarcoma: A Quantitative Dynamic ¥F-FDG
PET/CT Study of the German Interdisciplinary
Sarcoma Group

Christos Sachpekidis '*, Ioannis Karampinis 2, Jens Jakob 23, Bernd Kasper %, Kai Nowak %,
Lothar Pilz ¢, Ulrike Attenberger 7 Timo Gaiser 8, Hans-Giinter Derigs 9
Matthias Schwarzbach 1, Peter Hohenberger 2, Antonia Dimitrakopoulou-Strauss
and Ulrich Ronellenfitsch 211+

1

1,

Clinical Cooperation Unit Nuclear Medicine, German Cancer Research Center, 69120 Heidelberg, Germany;
ads@ads-net.de

Division of Surgical Oncology and Thoracic Surgery, University Medical Center Mannheim,

68167 Mannheim, Germany; Ioannis.Karampinis@umm.de (I.K.); jens.jakob@med.uni-goettingen.de (J.J.);
nowakk@me.com (K.N.); peter.hohenberger@umm.de (P.H.); Ulrich.Ronellenfitsch@uk-halle.de (U.R.)
Department of General, Visceral and Child Surgery, University Medical Center Gottingen,

37075 Gottingen, Germany

Interdisciplinary Tumor Center Mannheim, Sarcoma Unit, Mannheim University Medical Center,

68167 Mannheim, Germany; bernd. kasper@umm.de

Department of Abdominal, Vascular and Thoracic Surgery, Romed Klinikum, 83022 Rosenheim, Germany
6 Medical Faculty Mannheim, University of Heidelberg, 68167 Mannheim, Germany;
Lothar.Pilz@medma.uni-heidelberg.de

Institute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim,

68167 Mannheim, Germany; Ulrike.Attenberger@medma.uni-heidelberg.de

Institute of Pathology, University Medical Center Mannheim, 68167 Mannheim, Germany;
Timo.Gaiser@umm.de

Department of Hematology and Oncology, Klinikum Frankfurt-Hoechst,

65929 Frankfurt am Main, Germany; derigs@klinikumfrankfurt.de

Department of Surgery, Klinikum Frankfurt-Hoechst, 65929 Frankfurt am Main, Germany;
Matthias.Schwarzbach@KlinikumFrankfurt.de

Department of Abdominal, Vascular, and Endocrine Surgery, University Hospital Halle,

06120 Halle (Saale), Germany

*  Correspondence: christos_saxpe@yahoo.gr; Tel.: +49-6221-42-2500; Fax: +49-6221-42-2476

1t These authors share joint senior authorship.

Received: 8 May 2019; Accepted: 6 June 2019; Published: 8 June 2019

Abstract: The outcome of high-risk soft tissue sarcoma (STS) is poor with radical surgery being the
only potentially curative modality. Pazopanib is a multikinase inhibitor approved for the treatment of
metastatic STS. Herein, in terms of the German Interdisciplinary Sarcoma Group (GISG-04/NOPASS)
trial, we evaluate the potential role of kinetic analysis of fludeoxyglucose F-18 (18F-FDG) data derived
from the application of dynamic positron emission tomography/computed tomography (PET/CT)
in response assessment to pazopanib of STS patients scheduled for surgical resection. Sixteen STS
patients treated with pazopanib as neoadjuvant therapy before surgery were enrolled in the analysis.
All patients underwent dynamic PET/CT prior to and after pazopanib treatment. Data analysis
consisted of visual (qualitative) analysis of the PET/CT scans, semi-quantitative evaluation based on
standardized uptake value (SUV) calculations, and quantitative analysis of the dynamic '®F-FDG PET
data, based on two-tissue compartment modeling. Resection specimens were histopathologically
assessed and the percentage of regression grade was recorded in 14/16 patients. Time to tumor
relapse/progression was also calculated. In the follow-up, 12/16 patients (75%) were alive without
relapse, while four patients (25%) relapsed, among them one patient died. Median histopathological

Cancers 2019, 11, 790; doi:10.3390/cancers11060790 1 www.mdpi.com/journal/cancers
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regression was 20% (mean 26%, range 5-70%). The studied population was dichotomized using a
histopathological regression grade of 20% as cut-off. Based on this threshold, 10/14 patients (71%)
showed partial remission (PR), while stable disease (SD) was seen in the rest 4 evaluable patients
(29%). Semi-quantitative evaluation showed no statistically significant change in the widely used
PET parameters, SUVayerage and SUVmax. On the other hand, I8E_FDG kinetic analysis revealed
a significant decrease in the perfusion-related parameter K;, which reflects the carrier-mediated
transport of 18F-FDG from plasma to tumor. This decrease can be considered as a marker in response
to pazopanib in STS and could be due to the anti-angiogenic effect of the therapeutic agent.

Keywords: soft tissue sarcoma (STS); pazopanib; dynamic 8F-FDG PET/CT; SUV; two-tissue
compartment model

1. Introduction

The outcome of high-risk soft tissue sarcoma (STS) is poor. Radical surgery, usually in combination
with radiotherapy, is the mainstay of treatment and the only potentially curative modality [1]. Surgical
removal can, however, be cumbersome due to the large tumor size with infiltration of adjacent
structures, and extensive tumor vasculature [2]. In this context, the development and application of a
fast acting, preoperative STS therapy that would facilitate tumor resection and at the same time have
low toxicity would be of high significance.

Pazopanib is a multikinase inhibitor, approved for the treatment of metastatic STS based on
a phase III trial in patients with non-adipocytic STS, who had progressed on at least one prior
chemotherapy regimen [3]. Given this proof of efficacy, and its favorable safety profile [4], the German
Interdisciplinary Sarcoma Group has very recently published the first results of a single arm phase
II trial of preoperative pazopanib therapy in 21 patients with high-risk STS (GISG-04/NOPASS) [5].
Using the metabolic response rate—defined as >50% reduction of mean standardized uptake value
(SUVmean) in post- vs. pretreatment fludeoxyglucose F-18 positron emission tomography/computed
tomography (*F-FDG PET/CT)—as the primary endpoint, this window-of-opportunity trial showed
that preoperative pazopanib is not effective for unselected high-risk STS patients. Nevertheless,
metabolic response was observed in a single patient.

In the GISG-04/NOPASS trial, metabolic response was based on estimations of SUV, a semi-
quantitative parameter whose calculation requires only static imaging when the tracer 'F-FDG has
reached equilibrium. SUV represents the tissue activity within a region of interest (ROI) corrected
for injected activity and body weight and is the most widely used PET parameter. Nevertheless,
the generally accepted method for accurate analysis of '8F-FDG metabolism and kinetics is a two-tissue
compartment model [6]. A prerequisite for this is the performance of full dynamic PET studies for
at least 60 min. In patients with STS, dynamic '8F-FDG PET/CT has been prospectively validated
as a strong predictor of histopathological response and progression-free survival (PFS), for both
neoadjuvant and palliative chemotherapy [7-9].

The present analysis is part of the GISG-04/NOPASS trial evaluating the role of neoadjuvant
pazopanib in high-risk STS. Herein, we assess the potential role of kinetic analysis of F-FDG data
derived from the application of dynamic PET/CT in response assessment to pazopanib in STS patients
scheduled for surgical resection.

2. Materials and Methods

2.1. Patients-Treatment

Out of the 21 patients enrolled in the GISG-04/NOPASS trial [5], sixteen STS patients (eight female;
median age 67.8 years, range 46.3-88.5 years) had evaluable dynamic PET/CT both pre- and post
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treatment, and were thus enrolled in the analysis. Patients with metastases at presentation were
excluded from the study. Treatment consisted of pazopanib 800 mg daily for 21 days as a neoadjuvant
therapy before surgery. An interval of 7-14 days between pazopanib therapy completion and surgery
was allowed in order to minimize potential perioperative complications due to pazopanib. The herein
presented patient cohort has already been studied, and patient data derived from a different analysis
have been published elsewhere [5]. The histopathological classification as well as the localization of
the sarcomas is presented in Table 1.

Table 1. Histopathological characteristics and localization of the soft tissue sarcoma (STS) of the
16 studied patients.

Histology No. %
Dedifferentiated liposarcoma 8 50%
Undifferentiated pleomorphic sarcoma 2 12.5%
Fibrohistiocytic sarcoma 1 6.25%
Leiomyosarcoma 1 6.25%
Malignant peripheral nerve sheath tumor 1 6.25%
Myxoid liposarcoma 1 6.25%
Pleomorphic liposarcoma 1 6.25%
Synovial sarcoma 1 6.25%
Localization of the primary No. %
Retroperitoneal 6 37.5%
Left thigh 4 25%
Right shank 2 12.5%
Left gluteal 1 6.25%
Left inguinal 1 6.25%
Pelvis 1 6.25%
Right middle abdomen 1 6.25%

2.2. PETCT

2.2.1. Data Acquisition

All patients underwent PET/CT 14 days prior to and 1-7 days (median 6 days) after pazopanib
treatment. A dedicated PET/CT system (Biograph mCT, 5128, Siemens Co., Erlangen, Germany) with
TruePoint and TrueV, operated in a three-dimensional mode was used. Data acquisition consisted of the
dynamic PET/CT (dPET/CT studies) and the static part (whole body PET/CT). dPET/CT studies were
performed over the STS area after intravenous administration of '®F-FDG for 60 min using a multistep
dynamic acquisition over two-bed positions with a total field of view of (21.6 x 2) 43.2 cm. The data
were acquired in list mode. A 24-frame protocol (10 frames of 30 s, 5 frames of 60 s, 5 frames of 120's,
and 4 frames of 600 s) was applied. After the end of the dynamic acquisition, whole body, static imaging
was performed in all patients with image duration of 2 min per bed position. A low-dose attenuation
CT (120 kV, 30 mA) was used for attenuation correction of the dynamic emission PET data and for
image fusion. All PET images were attenuation corrected and an image matrix of 400 x 400 pixels
was used for iterative image reconstruction. Iterative images reconstruction was based on the ordered
subset expectation maximization (OSEM) algorithm with two iterations and 21 subsets as well as time
of flight (TOF).

2.2.2. Data Analysis

Data analysis consisted of visual (qualitative) analysis of the PET/CT scans, semi-quantitative
evaluation based on SUV calculations, and quantitative analysis of the dynamic 'F-FDG PET data.
The assessment of PET/CT scans was performed by two nuclear medicine physicians (Christos
Sachpekidis, Antonia Dimitrakopoulou-Strauss).
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Qualitative analysis was based on the identification of the STS lesions as sites of increased '®F-FDG
uptake greater than the background or liver activity.

Semi-quantitative evaluation was based on volumes of interest (VOIs) and on subsequent
calculation of SUVaverage and SUVmax. VOIs were drawn with an isocontour mode (pseudo-snake)
and were placed over STS lesions [10]. SUV measurements were performed at the 60-min post
injection frames.

Quantitative evaluation of the dynamic '®F-FDG PET/CT data of the STS lesions was performed
using a dedicated software and based on a two-tissue compartment model with a blood component
(Vp), with methods already reported by our group [11,12]. One problem in patients is the accurate
measurement of input function, which theoretically requires arterial blood sampling. It has been shown
however, that input function can be accurately retrieved from image data [13]. For the input function,
the mean value of the VOI data from a large arterial vessel (e.g., aorta or common iliac artery) was used.
A vessel VOI consisted of at least seven ROIs in sequential PET images. The recovery coefficient was
0.85 for a diameter of 8 mm. Partial volume correction was performed for small vessels with diameter
<8 mm, based on the phantom measurements of the recovery function using dedicated software [14].

The application of a two-tissue compartment model leads to the extraction of the kinetic parameters
Kj, ky, k3, and k4 as well as the influx (K;) that describes specific molecular processes: K; reflects the
carrier-mediated transport of 8F-FDG from plasma to tissue, while k, reflects its transport back from
the tissue to plasma, and k3 represents the phosphorylation rate, while ky the dephosphorylation rate
of the glucose analog. The model parameters were accepted when Ky, ky, k3, and ks were less than 1
and Vg exceeded zero. The unit for the rate constants Ky, ky, k3, and kg is 1/min, while Vg reflects the
fraction of blood within the VOI. Tracer influx (K;) is derived from the equation = (Kj x k3)/(ky + k3).
The two-tissue compartment model we applied is a modification of the one proposed by Sokoloff et al.,
which did not take into account the parameters ks and Vg [15]. This lack of k4 and Vg however, leads
to different values of the parameters k; and k3, since k; is dependent on Vg and k3 on ky.

Apart from performing compartment analysis, a non-compartment model based on the fractal
dimension (FD) for the time activity data was applied. FD is a parameter of heterogeneity of tracer
kinetics based on the box counting procedure of chaos theory and was calculated in each individual
voxel of a VOLI. The values of FD vary from 0 to 2 showing the more deterministic or chaotic distribution
of the tracer activity via time, respectively [16].

In addition to the previous analysis, parametric images of the slope and the intercept were
calculated based on the dynamic PET (dPET) data by fitting a linear regression function to the time
activity data and for each pixel using the PMOD software (PMOD Technologies, Zurich, Switzerland).
Parametric imaging is a method for feature extraction, enabling the visualization of single parameters
of tracer kinetics, with images of the slope reflecting primarily the trapping of '®F-FDG and images
of the intercept reflecting the distribution volume of the tracer. These images may be used for the
delineation of the malignant lesions and the VOIs placement due to potentially high contrast in the
surrounding tissue. Details of this method have been described elsewhere [17,18]. Nevertheless,
parametric imaging analysis was not the focus of the present work.

2.3. Histological Response

Resection specimens were histopathologically assessed. The percentage of regression grade
was recorded as well as data regarding tumor size, resection status (free margins, smallest distance
between margin and vital tumor, microscopic and macroscopic infiltration), histological subtype, grade
(G1-3), and most prevalent type of regression (hyalinous necrosis, apoptosis, scar tissue, hemorrhagic
necrosis) [5] were also recorded. In the present analysis, potential associations between the percentage
of regression grade and PET parameters’ changes in response to treatment were assessed.
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2.4. Statistical Analysis

For continuous variables the mean, standard deviation, 95% confidence interval for the mean,
skewness and excess, p-value of the d’Agostino—Pearson test (test for normal distribution), median,
range, 95% confidence interval for the median, quartile difference, and lower and upper quartile were
given. For dichotomous and ordinal variables, the absolute and relative frequencies, as well as the
95% confidence interval for proportions (Wald method) was used. To compare the values of the PET
variables before/after pazopanib treatment the Wilcoxon rank sum test (paired) was performed with
the exact p-value, the median difference, and the 95% confidence interval. For the survival analysis,
Kaplan-Meier plots were used. Since there were only a few events (deaths or recurrences/relapses),
standard statistics was also applied to describe survival. Time to progression (TTP) was measured
from first date of PET imaging (entry into the study) to the date of event of local and/or distant relapse.
Non-events were censored with the last recorded follow-up date. The same procedure was used for
overall survival with the event of death. Univariate comparisons between response groups were
performed with unpaired t-tests and rank-sum tests (inclusive the estimated mean/median differences
and the 95% confidence intervals of these differences, respectively).

The level of statistical significance was set to « = 0.05. The statistical tool used was SAS 9.4 (SAS
Institute Inc., Cary, North Carolina USA). Graphical data were used in Microsoft Excel.

3. Results

3.1. Follow-up Status

Median overall survival (OS) was 3.14 years with a 95% confidence interval of 1.71-3.43 years.
In the follow-up, 12/16 patients (75%) were alive without a relapse. Four patients (25%) relapsed, and
one patient among them died (Table 2).

Table 2. Follow up status of the 16 studied patients treated with pazopanib.

Follow Up Status No. %
Alive without relapse 12 75%
Alive with relapse 3 18.75%
Dead 1 6.25%

Regarding the four patients with relapse, three patients showed local relapse and distant metastases,
while one of them had only distant metastases. Mean time to progression (TTP) after pazopanib
treatment was 1.23 years (+0.60 years) and median TTP was 1.46 years with a range 0.31 to 1.70 years.

3.2. Histopathological Regression

In total, 14 patients were evaluable after pazopanib treatment in terms of histopathology.
Histopathological regression was in the mean 26% =+ 17% with a median of 20% and a range of
5-70%. The studied population was dichotomized according to the percentage of histopathological
regression after pazopanib. Using the 20% regression as threshold, 10/14 patients (71%) showed partial
remission (PR; responders), while stable disease (SD; non-responders) was seen in the rest of the
4 evaluable patients (21%). These results are shown in a waterfall plot (Figure 1).
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Histopathological Regressionin %

Figure 1. Waterfall plot of the grade of histopathological regression, available for 14 patients. Ten patients
had a reduction in vital tumor tissue of >20%, while four patients demonstrated a reduction of less
than 20%.

3.3. PET/CT Analysis

The results of dPET/CT evaluations before and after pazopanib treatment are presented in Table 3.
No statistically significant change of the semi-quantitative parameters SUVayerage and SUVmax was
demonstrated. Regarding '®F-FDG kinetic analysis, K; was the only parameter that significantly
decreased after therapy. All other kinetic parameters did not show any significant change in response
to pazopanib.

Table 3. Descriptive statistics of mean and median values prior and after pazopanib therapy for the
I8F-FDG semi-quantitative and quantitative parameters in STS. The values of parameters K1, k, k3, ky
and influx are 1/min. SUV values, blood component (Vg), and fractal dimension (FD) have no units.

Parameter Mean Prior Median Prior Mean After Median After
SUVaverage 5.7 3.8 5.0 4.1
SUVmax 10.2 7.3 8.0 6.5
Vg 0.10 0.06 0.07 0.03
K; * (1/min) 0.26 0.19 0.16 0.12
k; (1/min) 0.35 0.33 0.31 0.25
k3 (1/min) 0.11 0.10 0.13 0.14
k4 (1/min) 0.03 0.03 0.05 0.02
Influx (1/min) 0.06 0.04 0.04 0.03
FD 1.18 1.16 1.17 1.16

* Significant probabilities (p < 0.05). SUV, standardized uptake value; FD, fractal dimension.
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Figures 2 and 3 demonstrate an example of a metabolic responder patient after application of
conventional, static PET/CT (Figure 2) as well after dynamic PET acquisition involving SUV and
parametric images (Figure 3). Figure 4 depicts a metabolic non-responder to pazopanib.

Figure 2. Transaxial fludeoxyglucose F-18 positron emission tomography/computed tomography
("8F-FDG PET/CT) of an 80-year old male patient with retroperitoneal sarcoma infiltrating the back
muscles before (A) and after pazopanib therapy (B). Clear metabolic remission of the initially intense
metabolic lesion with areas of central necrosis in response to pazopanib.
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Figure 3. Transaxial fludeoxyglucose F-18 positron emission tomography/computed tomography
('8F-FDG PET/CT) of the same patient as in Figure 2 before (left) and after pazopanib therapy (right).
Standardized uptake value (SUV) images acquired after 60 min of dynamic PET acquisition show a
clear metabolic remission of the intense metabolic lesion with central necrosis in response to pazopanib
(upper row). Slope parametric images also show initially intense uptake in the area of the tumor, which
responds with an essential decrease after therapy due to a decrease in the phosphorylation (middle
row). Intercept parametric images demonstrate the tumor very faintly due to the low distribution

volume (lower row).
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Figure 4. Transaxial fludeoxyglucose F-18 positron emission tomography/computed tomography
(18F-FDG PET/CT) of a 70-year old female patient with sarcoma of the leg before (A) and after pazopanib
therapy (B). Persistent metabolic activity in the tumor after pazopanib treatment.

Figure 5 depicts the time-activity curve (TAC) of '®F-FDG in a STS before and after treatment.

A"
| SUVirorage= 2.0 SUVypap= 2.3
|
| VB=0.07 K= 0.18 (1/min)
k,= 0.03 (1/min)  influx=0.02 (1/min)
%
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Figure 5. Time-activity curves (TACs) derived from dynamic positron emission tomography/computed
tomography (PET/CT)studies of a retroperitoneal soft tissue sarcoma (STS) before (A) and after (B)
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pazopanib therapy (y-axis: kBq/cm3; x-axis: minutes). The TACs are derived from volumes of interest
(VOISs) corresponding to the tumor (blue curve) and the descending aorta (red curve). The tumor curves
show an increase in the fludeoxyglucose F-18 (18F-FDG) accumulation in the tumor VOI during the
60 min of dynamic PET acquisition (reflected by an increase in standardized uptake value-SUV values),
but at the same time a decrease in the carrier-mediated transport of the tracer from plasma to the tumor
(reflected by a decrease in K;) in response to pazopanib. VB: blood volume.

We further performed comparisons of the PET parameters between the groups of responders (PR)
and non-responders (SD), according to the histopathological criteria applied in the study. Unpaired
test procedures (t-test/rank-sum Wilcoxon test as appropriate) showed no statistically significant
differences between the two groups in response to the treatment. No significant correlation between
histopathological regression and ®F-FDG kinetics response was observed.

Finally, TTP data were also studied in association with BE_FDG PET/CT data. Similarly to
histopathological regression, no association between tracer kinetics and time to tumor relapse
was observed.

4. Discussion

The current study was designed to analyze the potential role of both the semi-quantitative
(SUV) and quantitative/kinetic evaluation of I8E-FDG PET for response assessment of neoadjuvant
pazopanib treatment in STS patients. This analysis took place in the framework of a phase II
window-of-opportunity trial of the German Interdisciplinary Sarcoma Group (GISG-04/NOPASS).

No statistically significant changes of the semi-quantitative parameters SUVayerage and SUVmay in
response to pazopanib could be demonstrated. This finding is expected, given the recently published
results of our group, which revealed a mean decrease of 6% in SUVayerage Of post- vs. pretreatment
PET/CT in the same patient cohort [2]. The primary endpoint of that analysis was based on a definition
of metabolic response as >50% decrease in SUVayerage, leading to the characterization of only one
subject as the metabolic responder. It could be argued that the applied SUV threshold of 50% was
rather high, and the application of a lower one would have led to a higher metabolic response rate.
Nevertheless, a reduction of the threshold to 40%—as suggested by Schuetze et al. [19]—would have
yielded the same metabolic response rate. Respectively, the application of the thresholds suggested
by the two most widely used PET criteria (positron emission tomography response criteria in solid
tumors-PERCIST and European Organisation for Research and Treatment of Cancer-EORTC) for
definition of partial metabolic response would not have led to essentially different results. In particular,
the usage of a 30% decrease of SUV-according to the PERCIST criteria [20]—would also classify only
one patient as the metabolic responder, while a reduction of the SUV threshold to 25%—according to
the EORTC criteria for PET [21]—would have resulted in three metabolic responders and thus still in a
formally negative trial result.

SUV is the most widely used method for quantification of PET data, since its calculation requires
only static imaging usually 60 min p.i. However, the ¥F-FDG uptake 60 min after tracer injection
is the result of a dynamic process. One important aspect of PET is the possibility of performing
accurate, noninvasive quantitative measurements of tracer concentration in patients. The generally
accepted method for accurate analysis of ¥F-FDG metabolism and pharmacokinetics is a two-tissue
compartment model [6], which requires, however, the performance of a dynamic PET (dPET) study
with duration of 60 min, in addition to the regular static PET/CT scan. This is of course more time
consuming, both for the patient and the institution, and thus is mainly limited to research centers,
as ours. Particularly in STS, the application of dPET and the subsequent acquisition of ¥F-FDG
kinetic information have been shown useful in early prediction of chemosensitivity in the neoadjuvant
context [8].

I8F-FDG kinetic analysis before and after pazopanib treatment revealed a significant decrease of
the parameter K;, which reflects the carrier-mediated transport of the tracer from plasma to tumor,
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in response to therapy. Although not in line with the results of semi-quantitative (SUV) analysis,
this decrease in K; could be partly explained by the mechanism of action of pazopanib. Pazopanib
exerts its action through inhibition of growth factor receptors associated with angiogenesis and tumor
cell proliferation [22]. Given that K; is a perfusion-related parameter [23], it could be suggested
that the anti-angiogenic effect of pazopanib is responsible for this finding. Moreover, this result is
in accordance with that published by Dimitrakopoulou-Strauss et al. in a group of 31 STS patients
receiving neoadjuvant chemotherapy consisting of etoposide, ifosfamide, and doxorubicin, who were
also followed by dPET; the patients in that study also showed a significant decline in K; after two
chemotherapeutic cycles [8]. Based on these results, the parameter K; could be potentially used as an
early response marker of the anti-angiogenic effect of pazopanib with changes of this parameter being
used for therapeutic management decisions, of course after taking into account other tumor-related
parameters. However, long-term follow-up is required to confirm the herein presented results.

On the other hand, the phosphorylation rate of 8F-FDG (k3), its influx (K;), and the fractal
dimension (FD) did not show any significant change. This is in line with the lack of significant tracer
uptake (SUV) decrease in response to treatment. Although the reason for this lacking response is
unknown, apart from the small sample size, a targeted anti-angiogenic action of pazopanib without a
pronounced and fast effect on tumor glucose metabolism could be hypothesized.

Since there is no uniformly accepted gold standard to define histopathological regression, a
threshold of 20%—based on the calculated median histopathological regression grade and in line
with the first published GISG-04/NOPASS study [5]—was applied in order to dichotomize the studied
population into responders and non-responders after pazopanib. The comparison of the PET parameters
between these groups showed no statistically significant differences both at baseline and as response to
treatment. Moreover, no significant correlation between histopathological regression and '®F-FDG
kinetics response was observed, which, however may be due to the small sample size.

Although the follow-up time was rather short, TTP data were also utilized in the present analysis
to search for potential associations between '8F-FDG kinetics and disease relapse. Four of the studied
patients (25%) relapsed with a mean TTP of 1.23 years; three of them showed local relapse and distant
metastases, while one of them showed only distant metastases. In line with the previously presented
results, no correlation between tracer kinetics and TTP was observed, which could be attributed to the
small sample size and the limited number of progression events.

The main limitation of our analysis is the small number of patients evaluated, rendering a more
robust statistical evaluation difficult. This is because patient enrolment in the trial was stopped based
on the result of a futility analysis presented in the first results published by our group [5].

5. Conclusions

The results of the present study show that the widely used PET parameter SUV may not be the
adequate measure to assess the response to neoadjuvant pazopanib treatment in STS patients. On the
other hand, the perfusion-related, kinetic parameter K;—reflecting the carrier-mediated transport of
I8F-FDG from plasma to tumor—significantly decreased during pazopanib treatment. This finding
could be due to the anti-angiogenic effect of the agent. Based on these findings, K; could be potentially
used as an early response marker of the pazopanib treatment efficacy, with changes of this parameter
being used for therapeutic management decisions. However, long-term follow-up is required to
confirm the herein presented results.
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Abstract: Epithelial ovarian cancer (EOC) is the most lethal gynecological malignancy,
with relapse occurring in about 70% of advanced cases with poor prognosis.
Fluorine-18-2-fluoro-2-deoxy-d-glucose PET/CT (8 F-FDGPET/CT) is the most specific radiological
imaging used to assess recurrence. Some intensity-based and volume-based PET parameters,
maximum standardized uptake values (SUVmax), metabolic tumor volume (MTV) and total lesion
glycolysis (TLG), are indicated to have a correlation with treatment response. The aim of our
study is to correlate these parameters with post relapse survival (PRS) and overall survival (OS) in
Epithelial Ovarian Cancer (EOC) relapse. The study included 50 patients affected by EOC relapse
who underwent F-FDGPET/CT before surgery. All imaging was reviewed and SUV ax, MTV and
TLG were calculated and correlated to PRS and OS. PRS and OS were obtained from the first relapse
and from the first diagnosis to the last follow up or death, respectively. SUVpax, MTV and TLG
were tested in a univariate logistic regression analysis, only SUV .« demonstrated to be significantly
associated to PRS and OS (p = 0.005 and p = 0.024 respectively). Multivariate analysis confirmed the
results. We found a cut-off of SUVpax of 13 that defined worse or better survival (p = 0.003). In the
first relapse of EOC, SUV yax is correlated to PRS and OS, and when SUV .y is greater than 13, it is
an unfavorable prognostic factor.

Keywords: ovarian cancer; PET/CT; relapse; SUVmay; targeted therapy; prognosis

1. Introduction

Epithelial ovarian cancers (EOC) are the most lethal and silent gynecological tumors with
a diagnosis in advanced stages (III-IV) in about 62% of cases [1,2]. The standard approach for
treating EOC is surgery and chemotherapy [3-7]. Despite optimal surgery and appropriate first-line
chemotherapy, about 70-80% of patients with EOC will develop disease recurrence. Recurrence occurs
in 23% of patients during or within 6 months after end of primary chemotherapy, and 60% after six
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months [8]. Ultrasound, contrast-enhanced tomography (CT), fluorine-18-2-fluoro-2-deoxy-d-glucose
PET/CT (8F-FDG-PET/CT) and the periodic evaluation of CA 125 levels are the most used methods
during the follow up to detect cancer recurrence, even if the correct modalities of follow up are not
well defined [9]. A leading option for the treatment of recurrent ovarian cancer is chemotherapy,
however in selected cases, resection of the tumor may be considered [10]. The role of surgery in
recurrence of EOC is still debated, surgery represents a good option when an absent residual disease
(CCO) is present, as demonstrated by the Arbeitsgemeinschaft Gynaekologische Onkologie (AGO)
Group DESKTOP OVAR I trial (DESKTOP I) [11], and more recently by the preliminary data of the
DESKTOP III from the last ASCO meeting. Data demonstrated a benefit of secondary cytoreductive
surgery and chemotherapy, as opposed to chemotherapy alone exclusively in patients with complete
resection with a progression-free survival of 5-6 months [12,13]. Good predictive factors of CCO were
macroscopically complete resection at first surgery, good performance status, and the absence of ascites
greater than 500 mL. The role of Imaging has become increasingly important, allowing to properly
monitor patients, distinguishing the different relapse patterns, thus guiding correct management and
therapy. If compared with CT, 8BE_FDG PET/CT is able to identify recurrence earlier because, in most
cases of recurrent, the tissue is characterized by a high consumption of glucose, and therefore in an
increased uptake of ®F-fluoro-2-deoxyglucose [14]. Recently, the prognostic role of 8 F-FDG PET/CT
through its metabolic parameters has been studied and PET imaging techniques could be used to
explore the biological behaviour of tumors during therapy, however there is no consensus on their
use [15]. In cervical cancer, our group found that the assessment of the response to therapy based
on BF-FDG PET/CT predicts survival in patients with locally advanced cervical cancer treated with
concomitant chemo-radiotherapy [16]. In ovarian cancer, some studies proposed that "8 F-FDG-PET/CT
is useful for defining treatment response (Positron Emission Tomography Response Criteria in Solid
Tumors-PERCIST criteria) [17,18] to neoadjuvant chemotherapy (NACT) and the method could be
a potential predictor of prognosis in NACT and relapse [19]. Based on these premises, the role
of BF-FDG-PET/CT as a biological parameter of a tumour to predict prognosis appears promising.
The aim of the study is to test the prognostic value of the 18F_FDG PET/CT parameters (SUVmax, MTV
and TLG) as prognostic factors in patients with first EOC recurrence.

2. Materials and Methods

2.1. Population and Protocol

This is a retrospective study. The clinical data of all patients referred to the Ovarian Cancer Center
of Bologna, Italy, from January 2008 to May 2016 were analysed. Among these, we selected patients at
first relapse who underwent surgery before chemotherapy. Inclusion criteria were: a) histologically
confirmed diagnosis of EOC according to the WHO criteria [20]; b) standard first-line treatment based
on cytoreductive surgery and combined platinum-based chemotherapy (carboplatin and paclitaxel
6-9 cycles) c) diagnosis of recurrent EOC confirmed by I8E-FDG PET/CT available and performed
at our Institute; d) secondary surgery performed in our institution, and e) adequate follow-up over
12 months. The exclusion criteria were: a) borderline and non-EOC; b) patients not evaluated with
I8E-FDG PET/CT at the time of the first relapse, and c) patients with inadequate information about
primary treatment and secondary surgery.

All clinical and pathological data were recovered and examined, including age, body mass index
(BMI), histological subtype divided in type I and type II [21], International Federation of Gynecology
and Obstetrics (FIGO) stage [22], serum CA 125 levels at the first diagnosis and relapse, chemotherapy
schedules and number, surgical information including score of surgical complexity measured with
the Aletti’s score [23] and residual disease was divided in the absence of (CC-0) 0.1-0.5 cm, (CC-1)
0.6-1.0 cm, (CC-2) >1 cm, and (CC3) [24]. Periodic clinical and radiological control data were recovered.
In our institute, follow-up was performed as follows: CA 125 examination and assessment every four
months for the first two years and then every 6 months for five years, CT scan every six months. 8E_FDG
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PET/CT was prescribed whenever there was a clinical suspicion of relapse or as confirmation of another
instrumental examination such as CT. According to inclusion criteria, patients with disease relapse are
submitted to surgery in case of platinum sensible disease (>12 months to the last chemotherapy) [25,26],
single or multiple recurrence amenable to complete surgical removal, the absence of extra-abdominal
metastasis, a low level or absence of ascites, low levels of CA125 (<500 U/mL), and if they were fit
for surgery. Otherwise, patients were submitted for chemotherapy without surgery. Progression free
survival (PFS) was calculated from the first diagnosis to recurrence, post-relapse survival (PRS) and
overall survival (OS) was obtained from the first relapse and from the first diagnosis to the last follow
up or death. The study is a part of a larger study that was approved by Comitato Etico indipendente
Ospedaliero Universitaria di Bologna on 11th November 2011 (EC number 107/2011/U/Tess). Consent
to analyse the data was obtained from the local ethics committee, and informed consent forms were
signed by patients and collected.

2.2. Radiopharmaceuticals, Imaging Protocol and Images Analysis

Whole-body 8F-FDG PET/CT scans were carried out following standard procedures. Following a
6-h fast, 3 MBq/kg of 18F-FDG was intravenously injected in patients. The uptake time was 60 min in
all patients on a 3D tomography (Discovery STE; GE) for 2 min per bed position. Cross-calibration
was performed using an image quality NEMA phantom. A low-dose CT scan (120 kV, 80 mA) was
performed both for attenuation correction and as an anatomical map. PET/CT scans were evaluated by
two nuclear medicine physicians experienced in oncology reviewing transverse, coronal and sagittal
planes. For each scan, maximum and mean standardized uptake values (SUVmax and SUVyean),
metabolic tumor volume (MTV) and total lesion glycolysis (TLG) were measured. MTV measurement
was calculated on PET/CT images using a semi-quantitative analysis (40% threshold). SUVnax and
SUVmean normalized to body weight were measured within the MTV defined as above. TLG values
were calculated as the product of MTV and SUV mean [27]. For each scan, the number of 18F-FDG avid
lesions was also measured.

2.3. Statistical Analysis

Statistical analysis was performed using SPSS version 24 (IBM Corp., Armonk, NY). The association
between the PET parameters (SUVmax, MTV and TLG), the PRS and OS were investigated by performing
a univariate and multivariate analysis (Cox proportional hazard model). An ROC analysis was
performed on those PET parameters showing an association with OS in order to carry out a cut-off
value useful to predict the risk of mortality. Thereafter, patients were divided into two categories
using the cut-off value suggested by ROC analysis. A Kaplan-Meier analysis was performed to show
possible different overall survival between these two groups.

3. Results

3.1. Population and Clinical Data

The flow cart of the recruitment is shown in Figure 1. Characteristics of the 50 patients are
reported in Table 1; the majority of patients present type II (82%) diseases and were in an advanced
stage (78%) with about 34% of patients undergoing neoadjuvant therapy before surgery. The suspicion
of recurrence was represented by clinical symptoms (intestinal discomfort and abdominal pain) in
4/50 (8%), increased blood levels of CA 125 in 14/50 (28%), ultrasound 4/50 (8%), CT scan 24/50
(28%) and BF-FDG PET/CT 4/50 (8%). Recurrence occurred after a disease-free survival (DSF) of
36.3 + 40.13 months (mean + SD—standard deviation) and the levels of CA 125 were significantly
lower (p = 0.001) in the relapse than in the first diagnosis.
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Figure 1. Flow chart of the study. Patient’s selection from our database of patients with ovarian cancer.

3.2. Surgical Data

At first diagnosis, optimal residual disease (CC-0) was achieved in 90% of cases. Surgical
complexity was significantly lower (p = 0.001) in the relapse than in primary surgery. Six patients (12%)
who underwent surgery were judged not optimal cytoreducible for disease extension; 44 patients
(88%) received optimal debulking surgery (CCO0). The Aletti’s score in secondary surgery was lower in
relapse than primary surgery (p = 0.009) (Table 1).

Table 1. Clinical and surgical parameters in our patients at first diagnosis and relapse.

First Diagnosis Relapse 14
Age
(Mean =+ SD) 53.0+9.2 55.7£9.5 ns
Body mass Index (BMI)
(Mean + SD) 242 +6.7 25+5.6 ns
Histological parameters
Type 1 9 (18%)
Type 2 41 (82%)
Serous 35 (70%)
Mucinous 1 (2%)
Endometrioid 11 (22%)
Clear cell 3 (6%)
Tumor Grading
Gl 2 (4%)
G2 6 (12%)
G3 42 (84%)
FIGO stage
I 5 (10%)
I 5 (10%)
I 37 (74%)
v 3 (6%)
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Table 1. Cont.

First Diagnosis Relapse 4

Genetic mutations
BRCA 1 4 (8%)
BRCA 2 2 (4%)
Missmatch repair (MMR) 1(2%)
No mutations 43 (86%)
Bevacizumab
Yes 6 (12%)
No 44 (88%)
SUVmax
(Mean + SD) 11+5.6
TLG

250.9 +
(Mean + SD) 946
MTV

34 +

(Mean + SD) 105.63
CA 125 (U/mL)
0-34 3 (6%) 20 (40%)
35-499 18 (36%) 25 (50%)
500-999 9 (18%) 1(2%)
>1000 14 (28%) 2 (4%)
not available 6 (12%) 2 (4%) 0.001
ALETTI SCORE
Low complexity 13 (26%) 27 (54%)
Mediun complexity 26 (52%) 19 (38%)
High complexity 11 (22%) 4 (8%) 0.001
RESIDUAL DISEASE
CCo 45 (90%) 44 (88%)
CC1 4 (8%) 0 (0%)
cC2 1(2%) 2 (4%)
CC3 0 (0%) 4 (8%) ns
Time between first
relapse and death
(Mean + SD) 27.8 +14.3

Legend: FIGO stage: International Federation of Gynecology and Obstetics, SUVmax: maximum standardized
uptake values, MTV: metabolic tumor volume, TGL: total lesion glycolysis, SD: standard deviation.

3.3. Follow Up Data

During the follow-up period, 6 patients died after 44.1 + 18.7 months (mean + SD) and 13 relapsed
after 21 + 7.7 (mean + SD) months and received subsequent lines of chemotherapy. The mean follow-up
was 70.2 + 48.3 months, the 5-year OS was 87% (Figure 2).
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Figure 2. Kaplan-Mayer-Analysis of Overall Survival (OS) of the 50 patients enrolled in the study.
3.4. PET’s Data Analysis

According to PET data analysis, '®F-FDG PET/CT showed a single positive lesion in 19/50 (38%) of
cases, multifocal disease in 23/50 (46%) and diffuse (carcinomatosis) in 8/50 (16%). The average number
of lesions identified by PET was 3.4 + 3.6 (mean + SD) (range 1-6). The correspondence between
18E_FDG-PET/TC and surgical evaluation was observed in 94% of cases. The SUVnax, MTV and TLG
values were 11 + 5.6, 33.4 + 10.5, 246.1 + 946.7 (mean =+ SD), respectively.

The univariate Cox analysis showed a correlation between SUV 5« values and PRS (p = 0.005)
with an odds ratio (OR) = 1,244 (95% CI = 1068-1447) and OS (p = 0.024) with an odds ratio (OR) = 1177
(95% CI = 1021-1356). No correlation was observed between MTV and TLG with PRS (p = 0.316 and
p = 0.074, respectively) and OS (respectively p = 0.162 and p = 0.106).

The multivariate Cox analysis was performed by testing the following variables SUVmax, TLG and
MTV with the Wald backward method (Table 2). The analysis showed that the best model predicting
the OS was the SUV .« variable alone. The ROC analysis showed that the best cut-off for SUV pax,
in this cohort of patients, was 13 (Figure 3).

Table 2. Associations with PET to Overall Survival.

PET Parameters p-value Odds Ratio 95% CI
Standardized Uptake Values (SUVmax) 0.257 1.103 0.931-1.306
Step 1 Metabolic Tumor Volume MTV 0.273 0.928 0.812-1.060
Total Lesion Glycolysis (TLG) 0.180 1.010 0.996-1.024
Step 2 Standardized Uptake Values (SUVmax) 0.201 1.125 0.939-1.347
P Total Lesion Glycolysis (TLG) 0.446 1.002 0.997-1.006
Step 3 Standardized Uptake Values (SUVmax) 0.024 1.177 1.021-1.356
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Figure 3. Standardized Uptake Values (SUVayx) value and Overall Survival. SUVayx greater than 13

represents a poor prognostic factor.

Therefore, patients were divided into two groups by using this value. A Kaplan-Meier performed
between these two groups showed patients with a SUV 2« value lower than or equal to 13 had a

significantly better OS (p = 0.003) (Figure 4).
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Figure 4. Different Overall Survival (OS) of the patients divided on the basis of the SUVmax value.

Moreover, it was investigated the association between SUV 2 and CA 125 values at relapse by
using the Pearson correlation test; no statistical correlation was found between these two variables

(p = 0.264).

4. Discussion

This pilot study, performed in a selected population of EOC relapse patients, lays out the clinical
foundation to investigate the PET parameters, such as SUVyax, MTV and TLG as prognostic factors in
addition to the existing ones during EOC relapse. Particularly, we found that one of these parameters,
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SUVax, is correlated with PRS and OS. To the best of our knowledge, this is the second study of its
kind to explore the possible prognostic role of '¥F-FDG PET/TC in EOC relapse.

Although our series is a selected group of patients, it can be representative of a larger group
of relapsing patients undergoing surgery, taking into account some parameters: the high incidence
of recurrence found in the initial population (80%) and the high number of patients selected for
chemotherapy (215 patients) compared to those undergoing surgery (65 patients) as described in the
literature [10,11,13,28]. Our data showed a good selection of patients suitable for surgery, as evidenced
by the high percentage of CCO0 (82%) and the high overall survival of the population at 5 years (87%).
We chose to study patients submitted to surgical procedures because surgery represents the gold
standard to confirm the diagnosis of relapse, and to compare the characteristics found with PET.
In our study, we observed a good agreement between the two assessments in 94% of cases. Moreover,
I8F-FDG-PET/TC combines the best features of PET with CT and has been shown to have a sensibility
and specificity of 91% and 88%, respectively, and a predictive positive value (PPV) of 94%. PET/CT in
EOC relapse is more accurate than other imaging methods in detecting small carcinomatosis implants,
lymph node involvement, as well as chest and bone metastasis [29].

The literature data demonstrate that when EOC recurs, it should be considered a chronic and lethal
disease with poor prognosis [11]. In these cases, different therapeutic options should be proposed,
in particular clinical studies and new therapeutic strategies that should be different from case to case
basis. The well-known intertumoral and intratumoral heterogeneity of ovarian cancer excludes the
likelihood of finding a single therapy that can be curative for most patients, and therefore requires the
development of tools that can instead lead to individualized therapy [30].

At the time of the first relapse, recent studies have reported that the surgical approach with no
residual disease (CCO0) associated with chemotherapy has led to a better prognosis than chemotherapy
alone [31]. To obtain these results, it is important to select patients who will initially benefit from surgical
treatment. The DESKTOP studies [10,11,13] have tried to define the profile of suitable candidates
for surgery, taking into account the patient’s performance status, biological tumour aggressiveness
(from stage and residual tumour to first diagnosis) and actual diffusion of the disease (presence of
ascites). None of these parameters, however, consider the intratumoral and intertumoral heterogeneity
of recurrence, which is a “hot spot” in ovarian cancer therapy. In our study, we selected patients
for surgical treatment according to the current guidelines, but also attempted to understand tumour
biodiversity using PET parameters.

Despite the potential ability of BE_FDG PET to study tumour metabolism in vivo, this issue is
poorly investigated. The possible role of PET’s parameters based on volume and uptake intensity,
such as SUVax, MTV, TLG and their possible impact in predicting tumour biology, should be explored
with different intentions: to monitor therapy response, study heterogeneity of the tumour and for the
early identification of patients who are candidates for surgery or chemotherapy [32]. 'F-FDG is a
glucose analogue that is preferentially taken up by metabolically active cells (normal and neoplastic
cells). Neoplastic cells tend to show high levels of uptake, due to their greater dependence on
glucose [33]. Aggressive tumours, and in particular their metastases, increase glycolysis and suppress
oxidative phosphorylation, suggesting that an increase in glycolysis preference may be a hallmark
of the metastatic and aggressive phenotype. A high glucose uptake could be compatible with an
aggressive tumour as a sign of a glycolytic tumour and this can probably be exploited for the imaging
of metabolically active tumours using I8E-FDG PET/CT [15,16]. Based on these assumptions, we tried
to correlate F-FDG PET/CT metabolic parameters to OS and we found that SUV . represents a
prognostic factor (p = 0.024) of aggressiveness and the cut-off 13 represents a marker of poor prognosis
(Figure 3). No correlations between prognosis and TGL and MTV were found. Our data are supported
by a follow up longer than five years (Figure 2).

In a previous retrospective study, Kim et al. [19] evaluated the prognostic value of quantitative
metabolic parameters of IBE_-FDG-PET/CT at the time of the first relapse in patients with EOC relapse.
Results of this study showed that quantitative metabolic parameters measured with 8F-FDG-PET/CT
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at the time of first relapse were significant predictors of prognosis. Univariate and multivariate analyses
demonstrated that whole-body metabolic tumor volume and whole-body total lesion glycolysis were
independent predictors of prognosis. However, SUV .y, analyzed as continuous variable, had no
correlation with prognosis, however the same authors found that a cut-off higher than 14 in the SUV yax
defines a worse course of the disease.

In the literature, prognostic factors and predictive response to therapy of the PET parameters
were explored in several tumours and the most extensive studies have been performed on the lung and
o oesophagus with conflicting results. With regard to lung cancer, 21 retrospective studies, including
2637 patients with stages I to IV non squamous cellular lung cancer (NSCLC), found that a high
SUVax was associated with poor prognosis [34], and a second meta-analysis, limited to patients
with stage I NSCLC, found that a lower FDG uptake was associated with a better prognosis [35,36].
In a meta-analysis of seven studies in oesophageal cancer that evaluated the impact of SUVyax on
overall survival, a high SUV predicted a worse survival [37], but data were not confirmed in a large
retrospective series [38]. The results suggested a better response to preoperative chemoradiotherapy in
the group with high SUV pay.

The main limitations of the study included the small number of patients enrolled and the
retrospective analysis which could constitute a bias; data should be confirmed in a larger and prospective
series of patients, probably including EOC relapse in chemo-sensible and chemo-insensible patients.

5. Conclusions

In conclusion, '8F-FDG PET/CT is a diagnostic method that combines anatomical imaging with
molecular behaviour of cancer cells. The uptake of 8F-FDG reveals the heterogeneity of tumours and
if associated to clinical, surgical and pathological parameters, could contribute to the development of a
therapeutic choice tailored on a patient-by-patient basis. Indeed, '®F-FDG PET/CT may represent an
alternative approach to characterize relapsed ovarian tumours. In the future, clinicians should consider
the metabolic information provided by '8F-FDG PET/CT in the therapeutic choices for their patients.
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Abstract: Objectives: To evaluate the ability of *F-labeled fluoro-2-deoxyglucose positron emission
tomography/computed tomography (F-FDG PET/CT) to predict survivorship of patients with
bladder cancer (BC) and/or upper urinary tract carcinoma (UUTC). Materials: Data from patients who
underwent FDG PET/CT for suspicion of recurrent urothelial carcinoma (UC) between 2007 and 2015
were retrospectively collected in a multicenter study. Disease management after the introduction of
FDG PET/CT in the diagnostic algorithm was assessed in all patients. Kaplan-Meier and log-rank
analysis were computed for survival assessment. A Cox regression analysis was used to identify
predictors of recurrence and death, for BC, UUTC, and concomitant BC and UUTC. Results: Data
from 286 patients were collected. Of these, 212 had a history of BC, 38 of UUTC and 36 of concomitant
BC and UUTC. Patient management was changed in 114/286 (40%) UC patients with the inclusion
of FDG PET/CT, particularly in those with BC, reaching 74% (n = 90/122). After a mean follow-up
period of 21 months (Interquartile range: 4-28 mo.), 136 patients (47.4%) had recurrence/progression
of disease. Moreover, 131 subjects (45.6%) died. At Kaplan-Meier analyses, patients with BC and
positive PET/CT had a worse overall survival than those with a negative scan (log-rank < 0.001).
Furthermore, a negative PET/CT scan was associated with a lower recurrence rate than a positive
examination, independently from the primary tumor site. At multivariate analysis, in patients with
BC and UUTC, a positive FDG PET/CT resulted an independent predictor of disease-free and overall
survival (p < 0,01). Conclusions: FDG PET/CT has the potential to change patient management,
particularly for patients with BC. Furthermore, it can be considered a valid survival prediction tool
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after primary treatment in patients with recurrent UC. However, a firm recommendation cannot be
made yet. Further prospective studies are necessary to confirm our findings.

Keywords: PET/CT; urothelial carcinoma; bladder cancer; upper tract urothelial carcinoma; survival

1. Introduction

Bladder carcinoma (BC) is the fourth most common tumor in men, with an incidence of 146,650 new
cases in the US every year. It accounts for 90-95% of urothelial carcinomas (UC) and it is the most common
malignancy of the urinary tract [1]. Two percent of all cancer deaths in the United States are due to BC [1].
For 35% of patients with invasive BC diagnosed at a localized stage, the 5-year survival rate is 70%. However,
survivorship drops from 81% to 47% for BC with non-muscle-invasive and with muscle-invasive disease [2].
In contrast, upper urinary tract carcinoma (UUTC) is uncommon and accounts for only 5-10% of UCs [3].
Upper tract urothelial carcinomas that invade the muscle wall usually have a poor prognosis. The 5-year
specific survival rate is <50% for patients with pT2/pT3 tumors and <10% for those with pT4 [4,5].

Half of the patients with muscle-invasive UC relapse after surgery, depending on the pathological
stage of the primary tumor and nodal status. Local recurrence accounts for 30% of relapses, whereas
distant metastases are more common. Ten to fifteen percent of patients are already metastatic at
diagnosis [6]. Before the development of effective chemotherapy, patients with metastatic urothelial
cancer rarely had a median survival that exceeded 3-6 months [7].

Unfortunately, more than 50% of metastases are diagnosed after the appearance of symptoms
despite the periodic monitoring with advanced imaging, including Computed Tomography (CT)
and Magnetic Resonance Imaging (MRI) [8,9]. This is because recurrence patterns of UC after
primary treatment are poorly predictable [10,11]. Thus, a major concern of follow up strategies after
primary treatment is whether imaging can lead to the diagnosis of disease recurrence and, if so,
how this may affect long-term survival [12]. These uncertainties during follow up may be justified by
several factors, including:

(1) Available salvage treatments may be ineffective. Adjuvant chemotherapy after RC for patients
with pT3/4 and/or lymph node positive (N+) disease without clinically detectable metastases
(MO) is under debate [13] and is still infrequently used [14]. There is limited evidence from
adequately conducted and accrued randomized phase III trials in favor of the routine use
of adjuvant chemotherapy. From the currently available evidence, it is still unclear whether
immediate adjuvant chemotherapy or chemotherapy at the time of relapse is superior, or if the
two approaches are equivalent with respect to the endpoint of overall survival. Cisplatin-based
combination chemotherapy results in long-term disease free survival, even in metastatic disease,
mainly in patients with lymph node metastases only and with a good performance status [15].
Radiation therapy or salvage surgery are currently not an option for treatment of recurrence,
but only for palliation.

(2) Existing biomarkers and conventional imaging accuracy may be insufficient in the assessment of
lymph node involvement and distant metastasis. Indeed, guidelines do not recommend the use
of biomarkers in daily clinical practice since they have no impact on predicting outcome, making
treatment decisions, or monitoring therapy.

As a consequence, it is unclear what the best follow-up schedule on UC is and what the best
imaging modalities are to diagnose disease recurrence and progression [12]. Preliminary studies on
accuracy showed that positron emission tomography/ computed tomography (PET/CT) is a useful
tool for restaging suspected UC relapse, especially in the assessment of lymphonodes (LN ) or distant
metastases [16,17]. PET/CT accuracy of these retrospective studies are comparable with an overall
good performance of PET/CT at patient-based analysis [17].
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Interestingly, only a few studies have evaluated the role of ®F-labeled fluoro-2-deoxyglucose
positron emission tomography/computed tomography (**F-FDG PET/CT) as a predictive tool for UC
progression [18], while how PET/CT may change a patient’s surgical and medical treatment is still
underreported. This has been shown in other urological cancers, such as prostate cancer [19]. PET/CT
has a consolidated role in restaging after primary treatment of prostate cancer [20,21] and has also
been introduced as a guide for salvage surgery (salvage lymph node dissection) [19]. Therefore, based
on the above-mentioned limitations, the aim of this study was to evaluate the role of 8F_FDG PET/CT
both in the management and in the survival prediction of patients with UC.

2. Materials

2.1. Study Approval and Patient Population

The study protocol was approved at IOV Institute on April 2016 (approval nr. 005275). Major US
and European urological centers with experience in BC and PET/CT were asked to participate in the
study. The centers that accepted and had available cases were provided with a dedicated Microsoft
Excel file created for the purpose of the study. A computerized databank was generated to transfer
data of anonymized patients. A retrospective database was then built with all patients who fit the
inclusion and exclusion criteria of the study. After combining the data sets, reports were generated
for each variable to identify data inconsistencies and other data integrity problems. Through regular
communication with all sites, resolution of all identified anomalies was achieved before analysis.
The database was then frozen, and the final data set was produced for the current analysis.

2.2. Patient Population

FDG PET/CT scans of 286 patients with suspected recurrent UC, collected by San Raffaele Hospital
in Milan (Italy), Mayo Clinic in Rochester (MN, USA), Veneto Institute of Oncology IOV-IRCCS
in Padua (Italy), Sant’Orsola Malpighi Hospital in Bologna (Italy), and Hospital of Ferrara (Italy),
were retrospectively reviewed from 2005 to 2015. The same population was already included in another
study assessing FDG PET/CT accuracy compared to conventional imaging [17]; however, a few patients
were excluded because they did not met the inclusion criteria.

Inclusion criteria for the study were: (1) a known history of BC and/or in UUTC; (2) at least one
FDG PET/CT for disease restaging (suspicion of recurrent disease or doubtful conventional imaging
findings) after primary treatment (independently from the type of therapy); (3) the availability of
images from conventional imaging modalities (abdominal ceCT or MRI, or total body ceCT, and chest
X-ray), and (4) the availability of information on mid-long term follow-up after PET/CT imaging.
Exclusion criteria were other abdominal tumors and chemotherapy administration concomitant to
imaging and non-UC variants. For each patient, the following variables were collected: demographic
data (age, sex, body mass index-BMI), clinical data (history of bladder cancer, last clinical stage, history
of radical cystectomy, pTNM stage, history of UUTC, UUTC location in the upper tract: pelvis, ureter,
multifocal), UUTC treatment (nephroureterectomy, endourology, other conservative surgery), and use
and type of neoadjuvant treatments.

2.3. PET/CT Equipment and Image Acquisition Protocol

A standard comparable protocol was used in all centers for PET/CT image acquisition. All patients
fasted for at least 6 h prior to imaging, and blood glucose levels were <180 mg/dL at the time of
tracer injection. To minimize FDG uptake in skeletal muscles, all patients were instructed to avoid
talking, chewing or any other muscular activity before undergoing PET/CT scan. PET/CT studies were
acquired with integrated PET/CT systems, according to different study protocols in accordance with
each participating Institution. PET data of the whole-body tracer distribution were then acquired
(8 min per bed) in 3-D mode starting 60 min after i.v. administration of FDG. Attenuation correction
was performed using CT images. CT and PET images were matched and fused into transaxial, coronal,
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and sagittal images. A positive PET scan was defined in the presence of pathological FDG uptake
outside the areas of physiological biodistribution, later confirmed by co-registered CT abnormalities.
The definition of true positive (TP), true negative (TN), false positive, and false negative are described
elsewhere [15].

2.4. Change in Management

A change in patient management was defined as a modification of treatment or follow-up
modalities after PET/CT scan compared to conventional imaging. For example, a shift from local
therapies (surgery or radiotherapy) to systemic therapy or from systemic therapy to an observational
period/palliation after PET/CT scan were both considered a modification of patient strategy. The number
of patients whose management was changed after PET/CT scan were assessed separately for BC and
UUTC. Change in management was based on the data available at the time of PET/CT, including the
original interpretation, and was determined by the authors with a review of electronic medical records.

2.5. Follow Up

Patients were generally observed according to standard protocols at each institution: every
three to six months for the first year after surgery, and annually thereafter. Follow-up consisted of
a history, physical examination, routine blood work and serum chemistry studies, chest and abdominal
conventional imaging. The follow-up data of selected patients were obtained from clinical charts.
To determine follow-up time, the date of the last examination or consultation was used. Progression
free survival (PFS) was defined as the length of time between imaging and disease progression.
Cancer Specific Survival (CSS) was defined as the time from PET/CT to cancer specific death. Finally,
Overall Survival (OS) was defined as the length of time between PET/CT and all-cause mortality.
Death was confirmed by retrieval of death certificate.

2.6. Statistical Analysis

Categorical variables were reported as frequency, while continuous variables were reported
as mean and standard deviation (SD) for variables with a normal distribution, and as median and
interquartile range (IQR) for variables with a non-normal distribution. The Student’s T-test and the
Mann-Whitney U-test were used to compare the locations of continuous variables, as appropriate.
The Pearson chi-test was used to compare categorical variables. The survival intervals were defined as
the time elapsed from surgery to the last clinical evaluation, the occurrence of UC recurrence, or patient
death. PFS, CSS and OS were evaluated using Kaplan-Meier analysis. The log-rank test was used for
comparison of the survival curves. PFS, CCS, and OS were compared for the entire population and then
separately according to the site of the primary tumor and for the administration of adjuvant treatments.

Univariate and multivariate COX regression analyses were used to assess predictors of recurrence
and survival. Two models were performed: in the first, data entry into the multivariable analysis was
performed with a stepwise method when no variables were eligible to enter the model; only variables set at
ap value less than 0.05 in the univariable analysis were included. As a second model, we included the most
common clinical pathological variables such as age, sex (Male vs. Female), pT stage (pT <2 vs. pT3-4) pN
stage (positive vs. negative), and PET/CT findings (positive vs. negative). A measure of goodness-of-fit
was performed with a ROC analysis to evaluate the fit of all Cox regressions performed.

For some analyses, BC and UTCC were grouped together because they originate from transitional
cells (which cover the entire urinary system) and they have the same risk factors, and finally,
from epidemiological point of view, because UTUC often presents after BC. Analyses were performed
using SPSS version 20 (IBM, Armonk, NY, USA).
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3. Results

3.1. Clinical Characteristics

Of the 286 patients, 222 (77.6%) were male and 64 (22.4%) female. Mean age was 69 years (+ SD:
10 years). The majority had BC only (1 = 212; 86.8%), 38 (13.3%) had UUTC only and 36 (12.6%) had
both BC and UUTC. Table 1 shows the characteristics of the patient population. Median follow up
after primary tumor treatment and after PET/CT was 13 (5-28) and seven months (2-23), respectively.

Table 1. Characteristics of patients with only bladder cancer (212/286), only UTUC (38/286) and
concomitant bladder cancer and UTUC (36/286).

Variables Only Bladder Cancer Only UTUC Concomitant Bladder
(212/286) (38/286) Cancer and UTUC (36/286)

Tumor grade
Low Grade 15/212 (7.0) 1/38 (2.6) 2/36 (5.5)
High grade 197/212 (91.0) 27/38 (96.4) 30/36 (83.3)
N/A 4/212 (1.8) 4/36 (11.1)
pT of bladder cancer, n (%)
pT<2 82/212 (40.0) 21/36 (58.3)
pT 34 126/212 (59.4) 11/36 (30.5)
NA 4/212 (1.8) 436 (11.1)
PN of bladder cancer, n (%)
pNx 3/212 (1.4) 1/36 (2.8)
pNO 125/212 (59) 22/36 (61.1)
pN1 29/212 (13.7) 4/36 (11.1)
pN2 43/212 (20.3) 4/36 (11.1)
pN3 9/212 (4.2) 1/36 (2.8)
NA 3/212 (1.4) 4/36 (11.1)
pT of UUTC (%), n (%)
pT<2 13/38 (34.2) 17/36 (47.2)
pT 3-4 16/38 (42.1) 12/36 (33.3)
NA 9/38 (23.7) 7/36 (19.4)
pN of UUTC (*), n (%)
PNx 19/38 (50.0) 31/36(86.1)
pNO 14/38 (36.8) 4/36(11.1)
pN1 2/38 (5.2) 1/36 (2.8)
pN2 3/38(7.9)
i\of)"adlu"am treatments, n 25/212 (11.8) 5/38 (13.1) 5/36 (13.9)
Adjuvant treatments, n (%) 93/212 (43.9) 8/38 (21.1) 10/36 (27.8)
Type of adjuvant
treatments, n (%)
No 119/212 (56.1) 30/38 (72.2) 26/36 (72.2)
Chemotherapy 75/212 (35.4) 7/38 (18.4) 7/36 (19.4)
Radiotherapy 17/212 (8) 0 2/36 (5.6)
Combination 1/212 (0.5) 1/38 (2.6) 1/36 (2.8)

UUTC: upper urinary tract carcinoma.

3.2. Patient Management

PET/CT was positive in 224 patients (175 with BC only and 49 with UUTC only or UUTC plus
BC). PET/CT findings were compatible with local, lymph node, skeletal, lung and liver recurrence in
58 (25.9%), 125 (55.8%), 57 (25.4%), 53 (23.7%) and 26 (11.6%) cases, respectively. Patient management
was changed in 114/286 (40%) cases by the inclusion of FDG PET/CT in the restage setting done with
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conventional imaging. In particular, a change in management was made in 90/122 pts (73.7%) with BC,
10/28 (35.7%) for UUTC and 14/22 (63.6%) for those with BC and UUTC. Of these patients, 33 (29%)
received local therapies (surgery or radiotherapy), 43 (38%) chemotherapy, 33 (29%) a combination
of local and systemic therapy and finally, five (4%) patients were observed without any therapy.
Figures 1 and 2 report two illustrative cases.

Thorax CT FDG PET/CT Thorax CT
P _ ‘
[ S - = 4
May 2009 July 2009 May 2010

Figure 1. A 74 year-old man with a history of bladder cancer underwent thorax and abdominal
contrast-enhanced CT (ceCT) scan, which showed suspected lung recurrence. Later, positron emission
tomography/computed tomography (PET/CT) was negative for any recurrence, particularly in the lung.
A further thorax-abdominal ceCT scan, performed after 1 year later, revealed the disappearance of the
lung nodule. Therefore, PET/CT was able to change therapeutic management, from a potential curative
intent to an observational strategy.

Figure 2. A 59 year-old woman with bladder cancer underwent abdominal contrast-enhanced
CT (ceCT) for restaging of disease. CT images were considered completely negative. A positron
emission tomography/computed tomography (PET/CT) performed after 3 months, for the persistence
of suspicious symptomatology, showed a significant fluoro deoxyglucose uptake in the abdominal
lymph nodes and in the liver, compatible with the presence of disease recurrence. The patient was later
treated with systemic chemotherapy.

3.3. Follow Up

After a mean follow-up period of 21 months (IQR: 4-28 months) from primary treatment,
136 patients (47.4%) had recurrence/progression of disease and of these, 87 (63.9%) died. In total,
131 (45.8%) patients died, of whom 104 (79.4%) had a cancer-related death. A comparison of oncological
outcomes among FDG PET/CT findings are reported in Table 2.
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Table 2. Comparison of oncological outcomes between fluoro-2-deoxyglucose positron emission
tomography/computed tomography (FDG PET/CT) findings.

Negative PET/CT Positive PET/CT  p Value *
Disease recurrence/progression,
n (%)
No 47 (75.8) 103 (46) <0.001
Yes 15 (24.2) 121 (54)
All-cause mortality, n (%)
No 47 (75.8) 108 (48.2) <0.001
Yes 15 (24.2) 116 (51.8)
Cancer-related mortality, n (%)
No 52 (83.9) 130 (58) <0.001
Yes 10 (16.1) 94 (42)

* Chi-square test.

In all 286 patients, 5-year OS, CSS, and PFS estimates were 29%, 36%, and 28% in patients with

a positive PET/CT, and 69%, 80%, and 71% in patients with a negative PET/CT, respectively (all log
rank; p value p < 0.01; Figure 3). In patients with BC only, the 5-year OS, CSS and RFS estimates were
37%,29%, and 29% in positive PET/CT group, and 90%, 75%, and 68% in the negative PET/CT group,

respectively (log-rank, p value p < 0.01; Figure 4a).
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Figure 3. Overall survival (OS), cancer specific survival (CSS) and disease-free survival (DFS) for all
patients (n = 286).
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Figure 4. Overall survival (OS), cancer specific survival (CSS) and disease-free survival (DFS) for
bladder cancer only (n = 212) (a) and for all patients with UTUC/UTUC and BC (n = 74) (b).

In patients with UUTC and both UUTC and BC, the 5-year OS, CSS and RFS estimates were
14%, 18%, and 15% in positive PET/CT patients and 59%, 59%, and 75% in negative PET/CT subjects,
respectively (Log rank, p value p < 0.05; Figure 4b).

The 5-year OS, CSS, and RFS were significantly worse in patients with a positive PET/CT than the
counterpart regardless of the use of adjuvant/salvage treatments in follow up (Table 3).

Table 3. 5-year survival rates in all patient population stratified according to the use of adjuvant/salvage
treatments during follow up, regardless the use of adjuvant/salvage treatments the 5-year OS, CSS and
RFS were significantly worse in patients with a positive PET/CT.

Negative PET/CT  Positive PET/CT  p Value *

os 0.669 0.258 <0.001

No adjuvant/salvage treatments (n = 175 pts) ~ CSS 0.805 0.318 <0.001
RFS 0.631 0.210 <0.001

0ss 0.743 0.300 <0.005

Adjuvant/salvage treatments (n = 111 pts) CSs 0.805 0.398 <0.01
RFS 0.614 0.224 <0.05

OS: overall survival; CSS: cancer specific survival; RFS: recurrence free survival, * Log-Rank test.

Interestingly, PET/CT was able to stratify patients with a FP and FN findings at conventional
imaging with survival analysis assessing OS and RFS (p < 0.01) (Figures S1 and S2).

3.4. PET/CT as a Predictive Tool

Tables 4-6 summarize univariable and multivariable Cox regression analyses assessing predictors
of OS, CSS and PFS for BC, UUTC, and UUTC plus BC.

In a first model, using only the variables set at a p value < 0.05 in the univariable analysis
(Tables 4, 6 and 7), a positive FDG PET/CT, together with the presence of pT3-pT4, was an independent
predictor of PFS, OS and CCS (p < 0.01) in patients with BC. In patients with either UUTC or
concomitant BC and UUTC, a positive FDG PET/CT was a significant predictor of PFS, CCS, and OS
only at univariate analysis.

In a second model, corrected for the most common clinical pathological variables (Tables 5, 8 and 9),
a positive FDG PET/CT in patients with BC was an independent predictor of PFS, OS, and CCS (p < 0.01).
In the same model for patients with UUTC and those with concomitant BC and UUTC, a positive FDG
PET/CT was an independent predictor of PFS (p < 0.01).

In the multivariate models, the inclusion of PET/CT increases the AUCs of the models (Figures S3-57).
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4. Discussion

PET/CT with FDG has been extensively used in solid cancers, but few papers are available on
its use in urological cancer patients. FDG is highly expressed in aggressive tumors and its uptake
is directly correlated with Glucose transporter 1 (GLUT1) expression. Some biological studies have
demonstrated the relationship between glucose metabolism (i.e., GLUT 1 expression and others) and
the proliferation of urothelial cancer [22]. Moreover, undifferentiated cancers, which are aggressive
and associated with poor prognosis, are highly avid for glucose. These premises are essential for the
employment of FDG PET/CT in this type of cancer. Our study finds two additional roles for PET/CT
in patients with recurrent UC. First, PET/CT may predict the prognosis of recurrent UC patients.
Second, PET/CT is able to change patient management in a high percentage of patients (40%) due to
the detection of lymph node and distant metastases in recurrent disease.

The clinical impact of these two conclusions are reflected in the possibility to personalize treatment
for patients with a positive vs. negative PET scan. In particular, patients with a negative scan may
benefit from further follow up while those with a positive scan may benefit from further treatment to
improve survival (both disease-free and overall survival). Furthermore, PET/CT may also play a role
after systemic treatment for the evaluation of response to therapy, particularly in patients with doubtful
findings on conventional imaging or those with a mismatch between clinical and radiological findings.
We believe that the inclusion of FDG PET/CT in the restaging phase of patients with urothelial cancer
will have a profound impact on the management of the disease. Furthermore, the sensitivity of FDG
PET/CT was higher than 80% for patients affected by bladder cancer and UUTC, as demonstrated by
our previous paper involving the same patient population [15]. Moreover, the diagnostic accuracy of
FDG PET/CT resulted higher than CI in both subgroups of patients (91% vs. 81% in bladder cancer and
84% vs. 76% in UUTC, respectively for PET/CT and conventional Imaging.

To date, few studies with a limited number of enrolled patients have assessed the impact of FDG
PET/CT on the therapeutic management in BC. Alongi et al. found, in a study involving 41 patients, a change
in treatment after FDG PET/CT in about 40% of cases, the same as the present study [18]. In another study
involving 57 patients, among which 72% underwent PET/CT during restaging, management was changed
in 68% of cases [23], supporting a substantial impact of FDG PET/CT in the suspicion of recurrence.

Furthermore, a positive PET is a predictor of OS and PFS for both BC and UUTC. From our
study, it emerged that a positive PET/CT is associated with a significantly higher rate of disease
progression and a significantly reduced OS. On the other hand, a negative scan predicts a more
favorable outcome. Interestingly, a 5-year OS was significantly favorable in patients with BC and
a negative PET/CT compared to those with a positive scan, showing a gap of 53% (90% vs. 37%,
respectively; see Figure 4a). Conversely, patients with UUTC have a worse 5-year OS survival,
particularly when PET/CT was positive (gap: 45%). Moreover, in the predictive models, the inclusion
of PET/CT increases the Area Under the ROC Curve (AUC), reaching a value of 0.83 in patients
with UUTC. Furthermore, a positive PET/CT scan yielded the highest HR compared to other clinical
pathological variables (see Tables 4 and 5). These results are interesting because their implications
may provide clinicians with what is still needed in the re-stage setting of UC: a decisional tool
for active treatment (i.e., adjuvant chemotherapy) vs. follow up. Indeed, the identification of
asymptomatic recurrence in patients who may benefit from salvage chemotherapy could significantly
influence patient survival [24,25]. Nowadays, clinicians mainly suggest adjuvant therapy based on
the well-known pathologic characteristics of the tumor, such as pT stage, grade, pathological lymph
nodes, and comorbidities (i.e., Karnofsky performance status). Nomograms on CSS following radical
cystectomy have been developed; however, their use is still not recommended until further data
becomes available [26,27]. Interestingly, all these models try to predict survival in patients with disease
recurrence following radical cystectomy without the use of imaging, which could have an essential
role in the early evaluation of recurrence and in the prediction of disease outcome after primary
treatment. It is now recognized that biomarker panels reflecting the biological heterogeneity of UCs
can identify patients who may need aggressive therapies [28,29]. However, such panels have not
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been clinically implemented due to several shortcomings, including underpowered and clinically
heterogeneous cohorts, short follow-up, use of non-disease-specific endpoints, and limited clinical
validation. As a consequence, the development of clinically useful biomarkers to determine optimal
treatment for patients remains somewhat elusive. Despite this, targeted therapy has demonstrated
an OS benefit in the treatment of metastatic UC. As a new frontier, antibodies radiolabeled with
positron-emitting radionuclides may allow Immuno-PET imaging with an in vivo quantification of
the efficacy of targeted therapies. Thus, antibody targeted PET/CT may play a role in the selection of
patient therapy, the prediction of response to systemic medications and an in vivo assessment of the
efficacy of therapies (theragnostic) [30,31].

As any retrospective study, limitations are inherent. Different surgical treatments and follow up
schedules may have been provided to patients at the different institutions during the study period.
In the assessment of time dependent outcomes, we included patients treated with adjuvant therapies.
Although this variable was adjusted in the multivariable analysis, patient imbalance and selection bias
cannot be excluded. In some analyses, patients with BC and UUTUC were considered as one group.
Although tumors differed, stage and grade were concordant in almost all cases. A selection bias could
not be excluded considering the selected nature of the population and the use of the imaging test only
in the event of suspicion of recurrence. Finally, images were not centrally reviewed, although all the
radiologists at the time had at least 5 years of experience in genito-urinary imaging and FDG PET/CT.

5. Conclusions

This study assesses a promising role of FDG-PET/CT as a predictor of UC outcomes. Patient management
was changed after FDG PET/CT in 40% of patients with UC. This may suggest a role for FDG-PET/CT in
post-surgical therapeutic decision-making, although firm recommendations cannot yet be made. In particular,
whether the present results are translated into better oncological outcomes still needs to be confirmed. It is
crucial to prospectively investigate the clinical value of FDG-PET/CT in the assessment of UC recurrence.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/700/s1,
Table Sla. Characteristics of patients with only bladder cancer (212/286); Table S1b. Characteristics of patients with
only UTUC (38/286); Table Slc. Characteristics of patients with concomitant bladder cancer and UTUC (36/286);
Figure S1. ROC curve assessing the accuracy of the multivariabile COX model all patients with and without
PET/CT (model with only variables set at a p value less than 0.05 an univariate analysis); Figure S2. ROC curve
assessing the accuracy of the multivariabile COX model all patients with and without PET/CT (model with the
most common clinical-pathological variables); Figure S3. ROC curve assessing the accuracy of the multivariabile
COX model for bladder cancer with and without PET/CT (model with only variables set at a p value less than 0.05
an univariate analysis); Figure S4. ROC curve assessing the accuracy of the multivariabile COX model for bladder
cancer with and without PET/CT (model with the most common clinical-pathological variables); Figure S5. ROC
curve assessing the accuracy of the multivariabile COX model for upper tract tumors with and without PET/CT
(model with the most common clinical-pathological variables); Figure S6. PET/CT is able to stratify recurrence free
survival for those patients with a FP and FN at conventional imaging; Figure S7. PET/CT is able to stratify overall
survival for those patients with a FP and FN conventional imaging
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Abstract: Aim: Positron emission tomography (PET) with 8F-fluordeoxyglucose (*8F-FDG) plays
an essential role in the staging and tumor monitoring of head and neck squamous cell carcinoma
(HNSCCQ). Microvessel density (MVD) is one of the clinically important histopathological features
in HNSCC. The purpose of this study was to analyze possible associations between F-FDG-PET
findings and MVD parameters in HNSCC. Materials and Methods: Overall, 22 patients with a mean
age of 55.2 + 11.0 and with different HNSCC were acquired. In all cases, whole-body '8F-FDG-PET
was performed. For each tumor, the maximum and mean standardized uptake values (SUVmax;
SUVean) were determined. The MVD, including stained vessel area and total number of vessels,
was estimated on CD105 stained specimens. All specimens were digitalized and analyzed by using
Image] software 1.48v. Spearman’s correlation coefficient (r) was used to analyze associations between
investigated parameters. p-values of <0.05 were taken to indicate statistical significance. Results:
SUVpax correlated with vessel area (r = 0.532, p = 0.011) and vessel count (r = 0.434, p = 0.043).
Receiver operating characteristic analysis identified a threshold SUVyax of 15 to predict tumors with
high MVD with a sensitivity of 72.7% and specificity of 81.8%, with an area under the curve of 82.6%.
Conclusion: 8F-FDG-PET parameters correlate statistically significantly with MVD in HNSCC. SUV nax
may be used for discrimination of tumors with high tumor-related MVD.

Keywords: positron emission tomography; head and neck neoplasms; neovascularization; pathologic

1. Introduction

Radiological imaging, especially positron emission tomography (PET) with
I8E-fluorodeoxyglucose (!8F-FDG), plays an essential role in characterization head and neck
squamous cell carcinoma (HNSCC). '8F-FDG-PET is increasingly used for the staging and treatment
monitoring of HNSCC [1-3]. As reported previously, metabolic tumor activity measured via PET
parameters such as maximum or mean standardized uptake values (SUVnax 0r SUVpean) correlates
well with tumor stage and grade [2,3]. Advanced T stage tumors show higher PET parameters like
SUVax and SUVean in comparison to T1/T2 tumors [2,3]. Similarly, poorly differentiated (G3)
tumors have higher SUVax than do low-grade (G1 or G2) lesions [3]. Furthermore, the metabolic
tumor burden is associated with the clinical outcome of HNSCC: patients with high metabolic tumor
burden have been associated with higher distant metastasis rates, translating into worse survival [4,5].
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In addition, '8F-FDG-PET can also predict treatment success in HNSCC. It has been shown that SUV
values can be used as biomarkers in predicting the therapy response in HNSCC [6,7]. Kitagawa et al.
reported that the SUV of pre-treatment '8F-FDG-PET is useful in predicting the response to treatment,
and post-treatment '®F-FDG-PET is valuable in predicting residual viable tumors. It was also
mentioned that a lower SUV (<4) of post-treatment 8F-FDG-PET was significantly correlated with
good histological results after therapy [6].

Some reports indicated that '®F-FDG-PET can reflect several clinically relevant histopathological
features in HNSCC. So far, Jacob et al. found that SUVyax correlated statistically significantly with the
proliferation index KI 67 (r = 0.78) and proliferating cell nuclear antigen (r = 0.66) [8]. Gronroos et al.
showed that SUVax tended to correlate with the expression of tumor suppressor protein p53 (p = 0.47,
p = 0.078) [9]. Furthermore, SUV .« also correlated well with the expression of hypoxia-inducible
factor HIF-1« [10]. It has also been shown that p16-positive tumors had lower SUV,x in comparison
to pl6-negative carcinomas [11,12].

According to the literature, microvessel density (MVD) also plays a significant role in HNSCC [13].
For example, MVD estimated from CD105 immunoexpression predicts a poor outcome in oral
squamous cell carcinoma [13,14]. Like VEGF (vascular endothelial growth factor), CD105 (endoglin)
is a hypoxia-inducible transmembrane glycoprotein, and its expression is up-regulated in actively
proliferating endothelial cells. Endoglin has been described as a marker for tumor-related angiogenesis
and neovascularization with potential in tumor diagnosis, prognosis, and therapy [15]. Xia et al. found
that MVD can predict lymph node metastases and prognosis in HNSCC [16]. We assume that the
parameters of '8F-FDG-PET might also reflect MVD in HNSCC. However, no previous study has
investigated the relationships between F-FDG-PET and tumor MVD in HNSCC.

Therefore, the purpose of the present study was to analyze possible associations between
I8E-FDG-PET parameters and MVD in HNSCC.

2. Methods

This prospective study was approved by the institutional review board (Ethics Committee of the
University of Leipzig, study codes 180-2007, 201-10-12072010, and 341-15-05102015). All methods were
performed in accordance with the relevant guidelines and regulations. All patients gave their written
informed consent.

2.1. Patients

For this study, patients with histologically proven HNSCC and available histopathological
specimens and who underwent ®F-FDG-PET/CT examinations at our institution were selected. Overall,
there were 22 patients, 6 (26.1 %) women and 16 (73.9 %) men, with a mean age of 55.2 + 11.0 years,
age range of 24-77 years, and different HNSCC. Low-grade (G1/2) tumors were diagnosed in 10 cases
(45.5%) and high-grade (G3) tumors in the remaining 12 (54.5%) patients.

2.2. Imaging

I8E-FDG-PET/CT

In all 22 patients, an I8E-FDG-PET/CT (Siemens Biograph 16, Siemens Medical Solutions, Erlangen,
Germany) was performed from the skull to the upper thigh after a fasting period of at least 6 h.
Application of 18F-FDG was performed intravenously with a body-weight-adapted dose (4 MBg/kg,
range: 168-427 MBq, mean + SD: 281 + 62.2 MBq). PET/CT image acquisition started on average
76 min (range 60-90 min) after '8 F-FDG application. Low-dose CT was used for attenuation correction
of the PET data.

The acquired PET/CT datasets were evaluated by a board-certified nuclear medicine practitioner
and a board-certified radiologist with substantial PET/CT experience in oncological image interpretation.
PET/CT image analysis was performed on a dedicated workstation at Hermes Medical Solutions,
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Sweden. For each tumor, the maximum and mean SUV (SUVax; SUVean) were determined from
PET images (Figure 1). Prior to this, the tumor margins of the HNSCC were identified on CT images
and fused PET/CT images, and a polygonal volume of interest (VOI) that include the entire lesion in
the axial, sagittal, and coronal planes was placed in the PET dataset (SUVmax threshold 40%).

Figure 1. (a) "8F-fluordeoxyglucose (**F-FDG)-PET/CT shows a metabolically active hypopharyngeal
lesion. The acquired 8F-FDG-PET parameters of the lesion are as follows: maximum and
mean standardized uptake values SUVyax = 22.07 and SUVyean = 13.92. magnification: 200X.
(b) Histopathological findings (CD 105 stained specimen). Vessel area is 1.2%, vessel count is 11.

2.3. Microvessel Density

In all cases, the diagnosis was confirmed histopathologically by tumor biopsy before any form of
treatment. For the present study, the biopsy specimens were deparaffinized, rehydrated, and cut into
5 um slices. The specimens were stained with CD 105 antigen (Abcamplc, 330 Cambridge Science Park,
Cambridge, CB4 OFL, UK). Furthermore, all stained specimens were digitalized by using a Pannoramic
microscope scanner (Pannoramic SCAN, 3DHISTECH Ltd., Budapest, Hungary) with Carl Zeiss
objectives up to 41x bright field magnification by default. In the used bottom-up approach, the whole
sample was acquired at high resolution. The digital slides (magnification of 200x) were evaluated
using Pannoramic Viewer 1.15.4 (open source software, 3D HISTECH Ltd., Budapest, Hungary).

Thereafter, the digitalized histopathological images were analyzed using Image] software 1.48v
(National Institutes of Health Image program) with a Windows system [17,18]. The microvessel density
included the following parameters: stained vessel area (vessel area, % per high-power field), calculated
as the CD105 positive area divided by the total area of the analyzed histological specimens, and the
total number of vessels (vessel count) according to Weidner et al. [19].
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2.4. Statistical Analysis

Statistical analysis was performed using the SPSS package (IBM SPSS Statistics for Windows,
version 22.0, Armonk, NY, USA: IBM corporation). The collected data were evaluated by means of
descriptive statistics. The statistical data included means and medians with corresponding standard
deviations and ranges of the acquired '¥F-FDG-PET and histopathological parameters.

Spearman’s correlation coefficient (r) was used to analyze associations between the investigated
variables. p-values of <0.05 were taken to indicate statistical significance. Furthermore, the sensitivity,
specificity, negative and positive predictive values, accuracy, and area under the receiver operating
characteristic curve (AUC) value were calculated for the diagnostic procedures. Thresholds were
chosen to maximize the Youden index.

3. Results

Information regarding tumor localization, stage, and grade of the enrolled patients is given in
Table 1. Table 2 shows a complete overview of the acquired '®F-FDG-PET and histopathological
parameters including mean values, standard deviations, and ranges.

Table 1. Clinical characteristics of the patients enrolled in the study.

No. Sex Age Tumor Site T Stage N Stage M Stage Grading
1 female 33 Oral cavity 3 0 0 2
2 male 62 Larynx 3 3 0 3
3 male 55 Oropharynx 3 2 0 3
4 male 56 Hypopharynx 3 1 0 3
5 female 58 Oropharynx 1 2 0 3
6 male 24 Oral cavity 4 2 0 2
7 male 64 Oral cavity 2 1 0 3
8 male 57 Oropharynx 2 2 0 3
9 male 44 Larynx 4 0 0 3
10 female 77 Epipharynx 4 1 1 3
11 male 59 Oropharynx 3 1 0 2
12 male 53 Larynx 4 2 0 3
13 male 64 Hypopharynx 4 2 0 2
14 male 61 Oropharynx 4 2 0 2
15 male 58 Oropharynx 2 2 0 2
16 female 60 Oropharynx 4 2 0 4
17 male 55 Oropharynx 3 2 0 2
18 male 54 Oral cavity 4 2 0 2
19 female 65 Oropharynx 2 2 0 3
20 male 50 Oropharynx 2 2 0 3
21 male 48 Hypopharynx 2 2 0 2
22 female 58 Oral cavity 4 2 0 1

Table 2. Estimated '®F-FDG-PET and microvessel density (MVD) parameters of head and neck
squamous cell carcinoma (HNSCC).

Parameters M+ SD Median Range
SUVmax 14.34 £ 5.05 14.79 59-24.1
SUVmean 8.40 +£3.11 8.28 3.63-14.87

Vessel Area 197 +1.15 1.76 0.4-4.56

Vessel Count 11.64 +4.97 10 5-25

SUVmax correlated statistically significantly with vessel area (r = 0.532, p = 0.011) and vessel count
(r =0.434, p = 0.043). SUVean also correlated statistically significantly with vessel area (r = 0.465,
p = 0.029). In the next step, receiver operating characteristic (ROC) analysis was performed to predict
tumors with high microvessel density (vessel area > 1.76% as a result of median split) using SUVax.
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The Youden index identified a threshold SUV .y of 15 with a sensitivity of 72.7% and specificity of
81.8% (Figure 2). The positive predictive value was 80%, the negative predictive value was 75%, and
the accuracy was 77.3%. The area under the curve was 82.6%.

o ROC-curve
08
06
2
2
=
173
c
L3
- 04
02
00 -
00 02 04 06 08 10
1 - Specificity

Figure 2. The receiver operating characteristic (ROC) curve using SUVmax for distinguishing tumors
with high microvessel density from lesions with low microvascularization. The optimal threshold
SUVmax is 15, resulting in a sensitivity of 70.0% and a specificity of 75.0%. The area under the curve
is 82.6%.

4. Discussion

The present study identified significant associations between parameters of '®F-FDG-PET and
MVD in HNSCC. According to the literature, MVD is a very important histopathological feature in
different malignancies. There are different immunohistochemical markers for the estimation of MVD.
Some authors used pan-endothelial markers, namely, CD34, CD31, and von Willebrand factor [19-21].
However, it is well known that these markers have low sensitivity and specificity and are not always
expressed in all intratumoral vessels [21]. In contrast to the non-specific pan-endothelial markers,
CD105 or endoglin is upregulated in angiogenic vessels and accumulates preferentially in tumors [22,23].
Therefore, CD105 is a marker of tumor-related MVD.

Previously, numerous studies showed that CD105 correlated with tumor aggressiveness in lung
cancer [24,25], breast carcinomas [26], colonic cancer [27], and endometrial carcinoma [28]. MVD is
also one of the clinically relevant features in HNSCC [29-32]. According to the literature, tumor size/T
stage correlated directly with the MVD/CD 105 ratio in oral cancers [31]. Furthermore, some reports
indicated that high MVD/CD105 values were associated with the presence of lymph node metastasis in
HNSCC [29,32,33]. Finally, high MVD/expression of CD105 was also associated with recurrence of
disease or occurrence of distant metastasis and poorer 5-year survival [33-37]. Therefore, MVD can be
applied as an important independent prognostic factor in HNSCC.

The possibility to predict MVD from imaging is very important. Previously, relationships between
I8F-FDG-PET findings and MVD were analyzed in several malignancies. Remarkably, different
correlation coefficients were observed between the investigated parameters. Furthermore, different
markers for MVD were used. Han et al. used CD34 marker and did not observe statistically significant
correlations between SUV . and MVD in lung cancer [38]. However, Xing et al. also estimated
MVD from CD 34 stained specimens and reported a very strong correlation between tumor MVD
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and SUV in lung cancer (r = 0.915, p < 0.01) [39]. In esophageal cancer, no significant correlations
were detected between PET parameters and MVD measured from CD31 stained specimens [40].
Only few studies have analyzed the associations between PET and tumor-related MVD based on CD
105 expression. In the study by Groves et al., SUVyax correlated statistically significantly with MVD
(r = 0.6, p = 0.005) in breast cancer [41]. Cochet et al. also investigated patients with breast cancer but
could not identify statistically significant correlations between SUVmax and the expression of CD105
or CD34 [42]. However, interestingly, in the same study, SUVnax was associated with expression of
CD105 in a non-triple-negative tumor subgroup (r = 0.5, p = 0.005) [42]. Finally, in colorectal cancer,
no significant correlations between metabolic parameters (SUVmax 0r SUVean) and CD 105 expression
were found [43].

In HNSCC, there have been no previous studies about associations between 8F-FDG-PET and
tumor-related MVD. The present study showed that SUV 5« may predict MVD in HNSCC. Moreover,
SUVmax may be used for discrimination of tumors with higher expression of CD 105, i.e., high-risk
lesions. This finding is very important. It may help us to identify patients suitable for targeted
therapy with anti-angiogenetic antibodies (e.g., anti-endoglin) in an oncological therapeutic setting.
However, in agreement with the results by Groves et al. [41], the identified correlations were moderate.
Also, the calculated negative and positive predictive values and the area under the curve and accuracy
were relatively low. These facts limit the use of the present data to make a clinical decision.

Our study also identified another interesting aspect. The calculated correlation coefficients
between SUVyax and MVD are comparable with those for specific perfusion parameters. In fact,
as reported previously, one of the parameters of dynamic contrast-enhanced MRI, namely Kep,
correlated with vessel area (r = 0.51, p = 0.041) in HNSCC [44]. Blood volume, a parameter of CT
perfusion, correlated with vessel count (r = 0.59, p = 0.035) [45]. Furthermore, in the present study,
we analyzed important tumor-related MVD estimated from CD 105 expression. Previous reports,
however, investigated MVD using the expression of CD 31 or CD 34 [29,30]. According to the literature,
these markers are not tumor-specific and do not play a clinical role in HNSCC [14,27]. The present
study is limited due to a small number of patients. Clearly, further investigations with more cases are
needed to verify our results.

5. Conclusions

I8F-FDG-PET parameters correlated statistically significantly with MVD in HNSCC. SUV max may
be used for discrimination of tumors with high tumor-related MVD.
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Abstract: The global immuno-oncology pipeline has grown progressively in recent years, leading cancer
immunotherapy to become one of the main issues of the healthcare industry. Despite their success in
the treatment of several malignancies, immune checkpoint inhibitors (ICIs) perform poorly in others.
Again, ICIs action depends on such a multitude of clinico-pathological features, that the attempt to
predict responders/long-responders with ad-hoc built immunograms revealed to be quite complex.
In this landscape, the role of nuclear medicine might be crucial, with first interesting evidences coming
from small case series and pre-clinical studies. Positron-emission tomography (PET) techniques provide
functional information having a predictive and/or prognostic value in patients treated with ICIs or
adoptive T-cell therapy. Recently, a characterization of the tumor immune microenvironment (TiME)
pattern itself has been shown to be feasible through the use of different radioactive tracers or image
algorithms, thus adding knowledge about tumor heterogeneity. Finally, nuclear medicine exams
permit an early detection of immune-related adverse events (irAEs), with on-going clinical trials
investigating their correlation with patients” outcome. This review depicts the recent advances in
molecular imaging both in terms of non-invasive diagnosis of TIME properties and benefit prediction
from immunotherapeutic agents.

Keywords: nuclear medicine; positron-emission tomography; single-photon emission computed
tomography; immunotherapy; immune checkpoint inhibitors

1. Immuno-Oncology (I-O)

The host immune system interacts with tumor cells through the activation of innate and
adaptive immune mechanisms. Initially, transformed cells are eliminated by a competent immune
system. Nevertheless, sporadic tumor cells manage to survive immune destruction and may enter an
equilibrium phase during which editing occurs. Finally, immunologically sculpted tumors begin to
grow progressively, establish an immunosuppressive tumor microenvironment and become clinically
apparent [1]. The immune system-tumor interaction is targeted by immunotherapy, with the aim of
stimulating the immune system to direct immune-mediated responses against the tumor.

The global I-O pipeline has grown progressively in last years. The administration of interleukin-2
(IL-2) and the adoptive transfer of antitumor T cells grown in IL-2 represented the first effective
immunotherapies for cancer in humans [2]. Toll-like receptor agonist imiquimod has been used to treat
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a variety of skin cancers including basal cell cancer, squamous cell cancer, lentigo maligna melanoma,
and cutaneous T-cell lymphoma [3]. Recombinant interferon -2b is indicated in hairy cell leukemia,
chronic myelogenous leukemia, multiple myeloma, follicular lymphoma, and as adjuvant therapy in
malignant melanoma [4]. Calmette-Guerin bacillus is the gold standard adjuvant treatment of high-risk
non-muscle invasive bladder cancer [5].

Moreover, the development of immune checkpoint inhibitors (ICIs) is a revolutionary milestone in
the field of I-O. ICIs reinvigorate antitumor immune responses by interrupting co-inhibitory signaling
pathways and promote immune-mediated elimination of tumor cells. Anti-programmed-death 1 (PD-1)
nivolumab and pembrolizumab, anti-programmed death-ligand 1 (PD-L1) atezolizumab, durvalumab
and avelumab, and anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4) ipilimumab are the standard of
care in adjuvant treatment or advanced disease treatment for many solid tumors (Table 1).

Table 1. Immune checkpoint inhibitor for solid tumors (European Medicines Agency and Food and
Drugs Administration approval).

Immune Checkpoint Inhibitor Solid Tumor Reference
Adjuvant Setting
Ipilimumab Malignant melanoma [6]
Nivolumab Malignant melanoma [71
Pembrolizumab Malignant melanoma [8]

Advanced Disease Setting

Ipilimumab Malignant melanoma [9]

Nivolumab Malignant melanoma [10]
Non-small cell lung cancer [11,12]

Renal cell carcinoma [13]

Hodgkin’s lymphoma [14]

Head and neck cancer [15]

Urothelial carcinoma [16]

Mismatch-repair deficient/Microsatellite [17]

instability-high colorectal carcinoma !

Hepatocellular carcinoma 1 [18]

Nivolumab plus Ipilimumab Malignant melanoma [19]

Renal cell carcinoma [20]

Mismatch-repair deficient/Microsatellite

instability-high colorectal carcinoma 1 (21]

Pembrolizumab Malignant melanoma [22]
Non-small cell lung cancer (with or [23-25]

without chemotherapy) o

Renal cell carcinoma (with axitinib) [26]

Hodgkin’s lymphoma [27]

Head and neck cancer ! [28]
Urothelial carcinoma [29,30]

Hepatocellular carcinoma 1 [31]

Gastric cancer ! [32]

Esophageal cancer 1 [33]

Cervical cancer ! [34]

Merkel cell carcinoma ! [35]

Small cell lung cancer ' [36]
Atezolizumab Urothelial carcinoma [37,38]
Non-small cell lung cancer (with or without [39-41]

chemotherapy and bevacizumab)
Small cell lung cancer (with carboplatin [42]
and etoposide) !
Triple-negative breast cancer (with nab-paclitaxel) 1 [43]
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Table 1. Cont.

Immune Checkpoint Inhibitor Solid Tumor Reference
Avelumab Merkel cell carcinoma [44]
Urothelial carcinoma ! [45]
Renal cell carcinoma (with axitinib) ! [46]
Durvalumab Non-small cell lung cancer [47]
Urothelial carcinoma ! [48]

1 Food and Drugs Administration approval only.

However, despite these substantial advances, only a subset of patients receiving ICIs derive
clinical benefit. It is then crucial to identify and to develop predictive biomarkers of ICIs response.
PD-L1 expression and tumor mutation burden are the only predictive factors validated in phase III
clinical trials, but are still imperfect since there are ICI non-responders expressing high biomarkers
levels and ICI responders with low biomarkers levels. New determinants of response are being
investigated, with strategies encompassing multiple biomarkers [49,50].

2. Cancer, Nuclear Medicine (NM) and Response to I-O

2.1. Nuclear Medicine

Nuclear medicine is a branch of medicine using radionuclides in the diagnosis and treatment
of diseases. Diagnostic applications consist in “functional imaging” and are based on the ability of
radiopharmaceutical agents to concentrate in pathological tissues and to emit radiations that are revealed
by external detectors and then recorded. Therapeutic approaches exploit selective concentration of
radiopharmaceutical agents in pathological tissues and the use of the radiations to destroy them.
Techniques of nuclear medicine imaging include two-dimensional scintigraphy, three-dimensional
single-photon emission computed tomography (SPECT) and positron emission tomography (PET),
and hybrid techniques combining computed tomography (CT) or magnetic resonance imaging (MRI)
scans with SPECT or PET [51].

2—[18F]ﬂu0r0—2—deoxy—D—glucose (8F-FDG or FDG) PET/CT has become an established standard
nuclear imaging modality in oncology [52] based on the finding that tumor hypoxic cells have increased
glucose demand and, consequently, FDG uptake and accumulation [53]. FDG-PET/CT is thus widely
used in cancer diagnosis, staging, and response to treatment evaluation [54-56].

However, some drawbacks have to be mentioned [57]. Infection and inflammation can lead to
false positive findings. Another limitation is that some organs display a higher physiological FDG
uptake (i.e., brain, myocardial tissue, brown fat) and therefore are not studied with this modality.
Moreover, FDG-PET/CT can result false negative for lesions or <8-10 mm and for several histotypes.
Hyperglycemia has to be correctly managed to convey a valid exam. Furthermore, FDG-PET/CT
is nonspecific for tumor subtypes. Finally, risk-benefit considerations should minimize radiation
exposure. For all these reasons, clinical information exchange between oncologists and nuclear
medicine specialists is crucial for patients’ care and outcomes [54-56].

2.2. Assessment of Tumor Response

Assessment of response represents a measure of antitumor drug activity. Radiological overall
response rate is the primary endpoint of about 70% of phase II trials. Thus, positive trials are the
basis of accelerated approval in refractory advanced disease, a setting where there is no available
therapy [58]. Furthermore, response assessment is a cornerstone of daily clinical practice.

Practically, response assessment starts with summing the size of tumor lesions in a baseline CT
scan before beginning a new therapy. After a specified time, the relative change of the sum of lesion
sizes is registered. Finally, a threshold on this relative change is applied to decide whether treatment
should be administered or discontinued. Historically, the WHO Response Criteria were first published
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in 1981 and were based on bidimensional measurements [59]. As CT scans were more easily available,
the WHO Ceriteria were simplified and harmonized by the Response Evaluation Criteria in Solid Tumors
(RECIST) in which unidimensional measurements were considered [60]. A further update was provided
by the RECIST 1.1 version, including revised specifications on measurable disease, nodal disease,
and progressive disease [61].

Nevertheless, less than half of the studies that met their response endpoint measured with RECIST
criteria in a phase II clinical trial are successful in phase III clinical trials [62—-64]. It has been proposed that
response assessment with FDG-PET could be more sensitive and specific for the detection of metastatic
disease. In particular, bone disease is not evaluable by RECIST criteria. Moreover, stable disease as
defined by RECIST criteria could represent on the one hand a consequence of tumor growth inhibition
by effective therapy, on the other hand a result of an indolent tumor biology, whereas it is more likely
that growth inhibition results in a decrease of tumor FDG uptake [65].

Two metabolic response criteria were thus developed. European Organization for Research and
Treatment of Cancer (EORTC) PET response criteria were based on standalone PET imaging and focused
on evaluation of only one lesion [66]. PET Response Criteria in Solid Tumors (PERCIST) were applied to
PET/CT scans and deal with multiple lesions evaluation [67,68]. Moreover, main differences include the
use of standardized uptake value (SUV) mean in EORTC criteria compared to the SUV peak normalized
by lean body mass (SULpeak) used in PERCIST criteria as the quantitative parameter, finally a different
threshold for progressive metabolic disease is used. Robust clinical validation is still awaited.

2.3. Assessment of Tumor Response to Immunotherapy

Response assessment for I-O must deal with a unique challenge, pseudoprogression, that is
a temporary increase in tumor size, meeting the criteria for progressive disease based on RECIST,
which is lately not confirmed. Pseudoprogression is caused by immune cells infiltrating tumor lesions.
Its prevalence is up to 10%, and it has been characterized in malignant melanoma studies [69,70].

Four new response criteria have been proposed to solve this issue and all of these require a
confirmation of progressive disease [71]. Immune-related response criteria (irRC) are based on WHO
criteria, and therefore on bidimensional measurements [72]. Immune-related response evaluation
criteria in solid tumors (irRECIST) combine irRC with RECIST 1.1 criteria, thus rely on unidimensional
measurements [73]. Immune response evaluation criteria in solid tumors (iRECIST) are based on
RECIST 1.1, too, but differ from irRECIST because they do not include measurements of the new lesions
on tumor burden [74]. Immune-modified response evaluation criteria in solid tumors (imRECIST) are
similar to irRECIST [75].

IrRC and irRECIST were clinically validated in patients with advanced malignant melanoma treated
with ipilimumab, imRECIST in patients with advanced NSCLC and metastatic urothelial carcinoma
treated with atezolizumab, whereas iRECIST are based on a consensus statement. The RECIST working
group recommends that recent trials should use RECIST 1.1 to define the primary and secondary
efficacy-based endpoints and reserve irRC or irRECIST for exploratory endpoints [74].

The role of already published metabolic criteria was investigated in patients treated with
immunotherapy. EORTC criteria applied to PET/CT evaluation after two cycles of ipilimumab
on 22 advanced melanoma patients were found to be predictive of final treatment outcome [76].
Retrospective baseline and 1-year PET/CT analysis with EORTC criteria of 104 metastatic melanoma
patients treated with nivolumab or nivolumab and ipilimumab showed that patients with complete
metabolic responses at 1 year had ongoing responses to therapy thereafter [77]. PERCIST criteria were
used to evaluate response on a PET/CT scan 1 month after the start of nivolumab in 24 advanced NSCLC
patients, metabolic responses were closely associated with therapeutic response and survival [78].

Likewise, semi quantitative parameters were found to be predictive of outcome in patients treated
with immunotherapy. This could be the case for SUV, metabolic tumor volume (MTV), and tumor total
lesion glycolysis (TLG). These three variables define the entire metabolic tumor burden (MTB), that may
represent a reliable value to predict treatment success, being known that I-O work better in a context
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of low tumor load [79]. Variations in MTV and TLG in FDG-PET/CT scans taken before and after 4
cycles of nivolumab in 20 patients with metastatic NSCLC correlated with objective response by CT
scan [80]. Baseline SUVmax and SUVmean identified progression after 8 weeks of therapy in 27 NSCLC
patients treated with nivolumab or pembrolizumab [81]. Increased SUVmax and SULpeak of the most
FDG-avid lesion at interim PET/CT identified non-responders in 30 advanced melanoma patients treated
with pembrolizumab [82]. Whole-body maximum SUV (SUVmaxwb) in 32 advanced NSCLC patients
treated with nivolumab correlated with response [83]. Moreover, an associated flare response on FDG
PET/CT imaging at 1 week post-therapy defined as >100% increase in tumor SUVmax between baseline
and post-therapy scans was found to be predictive of a complete response to immunotherapy, and this
correlated usually with evidence of T cell reinvigoration in the blood at 1 week post therapy [84].

In parallel, several I-O-adapted metabolic criteria have been proposed. PET/CT Criteria for Early
Prediction of Response to Immune Checkpoint Inhibitor Therapy (PECRIT) are based on RECIST 1.1
to define complete response, partial response and progressive disease, whereas percent change in
SULpeak by PERCIST criteria is used to distinguish patients with stable disease per RECIST 1.1 and
clinical benefit from those with stable disease and no clinical benefit. The comparison of baseline
PET/CT scan with a second PET/CT scan at 3—4 weeks after the start of immunotherapy based on
PECRIT was able to predict the best overall response at 4 months in 20 patients with advanced
melanoma patients treated with nivolumab, ipilimumab or BMS-936559 [85].

Conversely, the number of new FDG-avid lesions was considered in PET Response Evaluation Criteria
for Immunotherapy (PERCIMT). Four newly emerged avid lesions on PET/CT scan after 3 months of
therapy was found to be predictive of treatment failure in 41 melanoma patients treated with ipilimumab,
with the functional size of the new lesions playing an important role in predicting the clinical response [86].
PERCIMT evaluation was applied to PET/CT scan after two cycles of immunotherapy on the same
cohort of patients, showing higher sensitivity compared to EORTC criteria in predicting clinical benefit,
but specificity in predicting no clinical benefit was not significantly higher [87].

Inflammatory response caused by immunotherapy may confound the ability of FDG-PET to
identify patients with a favorable response. Thus, similarly to iRECIST, immune PET Response Criteria
in Solid Tumors (iIPERCIST) included the concept of disease progression confirmation in PERCIST.
iPERCIST were retrospectively applied to a cohort of 28 NSCLC patients treated with nivolumab.
All patients underwent a baseline PET/CT scan and a second scan after 2 months of treatment, which was
evaluated with the proposed criteria. A metabolic unconfirmed progressive disease was re-evaluated
with a third PET/CT scan after 4 weeks. The 1-year survival rates were significantly higher in iPERCIST
responders compared with non-responders [88]. Beyond the above seen parameters, even spleen to
liver ratio (SLR) has been found to correlate with ICIs efficacy, and thus may represent a novel PET
biomarker to evaluate patients’ baseline immune state prior to immunotherapy [89]. All these criteria
require further validation.

Figure 1 depicts an overview of CT-based and PET-based response criteria for solid tumors.

WHO irRC
3 ~
3 irRECIST ——— imRECIST
L_I) \ //
RECIST1.0 — RECIST1.1 iRECIST
EORTC
3 s
= | PECRIT — PERCIMT
5 o
& PERCIST iPERCIST
chemotherapy immunotherapy

Figure 1. Overview of computed tomography (CT)-based (upper panel) and positron emission tomography
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(PET)-based (lower panel) response criteria for solid tumors. On the left side are grouped response
criteria designed for chemotherapy, on the right side those specifically designed for immunotherapy.
RECIST: Response Evaluation Criteria in Solid Tumors, irRC: Immune Related Response Criteria, irRECIST:
Immune-related Response Evaluation Criteria in Solid Tumors, imRECIST: Immune-modified response
evaluation criteria in solid tumors, iRECIST: Immune response evaluation criteria in solid tumors. EORTC:
European Organization for Research and Treatment of Cancer criteria, PERCIST: PET Response Criteria
in Solid Tumors, PERCIMT: PET Response Evaluation Criteria for Immunotherapy, PECRIT: PET/CT
Criteria for Early Prediction of Response to Immune Checkpoint Inhibitor Therapy, iPERCIST: immune
PET Response Criteria in Solid Tumors.

3. NM and Tumor Immune-Microenvironment (TiME) Analysis

The survival benefit from using ICIs varies considerably from patient to patient. ICIs manage to
slow down cancer progression, changing completely long-term survival perspective for a subgroup
of patients, that goes from 10% to 30%, depending from the tumor types and drug used [90,91].
The reverse of the medal, of course, is that ICIs own poor or no efficacy in a considerable proportion of
treated subjects.

Last year, scientific community efforts in oncology were greatly conveyed to unhinge the reasons
of this imbalance, trying to recognize the ideal candidate for immunotherapy; the final aim is to sharpen
and potentiate ICIs tools [92]. ICIs activity is influenced by several clinical features, tumor histology,
and also tumor genes’ expression [93].

The first studied marker has been PD-L1, a protein variously expressed by tumor cells, that for
some cancer types correlate well with benefits from specific anti-PD-L1 agents [94]; in fact, some of
these drugs have received approval on the basis of tumor PD-L1 expression [95]. For this reason,
PD-L1 is to date the most used determinant in patients treated with ICIs worldwide, though it remains
an imperfect predictive biomarker.

Evaluating US Food and Drug Administration (FDA) approvals of 45 ICIs agents across 15 tumor
types, PD-L1 was found to be predictive in less than a third of them [94]. This phenomenon
can be explained by multiple factors. First, PD-L1 expression in individual patients could be
heterogeneous possibly being different in different tumor sites but also in a single tumor site,
and influenced by the sample itself [96]. Secondarily, ICIs action can be affected by the huge
amount of other tumor immune-microenvironment (TiME) properties [97]. B7-H3, a member of the B7
superfamily, is expressed on tumor cells and potentially circumvents CD8+-T-cell-mediated immune
surveillance. Anti-B7-H3 immunotherapy combination with anti-PD-1/PD-L1 antibody therapy is a
promising approach for B7-H3-expressing cancers [98]. Tumor-infiltrating T-cells (TILs) co-receptors
(PD-1, CTLA-4, Lymphocyte-activation gene 3 (LAG-3), etc.) have great importance in the context
of TiME, by interacting with tumor cells, becoming new target for a series of new ICIs, some of
which already approved. Finally, factors related to the host immune system such as blood biomarkers
(peripheral blood mononuclear cells (PBMCs), etc.) could affect ICIs activity [99].

Thus, it would be of extreme importance to consider TiIME globally in patients eligible for IClIs.
Analyses of TIME on tissue could be affected both by tumor tissue sample itself in terms of quantity
and/or quality and by tumor heterogeneity [100]. NM imaging can bypass these two tissue intrinsic
limits. Through specific radiotracer-labeled antibody, NM proved to characterize a series of TIME
properties, and with good concordance with tissue data. Indeed, surface markers of PBMCss, TILs and
tumor cells could be selectively targeted, leading to a successful definition of TIME composition with
preclinical animal models, but also in human adults with cancer (Table 2). This constitutes a unique
opportunity to overcome the intrinsic limits of TIME analyses on tissue, that results to be moreover
both cost and time consuming.
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Recently, imaging of TiIME by PET has gained an excellent progress by the introduction
of different tracers targeting fibroblast activation protein (FAP), among which %Gallium-labeled
chelator-linked FAP inhibitors (FAPIs) and '®F-labeled glycosylated FAPIs [119]. FAP is highly
expressed by cancer-associated fibroblasts (CAFs), that are generally associated with poor prognosis
and represent for some cancer types one of the main reason of resistance to immunotherapy [120].

NM imaging can provide a static baseline representation of the identified marker, so having a predictive
value, possibly bringing our therapeutic choices to be as careful as possible. Otherwise, these techniques
can be used in a more dynamic way, by repeating NM imaging in different disease time-points in patients
treated with ICIs. The aim will be to monitor treatment response, by using labeled-radiotracers conjugated
with immunotherapeutic agents, with first brilliant results in this sense.

3.1. PBMCs-Targeted Imaging

The generation of anti-CD8 8 Zr-desferrioxamine-labeled cys-diabody permitted a noninvasive
immuno-PET tracking of endogenous CD8+ T cells in melanoma immunotherapy models,
including anti-PD-L1 agents, antigen-specific adoptive T-cell transfer and agonistic antibody therapy.

The great power of such imaging consists in its ability to acquire dynamic information regarding
therapy-induced alterations of both PBMCs and TILs component [101].

3.2. TlLs-Targeted Imaging

Similarly, with an immuno-PET with Zirconium-89(¥Zr)-labeled PEGylated single-domain
antibody fragments specific for CD8, Rashidian et al. demonstrated the ability to longitudinally detect
TILs in melanoma models and to distinguish responding tumors from those that do not respond to
anti-CTLA4 therapy [102].

12L-interleukin-2 (IL-2) single-photon emission computed tomography (SPECT) well depicted
TILs in cancer patients, also giving a preliminary response to cytokine treatment [103,104], while TILs
targeting through **™Tc-TL-2 in melanoma patients treated with I-O permits to acquire information
about pseudo-progression and prognosis [105,106]. Prognosis impact has also found to be appraisable
by quantifying TILs in animal models of bladder cancer trough anti-CD3 monoclonal antibody (mAb)
modified with desferrioxamine (DFO) and radiolabeled with 8°Zr [107]. Recognition of CTLA-4 TILs
receptor has been realized by a specific *Cu-DOTA-anti-CTLA-4 mAb [108,109], while anti-PD-1 agents
labeled with ®*Cu or 8Zr can detect very precisely PD-1-expressing TILs [110-113]. Moreover, the fully
human anti-LAG3 antibody REGN3767, radiolabeled with 8Zr using the bifunctional chelator
p-SCN-Bn-Deferoxamine (DFO) led to an immune-PET detection of LAG-3 expressing TILs [114].
NM individuation of PD-1, CTLA-4 and LAG-3 expressed by TILs could assist in patient stratification,
disease diagnostics, and monitoring response to ICIs.

3.3. Tumor Cell-Targeted Imaging

A similar usefulness may derive from PET-imaging of some proteins expressed directly by tumor
cells. High affinity to PD-L1 has been guaranteed by specifically synthetized ®Ga-labeled single-domain
antibody tracer called 68Ga-NOTA-Nb109, and 8 Zr-DFO-PD-L1 monoclonal antibody [115,116].
Moreover, saturation of B7-H3 tumor cell protein by anti-B7-H3 humanized monoclonal antibody
DS-5573a labeled with 89Zr was demonstrated in tumors responding to DS-5573a therapy [117].
89 Zr-DFO-daratumumab provides successful whole-body PET visualization of myeloma, and predicts
the effectiveness of daratumumab therapy [118].

All these applications represent in a certain way an evolution of the most widely used FDG-PET,
already proved as seen to acquire response to ICIs earlier than through the classical CT scan imaging [72,78,79].

3.4. Tumor Heterogeneity

The therapeutic approach cannot ignore inter-patients and intra-patient cancer heterogeneity.
The latter depends on a complex phenotypic evolution that involve (epi)genetic transformations,
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surface markers selections and cell-cycle modifications in response to environmental stimuli [121].
What is more, not only tumor cells but also TIME features might become different [122]. This is quite
challenging because prognosis and response to treatments could be thus tightly influenced.

NM may be helpful to visualize tumor heterogeneity, with interesting applications in the field of
I-O. Quantitative analyses of canonical ¥F-FDG PET imaging can point out the presence of aggressive
tumor foci, which may divert patients’ prognosis [123]; CAFs have found to contribute to the intratumor
heterogeneity of 8F-FDG PET and to enhance tumor uptake [123].

The recognition of TIME and cancer cells markers heterogeneity, through specific tracers,
could guide in the future daily therapeutic choices. PD-L1 is the forerunner marker in this sense,
with different contributes about its possible discordant expression in different tumor lesions [124-126],
but the same concept could be applied to other markers.

4. NM and Immune-Adverse Events (irAEs) Analysis

Immune-related adverse events (irAEs) are unique adverse events caused by activation of
an immune response against healthy tissues due to immunotherapy. IrAEs occur in about two
thirds of patients treated with IO, of which 14% is grade 3 or superior [127]. Timely detection
and correct management of irAEs according to their grading, with suspension of IO or eventually
immunosuppressive medication, are crucial [128,129]. If not treated, irAEs could require hospitalization
and may lead to life-threatening complications. Therefore, predictive markers for irAEs are an unmet
clinical need [130].

Diagnosis of irAEs is made through clinical, biohumoral, and radiological investigations.
Early radiological detection of irAEs could improve their correct management. In a recent study,
medical imaging detected 74% of irAE in patients treated with anti-PD1. Among typical irAEs,
interstitial lung disease is mainly diagnosed with CT scans, as well as enterocolitis and pancreatitis,
whereas thyroiditis with ultrasound and hypophysitis with magnetic resonance imaging [131].

Beyond tumor lesions, FDG uptake can be induced by the inflammatory reaction related to
irAEs. Thus, sarcoid-like reaction [132,133] and enterocolitis [134] are easily detected by PET/CT scans.
PET/CT could also be useful in detecting thyroiditis, hypophysitis, pancreatitis, gastroduodenitis,
and cholangitis [131,135-137]. In another study with 35 patients with malignant melanoma receiving
nivolumab and ipilimumab combination, 39% of irAEs were diagnosed subsequent to FDG-PET/TC
and 11% remained clinically occult [138].

Furthermore, irAEs could predict response to immunotherapy [139]. A retrospective study enrolled
40 patients with malignant melanoma, malignant lymphoma or renal cell carcinoma; all patients with
an increase of SUVmax in the thyroid of more than 1.5 on the first restaging scan compared to baseline
scan had a complete response to I-O in 1 year [140]. Overt thyroid irAEs could be predicted by baseline
thyroid uptake of FDG in another study that enrolled 200 patients treated with nivolumab. In the
same study, thyroid irAEs were related to good prognosis in patients diagnosed with lung cancer [141].
As regards to enterocolitis, increased FDG uptake correlated with clinical symptoms but did not predict
clinical outcome to ipilimumab in 100 advanced melanoma patients [142]. In a study with 41 patients
with malignant melanoma treated with ipilimumab, 4 out of 31 patients having disease control were
diagnosed sarcoid-like reaction in the follow-up PET/TC, while none of the patients with progressive
disease [143].

5. Conclusions and Future Applications

NM imaging has historically contributed in a decisive way to expand the knowledge about cancer
management and cancer response to treatment, providing several functional data. In the context
of modern I-O, this could become quite challenging, because each day millions of cancer patients
worldwide are treated with I-O therapies, and lots of crucial aspects remain to be clarified. Last decade
scientific reports added progressively important pieces to the definition of the complex immune-cancer
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cycle, finding out favorable clinical and pathological patterns of response to I-O drugs, and even
creating complex predictive algorithms.

Main open questions include the optimal candidate for I-O therapy, the determination of response
and appropriate duration of treatments, the mechanisms that underlie primary and secondary resistance
to I-O. The goals are I-O empowerment in terms of efficacy and healthcare resources optimization.

As seen, PET-CT scans has shown to predict responders and non-responders to I-O earlier
than the conventional CT scan, through the acquisition of both anatomical and metabolic data.
Moreover, several PET-CT scan parameters, acquired at baseline or during treatment, have been found to be
predictive of response to I-O. NM applications could well depict several predictive TIME features by using
different radiotracers and/or drug-radiotracer conjugates, and also precociously recognize drug-induced
irAEs usually correlated with I-O benefit. This would permit ideally to change in the near future the
approach of cancer care, by selecting the right I-O drug for the right patient, revealing the immunologic
reasons of innate and acquired resistance to I-O, and laying the foundations to get around them.

In the last few years, I-O imaging field has been enriched by radiomics, a set of methods used
to extract a large amount of quantitative data from biomedical images—called features—aiming to
personalize medicine even more. The typical radiomics workflow is a multi-step process, that starts
with the acquisition of measurable features and, through different phases of data processing,
concludes with data analysis [144]. Radiomics can acquire and deal with traditional radiology imaging
(CT, magnetic resonance), but also with PET imaging, building-up mathematical algorithms in order
to study tumor characteristics and clinical outcomes. PD-L1 expression of patients affected by head
and neck carcinoma (n = 53) has found to be correlated to textural features derived from FDG-PET
organization of tumor pixels [145]. PET/CT-based radiomic signature could have both a prognostic
value for NSCLC patients that underwent to surgery [146] and a predictive role to identify those
patients most likely to benefit from immunotherapy. A multiparametric radiomics signature, built up
combining different radiomics features, have shown in fact to well predict durable clinical benefit
from immunotherapy in advanced NSCLC patients (n = 99) [147], with other experiences confirming
this potentiality [148]. Moreover, radiomics could improve tumor heterogeneity characterization and
prognosis prediction, in order to stratify patients to receive therapeutic regimens [123]. Despite its
great premises, some concerns exist about applicability of NM radiomics in daily clinical practice [149],
and further studies investigating its potential in I-O field are urgently warranted.
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Abstract: Intraductal papillary mucinous neoplasms (IPMNs) of the pancreas represent a
heterogeneous group of tumors, increasingly diagnosed in clinical practice. An early differential
diagnosis between malignant and benign lesions is crucial to patient management and the choice of
surgery or observation. The therapeutic approach is currently based on a patient’s clinical, biochemical,
and morphological characteristics. The latest published International Consensus Guidelines (ICG)
make no mention of the role of metabolic assessments of IPMNs. The aim of this study was to
review the current literature, examining the role of 18-fluorodeoxyglucose (FDG) positron emission
tomography (PET) in IPMN management. An extensive literature review was conducted according to
the 2009 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines,
and 10 articles were analyzed in detail, focusing on the value of PET as opposed to other standard
imaging criteria. Data were retrieved on 419 patients. The 18-FDG-PET proved more sensitive,
specific, and accurate than the ICG criteria in detecting malignant IPMNs (reaching 80%, 95%, and
87% vs. 67%, 58%, and 63%, respectively). Metabolic assessments may be used as an additional tool
for the appropriate management of patients with doubtful imaging findings.

Keywords: cystic tumor; International Consensus Guidelines; intraductal papillary mucinous
neoplasms; pancreatic neoplasms; positron emission tomography

1. Introduction

Intraductal papillary mucinous neoplasms (IPMN) of the pancreas are papillary, mucin
hyper-secreting lesions that originate from the epithelium of pancreatic ducts [1,2]. They account
for 0.5% to 10% of all pancreatic exocrine neoplasms [3,4], but their real incidence is difficult to
calculate because most of them are detected incidentally during imaging procedures performed for
other medical reasons. Because of their tendency to become malignant, IPMNs are considered as
precursors of pancreatic ductal adenocarcinomas. At the time of their diagnosis, they may appear as
low-, medium-, high-grade dysplasia adenoma or invasive carcinoma [5]. The differential diagnosis
between benign and malignant IPMN is crucial to patient management, particularly for the purpose of
scheduling surgery appropriately. In fact, surgery offers an opportunity to prevent and potentially cure
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pancreatic adenocarcinoma, but it may represent an overtreatment in many cases, with a considerable
morbidity and mortality even at experienced centers. Several international guidelines have been
published on this topic: they classify IPMNs on the basis of the expected risk of malignancy and
indicate which lesions should be resected and which ones should only be kept under observation [6-8].
Several clinical, biochemical, and radiological criteria are considered to establish the likelihood of
IPMN’s being malignant, and any consequent indication for surgery. The features that should prompt
a surgical procedure in fit patients are termed “high-risk stigmata” [9]. “Worrisome features” are
characteristics that warrant further investigation with endoscopic ultrasonography (EUS) to better
stratify the associated risk [10,11]. The latest revision of the International Consensus Guidelines
(ICG) [8] defines the presence of obstructive jaundice in patients with cystic lesions of the pancreatic
head, enhanced mural nodules >5 mm in diameter, and a main pancreatic duct (MPD) size of >10 mm
as “high risk stigmata”. “Worrisome features” include cysts >3 cm in size, enhancing mural nodules
<5 mm, thickened and enhanced cyst walls, a MPD 5-9 mm in size, abrupt changes in MPD caliber
with distal pancreatic atrophy, lymphadenopathy, high serum levels of carbohydrate antigen (CA)19-9,
and a rapid rate of cyst growth (>5 mm in 2 years) [8]. The ICG do not consider metabolic assessment
of the lesions among the criteria for the risk stratification of IPMNs. Imaging with positron emission
tomography using 18-fluorodeoxyglucose positron emission tomography (18-FDG PET) is based on
the increased glucose uptake of neoplastic cells, which overexpress the main cell membrane glucose
transporter GLUT-1, resulting in higher uptake of 18-FDG [12]. It is part of the standard diagnostic
work-up in many neoplasms, but its role in the management of IPMN is not yet defined. Nonetheless,
a growing number of studies focusing on the role of 18-FDG PET in the preoperative assessment of
IPMNs have been published over the years. The aim of this review was to examine the recent English
literature to clarify the value of 18-FDG PET in IPMN management.

2. Materials and Methods

An extensive review of the English literature was conducted according to the 2009 Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [13]. A systematic
search was performed in PubMed and Scopus on articles published from 1 January, 2000 to 31 October,
2019, using the terms: “pancreatic cyst”, “intraductal papillary mucinous neoplasms”, “pancreatic
neoplasms”, and “positron emission tomography”. The related articles function was used to expand
the search, and all related abstracts, studies, and citations were analyzed. Three authors screened all

titles and abstracts for suitable articles, based on a set of eligibility criteria (Table 1).

Table 1. Summary of inclusion and exclusion criteria adopted. PET: positron emission tomography;
IPMN: intraductal papillary mucinous neoplasms.

Inclusion Criteria Exclusion Criteria
Articles published from 01/01/2000 to 10/31/2019 Case report or small case series (<5 patients)
Written in English No PET data available
Study in humans > 18 years old No radiological imaging data available

No histopathological proven IPMN

Only human studies written in English were considered. Case reports or small series (<5 patients)
were disregarded. The full text of the selected studies was obtained. The manuscripts were examined
and the related references were checked for potentially relevant papers not identified by the initial
screening process. Articles were rejected if imaging, PET data, or histological diagnoses were not
clearly reported, or if it proved impossible to extract the data of interest from the text. The studies
included in our review were analyzed in terms of: first author’s name, year of publication, number of
patients, histology, and malignant or benign preoperative diagnosis. The cut-off for the maximum
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standardized uptake value (SUV max) and the different radiological criteria adopted in each study
were examined.

The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and
accuracy of 18-FDG PET, and radiological imaging in differentiating between malignant and benign
IPMNs were calculated according to the following formulas: sensitivity = true positive (TP)/[TP + false
negative (FN)]; specificity = true negative (TN)/[TN + false positive (FP)]; PPV = TP/[TP + FP];
NPV = TN/[TN + FN] and accuracy = [TP + TNJ/[TP + TN + FP + FN]. The total numbers of TP, TN,
FP, and EN cases were collected patient by patient from each case series, when reported by the authors.
In the event of different SUV max cut-offs or radiological criteria being adopted to discriminate benign
from malignant lesions preoperatively, the cut-offs or criteria with the best accuracy were recorded
and analyzed. A statistical analysis was performed to compare the summary measures (sensitivity,
specificity, accuracy) of the two diagnostic tests (18-FDG PET and ICG criteria). The individual 95%
confidence intervals of sensitivity and specificity for each diagnostic test were calculated using the
Wilson score method. Pearson’s chi-squared test was used to compare the sensitivities and specificities
of 18-FDG PET and of the ICG. p-values < 0.05 were considered statistically significant. The 95%
confidence intervals for the difference and the ratio between the two sensitivities/specificities were
calculated using the Gart and Nam score methods with skewness correction. Statistical analysis was
performed using the NCSS 2019 Statistical Software [14].

3. Results

Overall, 986 records were identified. After screening the titles and abstracts according to our
inclusion and exclusion criteria, 100 full-text articles were assessed for eligibility and 10 studies [15-24]
were ultimately included in our critical appraisal (Figure 1). Patients” data were collected and analyzed
on the basis of their radiological or metabolic diagnostic findings.
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Figure 1. Literature review according to the 2009 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses PRISMA guidelines.
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3.1. Diagnostic Accuracy of 18-FDG PET Scan to Identify Malignant IPMIN

All 10 studies examined the role of 18-FDG PET in the preoperative assessment of IPMNs. A
preoperative 18-FDG PET was performed for a total of 419 patients with a histological diagnosis of
IPMN; 210 of these neoplasms were benign and 209 were malignant. The findings of the single studies
are listed in Table 2. The SUV max cut-offs used in the different studies to differentiate benign from
malignant lesions ranged from 1.3 to 3.0, with a mean value of 2.3. Several authors [15,16,18,19,24]
used a SUV max of 2.5 as the cut-off for malignancy on the strength of previous reports in the literature.
Takanami et al. [17] adopted a value of 2.3, based on a receiver operating characteristic curve (ROC)
analysis in the cohort study balancing the sensitivity and specificity of different cut-offs. Saito et al. [20]
chose a SUV max cut-off of 2.0 based on the number of patients diagnosed with high-grade dysplasia as
opposed to invasive carcinoma. Furthermore, these authors acquired a late scan (120 min post-injection)
to calculate a Retention Index (RI = (SUV gelayed =~ SUVearly) X 100/SUVearly), which further increased the
specificity of 18-FDG-PET from 88% to 94%, without any loss of sensitivity. Roch et al. [21] considered
as malignant any lesion with a SUV max higher than 3. Yamashita et al. [23] defined as malignant a
focal uptake of radiotracer with a SUV max >1.3. Ohta et al. [22] did not specify a SUV max cut-off, but
considered IPMNs as malignant if they had a greater metabolic uptake than the remnant gland.

Table 2. Summary of 18-FDG-PET results for Intraductal Papillary Mucinous Neoplasm. Tot: number
of patients analyzed; Histo: number of patients with histopathological diagnosis available; SUV:
Standardized Uptake Value Max; t: SUV max lesion > SUV max normal pancreas.

Author Year Patients/ Benign Malignant Sensitivity Specificity Accuracy S10AY

Histo (n) (n) (%) (%) (%) Cut-Off
Hong et al. [15] 2010 31/31 15 16 100 87 94 2.5
Tomimaru et al. [16] 2010 72/29 15 14 93 100 96 25
Takanami et al. [17] 2011 59/16 7 9 78 100 88 23
Pedrazzoli et al. [18] 2011 145/69 33 36 83 100 91 25
Baiocchi et al. [19] 2012 44/44 32 12 83 100 96 25
Saito et al. [20] 2013 48/48 16 32 88 94 90 2.0
Roch et al. [21] 2015 50/50 37 13 62 95 86 3.0
Ohta et al. [22] 2017 29/29 9 20 90 78 86 t
Yamashita et al. [23] 2019 79/38 18 20 82 71 76 1.3
Hayashi et al. [24] 2019 65/65 28 37 60 100 77 2.5
Total 622/419 210 209 80 95 87

Overall, PET scanning identified 168 TP, 198 TN, 10 FP, 43 EN cases, resulting in a sensitivity,
specificity, and accuracy of 79.6% (73.7-84.5), 95.2% (91.4-97.4) and 87.4% (84.2-90.6), respectively. The
PPV was 94.4% (90.0-96.9), and the NPV 82.2% (76.8-86.5). The Positive Likelihood Ratio (LR+) was
16.6 (9.0-30.4), and the Negative Likelihood Ratio (LR—) was 0.2 (0.2-0.3).

3.2. Diagnostic Accuracy of International Guidelines in Identifying Malignant IPMIN

Data on the diagnostic accuracy of the ICG criteria were available for a total of 412 patients with
histological diagnosis of IPMN (207 benign and 196 malignant lesions). The findings of the single
studies are given in Table 3. The radiological criteria used to differentiate benign from malignant
IPMN:Ss in the preoperative work-up varied. Hong et al. [15] identified as malignant a lesion with any
of the following features: main duct type, marked dilation of the MPD (>10 mm), large mural nodules
(=1 cm), large cyst size (>3 cm), irregular or septate cyst, calcifications, or patulous duodenal papilla.
Tomimaru et al. [16] analyzed different radiological aspects (cyst size >3 cm, dilation of MPD >7 mm,
presence/absence of mural nodules); in their series, the presence of mural nodules was the most
accurate indicator (86%) of malignancy, regardless of their size. Takanami et al. [17] and Saito et al. [20]
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respectively identified a dilation of the MPD >5 mm and >7 mm as the most accurate radiological
criterion of malignancy. Other authors [18,19,21,22,24] classified malignant IPMN according to ICG
criteria [6,7], while Yamashita et al. [23] chose MPD >10 mm as the cut-off for distinguishing between
benign and malignant lesions after performing a ROC analysis. The ICG criteria identified 152 TP,
108 TN, 78 FP, and 74 FN in all, resulting in a sensitivity, specificity, and accuracy of 67.3% (60.9-73.0),
58.1% (50.9-64.9), and 63.1% (58.4-67.8), respectively. The PPV was 66.1% (59.7-71.9), and the NPV
59.3% (52.1-66.2). The LR+ was 1.6 (1.3-1.9), and the LR— was 0.6 (0.5-0.7).

Table 3. Summary of diagnostic performance of International Guidelines. Tot: number of patients
analyzed; Histo: number of patients with histopathological diagnosis available; t: main duct-type,
marked dilatation of the main pancreatic duct (> 10 mm), large mural nodule (>1 cm), large cyst size
(=3 cm), irregular or septate cyst, calcification, or patulous duodenal papilla; MPD: Main Pancreatic
Duct; SCG: Sendai Consensus guidelines; FCG: Fukuoka Consensus guidelines.

Author Year  ToyHisto Benign  Malignant Seniltlvﬁy Specificity ~ Accuracy Diagnostic

(n°) (n°) % (%) (%) Criteria
Hong et al. [15] 2010 31/31 15 16 93 60 77 t
Tomimaru et al. [16] 2010 72/29 15 14 93 80 86 Mural nodule
Takanami et al. [17] 2011 59/16 7 9 44 83 63 MPD >5 mm
Pedrazzoli et al. [18] 2011 145/80 36 44 93 22 61 SCG
Baiocchi et al. [19] 2012 44/42 30 12 100 22 43 SCG
Saito et al. [20] 2013 32/32 13 19 47 100 69 MPD > 7 mm
Roch et al. [21] 2015 50/50 37 13 92 27 44 FCG
Ohta et al. [22] 2017 29/29 9 20 50 67 55 FCG
Yamashita et al. [23] 2019 79/38 18 20 43 71 58 MPD > 10 mm
Hayashi et al. [24] 2019 65/65 28 37 71 85 77 FCG
Total 622/412 208 204 67 58 63

3.3. Diagnostic Accuracy Comparison of 18-FDG PET and International Consensus Guidelines in Identifying
Malignant IPMN

The 18-FDG PET shows an overall better performance than ICG criteria in identifying malignant
IPMN. The sensitivity of 18-FG PET exceeds by about 18.4% (5.8-33.1) the sensitivity of the ICG criteria.
This value increases to 63.9% (45.7-87.6) if the specificity is concerned. The two sensitivities differ by
12.4% (4.1-20.5), and the two specificities by 37.1 (29.5-44.8). Both differences are statistically significant
at the 5% level (p-value = 0.004 and p-value < 0.001). The overall accuracy differs by 24.3% (18.7-29.9).
The better performance carries also over to the PPV (94.4% vs. 66.1%) and the NPV (82.2% vs. 59.3%).
The positive and negative likelihood ratios of 18-FDG PET (16.6 and 0.2) highlight a much stronger
association of 18-FDG PET with the presence/absence of the disease than ICG criteria (1.6 and 0.6).

3.4. Statistical Analyses

Reported in the Supplementary Materials (Text S1).

4. Discussion

IPMNs are intraductal tumors characterized by papillary proliferations of pancreatic
mucin-producing epithelial cells [25,26]. They are classified according to their site of origin as: main
duct (MD) type; branch duct (BD) type; and mixed type (MT) [27]. IPMNs can be divided histologically
into four subtypes: intestinal, pancreatobiliary, oncocytic, and gastric [3,28]. Their prognosis varies
greatly, depending on their site of origin and histological characteristics: MD-IPMNs carry the
highest risk of malignant degeneration (28-81%), followed by MT-IPMN (20-65%), and BD-IPMN
(7-42%) [29-34]. Appropriate management of these lesions is still a controversial issue. In 2006, an
international conference established the International Consensus Guidelines (ICG), proposing criteria
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for choosing between surgical and surveillance strategies [6]. These guidelines were subsequently
revised in 2012, and again in 2017 [7,8]. Other guidelines were published by the American College
of Gastroenterology (ACG) [35], the American Gastroenterological Association (AGA) [36], and the
European Study Group on Cystic Tumors of the Pancreas [37] (Table 4). The criteria adopted by these
latter guidelines have been examined in a few studies [38,39], but not as extensively as the ICG, which

remain the standard reference all over the world.

Table 4. Surgical indication for branch duct (BD), main duct (MD), and mixed type (MT)-IPMN

according to most recent guidelines.

IPMN: Intraductal papillary mucinous neoplasms; ICG:

International Consensus Guidelines; EU: European Study Group on Cystic Tumors of the Pancreas;

ACG, American College of Gastroenterology; AGA, American Gastroenterological Association; MPD:
main pancreatic duct; CA 19-9: cancer antigen 19-9; DM: diabetes mellitus.

ACG Guidelines

AGA Guidelines

IPMN Type ICG Guidelines (2017) [8] EU Guidelines (2018) [37] (2018) [35] 2015) [36]
High-risk stigmata: gbgolute indications:
. olid mass
Enhancing mural nodule Enhancing mural nodule 8 .
>5mm S5 mm 3 High-risk features:
MPD >10 mm = Mural nodule/solid
. MPD >10 mm
Jaundice Jaundice component
MPD >5 mm High-risk
Worrisome features: MPD caliber change features:
Growth >5 mm/2 years Relative indications: and atrophy Solid component
BD-IPMN Cyst size >3 cm Cyst growth >5 mm/year Cyst size >3 cm Dilated MPD
Enhancing mural Cyst size >4 cm Cyst growth Cyst size >3 cm
nodule >5 mm Enhancing mural nodule >3 mm/year
Enhancing thickened >5 mm Jaundice
cyst wall MPD 5-9.9 mm Acute pancreatitis
MPD 5-9 mm Elevated serum CA 19-9 Elevated serum CA
MPD diameter change New-onset DM 19-9
Elevated serum CA 19-9 Acute pancreatitis New-onset DM
Acute pancreatitis
MD/MT-IPMN  >1 High-risk stigmata All Not mentioned Not mentioned

The standard radiological work-up proposed in the ICG includes computed tomography (CT),
magnetic resonance (MR), and magnetic resonance cholangiopancreatography (MRCP), which are
very sensitive in differentiating between benign and malignant lesions, but suffer from a suboptimal
specificity [33,40,41]. MRCP is more accurate than CT because it can reveal the anatomy of the pancreatic
duct, its connections to the cysts in the branch duct, and any parietal nodules or filling defects [18,42].
Hence, it is considered the gold standard diagnostic procedure. The ICG recommend resection for
fit patients with one or more high-risk stigmata. In patients with worrisome features, endoscopic
ultrasound (EUS) or contrast-enhanced EUS are recommended for a more accurate detection of any
malignant characteristics, such as mural nodules and intracystic structures. EUS also enables the fine
needle aspiration of cystic fluid and biopsy for biochemical, genetic, and histological analyses [43,44].
Some drawbacks remain despite improvements in radiological imaging and accuracy of international
guidelines. A recent literature review reported that up to 14% of IPMNs without worrisome features
or high-risk stigmata were ultimately found to harbor high-grade dysplasia or malignancy on final
histology [45]. The question is whether or not surgery is always the best solution for patients meeting
the ICG criteria. Uehara et al. [34] described a case series of MD-IPMN patients with a low likelihood
of malignancy that prompted them to challenge the recommendation for surgery, whereas three large
retrospective studies validated the role of surgery for BD-IPMN [46-48]. Not all IPMNs presenting with
worrisome features according to the ICG are actually malignant, as well not all small, asymptomatic
BD-IPMN are benign [49-51]. In other words, we need better predictors, especially in elderly patients,
or those unfit for prophylactic surgery. Preoperative metabolic characterization using 18-FDG-PET
might improve patients’ risk stratification and management. Moreover, 18-FDG-PET can help in the
differential diagnosis of benign and malignant lesions regardless of an IPMN’s morphological subtype.
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In the present literature review, PET achieved an overall sensitivity, specificity, and accuracy
of 80%, 94%, and 87%, respectively. Unlike those of the ICG criteria, these values have remained
constant over the years, and in the various studies reviewed, whatever the time of publication and
standard radiological criteria adopted (Figure 2). The better performance of PET is also supported by
a superior PPV (94.4% vs. 66.1%) and NPV (82.2% vs. 59.3%). The positive and negative likelihood
ratios of 18-FDG PET (16.6 and 0.2) highlight a much stronger association of 18-FDG PET with the
presence/absence of the disease than ICG criteria (1.6 and 0.6).

Authors

0
2010 2010 2011 2011 2012 2013 2015 2017 2019 2019
Year

¥ SenlICG + SpelCG ® AcclCG * SenPET + SpePET ® Acc PET

Figure 2. Changes in the sensitivity (SEN), specificity (SPE), and accuracy (Acc) of 18-FDG-PET (PET)
and International Consensus Guidelines (ICG) over time.

Pedrazzoli et al. [18], and Baiocchi et al. [19] compared the diagnostic efficacy of 18-FDG PET with
that of the Sendai consensus guidelines [7]. Pedrazzoli et al. [18] found that, with a SUV cut-off of 2.5,
the sensitivity, specificity and accuracy of PET in detecting histologically-confirmed malignancies were
83.3%, 100%, and 91.36% as opposed to 93.2%, 22.2%, and 61.2% of the ICG criteria. Baiocchi et al. [19]
reported similar results, with PET achieving a sensitivity, specificity and accuracy of 83%, 100%, and
96% vs. 100%, 22%, and 43% of the ICG. When Roch et al. [21] compared the diagnostic performance of
PET with that of the Fukuoka consensus guidelines [8], the former reached a sensitivity and specificity
of 61.5% and 94.6%, while for the latter, the sensitivity and specificity were 92.3% and 27%, respectively.
When the ICG criteria were used in combination with PET/CT, this association resulted in a 77.8%
sensitivity and 100% specificity for the diagnosis of malignant IPMN [21].

Itis important to mention that 18-FDG PET can be liable to false-positive results due to inflammatory
disease, as in pancreatitis. Dual time-points acquisition [20] could be useful in this context, because the
SUV of malignant cells most often increases over time, whereas inflammatory lesions do not show an
increasing uptake in late images. As seen in previous experiences [18,21], PET is an effective procedure
for the differential diagnosis of benign and malignant lesions, but less useful than the ICG criteria in
predicting the risk of benign IPMNs harboring malignancy. Metabolic assessments of IPMN may be
used as an additional tool for the appropriate management of patients with doubtful imaging findings.
In this subset of patients, the use of the 18-FDG PET in association with ICG criteria, should improve
preoperative diagnostic accuracy for malignant lesions. However, the real usefulness of PET in clinical
practice remains controversial because it seems clear that PET/CT improves accuracy in the diagnostic
work-up of patients with IPMN, but it also increases the related costs, even if no cost-effectiveness
comparisons have been published to date. Moreover, it is difficult to compare the related cost increase
with the benefit offered by better patient stratification. Therefore, it seems reasonable to suggest that
IPMN management be calibrated according to a patient’s individual surgical risk: the high sensitivity
and specificity of PET would be especially important when considering surgery for elderly, comorbid,
and/or high-risk patients, when we need to strike the right balance between surgical risk and long-term
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benefit. It would be less useful for patients fit for surgery in whom resection is warranted according to
the ICG criteria. The timing of PET in patients under surveillance remains to be established, but it might
reasonably be performed when lesions reveal morphological changes or patients become symptomatic.

The clinical availability of integrated PET/MR scanners opens new perspectives in this field.
The offline fusion of PET and MR images has proven already useful in the diagnosis of pancreatic
tumors [52], and a pilot study in pancreatic cancer [53] proved the usefulness of combining various
imaging biomarkers (Apparent Diffusion Coefficient, SUVmax, etc.), suggesting a possible role for
18-FDG-PET/MR in the management of IPMN.

5. Conclusions

The limited number of published experiences, the retrospective nature of most studies, the different
definitions of SUV cut-offs, and the different guidelines considered all interfere with the interpretation
of the results of our review. PET, nonetheless, appears to be a useful diagnostic tool in association with
standard clinical and radiological criteria, especially when considering older comorbid patients at high
surgical risk. The usefulness of PET in the management of IPMNs should be investigated in larger
prospective studies.
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Abstract: Since the mid-1990s, '8F-fluorodeoxglucose (FDG)-positron emission tomography (PET)
in combination with computed tomography has come to play a prominent role in the management
of malignant lymphomas. One of the first PET applications in oncology was the detection of
lymphoma manifestations at staging, where it has shown high sensitivity. Nowadays, this imaging
modality is also used during treatment to evaluate the individual chemosensitivity and adapt further
therapy accordingly. If the end-of-treatment PET is negative, irradiation in advanced-stage Hodgkin
lymphoma patients can be safely omitted after highly effective chemotherapy. Thus far, lymphoma
response assessment has mainly been performed using visual criteria, such as the Deauville five-point
scale, which became the international standard in 2014. However, novel measures such as metabolic
tumor volume or total lesion glycolysis have recently been recognized by several working groups
and may further increase the diagnostic and prognostic value of FDG-PET in the future.

Keywords: Hodgkin lymphoma; diffuse large B-cell lymphoma; positron emission tomography;
staging; response assessment

1. Introduction

Hodgkin lymphoma is a hematologic malignancy with one of the best long-term outcomes
after first-line treatment. Ongoing efforts to improve therapy effectiveness have resulted in a
5-year relative survival rate of about 90% for patients diagnosed between the ages of 20 and 64
years [1]. Treatment is selected depending on individual factors and consists of chemotherapy alone
or chemotherapy followed by irradiation [2]. Over the years, 1®F-fluorodeoxyglucose (FDG)-positron
emission tomography (PET) in combination with computed tomography (CT) has proved a valuable
tool for detecting manifestations of lymphoma at diagnosis, and is nowadays considered state-of-the-art.
On the basis of stage and other clinical risk indicators, Hodgkin lymphoma can be divided into
three different risk-groups, these being early-favorable, early-unfavorable, and advanced disease.
While the early stages commonly respond well to a combination of doxorubicin, bleomycin, vinblastine,
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and dacarbazine (ABVD), advanced Hodgkin lymphoma is more effectively treated with bleomycin,
etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (BEACOPP),
for instance in its dose-escalated form (eBEACOPP) [3-7]. However, genotoxic treatment can lead to
several complications and might be associated with increased long-term morbidity, including secondary
malignancies and cardiovascular disease. A large survey among 1149 Hodgkin lymphoma survivors
showed that optimal lymphoma control and primary cure are of utmost importance from the patient’s
perspective [8]. In advanced stage, these goals can be most effectively achieved through an intensive
chemotherapy regimen. However, as the group of patients with advanced Hodgkin lymphoma includes
individuals with very different risk profiles, a substantial proportion of them, around 60% to 70%,
would presumably be over-treated by eBEACOPP [9]. Biomarkers to assess the tumor under treatment
are therefore of great importance for identifying those patients who respond very well to chemotherapy
and in whom treatment intensity can be reduced without compromising the primary cure rate. On
the other hand, individuals showing poor response might require escalation of therapy. A growing
body of evidence strongly supports the use of FDG-PET for assessing changes in tumor metabolism
during Hodgkin lymphoma treatment. As shown by large randomized trials, decisions regarding
escalation [4] or de-escalation of therapy [3,7] can safely be based on PET results. The outstanding
performance of FDG-PET in Hodgkin lymphoma most probably arises from its ratio of neoplastic to
reactive microenvironment cells, which differs significantly from other lymphoma subtypes [10,11].

Diffuse large B-cell lymphoma (DLBCL) represents the most common subtype of non-Hodgkin
lymphoma, accounting for 30% to 40% of all newly diagnosed cases [12]. Despite significant advances
in the management of this malignancy, cure rates are still generally lower than for Hodgkin lymphoma,
with approximately one-third of all individuals failing front-line therapy. Due to its superior sensitivity
in the detection of nodal and extra-nodal lymphoma manifestations, FDG-PET is strongly recommended
for staging patients with DLBCL [13]. Moreover, several international trials have examined whether PET
imaging may be used early during treatment to separate individuals needing therapy intensification
from good responders, that is, candidates for de-escalation [14-18]. As standard treatment, patients
receive six chemotherapy cycles of cyclophosphamide, doxorubicin, vincristine, and prednisone
alongside the monoclonal antibody rituximab (R-CHOP). Unlike early-stage disease, which can
be considered for brief chemotherapy [19], advanced DLBCL with high risk, as defined by the
International Prognostic Index, may require intensified treatment, including central nervous system
prophylaxis [20,21]. The role of radiotherapy is still under discussion in DLBCL. Large randomized
trials have indicated that subsequent consolidative irradiation of former bulky sites in advanced-stage
patients may have a positive effect on outcome [22,23].

This article presents an overview of current PET applications in Hodgkin lymphoma and DLBCL.
Furthermore, recent developments regarding imaging-directed therapy concepts for these individuals
as well as future directions are discussed.

2. Initial Staging

Accurate and reproducible staging is crucial to determine the most appropriate treatment in both
Hodgkin lymphoma and DLBCL. With high sensitivity for involved lymph nodes and extra-nodal
disease, FDG-PET has become established as the standard of care for assessing all FDG-avid lymphomas,
and is recommended by the 2014 Lugano criteria [24], which updated the established Ann Arbor
classification [25].

2.1. Hodgkin Lymphoma

In the randomized multi-center U.K. RATHL trial [26], FDG-PET upstaged 14% of Hodgkin
lymphoma patients, mainly due to bone marrow involvements, which had not been identified by
biopsy. Downstaging occurred in 6% of cases, particularly as a result of splenomegaly with normal
FDG uptake or enlarged but PET-negative lymph nodes. Several studies on Hodgkin lymphoma
demonstrated that FDG-PET has a sensitivity even higher than biopsy for detecting bone marrow
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involvement. While bone marrow biopsy diagnoses about 5% of involvements, focal skeletal FDG
lesions are seen in up to 20% of newly diagnosed patients [27-31]. The largest head-to-head comparison
to date showed a sensitivity and negative predictive value (NPV) of 95% and 99.9%, respectively,
for FDG-PET when taking positive biopsy as the reference standard [32]. Moreover, Pedersen et al.
reported a significantly inferior progression-free survival (PFS) for individuals with focal bone lesions,
independent of chemotherapy type [33]. Based on the high level of scientific evidence, there is a
broad consensus that bone marrow biopsy can be abandoned in Hodgkin lymphoma patients staged
by FDG-PET. Importantly, diffusely increased skeletal FDG uptake is rarely associated with positive
biopsy results, and should therefore not be considered a sign of lymphoma [34].

In the vast majority of patients with Hodgkin lymphoma, PET-detected skeletal lesions do not
influence therapy selection, as only < 1% of otherwise early-stage individuals were found to have bone
marrow involvement on FDG-PET [32]. In a study of Picardi et al., PET-based staging at least resulted
in an improved event-free survival compared to a historical cohort. However, an improved overall
survival (OS) could not be shown by a randomized prospective trial [35].

2.2. DLBCL

A retrospective analysis on DLBCL by Fuertes et al. reported upstaging in 15% of patients after
FDG-PET [36]. Further studies focusing on subjects with DLBCL found similar results for non-Hodgkin
lymphoma and rarely observed PET-based downstaging [37,38]. It should be taken into consideration
that FDG-PET has proven to be less sensitive for identifying bone marrow involvements in aggressive
non-Hodgkin lymphoma as compared to Hodgkin lymphoma [39,40]. On the basis of data from one
Canadian and two Danish centers, Alzahrani et al. determined a sensitivity and NPV of 60% and 91%,
respectively [41]. Similar findings emerged from a pooled analysis of the PETAL and OPTIMAL>60
study cohorts [42]. In this context, the limited sensitivity of PET can most likely be explained by the
observation that positive bone marrow biopsy results of DLBCL patients are quite frequently associated
with diffusely increased skeletal FDG uptake. On the other hand, the use of biopsy seems justified
only when results could have a direct impact on treatment selection, for example in patients with
limited-stage disease and lack of further risk factors. Importantly, bone marrow biopsy should be
omitted in all individuals where involvement has already been proven with FDG-PET. Figure 1 shows
a patient with multiple FDG-avid bone marrow lesions, which were missed by undirected biopsy.

V: \
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(a) (b)

Figure 1. Female diffuse large B-cell lymphoma (DLBCL) patient with multifocal bone marrow
involvement at baseline ®F-fluorodeoxyglucose (FDG)-positron emission tomography (PET) (a),
which was missed by undirected bone marrow biopsy and remitted completely after six cycles of
chemoimmunotherapy (b).
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3. Early Response Assessment

In 2009, the so-called Deauville score was introduced to meet the growing need for simple
and reproducible PET interpretation in the setting of early response assessment [43]. Based on
a visual comparison of lesional FDG uptake with that in the reference regions mediastinal blood
pool and liver, it classifies residual tissue from 1 to 5 (Table 1). Several trials have shown superior
accuracy and inter-observer agreement of PET-based lymphoma response assessment when using the
Deauville criteria and contributed to a rapid integration of the proposed method into reporting routine.
Importantly, graded assessment made interpretation more flexible, as this approach allows adjustment
of the cut-off between positive and negative results depending on the clinical context.

Table 1. Deauville five-point scale for therapy stratification in patients with FDG-avid lymphomas.

Score Criteria Interpretation *
1 No FDG uptake
2 FDG uptake lower than or equal to the mediastinal blood pool CR
3 FDG uptake higher than the mediastinal blood pool but lower or equal to liver
4 FDG uptake moderately increased compared to the liver

FDG uptake markedly increased compared to the liver and/or new sites PR/SD/FD

of disease

5

* Response to treatment as defined by the Lugano classification [24]. CR, complete metabolic response; PR, partial
metabolic response; SD, stable disease; PD, progressive disease.

3.1. Hodgkin Lymphoma

The key question of studies on early-stage Hodgkin lymphoma has been whether irradiation can
be abandoned in the case of complete metabolic response after chemotherapy. In the U.K. RAPID
trial [44], 602 stage IA and IIA patients without bulky mediastinal disease underwent PET imaging
after three cycles of ABVD. Individuals with a negative PET scan, defined by Deauville scores 1 and 2,
were randomly assigned to no further treatment or 30 Gy of involved-field irradiation. At a median
follow-up of 60 months, patients receiving radiotherapy had a 3-year PFS of 94.6% compared to 90.8%
in the non-irradiated group. The study did not prove non-inferiority of chemotherapy alone, as it was
designed to exclude a difference in 3-year PFS of more than 7%. Thus, based on the data available
thus far, we would not generally recommend omitting consolidative radiotherapy in PET-negative
individuals after three courses of ABVD.

The H10 trial randomized 1950 patients with limited-stage favorable and unfavorable Hodgkin
lymphoma to PET-guided or standard treatment with three to four cycles of ABVD plus involved-node
radiotherapy [4]. In the experimental arm, PET scans were performed after two courses of chemotherapy
(PET-2) and evaluated using the mediastinal blood pool as cut-off. Individuals with positive PET-2
received two cycles of eBEACOPP followed by involved-node radiotherapy, which resulted in a
significantly improved 5-year PFS (90.6%) compared to standard treatment (77.4%). After a second
randomization, PET-negative individuals either underwent combined-modality treatment or continued
with ABVD alone. The latter arm had to be terminated after preplanned interim analysis due to a high
number of relapses with the strategy omitting irradiation. Here again, the omission of radiotherapy in
PET-negative patients appeared questionable.

Finally, the German Hodgkin Study Group (GHSG) conducted HD16 as a PET-driven trial for
early-stage Hodgkin lymphoma [45]. In this study, patients either received standard combined-modality
treatment with two courses of ABVD plus 20 Gy of involved-field radiotherapy or were assigned to the
experimental arm where PET-negative individuals underwent no further treatment after chemotherapy.
Any residual tissue showing an FDG uptake greater than the mediastinal blood pool was rated
PET-positive. At a median follow-up of 45 months, PET-negative patients after combined-modality
treatment had a 5-year PFS of 93.4% versus 86.1% with ABVD alone. Since PET-guided omission of
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irradiation resulted in worse disease control, the primary study objective was not achieved. However,
among the 693 subjects receiving combined-modality treatment, PET-2 was predictive for therapy
failure with a 5-year PFS of 93.2% in PET-negative patients versus 88.4% in the PET-positive group.

Based on the published data, radiotherapy should be generally recommended in limited-stage
favorable Hodgkin lymphoma after treatment with two cycles of ABVD. Moreover, as revealed by the
H10 trial, an intensification of therapy to eBEACOPP must be considered in patients with positive
PET results. For intermediate-stage disease, the question for or against irradiation after two cycles
of eBEACOPP and two courses ABVD has not yet been resolved. Here, we excitedly await the final
results of the GHSG HD17 trial.

In advanced-stage Hodgkin lymphoma, several large studies strongly support the use of FDG-PET
for tailoring treatment intensity. The RATHL trial included 1214 patients with stage IIB to IV or
high-risk stage IIA disease and tested omission of bleomycin in ABVD cycles three to six after negative
PET-2 using the liver as cut-off for PET interpretation [6]. Although results fell short of the prespecified
non-inferiority margin, it should be noted that de-escalation of chemotherapy reduced the incidence of
pulmonary side-effects without significant loss in efficacy. Individuals with Deauville scores 4 and
5 received either an accelerated BEACOPP version or e BEACOPP and had a 3-year PFS of 67.5%.
Quite similar results emerged from the Italian phase III HD 0607 study, where treatment was escalated
to BEACOPP in the case of positive PET-2. For these patients, the investigators reported a 3-year PFS
of 57% [46]. The Lymphoma Study Association AHL2011 study examined de-escalation to ABVD
in PET-negative patients after two cycles of BEACOPP and reported a 5-year PFS of 85.7% in the
PET-driven arm versus 86.2% for continued treatment with BEACOPP (p = 0.65) [47]. Therefore,
Casasnovas et al. concluded that FDG-PET after two cycles of induction BEACOPP can safely guide
therapy in advanced-stage Hodgkin lymphoma and allows for the switching to ABVD in early
responders without impairment of disease control.

Another de-escalation strategy was examined in the GHSG HD18 trial on advanced-stage Hodgkin
lymphoma [7]. In patients receiving eBEACOPP from the beginning, negative PET-2 allowed shortening
of treatment from six or eight to only four courses eBEACOPP, with a 5-year PFS of 90.8% and 92.2%,
respectively. Importantly, severe infections and organ toxicities occurred significantly less often in
subjects receiving four cycles of e BEACOPP. To avoid undertreatment, patients in the HD18 trial were
randomized, rating a Deauville score of 3 as PET-positive. However, a further analysis revealed that
only Deauville scores of 4 or higher signify a relevant risk regarding survival for individuals treated with
eBEACOPP upfront, whereas Deauville scores of 1, 2, and 3 should be considered PET-negative [48].

3.2. DLBCL

In aggressive non-Hodgkin lymphoma, there are only few randomized studies investigating the
role of interim PET as an early biomarker for treatment success or failure. The vast majority of trials on
DLBCL have examined whether PET-positive patients benefit from therapy escalation. Depending
on the timing of PET imaging, treatment was adapted after two to four therapy courses. However,
differences in image evaluation and the absence of a control group made it difficult to draw definitive
conclusions regarding potential benefits of PET-guided treatment for this lymphoma subset.

In their congress abstract on a study comprising 65 patients with early-stage DLBCL [49],
Canadian researchers reported about the value of FDG-PET after three courses R-CHOP. Individuals
with positive PET results received a fourth chemoimmunotherapy cycle instead of standard irradiation
and were observed to have a superior 3-year PFS of 92% versus 60% when using radiotherapy alone.
The German PETAL trial calculated the percentage change in maximum standardized uptake value
(SUVmax) between baseline and follow-up (ASUVmax) for response stratification after two courses
of R-CHOP and demonstrated semi-quantitative interpretation to be superior as compared with
visual assessment [17,18]. Most of the 812 non-Hodgkin lymphoma patients recruited had DLBCL.
All individuals with CD20-positive lymphoma and negative PET-2 were randomly assigned to four
more cycles of R-CHOP either with or without two additional rituximab doses. Because the latter did

87



Cancers 2020, 12, 601

not influence clinical outcome, therapy can be limited to six cycles of R-CHOP in the case of negative
PET-2 without a loss of efficacy. In contrast, PET positivity was an independent biomarker for poor
outcome that could not, however, be improved by treatment intensification.

Another prospective study on DLBCL, the PET-guided GAINED trial, compared obinutuzumab
to rituximab plus chemotherapy in treatment-naive patients younger than 60 years [50]. Individuals
showing an early good response received the scheduled immunochemotherapy according to initial
randomization, whereas slowly responding patients were treated with two courses of high-dose
methotrexate followed by autologous stem-cell transplantation. Non-responders underwent salvage
treatment according to local investigators. Based on the exploratory results of the LNH2007-3B
study [51], PET positivity was defined as a decline of SUVax in an FDG-avid target lesion of at least
66% or 70% from baseline to PET after 2 and 4 cycles of chemotherapy, respectively. This trial aimed to
validate the ASUV yax-driven consolidation in young patients with high-risk disease.

Finally, a recent analysis including 1977 DLBCL patients from different trials showed that FDG-PET
is able to clearly discriminate between responding and non-responding individuals after two, three,
or four chemotherapy cycles, while the optimal timing for identification of responders is after two
courses [52]. Moreover, the authors recommended PET scanning after four cycles to identify poorly
responding patients. Therefore, FDG-PET following chemotherapy courses two and four appears most
suitable for future response-adapted trials and therapy regimens in aggressive non-Hodgkin lymphoma.

4. Late Response Evaluation

Before the era of FDG-PET, CT imaging was the standard modality for end-of-treatment
stratification after chemotherapy. However, CT evaluation suffered from the inability of distinguishing
between fibrotic masses and active residual lymphoma tissue, causing high rates of unconfirmed
response [53]. Since the late 1990s, a number of studies have consistently demonstrated the high
NPV of end-of-treatment PET and underlined its value for this application, particularly in Hodgkin
lymphoma [54-60]. Spanish researchers examined 37 subjects with follicular lymphoma, as well as
72 Hodgkin lymphoma and 72 DLBCL patients, in order to compare the diagnostic performance of
CT and FDG-PET/CT [13]. While CT was concordant with the defined reference methods in only
78% of cases, FDG-PET/CT showed an excellent agreement rate of 97.8%. In addition, PET imaging
may be used during follow-up in certain situations. Here, it should be kept in mind that the value of
both negative and positive results is limited. Even though FDG-PET might be able to detect relapses
earlier than conventional imaging, it has been reported that only one- to two-thirds of positive scans
actually indicate relapse and that that there is a significant number of false-negative results in this
setting [60-63]. Moreover, the cost-effectiveness of routine PET scanning during follow-up could not
be demonstrated [64]. This is why we recommend restricting the use of FDG-PET to selected cases,
such as suspected relapse.

4.1. Hodgkin Lymphoma

In the GHSG HD15 trial on advanced-stage Hodgkin lymphoma, FDG-PET showed a NPV of 94.1%
for tumor recurrence after BEACOPP chemotherapy [59]. The 4-year PFS of PET-negative patients
who did not receive further treatment was 91.5% [65]. As a result of the HD15 study, radiotherapy is
limited to PET-positive residual tissue in advanced-stage Hodgkin lymphoma after eBEACOPP therapy.
Moreover, recently presented data have shown that consolidative irradiation might also be omitted in
advanced-stage disease after treatment with ABVD [66]. Nevertheless, it is important to keep in mind
that the positive predictive value of end-of-treatment PET is generally much lower than its NPV and
that most PET-positive individuals stay disease-free after receiving additional radiotherapy, at least in
early-stage Hodgkin lymphoma after ABVD and in advanced-stage disease treated with e BEACOPP.
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4.2. DLBCL

Importantly, PET positivity after completion of R-CHOP therapy has to be interpreted as a
sign of unfavorable prognosis in all stages of DLBCL. The prospective Swiss Group for Clinical
Cancer Research 38/07 trial reported a significantly lower event-free survival of 48% in PET-positive
patients versus 74% for those with negative FDG-PET after six courses of dose-dense R-CHOP
(R-CHOP-14) [14]. In a population-based Canadian study, irradiation of PET-positive residual tissue
after chemoimmunotherapy was shown to substantially improve clinical outcome so that the prognosis
of subjects with positive and negative end-of-treatment PET were on a comparable level [15]. These
observations could be confirmed by the interim analysis of the prospective German OPTIMAL>60
trial for patients with aggressive CD20-positive non-Hodgkin lymphoma [16]. Because this study had
no randomization regarding FDG-PET, historic data from the very similar RICOVER-60 study are
used for comparison. The latter found that individuals older than 60 years benefit additionally from
irradiating former lymphoma bulk after six cycles of (R-)CHOP-14. According to the OPTIMAL>60
interim analysis, consolidating radiotherapy in the case of PET-positive bulky disease seems to have a
positive effect on survival. Moreover, the Canadian and German data suggest that irradiation can be
omitted in 42% to 60% of patients with PET-negative bulk.

5. Recent Advances and Future Directions

The Deauville score has been applied for therapy stratification in several clinical trials and evolved
as an established method for monitoring response to treatment. However, there are ongoing discussions
on how to interpret FDG uptake. Barrington et al. recently conducted a subsidiary analysis of the U.K.
RAPID study for Hodgkin lymphoma patients and reported that a Deauville score of 5 was associated
with an inferior outcome in their trial, where score 5 was defined quantitatively as three or more times
the maximum liver uptake [67]. In the GHSG trials HD16 and HD18, Deauville score 3 proved not to
be prognostic for progression or relapse, whereas Deauville score 4 did. Even though the majority of
individuals with a Deauville score of 4 are cured, these patients show significantly impaired PFS and
OS. Similar findings were reported for DLBCL [52]. This is why we recommend interpreting Deauville
scores 4 and 5 as positive whenever cure is the primary aim.

Several working groups have recognized quantitative measures as an important tool in staging
and response assessment, for instance SUV max or ASUVnax. Studies investigating the role of ASUV yax
demonstrated its usefulness for response stratification in both Hodgkin lymphoma and DLBCL [68,69].
Additionally, FDG-PET provides biomarkers such as the metabolic tumor volume (MTV) or total
lesion glycolysis (TLG), which incorporate information concerning tumor burden and disease activity.
Cottereau et al. reported that the MTV improves baseline risk stratification of patients with early-stage
Hodgkin lymphoma as compared to currently used staging systems [70]. Interestingly, individuals with
early-stage unfavorable disease can even be subdivided into low- and high-risk categories based on
the MTV and TLG, as shown elsewhere [71]. A retrospective analysis including 310 patients identified
that pretreatment MTV is also a predictive factor for early response to eBEACOPP after two cycles
of chemotherapy in advanced-stage Hodgkin lymphoma [72]. Moreover, metabolic measures were
reported to have a prognostic value in non-Hodgkin lymphoma. Mikhaeel et al. demonstrated that
MTV at staging is an important prognostic factor for DLBCL and that combining MTV with results of
early PET response assessment improves the predictive power [73]. Similar findings emerged from
a recently published analysis including 510 DLBCL patients treated within the PET-guided therapy
optimization trial PETAL [74]. Interestingly, it has been also shown that MTV is a valid prognosticator
in elderly individuals with DLBCL receiving R-CHOP. A study by Vercellino and colleagues found high
pretreatment MTV to be significantly associated with inferior PFS and OS in this group [75]. Including
patients from the LNHO073B study, a French working group additionally examined the role of radiomic
features characterizing lesion dissemination and reported that combining them with baseline MTV
further improves risk stratification in DLBCL patients [76]. However, MTV calculation was carried
out rather inconsistently in different working groups, which used both adaptive and fixed thresholds
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(Figure 2, Table 2). A recent review on the increasing importance of MTV addressed the need for
standardization and pointed out that further analyses are needed to set common criteria [77]. Up until
now, tumor delineation has been significantly more time-consuming in advanced-stage disease than
in patients with fewer lesions. The application of machine learning and artificial intelligence can be
expected to optimize complex workflows and will open up new perspectives in the future.
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Figure 2. Metabolic tumor volume (MTV) measurement in a patient with advanced-stage Hodgkin
lymphoma based on different thresholding methods. SUYV, standardized uptake value; SUVmax,
maximum SUV; SUVean, mean SUV.

Table 2. Common approaches for MTV calculation with their main characteristics.

Threshold Advantages Disadvantages

Overestimation if tumor lies adjacent to areas of

High reproducibility high physiologic uptake

Fixed absolute (e.g., SUV 2.5

or 4.0) Underestimation in tumors that have many

Observer-independence voxels with an uptake less than the threshold

More time-consuming

Reference regions (e.g., liver Adjusted to patient
or mediastinum) * and scan Low availability on commercial software
Overestimation in case of low
Fixed relative (e.g., 41% of Observer-independence lesion-to-background ratio
tumor SUVmax) Underestimation of tumors with heterogeneous
uptake and high SUVmax
Adaptive (e.g., Adjusted to patient More time-consuming

signal-to-background ratio) and scan Low availability on commercial software

* Thresholding method proposed by the PET Response Criteria in Solid Tumors (PERCIST) [78].

It needs to be kept in mind that the reliability of visual and quantitative response assessment can be
impaired by inconsistent PET scanning protocols and image reconstruction methods [79]. Intravenous
CT contrast media were found to affect PET images quantitatively due to an overestimation of
attenuation factors in contrast-enhanced anatomic structure. This may have clinical consequences,
particularly for response assessment, as the uptake values of lymphoma tissue rise less sharply than
in the reference regions commonly used for PET interpretation [80]. Even though standardization
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is still lacking, quantitative FDG-PET has the potential to substantially improve prognostication in
lymphoma. An integration of metabolic measures into clinical trials is currently planned by several
working groups and will provide further evidence.

Over recent years, PET using FDG has brought many advances in the diagnosis and treatment
of lymphoma patients, but there will most probably be a demand for more specific tracers other
than FDG in future clinical practice. Indeed, the first successful trials with immune checkpoint
inhibitors point to a major role for such substances in the first-line treatment of lymphomas [81].
However, formerly established PET response criteria may fail in these novel therapy regimens due to false-positive
findings caused by inflammatory changes. Therefore, the so-called RECIL scoring system, a combination of
single-dimension measurement and PET criteria, was introduced for response evaluation by consensus of an
international working group [82]. Not only new drugs but also the RECIL evaluation need prospective studies to
confirm their clinical relevance. In this context, it is worth mentioning that radiolabeled programmed cell
death-ligand 1 (PD-L1) antibodies have recently proved to be useful for monitoring therapy-induced
changes of PD-L1 expression in preclinical tumor models [83], and first clinical studies on solid
malignancies have also demonstrated the feasibility of programmed cell death protein 1 (PD-1)/PD-L1
imaging [84]. Thus, highly specific tracers promise to improve our understanding of the dynamic
tumor microenvironment and enable optimization of checkpoint inhibitor-based therapy strategies,
not only in solid tumors but also in lymphoma patients. Imaging agents such as the chemokine
receptor-targeting ®®Ga-pentixafor [85] or the microenvironment-reflecting *®Ga-labeled fibroblast
activation protein inhibitor (FAPI) [86] may offer further tools with which to elucidate the mechanisms
of treatment and cure.

6. Conclusions

In FDG-avid lymphomas, PET has been established as the standard modality for both diagnosis and
therapy monitoring (Table 3). PET-based staging is highly sensitive for detecting lymphoma lesions and
therefore plays a crucial role in the context of contemporary treatment strategies. However, it should
be noted that the positive predictive value of PET is rather moderate, with numerous non-malignant
causes for FDG avidity. Importantly, undirected bone marrow biopsy can be safely omitted in Hodgkin
lymphoma patients and individuals with DLBCL where involvement has already been proven by
FDG-PET. As the overall predictive value of interim PET was found to be particularly high in Hodgkin
lymphoma, it was established earlier in this disease than in other lymphoma subtypes. Personalized
medicine is nowadays a reality, since escalation and de-escalation of chemo- and radiotherapy are
adapted according to PET results. In aggressive non-Hodgkin lymphoma, baseline and interim PET
imaging provide important information for disease prognosis as well. Moreover, end-of-treatment
PET seems suitable to define whether a particular patient with DLBCL requires irradiation after
chemotherapy or not.

Table 3. Evidence-based recommendations on the use of FDG-PET before, during, and after treatment.

Indication Hodgkin Lymphoma DLBCL
Staging ++ + +++
Early response assessment ++ ++
End-of-treatment ++ ++
Follow-up +/- +/-

* + + +, standard modality; + +, standard—depending on therapy protocol; +/-, optional—recommended in selected
cases, e.g., suspected relapse.

Novel imaging-derived biomarkers such as the MTV or TLG may further individualize treatment
of lymphomas. Hence, prospective trials are needed to validate the prognostic and predictive value of
quantitative PET measures, given their great potential as guides for determining the future management
of patients with lymphoma.
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Abstract: Immunotherapy by using immune checkpoint inhibitors is a revolutionary development in
oncology. Medicalimaging is also impacted by this new therapy, particularly nuclear medicine imaging
(also called radionuclide imaging), which uses radioactive tracers to visualize metabolic functions.
Our aim was to review the current applications of nuclear medicine imaging in immunotherapy,
along with their limitations, and the perspectives offered by this imaging modality. Method: Articles
describing the use of radionuclide imaging in immunotherapy were researched using PubMed by
April 2019 and analyzed. Results: More than 5000 articles were analyzed, and nearly 100 of them were
retained. Radionuclide imaging, notably BE_FDG PET/CT, already has a major role in many cancers
for pre-therapeutic and therapeutic evaluation, diagnoses of adverse effects, called immune-related
adverse events (IrAE), and end-of-treatment evaluations. However, these current applications can be
hindered by immunotherapy, notably due to atypical response patterns such as pseudoprogression,
which is defined as an increase in the size of lesions, or the visualization of new lesions, followed by a
response, and hyperprogression, which is an accelerated tumor growth rate after starting treatment. To
overcome these difficulties, new opportunities are offered, particularly therapeutic evaluation criteria
adapted to immunotherapy and immuno-PET allowing us to predict responses to immunotherapy.
Moreover, some new technological solutions are also promising, such as radiomic analyses and body
composition on associated anatomical images. However, more research has to be done, notably
for the diagnosis of hyperprogression and pseudoprogression. Conclusion: Immunotherapy, by its
major impact on cancer and by the new patterns generated on images, is revolutionary in the field of
medical images. Nuclear medicine imaging is already established and will be able to help meet new
challenges through its plasticity.

Keywords: positron emission tomography; programmed cell death 1 receptor; diagnostic imaging;
CTLA-4 Antigen; Immunotherapy; Adoptive; radioactive tracers; radionuclide imaging; CD8-Positive
T-Lymphocytes

1. Introduction

Cancers are a proliferation of abnormal cells that can have the ability to disrupt the host’s adaptive
immune response to avoid a control by tumoricidal attack [1]. This process can be overcome by
immunotherapy, which aims to stimulate the body’s immune system against cancer cells.

Immunotherapy may be broken down into three main families. Firstly, passive cancer
immunotherapy, which consists of the use of antibodies directed against tumor proteins, or adoptive
T-cell therapy targeting a tumor receptor; secondly, active immunotherapy involving cytokines and
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vaccines; thirdly, immunomodulatory therapy including immune checkpoint inhibitors (ICI) and
targeting, more specifically, the tumor microenvironment.

Immunotherapy using ICI—notably anti-CTLA-4 (cytotoxic T-lymphocyte antigen 4), anti-PD-1
(programmed cell death protein-1), and anti-PDL-1 (PD1 ligand) antibodies—is a recent successful
therapeutic approach that reactivates the immune system against cancers [2,3]. In a meta-analysis
combining 19 studies involving 11,640 patients treated by ICI or other drugs, a team observed that a
durable response (i.e., a progression-free survival exceeding three times the median progression-free
survival of the whole population) occurred for 25% of the patients treated by ICL, which is a far better
rate when compared to other drug classes (11%) [4]. However, as the therapeutic approach of ICI is
different from usual cytotoxic approaches—notably by generating inflammations rather than direct
lysis—medical imaging has to be interpreted differently than when using cytotoxic chemotherapy.

Thus, ICI introduces new challenges in medical imaging. Pre-therapeutic examinations have
to identify prognostic factors—linked, for example, to the extent and the burden of the disease—as
well as predictive factors of the response to immunotherapy, since it is known that not all patients
will benefit from immunotherapy. New imaging techniques, called immunoimaging, target tumor or
inflammatory cell and are promising for this indication. Concerning therapeutic evaluation, follow-up
examinations must allow the detection of non-responders; in order to change the therapeutic line, this
detection has to be done early, particularly in cases of hyperprogression—which is an acceleration
of tumor growth rate sometimes observed after starting immunotherapy [5,6]. At the same time, to
avoid the premature discontinuation of treatment beneficial to the patient, a real disease progression
should not be confused with a pseudoprogression, which is an increase in the size of lesions, or the
visualisation of new lesions, followed by a response [6,7]. Finally, end-of-treatment examinations
should allow patients to safely stop immunotherapy in the event of durable response [6].

These challenges concern morphological and anatomical imaging, including computed
tomography (CT), magnetic resonance imaging (MRI), and ultrasound. However, they also concern
functional imaging, particularly nuclear medicine imaging.

To produce images, nuclear medicine uses radiotracers, which are a combination of a radioactive
atom and a tracer targeting a metabolic function. These radionuclide images can be produced by
detecting in vivo radiotracers with, in case of gamma (y) radioactivity, a gamma camera (used notably
to create a 3D single photon emission computed tomography, alias SPECT), or with, in case of a
positron (+) radioactivity, positron emission tomography (PET), which is usually coupled with a CT
to form a PET/CT.

As morphological modifications, functional modifications due to ICI are visible on nuclear
medicine images and must be known not only by nuclear physicians but also by oncologists requesting
examinations. In addition, nuclear medicine, by its high lability and sensitivity, can offer many
solutions, now and in the future, for the new challenges raised by ICIL.

The objective of this review is to conduct a systematic review of the articles concerning nuclear
medicine and ICI, with a summary of the pathophysiology and a focus on changes already made in the
current clinical routine and those to come.

2. Materials and Methods

A literature review was performed using Medline (PubMed). The research was conducted on
2 April 2019 to identify articles published between 2008 and 2019 with a search key combining date of
publication and MeSH terms linked to immunotherapy, nuclear medicine and medical imaging.

The PubMed key search was: (“2008” [Date—Create]: “2020” [Date—Create]) AND (“programmed
cell death 1 receptor” [MeSH Terms] OR “CTLA-4 Antigen” [MeSH Terms] OR “CD8-Positive
T-Lymphocytes” [MeSH Terms] OR “Immunotherapy, Adoptive” [MeSH Terms] OR “CTLA-4 Antigen”
[nm] OR “PDCD1 protein, human” [nm] OR nivolumab [nm] OR “pembrolizumab” [nm] OR
“durvalumab” [nm] OR “ipilimumab” [nm] OR “avelumab” [nm] OR “atezolizumab” [nm] OR
“immunotherapy” [All Fields] OR “PD-L1” [All Fields] OR “PD-1" [All Fields] OR “CTLA-4"” [All
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Fields]) AND (“radioimmunotherapy” [MeSH Terms] OR “Alpha Particles” [MeSH Terms] OR “Beta
Particles” [MeSH Terms] OR “radionuclide imaging” [MeSH Terms] OR “Diagnostic Imaging” [MeSH
Terms] OR “radioactive tracers” [MeSH Terms] OR “imaging” [All Fields] OR “PET” [All Fields] OR
“radiology” [All Fields] OR “nuclear medicine” [All Fields] or radioactiv* [All Fields])

Search results were judged for relevance using the title, abstract, and full text for inclusion in the
analysis. Two researchers (one nuclear medicine physician and one radiopharmacist) performed the
research and the critical analysis of the articles. A Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) flowchart [8] of the studies selection process is shown in Figure 1.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart

for studies selection.

3. Physiopathology

I8E-FDG, exploring glucose metabolism, is the main PET radiotracer used in nuclear medicine
imaging. However, BE_FDG is not specific to tumor cells and also targets immune cells. Since
immunotherapy works by inducing an inflammatory response, it is therefore difficult to differentiate
I8F-FDG uptakes related to tumor cells from those due to inflammation.

To overcome this limitation, an understanding of the mechanisms of ICI is helpful in identifying
potential new targets for nuclear medicine imaging. The physiopathology is summarized below and

shown in Figure 2.
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Figure 2. Representation of the interaction between CD4 and CD8 lymphocytes with an

antigen-presenting cell (APC) (here a macrophage) and a tumor cell. Different targets can be imaged by
use of several labeled antibodies (immuno-PET). These targets may be immune-checkpoints (such as
cytotoxic T-lymphocyte antigen 4 (CTLA-4), PD-L1, and its receptor programmed cell death protein-1
(PD-1)) or biomarkers of the immune response (such as interferon y (IFNYy), granzyme and interleukin-2
(IL2)). 18F-ﬂuorodeoxyglucose (18F-FDG), on the other hand, makes it possible to assess the expression
of the glucose transporter (GLUT-1); it can be incorporated indifferently, both in tumor and immune
cells. PET: positron emission tomography.

Cell-mediated immunity is performed by immune cells independently from circulating antibodies.
These cells are macrophages and natural killer cells from the innate system or T cells including helper,
regulatory, and killer T cells from the adaptive immune system. Among them, cytotoxic T cells
expressing CD8 as a co-receptor of T-cell receptor (TCR) cause the cell death of tumor cells after
releasing serine proteases such as granzymes. However, the cytotoxic T cell activity is regulated and
modulated by others cells such as myeloid-derived suppressor cells (MDSC) and regulatory T cells
expressing CD4.

The cytotoxic T cell allows an immune response against tumor cells. The specificity of the immune
response is driven by the interaction between cells expressing major histocompatibility complex
receptor (MHC) and TCR. Briefly, major histocompatibility complex class I (MHC-I), displaying an
antigen from tumor cells, will be recognized by the TCR of a cytotoxic T cell. However, co-inhibitory
and co-stimulatory signals regulate this immune response. Co-stimulatory signals such as interleukin-2
(IL-2) or interferon y (IFNy) improve the immune response against foreign antigens. On the contrary,
the co-inhibitory signals alleviate the immune response to allow self-tolerance. Thus, PD-L1 and PD-L2
expressed on the membrane surface of tumor cells are recognized by PD-1 of the cytotoxic T cell, and
this leads to stopping the immune response. Moreover, if CTLA-4 expressed by regulatory T cells
binds to B7 expressed by antigen-presenting cells (APCs), the immune response declines [9].

The signals shared between tumor cells, T cells, macrophages, and dendritic cells in the tumor
microenvironment, due to the interaction of their ligand—receptor pairs, are known as immune
checkpoints. The tumor cells that release and/or express mediators of immune suppression, such as
PD-L1 and PD-L2, have a chance to proliferate by inhibiting the immune response.

The pharmacology of ICIs is based on the reactivation of the immune response against tumors
rather than a direct effect on tumor cells [10,11]. The ICIs are only monoclonal antibodies targeting
and blocking the co-inhibitory signals of either programmed cell death protein 1 (PD-1) or cytotoxic
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T-lymphocyte antigen-4 (CTLA-4)—which are cytotoxic T cell surface receptors—or a ligand of PD-1
(PD-L1) from tumor cells or antigen-presenting cells [12]. These molecules are used in the oncologic
field and harness the immune system to help to fight tumor cells [10].

4. Medical Imaging: Baseline Examination

If the response to ICIs seems better compared to other drug classes [4], predictive biomarkers to
determine which patients will respond to immune checkpoint inhibitors are useful in making the right
treatment choice [13]. Medical imaging—particularly nuclear medicine—has an essential role to play
in this field because it offers, in one examination, the possibility of characterizing tumors that are often
multifocal and cannot therefore be all biopsied.

Compared to other medical imaging modalities such as CT or MRI, nuclear medicine imaging
generally provides the advantage of a highly sensitive whole-body functional examination, the
specificity depending on the radiotracer used. The specificity can be low for a multifunctional
radiotracer (such as '8F-FDG, whose uptakes concern tumor and inflammatory cells) to very high for
radiotracers targeting specifically an immune cell receptor or an active inflammatory signal (however,
such radiotracers are still in development). Concerning the disadvantages, the spatial resolution of
nuclear medicine imaging is worse than CT and MRI, and radiation protection must be taken into
account. Many radiotracers are currently studied with a summary (potential interest, name, target,
development phase) presented in Table 1.

Table 1. Radiotracers studied in the context of immunotherapy with potential interest, radiotracers,
targets and development phase. GLUT-1: glucose transporter 1, NSCLC: non-small cell lung carcinoma.

Potential Interest Radiotracers Targets Development Phase
Imagln'g of tumorl cells 18F-FDG GLUT-1 and hexokinase Market Authorization
and inflammation
Imagmg of gheckpomts 897r-Atezolizumab PD-L1 Phase I (Lymphoma, Ereast
inhibitors cancer, Renal cell carcinoma)
18F-Adnectin PD-L1 Preclinical (Rodent)
Phase I/II (Melanoma,
18F-PD-L1 ([18F]BMS-986192) PD-L1 NSCLC, Oral cancer)
99mTe-anti-PD-L1(99m-Te-NM-01) PD-L1 Phase I (NSCLC)
64Cu-WL12 PD-L1 Preclinical (Rodent)
89Zr-Nivolumab([89Zr]-BMS-936558) PD-1 Preclinical (Primate)
- Phase II (Metastatic
89Zr-Ipilimumab CTLA-4
melanoma)
Imaging of biomarkers of -
: 89Zr-IFNy IFNy Preclinical (Rodent)
immune response
68Ga-NOTA-GZP Granzyme Preclinical (Rodent)
Open label (metastatic
18F-1L2 ([18F]FB-IL2) 12 melanoma); Phase I (renal
transplant rejection)
99mTeIL2 L2 Phase I (metastatic
melanoma)

It has to be noticed that the radionuclide used to label the radiotracer has to be chosen carefully. In
particular, it must be able to chemically bind to the tracer molecule either by covalent or by coordinate
bonds. The emitted radioactivity must also be adapted to the imaging method used with the gamma
(v) ray emitter (Technetium 9mTe, Indium In), for the gamma camera and positron (3+) emitter
(Fluorine '8F, Copper ®*Cu, Gallium %Ga, Zirconium 8°Zr) for PET—the spatial resolution of the PET
being inherently better than that of the gamma camera. Moreover, the radioactive half-life of the
radionuclide has to be adapted to the physiological process being explored: for short processes (a few
hours), ™ Tc, 18F, and %Ga can be chosen, but for long processes (a few days) such as those observed
with antibodies, 11In, ®4Cu, and 3°Zr with longer radioactive periods have to be used. Finally, the
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deposited energy dose, which varies according to the radionuclides and the tracers’ clearance, must be
taken into account to ensure that it is as low as possible.

4.1. 8F-FDG PET/CT

18F-ﬂuorocleoxyglucose ('8F-FDG) is a multifunctional PET/CT radiotracer exploring glucose
metabolism—including tumor metabolism and inflammation—and is a well-established nuclear
medicine examination performed to explore cancer, notably for the extension assessment [14].

Beyond the extension assessment, baseline BBE_FDG total metabolic tumor volume (TMTV),
measured by segmenting all tumors on PET images, could be an interesting parameter, as it can be
easily (semi)-automatically determined, and as it presents an important prognostic value in many
cancers and treatments, including immunotherapy. Therefore, Ito et al. have shown for 142 patients
with melanoma treated by ipilimumab that the median overall survival (OS) was significantly lower for
patients with high TMTV (10.8 months 95% CI 5.9-15.8 months) than with low TMTV (26.0 months 95%
CI 3.0-49.2 months) [15]. In a multivariate analysis including TMTV and significant clinical parameters
(including age and active brain metastases), TMVT was still a significant prognostic factor [15]. Similar
results have been observed for non-small cell lung carcinoma (NSCLC) treated by ICI [16].

Beyond its role in the initial extension assessment, the 1¥F-FDG PET could also be useful in
determining the PD-1/PD-L1 status, on which the response to immunotherapy depends. Effectively,
PD-L1 promotes glycolytic metabolism in tumor cells, while this glucose consumption by tumors
metabolically restricts T cells, notably by dampening their glycolytic capacity [17]. As a result, PD-L1
protein expression was significantly correlated to glucose transporter 1 (GLUT1) expression, which
is the transporter of BE-FDG, in lung adenocarcinoma [18,19] and squamous-cell carcinoma [20].
In a meta-analysis about lung cancer including three studies (718 patients), ®F-FDG PET SUVmax
(maximal standardized uptake value reflecting tumor activity) and PD-L1 expression were slightly
correlated (Spearman’s correlation 0.36 (95% CI: 0.22; 0.50)), although this low value does not allow the
SUVmax to be used as a replacement for the PDL1 status in lung cancer [21]. For bladder cancer, a study
including 63 patients has shown too that SUVmax was significantly higher in PD-1/PD-L1-positive
patients but also that PD-1 and PD-L1 status could be predicted using a SUVmax cut-off value of 22.7,
with quite good accuracies of 71.4% and 77.8%, respectively [22]. It has to be added that BE.FDG
SUV is not only significantly correlated to PD-1/PD-L1 status, but also to other biomarkers of interest
when immune-checkpoint inhibitors are considered, including CD8 tumor infiltration by lymphocytes
(TILs) [23].

I8F-FDG PET/CT could also be used to determine indirect predictive factors for response to
immunotherapy treatment. Therefore, this examination could reflect the gut microbiota, whose
analysis could be favorable to predict the treatment effect of immunotherapy, as gut microbiota seems
linked to the therapeutic response [24]. Thus, in a retrospective pilot study involving 14 patients
with metastatic melanoma treated with ipilimumab in the first line, a team observed that colonic,
pre-therapeutic '8F-FDG PET SUVmax seems lower for responding patients with mean SUVmax equal
to 1.33 £ 0.04, 2.2 + 0.46, and 3.33 + 2.67 for individuals with complete response, partial response,
and progressive disease, respectively [25]. This could be explained by an association between low
bacterial load and higher physiologic colonic F-FDG uptake due to a shift in colonic metabolism from
short-chain fatty acids, produced by colonic bacteria, to glycolysis when the bacterial load is low [26].
However, these promising preliminary results have to be confirmed.

Another indirect predictive factor is the determination of body composition parameters on the
anatomical CT associated with the PET. Therefore, in a study including 55 patients with NSCLC treated
by nivolumab, whole-body subcutaneous fat mass measured automatically on the CT of the PET
was a significant prognostic factor with a better prognosis for fatty patients (HR = 0.75, p = 0.006 in
multivariate analysis) [27,28], possibly because adipocytes in the human obese subcutaneous fat mass
release several pro-inflammatory cytokines and chemokines, which contribute to the establishment
and maintenance of local and systemic inflammation [29].

104



Cancers 2020, 12, 371

Nevertheless, '8F-FDG is not as tumor-specific as we might wish, notably for response assessment
during immunotherapy. One of the main problems with ICIs is related to the inflammatory reactions
that recall neutrophils and macrophages and activate T cells on the tumor site. This antineoplastic
activation determines the high consumption of FDG by immune cells and, consequently, a loss of
specificity for this radiotracer.

4.2. Immunoimaging

Despite the remarkable success of ICIs in clinical practice, the efficacy and responsiveness of these
agents vary greatly among different tumor types and across individuals [30]. Biomarkers determined
on tumor biopsy, including PD-1 and PD-L1 measured with immunohistochemistry (IHC), can help to
select patients. However, these biomarkers are limited, as some patients can have a response without
them, while others can have no response with them [31]. A possible explanation is that a single biopsy
may not capture the heterogeneity across various tumor lesions in a patient or within a single lesion [31].
Therefore, the use of radiotracers to predict responses to immunotherapy is becoming increasingly
important to better select patients, as they have the possibility to characterize the whole tumors in a
single non-invasive examination. Among the possible methods, “immuno-PET”, combining antibodies
(or antibody fragments) with PET radionuclide (positron emitter), takes advantage of the specificity
and affinity of antibodies and the sensitivity of PET [32].

For immuno-PET, targets can be general T cell markers (such as CD3, CD4, and CD8), immune
checkpoints (such as PD-1, PD-L1, or CTLA-4) or biomarkers of the immune response (such as
interferon-y, interleukin-2, and granzyme B) [33,34]. The absence of impact on the functionality of
in vivo T cells also needs to be considered [35]. Many radiotracers have been evaluated in preclinical
models, with a large “immunoimaging toolbox” already available [36], but few of them have ever
been tested in clinical trials [33,36,37]. A summary of the usable radiotracers and target is presented in
Figure 2 and in Table 1.

Among the radiotracers tested in clinical trials, antibodies targeting checkpoints inhibitors, notably
PD-1/PD-L1, have shown promising results. In a study including 22 patients with three tumor types
(bladder cancer, NSCLC, or breast cancer) with pre-therapeutic PET/CT with 89Zirconium-labeled
atezolizumab (anti-PD-L1), PET uptakes were heterogeneous and generally high in tumors [38]. Uptake
was also high in lymphoid tissues and at sites of inflammation [38]. Interestingly, progression-free
survival was better correlated with the pretreatment PET signal than with IHC-based predictive
biomarkers, with, for example, a hazard ratio equal to 11.7 (95% CI: 3.3-62.7) for PET versus 2.6 (95% CI:
0.8-13.6) for an immunohistochemistry analysis of PD-L1 [38]. These results for the survival are possibly
linked to the heterogeneity of the PD-L1 expression across different tumor localizations. Comparable
results were obtained in another study evaluating two anti-PD-1/PD-L1 radiotracers (a 18Fluor-labeled
anti-PD-L1 Adnectin and an anti-PD-1, 8?Zirconium-labeled nivolumab) on 13 patients with advanced
NSCLC [39]. Other PD-L1-specific radiolabeled peptides exist. Notably, the so-called “[¢A*Cu]WL12”,
which is a 14-amino acid circular peptide “WL12”, with a binding interface on PD-L1 overlapping with
PD-1 and PD-L1 therapeutics, radiolabeled with **Cu, a positron (3+) emitter [40]. A preclinical study
on mice has shown that this radiotracer could generate highly contrasted images within 120 minutes
after the injection [41], which is a usual time period for conducting nuclear medicine examinations.
Moreover, this peptide could measure the PD-L1 occupancy and the pharmacokinetics of PD-L1
immune-checkpoint inhibitor non-invasively and independently of the type of antibody chosen for
treatment [40].

Imaging of the biomarkers of immune response could also be interesting. Interferon-y (IFNy)
immuno-PET (3Zr-anti-IFN-y) offers the possibility to explore the activated lymphocytes inside
tumors, including CD8+ cytotoxic T lymphocytes [42]. In a preclinical study, the tumor uptake with
this radiotracer seemed more specific than CD3 immuno-PET (89Zr-anti-CD3), which targets the
general T-cell population localized in the tumor but also in other lymphoid tissues, and it could help
to discern activated versus anergic/dysfunctional status [42]. Another interesting target of immune
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response could be the protease granzyme B (GZP), which is secreted by cytotoxic CD8+ and has a key
role for immune-induced apoptosis [43]. In preclinical tumor models, a highly specific peptide PET
imaging agent for GZP was predictive of the response to immune-checkpoint inhibitors, with high
signal tumors responding to therapy and with 93% sensitivity and 94% negative predictive value [44].
Clinical studies have yet to be done.

Finally, a radiotracer for a gamma camera using monophotonic gamma radioactivity, which is
different from the positron ($+) radioactivity used for PET, is also possible. A study on 16 patients
with NSCLC demonstrates that a ™ Tc-labeled anti-PD-L1-single domain antibody was feasible in
humans safely and with acceptable dosimetry [45]. The image acquisition was also possible rather
quickly after the injection at 2 h [45]. However, if the ratio between the tumor uptake and blood
pool at 2 h was significantly correlated to the PD-L1 immunohistochemistry (p = 0.68, p = 0.014) and
the uptake ratio was lower in tumors with <1% PD-L1 expression (1.89 versus 2.49, p = 0.048), the
results seem too limited to be used in clinical practice [45]. Another radiotracer for a gamma camera
is PMTe-interleukin-2 (™ Tc-1L2), which could be used to detect TILs and distinguish between true
progression and pseudoprogression [46]. A pilot study has demonstrated the safety and feasibility of
99mMTe L2 imaging, but further studies are needed [46].

4.3. Radiomics and Complex Quantitative Parameters

Radiomics is a set of methods used to take advantage of medical imaging and extract quantitative
features that can characterize the tumor phenotype. A very large number of features can be extracted
(manually or automatically) from medical images (e.g., CT, MRI, PET) and then correlated to tumor
characteristics and clinical outcomes using machine learning algorithms.

In a retrospective study using four independent cohorts of patients, Sun et al. have shown the
usefulness of this method in determining the tumor infiltration by CDS8 cells on contrast-enhanced
CT images and with a signature combining eight features [47]. Despite the relatively low area under
the curve of the score for this prediction (AUC = 0.67; 95% CI 0.57-0.77), the signature was able to
predict an objective response to anti-PD-1 and PD-L1 therapy, notably at 3 months (p = 0.049), as well
as overall survival in univariate (median overall survival was 24.3 months in the high radiomic score
group versus 11.5 months in the low radiomic score group; p = 0.0081) and multivariate analyses [47].
Another study explored the interest of radiomics as a non-invasive biomarker for responses to cancer
immunotherapy on 1055 primary and metastatic lesions from 203 contrast-enhanced CTs from patients
with advanced melanoma and NSCLC, undergoing anti-PD1 therapy [48]. They found on a lesion-based
approach, reflecting the metastatic condition, that lesions with heterogeneous density and more compact
and spherical (high volume/surface ratio) were associated with a better response [48]. Concerning
I8F-FDG PET radiomic analysis and PD-1/PD-L1 expression, a team found in 53 oropharyngeal or
hypopharyngeal cancer patients that several PET-derived textural features, describing the organization
of tumor pixels, can provide information to determine tumor PD-L1 expression in head and neck
carcinoma [49]. However, no clear and validated textural model distinguishing high and low PD-L1
expression is described, and more studies have yet to be done. Finally, delta-radiomics (A-radiomics),
studying changes in radiomic features (e.g., texture within the nodule) on serial images could be useful
to assess the effectiveness of therapy as well as predict early treatment response, but this domain as yet
to be explored [50].

Complex quantitative parameters could be also interesting, such as compartmental parameters
describing the kinetics of radiotracers more precisely than SUV. However, such parameters have not
shown an added value compared to SUV in a population of 25 patients with metastatic melanoma
treated with immunotherapy [51]; therefore, further studies are still needed.

5. Therapeutic Evaluation

I8E-FDG PET/CT is a routinely used for the examination of therapeutic evaluation of cancers.
However, ICIs, treating cancer by inducing inflammation, question its interpretation and the time
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of execution, because this radiotracer presents an uptake in the case of active cancer but also of
inflammation. Comparable challenges are observed for anatomical images. Different patterns of
response according to the time of examination are shown in Figure 3.
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Figure 3. Patterns of response according to the size and number of the tumors and in function of time
of examination. Complete response, partial response, stable disease, and progression are the four
classical patterns of response in oncology. Concerning the atypical responses sometimes observed with
immune-checkpoint inhibitors, a dissociated response corresponds to lesions shrinking and others
growing; pseudoprogression is an initial increase in tumor size and/or number due to inflammation
followed by a decrease, and hyperprogression is an accelerated tumor growth rate after starting treating.

5.1. Standard Therapeutic Assessment Scales

The therapeutic evaluation of cytotoxic chemotherapy in morphological imaging is based on the
fact that increasing lesion size and/or the appearance of new lesions after treatment indicates progression
and therapeutic failure [12]. Many therapeutic evaluation criteria exist for morphological imaging,
including Response Evaluation Criteria in Solid Tumors (RECIST) 1.1, which uses unidimensional
single-diameter measurements [52]. Compared to morphological imaging, such as CT, functional
imaging including '8F-FDG PET/CT can provide an earlier response assessment. One of the situations
where therapeutic assessment by functional imaging by '8F-FDG PET may be much earlier than
morphological imaging is gastrointestinal stromal tumors (GISTs) treated by imatinib. While measuring
anatomical responses through morphological imaging (CT) often requires many months, 18F-FDG
PET can predict responses within one day to one week [53]. Some therapeutic evaluation criteria exist
in nuclear medicine, including the PET Response Criteria in Solid Tumors (PERCIST) 1.0 for solid
tumors [54] and the Lugano classification for lymphomas [55].
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5.2. Limitations due to Atypical Tumor Response Patterns

The therapeutic scales used to evaluate cytotoxic chemotherapies are generally based on a
classification with four patterns of response: complete response, partial response, stable disease, or
progression. However, “atypical” tumor response patterns that do not belong to these four categories
can be observed with ICIs, which makes the therapeutic evaluation of these treatments a real challenge.

Pseudoprogression is an atypical tumor response pattern defined as an increase in the size of
lesions or the visualization of new lesions, followed by a response [6,7]. This effect could be explained
by the initial T-cell tumor infiltration, with an apparent increase in the tumor burden disconnected to
the tumor cell proliferation [56]. In studies, rates of pseudoprogression never exceeded 10%; therefore,
they stayed rare compared to effective disease progression [6].

Dissociated responses, observed when some lesions shrink and others grow, are another atypical
tumor response of ICIs. One study reported dissociated responses in 7.5% of NSCLC patients treated
with anti-PD1/PD-L1 agents with a better survival observed than true progressions [57]. Another study
with 50 patients having NSCLC treated by ICI and followed by ®F-FDG PET showed that dissociated
response occurred in 26% (five patients) of the 19 patients whose treatment was continued after initial
progression with a clinical benefit for these patients [58].

Nevertheless, due to these atypical responses, classical criteria, such as RECIST or PERCIST, can be
limited to the therapeutic assessment of immune checkpoint inhibitors; some diseases can be classified
as “progressive”, while this is the response to the treatment that occurs [56,58].

5.3. Updated Therapeutic Assessment Scales for Immunotherapy

To avoid a misdiagnosis in therapeutic evaluation between progressive disease and inflammation,
a modification of the scales has been proposed. In anatomical and morphological imaging, at least four
modified criteria have already been proposed: irRC (immune-related response criteria) (2009) [56],
irRECIST (immune-related RECIST) (2013) [59], iRECIST (immune RECIST) (2017) [7], and imRECIST
(immune-modified RECIST) (2018) [60]. Some differences exist between these scales, but they have
all in common the need to confirm a progressive disease on a new examination, which is usually
at 4 weeks [61]. The interest of these updated scales has been highlighted in a study including 160
patients with NSCLC with follow up performed by computed tomography. Patients with atypical
responses, according to the iRECIST and irRECIST, represented 11% of the RECIST 1.1 so-called
progressive patients, and they had superior overall survival compared to patients with the true disease
progression [57].

If the increase in the size or appearance of new lesions due to pseudoprogression can mislead
the therapeutic evaluation in radiological imaging, the F-FDG PET metabolic evaluation can also be
misleading. Effectively, '8F-FDG is not a tumor-specific radiotracer, and the inflammatory response,
which displaces neutrophils, macrophages, and activated T cells to the tumor site, also leads to the
uptake of BEFDG [62].

Therefore, an effort has been made in nuclear medicine with modified scales proposed, including,
for solid tumors, PECRIT (PET/CT Ceriteria for the early prediction of Response to Immune checkpoint
inhibitor Therapy) (2017) [63], PERCIMT (PET Response Evaluation Criteria for Immunotherapy)
(2018) [64], imPERCIST5 (immunotherapy-modified PERCIST up to five lesions) (2019) [65], and
iPERCIST (immune PERCIST) (2019) [66]. Table 2 resumes the proposed criteria for therapeutic
evaluation by F-FDG PET of solid tumors treated by immune checkpoint inhibitor.
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However, these nuclear medicine criteria are quite different, and therefore, standardization is
needed [67]. It should be noticed that only iPERCIST introduces the need to confirm a progressive
disease such as the updated radiological criteria [66]; however, such a control may limit the risk of a
false positive PET scan. A dissociated response is also not considered in these scales, while it seems
important as the patients experiencing these response patterns seems to have a clinical benefit of
immunotherapy [58]. Moreover, the populations used to define these criteria were relatively small
(from 20 patients for PERCRIT [63] to 60 patients for imPERCIST [65]), and studies with more patients
(and, therefore, more cases of atypical tumor responses) are needed to validate these criteria. The
localization of the uptake should also be considered, as an immune activation induced by checkpoint
treatment can be observed in tumor-draining lymph nodes [68] that can induce an ®F-FDG uptake
and be misinterpreted as progression, as seen in Figure 4.

Figure 4. Clinical case of a patient with a previous history of treated left breast cancer and melanoma

of the right leg with melanoma pulmonary metastasis recently operated. The images of the upper line
show the PET/CT examination before the start of immune checkpoint inhibitor (pembrolizumab), and
the images in the lower line show the PET/CT examination performed 9 months after the start of the
treatment with (in A) a maximum intensity projection (MIP) PET image; in B, an axial CT slice; in C, an
axial PET slice; in D, an axial PET/CT fused slice; in E, a frontal PET/CT fused slice. The green arrow
on the pre-therapeutic PET MIP indicates the post-operative inflammation of melanoma pulmonary
metastasis. The blue arrows on the follow-up PET/CT examination indicate that an intense left axillary
lymph node uptake (SUVmax 4.7) appeared, which was considered suspicious of disease progression
when it was found to be an inflammatory reactive lymph node in histological analysis.

Different scales for solid tumors and hematological tumors have to be considered as the response
patterns appear to be different. For lymphomas, modified Lugano criteria have been proposed
with the establishment of lymphoma response to immunomodulatory therapy criteria (LYRIC) [69].
Comparable to the category "unconfirmed progressive disease" used for solid tumors by iRECIST
and iPERCIST [7,66], LYRIC has introduced the category “indeterminate response” (IR) when an
increase in tumor burden, new lesions, and/or increased 8F-FDG uptake is observed with subsequent
imaging within 12 weeks, which is recommended to confirm the true disease progression versus
pseudoprogression [69]. However, concerning Hodgkin lymphoma, the contribution of LYRIC
compared to the standard Lugano classification seems limited, because pseudoprogressions seem
very rare in this disease. Thus, no pseudoprogression was reported in the two studies, including a
total of 60 patients with refractory or relapsed Hodgkin lymphoma treated with immunotherapy and
having an early therapeutic evaluation (2 to 3 months) by 8F-FDG PET/CT [70,71]. Moreover, in a
retrospective multicentric study including 45 patients with Hodgkin lymphoma treated by nivolumab,
the classification at the '8F-FDG PET performed at 2.0 months (interquartile range: 1.7-3.7 months)
was identical between Lugano criteria and LYRIC, since all 16 progression events on this examination
classified as an indeterminate response per LYRIC were confirmed as progressive diseases on subsequent
evaluations [72]. In most other types of lymphoma, including follicular lymphoma and diffuse large B
cell lymphoma, ICIs have been rarely used to date, because they are less effective, and therefore, there
is a lack of data regarding their therapeutic evaluation [73].
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5.4. Hyperprogression Disease and Early Therapeutic Response Evaluation

Hyperprogression disease is an acceleration of the tumor growth rate (TGR) with a ATGR (variation
of TGR per month) exceeding 50% at the first evaluation compared to pretreatment kinetics [74]. This
phenomenon is quite common for patients treated with ICI, as it was observed in 7% (12 of 189) patients
with solid tumors [5] and is associated with high metastatic burden and poor prognosis [74].

As hyperprogression disease drives toward early death, notably when it occurs in the first 6 weeks
of treatment, the anticipated first radiological evaluation during PD-1/PD-L1 inhibitor treatment,
including '®F-FDG PET/CT, has to be discussed in order to identify them [74].

I8E-FDG PET/CT performed early after the initiation of immunotherapy could not only detect
hyperprogression but also participate in the therapeutic evaluation, notably by detecting early
responders and non-responders more easily than with CT. Therefore, in a study with 24 patients
with NSCLC treated by nivolumab, metabolic responses determined by 8E_FDG PET at 1 month
(especially total lesion glycolysis, TLG, which is the product of the TMTV and the mean SUV)
were closely associated with therapeutic response and survival, while it was difficult to distinguish
between responders and non-responders on morphological changes on CT scans [75]. In another pilot
prospective study of 10 patients with unresectable metastasized melanoma, the responding patients
could be reliably identified as early as two weeks after the start of the therapy [76], which was consistent
with the usual early metabolic response, compared to the generally later anatomical response.

Interim evaluation, performed after the first two cycles of immunotherapy, is also possible with
interesting results, as was shown in a population of 41 patients with unresectable metastatic melanoma
treated by ipilimumab. The PERCIMT classification showed a sensitivity of 93.6%, a specificity of
70.0%, and an accuracy of 87.8% to predict clinical benefit—including stable disease, partial response,
and complete response (31 patients)—and those showing no clinical benefit including progressive
disease (10 patients) according to the best clinical response of patients, which was assessed at a median
of 21 months [77].

5.5. Abscopal Effect

Radiation therapy can induce the death of cancer cells and can activate the immune system [78].
The abscopal effect is a tumor regression observed in metastases distant from the local treatment
site, such as the primary irradiation site [78]. The combination of radiotherapy and immunotherapy
can have the advantage of controlling disease locally with potential systemic and lasting immune
effects [78]. PET/CT can observe such responses, even if, until now, only case reports have been
reported [79-81].

6. Diagnosis of Side Effects in Nuclear Medicine Imaging

The physiological objective of CTLA4 and PD-1/PD-L1 is the blockade of auto immune responses.
When these pathways are inhibited, T-cell inflammatory responses can be triggered to target
cancer; however, they also target some healthy tissues. The attacks on healthy tissue can generate
immune-related adverse events (IrAE), the scope of which is large [82] and the gravity of which,
though generally low, can be severe (around 10% patients with anti-PD-1/PD-L1 experienced severe
IrAEs [83]) and even potentially life threatening if not diagnosed and treated. Therefore, the permanent
discontinuation of immune checkpoint inhibitors is advised in patients with high-grade ocular, hepatic,
pancreatic and/or pulmonary IrAEs [82]. IrAEs are generally detected by clinicians, but medical
imaging can help to find early signs of unknown IrAEs, with radiologically evident IrAEs reported in
up to approximately 30% of patients [84]. Moreover, to avoid errors in therapeutic evaluation, these
IrAEs have to be differentiated from active cancerous disease, notably from metastatic progression.
Figure 5 resumes the discoverability by I8E_FDG PET/CT of different IrAEs.
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Figure 5. Summary diagram of the different immune-related adverse events. The nuclear symbol
represents the side effects that can be visualized by F-FDG PET/CT.

In a monocentric retrospective study with the objective of describing the IrAE characteristics on
medical imaging and their detection rate, Mekki et al. found 39 (74%) abnormal medical imaging
findings on 53 patients who had a co-occurrence of irAEs and medical imaging (CT, PET/CT, MRI, US of
radiography) within 15 days [85]. Among the 12 performed 'F-FDG PET/CT, 10 (83%) were abnormal
with thoracic sarcoid-like reaction, enterocolitis, thyroiditis, hypophysitis, and pancreatitis [85].

Regardless of their severity, the occurrence of an IrAE could also be linked to the therapeutic
response by revealing the immune response. In a study of 41 patients with metastatic melanoma treated
by anti-CTLA-4 (ipilimumab), four patients among the 31 having disease control had a sarcoid-like
mediastino-hilar lymphadenopathy diagnosed on the follow-up 18EDG PET/CT, while this side effect
was not observed on the 10 patients having progressive disease [86]. The same team performed a
study on 16 patients with BRAF-mutation positive metastatic melanoma treated by a combination of
vemurafenib and ipilimumab with longitudinal '®F-FDG PET/CT for the follow-up. Seven patients
developed imaging signs on PET/CT of at least one immune-related adverse event, with colitis and
arthritis being the most frequent ones (five and four events, respectively), and these patients had
a significantly longer progression-free survival than those without irAEs (p = 0.036) [87]. Another
team found concordant results on a retrospective study of 40 patients with three types of cancer
(malignant melanoma, malignant lymphoma, and renal cell carcinoma) treated by ICIs and followed
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by 8F-FDG PET/CT. They found that a PET-detectable immune-related adverse event indicated a
favorable outcome (nine of 11 patients with IrAE had complete response at final evaluation) with in
particular thyroiditis, which was seen earlier than other IRAE and could provide an early indicator
of the efficacy of immunotherapy [88]. Therefore, immune-related inflammation has to be reported
even if they are not necessarily associated with clinically significant IrAE [89]. Illustrations of ¥F-FDG
PET-detectable immune-related adverse effects are presented in several articles [85,88,90].

Another early sign of immune activity is an inversion of the liver-to-spleen ratio (normally >1) [89],
possibly by reflecting the immune activation preceding T cell proliferation [91], but also the reactive
nodes in the drainage basin of the primary tumor [89], which could be wrongly diagnosed as cancerous
lymph nodes (cf Figure 4).

Finally, if immune checkpoint inhibitors do not promote infections, immune-related adverse
effects often require immunosuppressive treatment, which in turn increases the risk of developing
serious infections [92], and such infections can be observed on imaging.

7. End-of-Treatment Assessment

I8E-FDG PET imaging may also help better predict long-term outcomes compared to standard
computed tomography (CT) response criteria. Therefore, a team has shown in a retrospective study
of 104 patients with melanoma, who received anti-PD-1 as monotherapy (67%) or combined with
ipilimumab (31%), that while only a small proportion of patients had a complete response at 1 year on CT
(28%), most patients with a partial response on CT have a complete metabolic response on PET (68% of
the 66% having a partial response) [93]. Moreover, almost all patients with complete metabolic response
on PET at 1 year had ongoing response to therapy thereafter (78% had discontinued treatment and 96%
had ongoing response) [93]. 8F-FDG PET could help to decide on the continuation/discontinuation of
therapy [93], notably when durable response is observed [6].

8. Conclusions

In this systematic review, we have observed that immune checkpoint inhibitors have a major
impact on nuclear medicine imaging with changes in its interpretation, including the consideration of
induced inflammation by new therapeutic evaluation criteria.

New perspectives are also emerging, with a central role for nuclear medicine being the prediction
of the response to immune checkpoint inhibitors, notably by the use of new radiotracers, such as
immuno-PET, or new analysis techniques, including radiomics and body composition analyses.

Abbreviation
18F-ﬂuorodeoxyglucose BEFDG
Antigen presenting cells APC
Complete Metabolic Response CMR
Complete response CR
Computed tomography CT
Cytotoxic T cells CTLs
Cytotoxic T-lymphocyte antigen 4 CTLA-4
Gastrointestinal stromal tumors GIST
Glucose transporter 1 GLUT1
Interferon y IFNy
Interleukine-2 IL-2
Immune checkpoint inhibitor ICI
Immune-modified RECIST imRECIST
Immune PERCIST iPERCIST
Immune RECIST iRECIST
Immune-related adverse effect IrAE
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Immune-related RECIST irRECIST
Immune-related response criteria irRC
Immunotherapy-modified PERCIST up to 5 lesions imPERCIST5
Non-small cell lung cancer NSCLC
Major histocompatibility complex MHC
Magnetic resonance imaging MRI
Myeloid-derived suppressor cells MDSsC
Partial Metabolic Response PMR
Partial Response PR
PET/CT Ceriteria for early prediction of Response to Immune checkpoint inhibitor Therapy =~ PECRIT
PET Response Criteria in Solid Tumors PERCIST
PET Response Evaluation Criteria for Inmunotherapy PERCIMT
Programmed cell death protein-1 PD-1
Programmed cell death protein-1 ligand PDL-1
Progression disease PD
Positron emission tomography PET
Preferred Reporting Items for Systematic Reviews and Meta-Analyses PRISMA
Response Evaluation Criteria in Solid Tumors RECIST
Single photon emission computed tomography SPECT
Stable disease SD
Standardized uptake value suv
Standardized uptake value normalized par lean body mass SUL
T-cell receptor TCR
Total lesion glycolysis TLG
Total metabolic tumor volume TMTV
Tumor-infiltrating lymphocytes TILs
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Abstract: Breast cancer remains the most frequent cancer in women with different patterns of disease
progression and response to treatments. The identification of specific biomarkers for different breast
cancer subtypes has allowed the development of novel targeting agents for imaging and therapy.
To date, patient management depends on immunohistochemistry analysis of receptor status on
bioptic samples. This approach is too invasive, and in some cases, not entirely representative of
the disease. Nuclear imaging using receptor tracers may provide whole-body information and detect
any changes of receptor expression during disease progression. Therefore, imaging is useful to guide
clinicians to select the best treatments for each patient and to evaluate early response thus reducing
unnecessary therapies. In this review, we focused on the development of novel tracers that are
ongoing in preclinical and/or clinical studies as promising tools to lead treatment decisions for breast
cancer management.

Keywords: breast cancer; receptor status; molecular imaging

1. Introduction

Breast cancer is a malignant disease with the highest incidence in women worldwide [1]. There is
a wide variation in patient prognosis and outcomes due to the high heterogeneity of this carcinoma.
The three main biomarkers of interest in this cancer include estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2). Nowadays, at least four
molecular subtypes have been identified with different levels of expression of these receptors: luminal
A, luminal B, HER2-enriched, and basal-like. Triple-negative breast cancer (TNBC), which is a part
of the basal-like subgroup, is characterized by the lack of PR, ER, and HER2 expression, and by
extremely high mortality due to metastatic and drug-resistance recurrent disease [2]. The ER is
the major driver of breast cancer being expressed in 75% of patients and tamoxifen that binds ER was
the first drug approved for metastatic breast cancer [3]. HER2 is overexpressed in approximately 15%
to 25% of patients at initial diagnosis and is related with cancer aggressiveness and poor survival.
The development of specific molecules, which target this receptor such as trastuzumab and pertuzumab
or the tyrosine kinase inhibitor lapatinib, has significantly improved the outcome in HER2-positive
breast cancer patients [3]. Both tumor heterogeneity and the occurrence of resistance to treatments may
fundamentally affect receptor status and therefore response to therapy. To overcome this issue, recent
investigations are focusing on the characterization of other well-known receptors involved in breast
cancer progression as potential therapeutic and imaging targets such as tyrosine kinases receptors,
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integrin receptors, chemokine receptors, immune checkpoint receptors, somatostatin receptors, gastrin
releasing peptide receptors, and neuropeptide Y receptors. Over the past decades, many molecules
specifically targeting them were developed: monoclonal antibodies, antibody fragments, nanobodies,
small kinase inhibitors, peptides, and oligonucleotide aptamers. At present, several of these drugs are
already in clinical trials while others are under investigation in pre-clinical models.

Current practice guidelines use biopsy and immunohistochemistry to define the receptors status
in cancer tissues and to guide subsequent treatments. The integration of molecular imaging into breast
cancer daily management could improve the standard of care, providing additional information on
the heterogeneity of tumor lesions and facilitating early diagnosis, accurate staging, and personalized
treatment planning. In particular, it could improve the management of metastatic breast carcinoma
where receptor status can change during disease course and repeat biopsies may be too invasive for
the patients [4]. Functional nuclear imaging using single photon emission computed tomography
(SPECT) and positron emission tomography (PET) could allow the visualization of molecular changes
in receptor status in primary tumor, metastases, and throughout treatments [5,6]. The main purpose of
this review is to gain an overview of the relevant findings on the development of novel radiotracers
targeting receptor status in breast cancer that are ongoing in preclinical studies for validation or that
are already translated in clinical research (Table 1).

Table 1. Summary of tracers targeting receptors for breast cancer imaging.

Receptor Type Target Tracer Preclinical Clinical = Reference
ER ['8F]FES v [7-16]
Hormone Receptors ['F4FMFES v [17,18]
PR ['®F]JFENP v [19-21]
['8F]FENP v [20-23]
[""n]trastuzumab vV [24]
[8°Zr]trastuzumab vV [25-29]
HER? [6*Cu]DOTA-trastuzumab v [30,31]
[8Zr]Pertuzumab vV [32,33]
[°8Ga]HER2-Nanobody vV [34]
[#8Ga]ABY-025 v [35]
Tyrosine Kinase Receptors ['8F]-5F7 vV [36,37]
[8F]-2Rs15d v [36,37]
HER3 [¢*Cu]-patritumab v [38]
[¢*Culanti-HER3-F(ab’)2 v [39]
VEGFR [1'C]-PAQ v [40]
c-Met ['®F]AH113804 v [41-43]
IGER ["n)/[3°Zr]-R1507 v [44]
["1In]F(ab’)2 v [45]
['®F]Galacto-RGD v [46]
['8F]AH111585 vV [47]
[P™TcINC100692 v [48]
avp3 [I8F|-EPPRGD2 N [49]
Integrin Receptors [P Tl PRGD? v 0511
[°8Ga]RGD N [52]
['8F]Alfatide I v [53]
[8Ga]BBN-RGD v [54,55]
['|FIRGD N [56]
avp6 [*®F]-av6-BP v [57]
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Table 1. Cont.

Receptor Type Target Tracer Preclinical Clinical = Reference
[¢*Cu]AMD3100 v [58]
CXCR4  [**Cu]AuNCs-AMD3100 v [59]
Chemokine Receptors [63 GaJPentixafor v [60,61]
['8F]MCFB v [62]
CXCR7 [#Zr]ACKR3-mAb v [63]
[""n]PD-L1.3.1 v [64]
111 ;
e &
[64Cu]Atezolizumab vV [66]
Immune checkpoints ['1In] Atezolizumab N [67]
[ [n]-PD-L1-mAb v [68]
[*4Cu]WL12 v [69]
[39Zr]atezolizumab vV [70]
[#8Ga]DOTATOC v [71]
SSTR [77Lu]DOTABASS
and [77Lu]DOTATATE (721
[8Ga]NODAGA-JR11 v [73]
Somatostatin, Gastrin Releasing [7Gal-SB3 vV [74]
Peptide Receptors,
and Neuropeptide Y receptors GRPR [*Ga]RM2 v (751
[8Ga]NOTA-RM26 v [76]
[¢7Ga]NeoBOMB1 v [77]
NPYR [99mTc]NPYanalogue v [78]
['®FINPYanalogue v [79]

In this table are reported tracers currently used only in preclinical studies and tracers already translated in
clinical research.

2. Hormone Receptors

The estrogen and progesterone receptors are overexpressed in around 75% of breast cancer either
alone or together. They are considered important biomarkers to determine prognosis and predict
the benefit of endocrine therapies in breast cancer patients [80,81]. Tumors with high levels of ER
and PR are less aggressive and more indolent than negative tumors receptor [7].

Many studies report that PET imaging, using radiolabeled agents specifically targeting ER and PR,
is able to detect receptor expression in tumor lesions [8].

Therefore, this non-invasive approach could allow the selection of eligible patients for endocrine
therapies in a very early stage [82,83]. 16a-18F-fluoro-17b-estradiol (['8F]FES), an estrogen derivative
PET tracer, is the most frequently used probe for ER imaging applications. Clinical studies have
revealed that [\8F]FES is useful to detect positive lesions both in primary and metastatic breast cancer
and in predicting response to anti-ER treatments with a good sensitivity (69-100%) and high specificity
(80-100%) [9-12]. Therefore, ['®F]JFES-PET is an appropriate imaging tool for the diagnosis, staging,
and post-therapeutic evaluation of patients with ER+ breast cancer [7]. It has been reported that this
tracer shows greater benefits than ['8F]-FDG-PET to distinguish flare reaction from a real disease
progression [13]. Furthermore, a preoperative phase study by Gemignani et al. demonstrated that
['8F]FES-PET Standardized Uptake Value (SUV) correlated with ER immunohistochemistry status in
patients with early breast cancer and with size of the primary lesion [11].

Other findings have validated the association of ['®F]FES uptake with ER concentration
and the capability of this tracer to differentiate between positive and negative ER breast carcinomas [8].
At staging, a high uptake of [\®F]FES is predictive of a good therapeutic response and an early detection
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of ER levels could increase treatment success. Furthermore, it has been described that [\8F]JFES-PET may
help in identifying patients with endocrine-resistant metastatic breast cancer that may paradoxically
benefit from estradiol therapy [14]. Recently, Wang et al. reported that ['FIFES-PET/CT could be
helpful to assess both the receptor status and the very early response to treatment with a novel
ER antagonist GDC-0810 (Figure 1) [15]. The use of this tracer in a phase I dose escalation trial
of GDC-0810 was capable to define the best dose of drug necessary to suppress ER thus reducing
dose-related toxicities [15]. Importantly, several findings showed that PET imaging using 'F-FES
might be advantageous in patients with multiple lesions that are difficult to biopsy [12,16]. A novel
estrogen PET tracer, 4-fluoro-113-methoxy-16«- 18F_fluoroestradiol (['8FJ4FMFES), was evaluated by
Paquette et al. first in a murine model of breast cancer and then in a clinical study [17,18]. The authors
compared the diagnostic potential of ["8F[4AFMFES with ['8F]FES in a phase II clinical trial carried
out in ER+ breast cancer patients. Here, they showed that ['®F]J4FMFES detected more lesions in
comparison to ['8F]FES with less background activity thus increasing diagnostic confidence and reduce
false-negative diagnoses.

Many synthetic progestins with strong affinity for PR have been used as imaging agents.
21—[13F]F1uoro—16oc—ethyl—19—n0rpr0gesterone (['8F]FENP) was the first radiolabeled progestin to be
widely studied. Unfortunately, the high uptake of this tracer in breast adipose tissue caused
its clinical application failure [19]. Nowadays, 21—[18F]—ﬂuoro—16oc,l7oc—[(R)—(1’—oc—furylmethylidene)
dioxy]-19-norpregn-4-ene-3,20-dione ([*8F]FFNP) is the PET tracer most used for PR imaging [20,21].
Its dosimetry, safety, and correlation with PR status were evaluated in a first-in-human study performed
in a small cohort of primary breast cancer patients [83]. Interestingly, a preclinical study carried out
on endocrine-sensitive ERx+ MCF7 human breast xenografts, showed that the reduction of ['8F]FENP
uptake after estrogen-deprivation therapy, compared to baseline scan, predicted a positive tumor
response [22]. Conversely, Salem K et al. observed in T47D breast tumor xenografts treated for only
3 days with 17B-estradiol, an increase of ['F]JFFNP uptake in comparison to vehicle treated animals
and a corresponding enhancement of PR levels [23]. Noteworthy, an advantage of ['F]JFENP over '8F-FES
is its ability to visualize lesions and measure PR status in patients treated with ER blocking agents, such
as tamoxifen. Currently, in an ongoing clinical trial (NCT02455453; Clinicaltrials.gov) ['*F][FFNP uptake
is being assessed as a potential predictive biomarker of endocrine therapy response in ER+ metastatic
breast cancer patients. Many studies are underway to validate the use of these tracers targeting hormone
receptors alone or in combination to guide patient management towards the most efficient and least toxic
therapies. An extensive and detailed review, focusing only on PET imaging of ER and PR, is beyond
the scope of the present paper and we refer the reader to a recent and excellent review of this topic [8].

Figure 1. Complete suppression of 16a-'8F-fluoro-17b-estradiol (FES)-avid lesions during GDC-0810
treatment. (A) Maximum intensity projection (MIP) FES- Positron Emission Tomography (PET) image
before therapy showing pathologic uptake in multiple bone structures. Uptake in liver and bowel
is physiologic. (B) MIP FES-PET image, after 2 cycles of GDC-0810 therapy, highlighted the drastic
reduction of pathologic uptake (Figure adapted from Wang Y et al. (2017) [15], Permission number
4691821140364, ©AACR).
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3. Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are often aberrantly activated during cancer progression
and are involved in mediating signaling of all cancer hallmarks [84]. These receptors include
an extracellular ligand-binding domain, a single transmembrane domain, a cytoplasmic kinase domain,
and a carboxyl terminal tail. Generally, their activation is induced by specific ligands through
dimerization and auto-phosphorylation. In many carcinomas, the gain-of-function mutations cause
the constitutive activation of RTK and an amplification of intracellular signal pathways. Different classes
of RTKs are deregulated in breast carcinoma including: the epidermal growth factor receptor family
(EGFR/erbB1/HER1, Neu/erbB2/HER?2, erbB3/HER-3, and erbB4/HER-4); vascular endothelial growth
factor receptor (VEGFR); hepatocyte growth factor receptor (HGFR/c-Met); platelet-derived growth
factor receptors (PDGFRs) and insulin-like growth factor-1 receptor (IGF-1R).

Many molecules, in particular antibodies, have been developed as imaging agents to
detect HER2 expression in breast cancer lesions. Perik et al. showed that scintigraphy with
Mndium ["'In]trastuzumab identified HER2-positive tumors but it was not useful in predicting
trastuzumab-related cardiotoxicity in metastatic breast cancer patients [24]. Similarly, in a feasibility
study on 14 patients with metastatic breast cancer, PET scan performed after administration of 8 Zirconium
[8°Zr]trastuzumab allowed the visualization and quantification of the tracer uptake in HER2-positive
lesions [25]. A very interesting study demonstrated that [#Zr]trastuzumab is able to detect the inter-lesion
heterogeneity in advanced disease and select patients who would benefit from HER2-targeting therapy
with antibody-drug conjugate trastuzumab emtansine (T-DM1) [26]. Furthermore, it was reported that
this tracer could differentiate HER2-positive from HER2-negative and identify intra-patient heterogeneity
in 20% of patients bearing numerous lesions [27]. Noteworthy, [¥Zr]trastuzumab was capable of
detecting HER2-positive metastases in a group of patients with HER2-negative primary breast cancer [28].
Furthermore, Bensch F et al. reported that [¥Zr]trastuzumab PET could support clinical decision-making
when standard approaches are not suitable to determinate HER?2 status and repeat biopsies are not
possible [29]. A representative image of [*°Zr]trastuzumab tumor uptake in a HER2-positive breast
cancer patient is reported in Figure 2. Similarly, [**Cu]DOTA-trastuzumab visualized HER2-positive
metastatic breast cancer with high precision thus providing valuable information for selection of patients
that could benefit by HER2-targeted treatments [30,31]. Recently, pertuzumab, another newer humanized
HER?2-targeting antibody, was labeled with #Zr and used for PET imaging of HER2-positive breast
cancer patients. Since pertuzumab is able to bind HER? at different sites and more efficiently compared
to trastuzumab, the employment of this tracer could improve the detection of HER2-positive lesions that
are not detected using trastuzumab [32]. This first-in-human trial demonstrated that [89Zr]pertuzumab
PET/CT may be safely performed and it is able to evaluate the HER?2 status and heterogeneity of lesions
and detect unsuspected HER2-positive metastatic disease thus helping direct HER2-targeted therapy
to appropriate patients [32]. Furthermore, pre-clinical findings showed that this tracer monitored
early response to T-DM1 therapy of HER2-positive breast cancer xenograft-bearing mice and allowed
precise detection of changes in tumor volume [33]. Many studies are ongoing to develop new HER2
targeting probes including antibody fragments, affibodies and nanobodies with superior characteristics
appropriate for imaging, such as rapid targeting and quick blood clearance, high solubility, high stability,
higher target-to-background ratios. The first-in-human application of ®*Gallium [*¥Ga]JHER2-nanobody
showed a favorable biodistribution, with the highest uptake in the kidneys, liver, and intestines
and low background levels in other organs that generally harbor tumor lesions [34]. In a phase I/II study,
the HER2-binding affibody ABY-025 was labeled with ®3Ga and used to measure HER2 levels in metastatic
in breast cancer. SUV correlated with biopsy HER2-scores (r = 0.91, p < 0.001) and PET correctly identified
the conversion and mixed expression of HER2. These observations allowed the possibility to change
the treatments in 3 of the 16 patients [35]. The tumor-targeting potential of the anti-HER2 nanobodies 5F7
and 2Rs15d labeled with 18F were assessed in a subcutaneous HER2-positive breast cancer murine model
and in brain metastases [36,37]. Notably, it has been reported the involvement of HER3 in the development
of the resistance to anti-HER?2 therapies in breast cancer [85]. A specific monoclonal anti-HER3 antibody,
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patritumab, was labeled with ®*Cu and its safety, dosimetry, and binding were assessed in a group of
patients with advance solid tumors including breast cancer [38]. Wehrenberg-Klee et al. demonstrated
in a preclinical study that SUVmean of [**Culanti-HER3-F(ab’)2 increased in MDAMB468 xenografts
treated with the AKT (Protein Kinase B) inhibitor GDC-0068 when compared to untreated control.
The enhancement of tracer uptake in tumor correlated with HER3 levels and resistance to therapy [39].

The Vascular endothelial growth factor/Vascular endothelial growth factor receptor (VEGF/VEGFR)
axis takes part in the regulation of angiogenesis in breast cancer, therefore, several molecules
were developed to target it and then tested as anticancer agents and imaging probes [86].
3-Piperidinylethoxy-anilinoquinazoline (PAQ) an analog to TKI vandetanib, with 40-fold stronger
inhibitory properties for the VEGFR-2, was labeled with ''C and used as PET probe for monitoring
anticancer treatment in the MMTV-PyMT/FVB (PyMT) transgenic mouse breast cancer model [40].
Mice treated with vehicle, or the anti-VEGFA murine antibody B20-4.1.1, or paclitaxel (PTX) in
combination or as single agents showed a SUVmax significantly reduced after 4 days in the B20-4.1.1/PTX
combinational and B20-4.1.1 monotherapy groups (p < 0.0005 and p < 0.003, respectively).

The Hepatocyte growth factor (HGF) receptor (c-Met) is overexpressed in basal-like phenotype of
breast cancer that includes the aggressive TNBC sub-group [41,42]. PET imaging with ['®F]AH113804
peptide, which has high affinity for human c-Met allowed the early recognition of locoregional tumor
recurrence in a human basal-like murine breast cancer model [43]. The expression of the insulin-like
growth factor 1 (IGF-1R) is assumed to be linked with the overall survival of breast cancer patients.
Furthermore, phosphorylated IGF-1R appears to be an encouraging indicator for predicting clinical
outcomes and may be an attractive target to improve antitumor treatment efficacy in patients with
HER2-, ER+, and luminal B tumors. [87]. The antibody R1507 targeting IGF-1R and labeled with
M1n for SPECT and #Zr for PET imaging, respectively, clearly visualized the subcutaneous TNBC
SUM149 xenografts [44]. In the same animal model [M1In]F(ab’)2 fragments showed an improved
ability to target tumors expressing IGF-1R and a higher tumor-to-blood ratio in comparison to
[MMIn]R1507 [45]. Many fibrotic diseases and malignant tumors are associated with platelet-derived
growth factor receptor beta (PDGFRf3) overexpression and disproportionate signaling, making this
receptor attractive for molecular targeting and imaging approaches. Recently, in a subgroup of
mesenchymal TNBCs with invasive and stem-like phenotype, the role played by PDGFR as a suitable
biomarker was investigated and the aptamer Gint4.T specifically targeting this receptor was proposed
as a high effective tool for the imaging and suppression of TNBC lung metastases [88-90].

f': % ¢
’ ; :

[¥Zrltrastuzumab

Figure 2. [3°Zr]trastuzumab PET scan of a patient with HER2-positive breast cancer. (Figure adapted
with permission from Bensch F et al. (2018) [29] Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/).
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4. Integrin Receptors

The integrin families are heterodymeric cell adhesion receptors composed of non-covalently
associated aand 3 subunits that promote cell attachment and migration on the neighboring extracellular
matrix (ECM). They regulate diverse cellular functions such as migration, invasion, proliferation,
and survival, which are crucial to the initiation, progression, and metastasis of solid tumors [91].

In several tumor types, including breast cancer, the expression of specific integrins is associated
with a worse patient prognosis and survival [91]. Integrins are capable of clustering together growth
factors receptors in the membrane where they physically interact with each other to coordinate different
pathways [92]. Interestingly, Stewart RL et al. observed a cross-talk between integrin «634 and HER2
in breast cancer [93]. Recently, it was reported that integrin av33 is correlated with EGFR when TNBC
cells were cultured on matrigel or injected subcutaneously in nude mice to form tumors, and this
interaction was hampered by treatment with a specific EGFR aptamer CL4 both in vitro and in vivo [94].
This integrin is significantly up regulated on activated-endothelial cells and not on quiescent endothelial
cells [95] and plays a crucial role in promoting tumor neo-angiogenesis and metastasis in aggressive
tumors [91]. Therefore, labeled integrin antagonists could provide interesting diagnostic tools
to assess the effectiveness of new anti-angiogenic and anti-tumoral therapies in breast cancer.
Many molecules targeting «v[33 and harboring the same RGD (arginine-glycine-aspartic acid)
sequence present in some ECM proteins, such as vitronectin and fibronectin, have been designed
and developed as instruments for imaging and therapy [96-100]. ®F-Galacto-RGD was the first
PET tracer applied in patients which successfully imaged av(3 expression in human tumors
including breast carcinomas with excellent tumor-background [46]. Several imaging studies using
other RGD-containing radiolabeled peptides, such as [8F]AH111585 and [*™Tc]NC100692, were
carried out to visualize malignant lesions in small cohorts of patients with breast cancer [47,48].
Moreover, variations in tracer design have been introduced to further improve the performance
of av33 imaging, e.g., the development of multimeric-RGD peptides able to recognize multivalent
binding sites in RGD-containing ECM-proteins [101]. A pEGylated-dimeric-RGD (PEG3-E[c{RGDyk}]2)
(FPPRGD?2) labeled with [*®F] showed high and specific uptake in the primary tumor as well as in
the metastases, with no safety issues in breast cancer patients. In addition, this probe showed higher
average SUVmax when compared to monomeric RGD peptides [49]. [*™Tc]3PRGD2 tracer was
evaluated for differential diagnosis of breast cancer and compared with traditional mammography [50].
When two methods were combined, the accuracy of diagnosis of breast cancer lesions enhanced greatly,
especially for the dense mammary gland. Furthermore, [*’™Tc]3PRGD2 imaging had good performance
for diagnosing primary breast tumor compared to [®8F][FDG PET/CT but showed lower sensitivity
for identifying smaller metastatic lesions in the lymph nodes [51]. Moreover, the tracer uptake was
related with integrin av33 expression (r = 0.582; p = 0.001) and was greater in HER2-positive and stage
M-IV patients (p < 0.05) [51]. A correlation between ['8F]FDG and [®Ga]RGD in patients with
large or advanced invasive ductal breast cancer showed that SUVavg and SUVmax for ['8F]FDG was
significantly higher in the ER negative and PR negative groups whereas these same parameters were
significantly higher for [®8Ga]RGD in the HER2-positive group [52]. Recently, a fluoride-aluminum
complex, ['®FJAI-NOTA-PRGD2 (denoted as '8F-Alfatide IT), was developed and used in differentiating
breast cancer from benign breast lesions [53]. Breast carcinoma showed relatively higher tracer
uptake with a SUVmax of 3.77 + 1.78 and SUVmean of 2.25 + 0.98 compared to benign breast lesions.
Furthermore, the authors showed that [\8F]Alfatide IT had comparable diagnostic value to [I8FIFDG,
but it was not superior in identifying breast cancer lesions. Interestingly, a heterodimeric peptide was
synthesized from bombesin(7-14) (BBN) and ¢(RGDyK) and labeled with [8Gal, ([°3Ga]BBN-RGD),
to target gastrin-releasing peptide receptor (GRPR) together with integrin «v(33 [54,55]. This tracer
showed several advantages compared to the corresponding monomers because of the multivalency
effects that result in an improved binding affinity and increased number of effective receptors [54,55]
(Figure 3). Significant correlations were identified between SUVmean determined by [#3Ga]BBN-RGD
PET and GRPR (12 = 0.4791, p <0.0001) and integrin av33 (2 = 0.3664, p < 0.001). The correlation was
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greater when the sum of integrin av33 and GRPR was applied. [*®Ga]BBN-RGD PET/CT was capable
of visualizing primary breast cancer, axillary lymph nodes, and distant metastases. Recently, Li et al.
provided pilot clinical evidence that tumor ['*®FJRGD uptake parameters at baseline are predictive for
the therapeutic response to apatinib, an oral antiangiogenic drug, in breast cancer patients with local
or metastatic lesions [56]. Patients whose lesions had a higher SUVmean responded better to treatment
and showed a longer progression-free survival than those with a lower SUVmean.

Many reports have shown that tumors originating from the breast express elevated levels of xv[36
integrin, therefore a specific peptide that targets this receptor has been developed and labeled with '8F
for PET imaging. In a first-in-human study, the uptake of this probe was detected in primary breast
lesions and lymph node metastases in stage IV invasive breast cancer [57].

Figure 3. PET/CT imaging of gastrin-releasing peptide receptor and integrin «v{3 expression using
the heterodimeric tracer [*®Ga]BBN-RGD, in a patient with ER+, PR+, and HER2+ invasive ductal
carcinoma. (Figure adapted with permission from Zhang J. et al. (2018) [55] Creative Commons
Attribution (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/).

5. Chemokine Receptors

Chemokines belong to a family of molecules that regulate many cellular functions by binding
to G-protein-coupled receptors (GPCRs) with seven transmembrane domains. Upon binding to
their specific ligand, they undergo a conformational change leading to the activation of intracellular
signal pathways that evoke different cellular responses. The chemokine system comprises almost 50
chemokines and approximately 20 chemokine receptors. These receptors are classified as CC, CXC,
CX3C, or XC based on the subfamily of their preferred ligands [102]. Interaction between chemokines
and their specific receptors are critical to different biological processes in cancer progression such
as tumor cell growth, tumor angiogenesis, organ-directed metastasis [103]. Particularly, chemokines
and chemokine receptors such as CXCL12/CXCR4-CXCR7, CXCL16/CXCR6, CCL25/CCR9, CCL2/CCR2,
and CCL5/CCR5 are found to play a crucial part in breast cancer progression [104].

The involvement of CXCL12/CXCR4 axis is well known in metastatic spreading, drug resistance,
and overall worse diagnosis in breast carcinoma [105,106]. Furthermore, it facilitates cancer cell survival
by allowing immune evasion and creating a favorable microenvironment for cancer cells to grow within
the metastatic niche [107]. Promising molecules targeting CXCR4 have been developed for imaging
and therapy [108,109]. A bicyclam-based antagonist AMD3100 (Plerixafor) was the first drug designed
to block CXCR4 and to be used in humans [110]. Recently, Pernas et al. reported a phase 1 activity of
balixafortide (CXCR4 antagonist) in combination with eribulin in heavily pretreated, relapsed metastatic
breast cancer patients [111]. The tolerability and safety of this combination (balixafortide and eribulin)
was comparable to that of each individual, and these two drugs together showed promising results in
HER?2 negative metastatic breast cancer patients. The application of molecular imaging with probes
targeting CXCR4 could help to differentiate patients, monitor anti-CXCR4 therapy, and to clarify
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the intricate systemic effects. To visualize CXCR4 expressing tumor lesions, CXCR4 inhibitor AMD3100
was radiolabeled with [*Cu] and used for PET imaging. In preclinical studies, [¢*Cu]AMD3100 was
able to image breast cancer xenografts as well as lung metastases [58]. Similarly, tumor uptake of a ®*Cu
doped gold nanoclusters conjugated with AMD3100 ([**Cu] AuNCs-AMD3100) tracer correlated with
CXCR4 expression in a 4T1 orthotopic mouse breast cancer. Furthermore, this probe was better than
[##Cu]AMD3100 alone in detecting initial-stage lesions and pre-metastatic niches in lungs [59]. A first
pilot study with [*8Ga]Pentixafor was carried out in a limited and heterogeneous group of patients
with solid tumors including three patients with breast cancer [60]. Compared with ['8F]FDG PET,
this tracer showed a lower SUVmax in all measured malignant lesions. Afterwards, these observations
were confirmed on a broader range of breast carcinomas with different histological features where
[¢8Ga]Pentixafor uptake in tumor lesions was considerably lower compared to ['8F]FDG [61] (Figure 4).
Noteworthy, it has been reported that CXCR4 signaling could promote ER positive breast cancer to
a therapy-resistant, estrogen-independent phenotype [112]. Therefore, imaging of CXCR4 in these
circumstances may benefit from longitudinal spatio-temporal data on tumor development/metastasis
during estrogen deprivation therapy. Recently, a cyclam-based small molecule radioprobe ['®FIMCFB
was developed and evaluated for imaging of CXCR4 expression in breast carcinoma xenografts [62].
The atypical chemokine receptor ACKR3 (CXCR?) is undetectable in normal breast tissues whereas is
overexpressed in more than 30% of breast carcinomas [113]. Furthermore, the overexpression of this
receptor is associated with poor overall survival and reduced lung metastasis—free survival in patients
with invasive ductal carcinomas and with reduced relapse-free survival in patients with ER positive
breast cancer [114]. In vivo [Zr]ACKR3-mADb PET and ex vivo biodistribution studies performed
in mice harboring TNBC tumors with graded ACKR3 expression levels, showed a direct correlation
between tracer uptake and ACKR3 levels [63]. The signal specificity was verified through blocking
studies performed in the presence of unlabeled ACKR3-mAb, which caused a significant reduction of
tracer uptake in high-ACKR3-expressing tumors.

-
"
-

Figure 4. [®Ga]Pentixafor PET scan of a patient with invasive ductal primary breast carcinoma prior
to treatment. (A) Coronal CT reconstruction shows contrast enhancement in a lesion in the right breast.
(B) The tumor is visually detectable with [®®Ga]Pentixafor. (Figure adapted with permission from
Vag T. etal. (2018) [61] Creative Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/).

6. Immune Checkpoint Receptors

Tumors avoid the host immune system by activating biological systems, which in turn
suppress antigen exposition and effector cells and create an immunosuppressive milieu in the cancer
microenvironment [115]. Cancer cells activating inhibitory immune checkpoint proteins such as PD-1
(program death 1) receptor and PD-L1 (programmed cell death-ligand 1) evade and suppress immune
responses [116]. PD-1 receptor is a trans-membrane receptor present on a variety of immune
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cells, such as monocytes, T cells, B cells, dendritic cells, and tumor-infiltrating lymphocytes (TILs).
Conversely, PD-L1 is expressed by tumor and antigen presenting cells (APCs) and the binding of
PD-L1 to PD-1 present on T cells leads to their dysfunction, exhaustion, and neutralization [117].
Therefore, PD-L1 overexpression protects tumor cells from T cell (CD8+) cytotoxicity [118]. In addition,
B7-1 (CD80), another molecule expressed by T cells and APCs, is able to interact with PD-L1
promoting a negative regulation of T cell activation [119]. In this manner tumors create and uphold
an immunosuppressive environment, which endorse cancer cell escape from immune surveillance.
Immunotherapeutic approaches aim to trigger adaptive and native innate anti-tumor by reversing
tumor-mediate immune suppression.

In breast carcinoma, PD-1/PD-L1 expression has been associated with large tumor size, high grade,
high proliferation, estrogen receptor-negative status, and HER2-positive status [120] and it is inversely
correlated with survival [121]. In metastatic breast cancer, initial clinical trials with immune checkpoint
inhibitors have shown modest but interesting responses [122]. Treatment combinations with checkpoint
blockade and chemotherapy in the neo-adjuvant setting caused an enhancement of pCR rates in
comparison with chemotherapy alone [122]. Currently, checkpoint inhibitors in clinical trials for
aggressive metastatic breast cancer, alone or together with conventional therapies, include anti-PD-1
antibodies such as pembrolizumab and nivolumab or anti-PD-L1 antibodies such as avelumab
and atezolizumab [122]. At present, routine analysis of PD-1/PD-L1 expression is performed by
immunohistochemistry on bioptic samples and used to guide immunotherapy. Interestingly, current
studies have spotlighted the potential of molecular imaging to visualize the levels of these receptors
non-invasively in whole tumor lesions and metastases. The longitudinal monitoring of PD-L1
levels could serve as a predictive biomarker to select patients for therapy with immune checkpoint
inhibitors or as a tool to monitor PD-L1 expression during conventional anticancer treatments.
For the first time, Heskamp et al. showed the feasibility of imaging PD-L1 expression in tumors
noninvasively using a monoclonal antibody (PD-L1.3.1) radiolabeled with !''In [64]. In this study,
they observed using SPECT/CT that [!M'In]PD-L1.3.1 accumulated in high PD-L1-expressing breast
(MDA-MB-231 and SK-Br-3) cancer xenografts while no specific uptake was observed in breast tumors
with no or undetectable levels of PD-L1 (SUM149, BT474, and MCF-7). Imaging and biodistribution
studies in an immune-competent transgenic mouse model of breast carcinoma, reflecting the role of
PD-L1 in the immune system, were performed using a murine anti-PD-L1 antibody conjugated to
[MM"In]DTPA [65]. Whole body SPECT images showed high signal intensity of [Mn]DTPA-anti-PD-L1
in the tumors and in potentially cross-reactive organs such the thymus and the spleen [65]. Recently,
an FDA (Food and Drug Administration) approved antibody atezolizumab (MPDL3280A) was used
together with nab-paclitaxel for the first-line treatment of locally advanced unresectable or metastatic
PD-L1-positive TNBC. This is a humanized monoclonal IgG1k antibody with high affinity for both
human and mouse PD-L1. Lesniak et al. conjugated atezolizumab with DOTAGA and radiolabelled it
with %4Cu to perform PET/CT imaging on MDA-MB-231 and SUM149 breast carcinoma xenografts
and on a syngeneic orthotopic breast cancer mouse model (4T1) [66]. They showed that the uptake
of [**Culatezolizumab was higher in PD-L1 overexpressing tumors (MDA-MB-231) in comparison
to xenografts that express low levels of this receptor (SUM149). Comparable results were obtained
when the same breast cancer animal models underwent SPECT/CT with [111In]atezolizumab [67].
Recently, Heskamp et al. for the first time performed imaging studies using [ In]-PD-L1-mAb in
a humanized breast carcinoma murine harboring PD-L1 expressing immune cells. They demonstrated
that despite the presence of activated PD-L1-expressing human immune cells, the visualization of PD-L1
overexpressing tumors remained feasible [68]. Furthermore, they reported that [ InJanti-mPD-L1
micro SPECT/CT could also sensitively monitor radiotherapy-related alteration of PD-L1 expression
in tumors. Although, radiolabeled antibodies can offer data at specific doses, they have not been
used to calculate the extent of PD-L1 drug engagement in patients, in part due to their prolonged
circulation time. Notably, Kumar et al. reported that a high-affinity PD-L1-specific peptide (WL12)
radiolabeled with ®4Cu, was able to measure the PD-L1 engagement of each therapeutic antibody
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at the tumor, independently of its biophysical characteristics and in vivo kinetics [69]. These quantitative
methods through mathematical modeling allow the calculation of antibody doses necessary to
accomplish therapeutically effective occupancy (outlined < 90%). Noteworthy, this study demonstrates
the molecular imaging approach is able to predict the necessary dose to reach effective drug efficacy
assessing the binding of novel molecules to target specific receptors.

In a first-in-human assessment of [3°Zr]atezolizumab carried out in a group of 22 patients
with bladder cancer (9 patients), NSCLC (9 patients), and TNBC (4 patients), prior to start
atezolizumab therapy, tracer uptake appeared to be a good predictor of treatment response.
Noteworthy, clinical responses in these patients were better correlated with pretreatment PET signal
than with immunohistochemistry-or RNA-sequencing based predictive biomarkers [70] (Figure 5).

]

Figure 5. Representative PET/CT image of bone metastasis of a Triple-Negative Breast Cancer patient
with [%Zr]atezolizumab on day 7 post injection (SUVmax 7.1). (Figure adapted from Bensch F et al.
(2018) [70], Permission number 4691820293672, ©Springer Nature).

7. Somatostatin Receptors, Gastrin Releasing Peptide Receptors, and Neuropeptide Y Receptors

It is well known that members of the somatostatin receptor family (SSTR) are overexpressed in
neuroendocrine tumors whereas in breast carcinoma their role is not yet well clarified. Many years
ago, Reubi et al. showed, through in vitro receptor autoradiography performed with a somatostatin
analog labeled with [12°I] on 342 breast cancer samples, that the levels of SSTR ranged from 21% in
small tumor lesions to 46% in larger tumor lesions [123]. Furthermore, a low expression of subtype
2 SSTR was observed in normal breast tissue compared to malignant lesions [124]. A significant
positive correlation between SSTR2 and ER expression was reported [125] as well as estrogen-mediated
regulation of SSTR2 expression [126]. Similarly, Dalm et al. observed, in a cohort of 684 patients
with LN-negative breast cancer, a strong correlation between ER, SSTR, and PR and suggested
the possibility to use SSTR radiolabeled ligands to guide breast cancer therapy in estrogen-resistant
patients [127]. Analogues of somatostatin such as octreotide and its derivatives, labeled with
different radionuclides 8Ga, OYttrium [90Y], and 77Lutetium [177Lu] are used in the imaging
and therapy of neuroendrocrine tumors [128]. Recently, several investigations have occurred using
these tracers in different tumor types including breast cancer [129]. Chereau and colleagues observed
that [®8Ga]DOTATOC (DOTA-DPhel-Tyr3—Octreotide) was able to visualize breast cancer xenografts
overexpressing SSTR2 that were undetected using ['®FJFDG [71]. An autoradiographic study onan array
of human breast cancer tissues showed that the antagonist [Y77Lu]DOTABASS had greater binding
affinity to SSTR2 in comparison with the established agonist radioligand ['7”Lu]DOTATATE [72].
Conversely, Dude et al. reported in a murine model of human breast cancer, overexpressing this
receptor that the agonists [¢8Ga]DOTATOC (18.4 + 2.9% ID/g) and [¢8Ga]DOTATATE (15.2 + 2.2% ID/g,
ns) had higher tumor uptake compared to [®Ga]NODAGA-JR11 (12.2 + 0.8% ID/g, p < 0.001) [73].

Gastrin releasing peptide receptor (GRPR) is a G-protein coupled receptor of the bombesin family
expressed in most human cancers and represents an appealing biomarker for imaging and therapy
of tumors. Recently, GRPR overexpression was found in 75.8% of breast carcinomas and was highly
linked with ER positivity [130]. Maina et al. introduced a novel GRPR antagonist [#8Ga]SB3 for
imaging studies and showed that it had high GRPR-affinity, good in vivo stability, and excellent
targeting efficacy. In the first clinical PET/CT study carried out on a group of breast cancer patients,
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this tracer allowed the visualization of 50% of tumor lesions [74]. Another GRPR antagonist, RM2,
was labeled with %Ga and used for the PET/CT pre-treatment staging of patients with primary
breast carcinoma already confirmed by biopsy [75] (Figure 6). [*®Ga]RM2 uptakes were strongly
increased in 87% of tumors in comparison to healthy breast tissue and a strong association amongst
GRPR binding and the ER and PR was observed. Noteworthy, this tracer was capable of detecting
internal mammary lymph nodes and contralateral axillary lymph node metastasis (verified by biopsy)
and bone metastases (undetected by bone scan and CT). Recently, a retrospective study performed
with [®Ga]RM2 and '8F-FDG indicated that GRPR targeting imaging could be complementary or
superior to ['8F]JFDG in ER-positive tumors with a low proliferation index [131]. A prospective pilot
study was performed on 35 women with suspicion of breast cancer, based on mammography or
ultrasonography, using [*8Ga]NOTA-RM26 PET/CT [76]. This tracer uptake was high in tumor lesions
and correlated significantly with ER+ expression. Interesting studies evaluated a novel radiolabeled
GRPR antagonist, NeoBOMB1, radiolabeled with [¢7/68Ga/M In/177Lu] as a theranostic tool in a prostate
cancer animal model [132] and in prostate cancer patients [133]. Recently, on the basis of these
observations, the same authors investigated the potential of this molecule as an agent for imaging
and therapy of GRPR-positive mammary carcinoma and reported the ability of [6”Ga]NeoBOMBI to
specifically localize in the tumors of mice bearing T-47D breast xenografts [77].
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Figure 6. [®®Ga]RM2-PET in a patient with bilateral invasive ductal breast carcinoma; the tumor, on
the right side was ER/PR positive and showed a strongly positive uptake, while the lesion on the left
side was ER/PR negative and showed a weak uptake. Pancreas, esophagus, and rectum uptake is
physiological. (Unmodified from Stoykow C. et al. (2016) [75]).

Notably, it has been observed that 85% of primary breast cancer and 100% of lymph node
metastases express high levels of the sub-type 1 of the human neuropeptide Y receptor family [134].
This is a G-protein coupled receptor family and includes, besides Y1R, other three isoforms (Y2R, Y4R,
and Y5R) [135]. In addition, Reubi et al. reported a shift from Y2R expression observed in healthy tissue
to Y1R during neoplastic transformation [132]. Based on these findings, Khan and colleagues developed
an analogous of the neuropeptide Y (NPY) and, after labeling it with [**™TC], they tested it for imaging
of YIR in four breast cancer patients showing different stages of disease [78]. They found that
the tracer was able to visualize tumor and metastases whereas normal tissues showed only background
radiation [78]. Interestingly, because it was observed in ER+ breast cancer cells (MCF-7) that estrogen
induced up-regulation of YIR mRNA [136], Memminger M et al. evaluated the potential of Y1R
as a diagnostic target in ER+ breast cancer [137]. They investigated the effect of estradiol and tamoxifen
treatment on the Y1R level in MCE-7 xenografts, through tissue autoradiography using the selective
Y1R antagonist [PH]-UR-MK114. They found that the diagnostic value of the Y1R was compromised
because anti-estrogen therapy caused receptor down-regulation. Although the majority of breast
cancer tumors are ER+, in the very aggressive triple-negative forms lacking this receptor, YIR could be
an interesting imaging biomarker to investigate. Furthermore, a ['8F]-labeled high-molecular-weight
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NPY glycopeptide tracer for PET imaging was developed and its ability to detect YIR expression
in vivo was tested and validated in MCF-7 tumor-bearing nude mice [79].

8. Summary

Nowadays, despite the well-known molecular heterogeneity of breast cancer and the identification
of important mutations that characterize different subtypes, the only clinically relevant biomarkers
and validated therapeutic targets are the hormone receptors ER, PR, and HER2. During disease
progression and in response to conventional and non-conventional treatments, the receptor status
can change and multiple biopsies are not always applicable. Therefore, the development of agents
for nuclear imaging that allow the specific detection of receptor expression could contribute to
improve patient management. In this review, we report some of the most recent studies focusing on
the development and characterization of novel nuclear tracers targeting specific receptors that could
be good candidates for innovative and strategic therapeutic approaches (Figure 7).
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Figure 7. Schematic model illustrating nuclear tracers targeting specific receptors that are candidate for
the theranostic approach.

There are many advantages that imaging techniques offer in comparison to traditional approaches
that need bioptic samples. Firstly, they permit the non-invasive visualization and quantification
of receptor patterning in whole-body, taking into account the inter- and intra-variability of lesions.
Importantly, longitudinal studies carried out on the same patient can help clinical decision-making
very early by following the evolution of receptor status. To date, ['*F]FES and ['SF4FMFES are
the main tracers used for ER detection in breast cancer. In addition, targeting PR using ['®F]FFNP
could be useful in-patient imaging when ER sites are saturated by tamoxifen treatment. The antibodies
used in clinical trials for HER2 overexpressing tumors, trastuzumab and pertuzumab, labeled with
positron radionuclides, are showing great potential as PET agents. Importantly, they are able to
detect HER2-expressing metastases derived from primary negative breast cancer. To improve tissue
penetration and increase signal-to-noise ratio of these tracers, smaller molecules such as antibody
fragments, affibodies, and nanobodies have been developed for imaging applications and tested in
pre-clinical and preliminary clinical studies. Several mechanisms are implicated in the emergence of
resistance to hormone and HER2 targeting treatments, therefore some alternative targets are undergoing
evaluation for the imaging and therapy of breast cancer. For example, probes targeting other RTKs
besides HER2—such as HER3, VEGFR, and IGF-1R have been evaluated in breast cancer animal
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models. In the last decades, it has been clarified that «v(33 integrin expression is associated with a more
aggressive phenotype of breast cancer given its role in both angiogenesis and metastatic processes.
In 2008, Beer et al. reported [46], for the first time, the capability of [!8F]Galacto-RGD to visualize
the expression of this receptor in breast cancer patients. Subsequently, many other tracers binding
av3 with improved in vivo performance have been assessed in pre-clinical studies. A recent work by
Li and colleagues [56] showed how ['8F]-ALF-NOTA-PRGD2 detecting av33 could predict a better
response to anti-angiogenic therapy in many solid tumors including breast cancer. The application
of dual targeting probes, such as [®®Ga]BBN-RGD, may have higher targeting efficacy aside from
superior specificity than their corresponding mono-specific probes. Noteworthy, the initial results from
a first-in-human study including TNBC patients showed that PET with [*Zr]atezolizumab was able to
detect PD-L1 status and predict response to atezolizumab therapy. Furthermore, Kumar et al. showed
that PET imaging with a peptide radiotracer targeting PD-L1, [**Cu]WL12, may predict antibody dose
needed to achieve therapeutically effective occupancy [69]. Moreover, other receptors such as SSTR,
GRPR, and YIR have been described to be also overexpressed in breast cancer, and radiotracers
targeting them are used ongoing in preclinical and in-first-human clinical studies.

9. Conclusions and Future Perspectives

Many studies discussed in this review evaluated the same molecule both as an imaging agent
and as an anti-cancer drug thus performing a theranostic approach (Table 2). This is an emerging
field of medicine that by combining diagnostic tools and therapeutic strategies allows simultaneously
or sequentially diagnosis, treatment, and monitoring drug response [138,139]. Considering that,
with the exception of hormone receptors, most of the theranostic agents are currently evaluated in
pre-clinical stages or in small groups of patients, further studies are still needed to translate them for
clinical use. However, there are encouraging data suggesting that nuclear imaging may be a valid
instrument to select breast cancer patients that could benefit from receptor targeted therapies and to
monitor very early therapeutic response. Several studies are ongoing to validate promising probes that
could help clinicians choose tailored treatments for each patient thus reducing therapeutic failures.

Table 2. Molecular Imaging for targeted therapy response assessment.

Target Tracer Therapy Type of Study Ref.
ER ['8F]FES ER antagonist GDC-0810 patients with ER-positive [15]
metastatic breast cancer
HER2 [®Zr]trastuzumab antibody-drug conjugate patients with advanced [26]
trastuzumab emtansine (T-DM1) HER2-positive breast cancer
HER2 [#9Zr]pertuzumab antibody-drug conjugate mice bearing HER2+ breast cancer  [33]
trastuzumab emtansine (T-DM1) xenografts (BT-474)
HER3 [¢*Culanti-HER3-F(ab’)2  AKT inhibitor GDC-0068 mice bearing breast cancer [39]
xenografts (MDAMB468)
VEGFR  (R)-[11CJPAQ anti-VEGFA antibody (B20-4.1.1) ~ MMTV-PyMT/FVB (PyMT) [40]
and/or paclitaxel (PTX) transgenic mouse breast cancer
avp3 [I8F]RGD apatinib breast cancer patients with local or ~ [56]
metastatic lesions
PD-L1 [89Zr]atezolizumab atezolizumab TNBC patients [70]
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Abstract: Meningiomas account for approximately 30% of all new diagnoses of intracranial masses.
The 2016 World Health Organization’s (WHO) classification currently represents the clinical standard
for meningioma’s grading and prognostic stratification. However, watchful waiting is frequently
the chosen treatment option, although this means the absence of a certain histological diagnosis.
Consequently, MRI (or less frequently CT) brain imaging currently represents the unique available tool
to define diagnosis, grading, and treatment planning in many cases. Nonetheless, these neuroimaging
modalities show some limitations, particularly in the evaluation of skull base lesions. The emerging
evidence supporting the use of radiolabelled somatostatin receptor analogues (such as dota-peptides)
to provide molecular imaging of meningiomas might at least partially overcome these limitations.
Moreover, their potential therapeutic usage might enrich the current clinical offering for these
patients. Starting from the strengths and weaknesses of structural and functional neuroimaging in
meningiomas, in the present article we systematically reviewed the published studies regarding the
use of radiolabelled dota-peptides in surgery and radiotherapy planning, in the restaging of treated
patients, as well as in peptide-receptor radionuclide therapy of meningioma.

Keywords: meningioma; somatostatin receptor; neuroimaging; positron emission tomography;
radionuclide therapy
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1. Introduction

Meningioma is the most common primary brain tumour, accounting for 36% of all intracranial
tumours [1]. Its clinical detection is usually related to the occurrence of symptoms when it reaches
a large size [2]. However, with the increasing availability of neuroimaging, incidentally discovered
meningiomas are becoming more frequent [3]. The preferred clinical management is heavily based on
clinical profile and histopathology. In particular, according to the World Health Organization (WHO)
histopathological grading, meningiomas can be classified as benign (WHO I), showing slow growth and
a low recurrence rate, atypical (WHO II), or malignant (WHO III), showing a more aggressive clinical
behaviour [4-6]. The most common treatment options are represented by neurosurgery and, in cases of
contraindication, various radiotherapy options, including the emerging heavy particle radiotherapy [7].
However, it has been reported that after gross total resection, 12-19% of all tumours, including WHO
grade I, recur within the first two decades [8,9]. Similarly, a tumour control rate varying from 85% to
100% at 5 years has been reported after radiation therapy as a first-line treatment in patients not eligible
for surgery, regardless of WHO grading [10,11]. This situation is presumably related to the existence of
unfavourable biological variables which, in turn, potentially instigate tumour recurrence, regardless
of the histopathological grading. A representative example is represented by radiation-induced
meningiomas, in which a higher frequency of malignant features at histopathology or multifocality,
as well as higher recurrent-rates, have been reported concerning spontaneous meningioma [12,13].
On the other hand, in many cases, clinical observation with serial surveillance neuroimaging remains
the preferred choice, particularly in asymptomatic slow-growing meningioma [3]. However, there is no
class I or II evidence to support this convention. Moreover, delaying therapeutic intervention implies
renouncing the obtaining of a definitive histopathological diagnosis, at least in the early phases of the
clinical assessment, making neuroimaging the only source of information able to impact on clinical
decision making.

For the above-mentioned reasons, in the last years, several molecular, genetic, and neuroimaging
biomarkers have been developed, completing the histopathological classification and giving new
insights into prognosis and treatment options [14]. Among them, the somatostatin receptor (SSTR)
type 2 expression on meningioma cellular surface has recently emerged, with the consequent clinical
implication related to the potential use of radiolabelled somatostatin receptor analogues (such as
dota-peptides) for both diagnostic and therapeutic purposes. However, SSTR-targeted radionuclide
imaging and therapy are, to date, still far from being included in the standard of care of meningioma,
as the European Association of Neuro-Oncology (EANO) guidelines have included these approaches
only in the “future directions” of meningioma'’s clinical practice [15]. In particular, the additive value
of SSTR functional imaging with morphological neuroimaging technologies and the exact location of
SSTR-targeted radionuclide therapy in the therapeutic flow-chart of meningiomas are still not fully
defined. Starting from the strengths and weaknesses of morphological and functional neuroimaging in
meningiomas, in the present article we systematically reviewed the published evidence regarding the
use of radiolabelled dota-peptides in surgery and radiotherapy planning, in the restaging of treated
patients, as well as in peptide-receptor radionuclide therapy.

2. Methods

We searched the PubMed, PMC, Scopus, Google Scholar, Embase, Web of Science and Cochrane
library databases (up to June 2019), using the following as both text and as MeSH terms: “dota-peptides”,
“somatostatin receptor”, “CT”, “MRI”, “Positron emission tomography” (PET), “PET”, “PET/CT”,
“PET/MRI”, and “meningioma”. No language restriction was applied to the search, but only articles
in English were reviewed. A further literature search focused on the application of radiolabelled
dota-peptides for therapeutic purposes was also performed through the same databases using the
following terms: “meningioma”, “PRRT”, “177Lu”, “0y”, “Mn”, “somatostatin”, and “SSTR”,
singularly and in cross-reference. Due to the large existing literature about CT and MRI in the diagnosis
of meningioma, these articles were not systematically reviewed. Therefore, the corresponding section
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represents a narrative description of the radiological background for PET imaging in this field. Similarly,
anarrative description of PET tracers, other than SSTR-targeted, was included. The systematic literature
search returned 354 articles for PET imaging and 270 articles for Peptide Receptor Radionuclide Therapy
(PRRT). According to PRISMA flow-chart, after duplicate removal, 24 and 27 articles for PET imaging
and PRRT have been considered, respectively. These articles were fully read and analysed according to
the title and abstract, as previously described [16]: this approach led to the exclusion of 573 articles for
reasons reported in Supplementary Figures S1 and S2. Obtained articles were enough to be discussed
separately by the clinical indication.

3. Diagnostic Challenges for MRI Imaging in Meningioma

MRI is the modality of choice to image meningiomas, due to its striking contrast resolution
and multiparametric characteristics. In addition to MRI, CT has a well-established role in specific
cases where calcification and bone changes adjacent to the lesion are present. Several MRI features of
meningioma can be helpful to reach the diagnosis, although atypical imaging findings and pitfalls
related to artifacts may lead to a wrong interpretation of images, with the diagnosis becoming
challenging in some settings. Furthermore, it should be considered that several neoplastic and
non-neoplastic conditions may resemble meningioma.

Meningiomas typically appear as extra-axial round or lobulated lesions with well-defined margins
and broad dural base. These lesions can be observed along any of the outer surfaces of the brain
and within the ventricular system, where they arise from the choroid plexus. These lesions are more
frequently located in the parasagittal aspect of brain convexity, the convexity of the lateral hemisphere,
the sphenoid wing, the middle cranial fossa, and the olfactory sulcus [17]. Meningiomas generally show
homogeneous signal intensity, although many variants with different appearances can be encountered.
The typical MRI signal consists of iso-hypointensity relative to grey matter on T1-weighted images and
variable intensity on T2-weighted images (ranging from iso to hyperintense). However, they can also
appear hypointense on T2-weighted images due to the fibro-collagenous matrix or calcific deposits [17].
In MRI, calcifications are best identified on susceptibility-weighted images as areas of low signal
intensity. Nevertheless, calcifications can also be detected on T2-weighted and gradient-echo sequences
as intralesional hypointense foci.

Meningioma may occasionally present an aggressive pattern with infiltrating growth over the
dura (“en plaque” meningioma), which most commonly occurs along the sphenoid ridge or the
convexity. After injection of gadolinium-based contrast agent, MRI images demonstrate strong and
homogeneous enhancement of the lesion, which occasionally shows areas of central necrosis or
calcifications without post-contrast enhancement. The contrast is especially helpful to delineate “en
plaque” meningiomas [18], which generally appear as thickened asymmetric sheets of enhancing dura.
Among the MRI findings of meningiomas that lead to the suspect of an extra-axial mass, the “dural tail”
sign and the “fluid cleft” are the most relevant. The former results from a thickening of the dura mater,
resembling a tail and extending from the mass with homogenous enhancement after contrast media
injection [19]. This sign can be helpful, but it is not specific for meningiomas, being also observed in
different lesions, such as metastatic lesions, glial tumours, and lymphoma [19,20]. In several cases,
especially when meningiomas are located at the skull base, it can be challenging to differentiate the
normal aspect of the dura from neoplastic tissue, due to the strong contrast enhancement of both [21].
The latter imaging feature derives from a cleft of cerebrospinal fluid or vessels observed between
the tumour and the cerebral cortex. Further, meningiomas are often associated with adjacent bone
changes, including osteolysis and hyperostosis [19] with the latter being more frequently observed,
especially in the “en plaque form”. In this setting, CT can be more helpful to better depict bone changes
related to meningiomas [22]. Nevertheless, it can be challenging to clearly define margins and depth
of bone infiltration, despite using CT. Pieper et al. reported that MRI is not sufficiently accurate to
demonstrate bone involvement [23]. On the other hand, despite the benign nature of the WHO grade I
meningiomas, tumour cells can microscopically infiltrate the adjacent structures, such as vessels and

145



Cancers 2019, 11, 1412

cranial nerves [24,25]. Similarly, primary intraosseous meningioma is a rare benign tumour, mostly
arising from the skull bones, but also reported in the nasopharynx or neck [26]. This lesion can be
confused with metastasis or other malignant bone tumours, also because its MRI features are relatively
non-specific. The lesion appears hypo-isointense on T1-weighted images with strong enhancement in
post-contrast images [27].

Besides bone involvement, MRI has some limitations in clearly defining the margins of
meningiomas, particularly in those lesions with complex geometry and those located in the skull
base [15]. In fact, the MRI evaluation of meningiomas can be hampered by artifacts, which are especially
encountered in the base of the skull and can partly hide the lesion due to image distortion. Local magnetic
inhomogeneities, called “susceptibility gradients”, are more frequently observed in the skull base,
where air, bones, and brain are closely associated. These susceptibility artifacts, observed at soft tissue
and bone (petrous temporal bones) and air (paranasal sinuses) interfaces, are generally flame-shaped
and determine regional image distortion with increased signal intensity [28]. Susceptibility artifacts
can also be related to metal bodies and other foreign objects, which can be located “on” and “in”
patients’ bodies. These objects can mimic or, conversely, hide pathology, variably reducing images
quality. The main problems arise when dealing with those foreign bodies that cannot be removed,
especially when located precisely in the site of the lesion (e.g. surgical clips or staplers, endoprosthesis).
Other artifacts responsible for a dramatic decrease of image quality can be related to orthodontic
appliances and ventricular shunt valves [29].

Another potential source of MRI pitfall is reported as "anatomical blind spots": normal brain
regions that are challenging sites to be evaluated with MRI, and where pathologic disorders may be
barely detected in imaging examinations [30]. These blind spots include cerebral sulci, dural sinuses,
orbits, cavernous sinuses, clivus, Meckel’s cave, brainstem, skull base, and parapharyngeal soft tissues.
In these anatomic districts, it is possible to observe densely compact anatomy with the juxtaposition of
neural, vascular, bone, and soft tissue structures. In this setting, the detection of small meningiomas
can be highly difficult, especially when dealing with small lesions without clear mass effects on the

’

surrounding structures. Clearly, infiltrative lesions, such as small en plaque meningiomas, may also
become a diagnostic challenge in these sites.

Finally, another challenging aspect is represented by the post-treatment evaluation, with MRI
still having some limitations in the differentiation between residual tumour and recurrent tissue after
surgery, as well as between residual tumour and vital tumour from scar tissue after radiotherapy.
Accordingly, in the first six months after surgical resection of meningioma, MRI has a decreased
accuracy in identifying residual tumour tissue [31].

4. Diagnostic Challenges for PET Imaging in Meningioma

Functional studies using FDG-PET/CT showed that meningiomas generally have a low FDG
metabolic rate [32]. However, the potential application of FDG-PET imaging to describe meningioma
aggressivity, leading to a non-invasive “metabolic grading” has been proposed. In particular, Di Chiro
et al. [33] previously reported that FDG accumulation is correlated with the degree of malignancy
in meningioma, highly reproducing Thallium-201 accumulation pattern, as depicted by SPECT
imaging [34]. Furthermore, Cremerius et al. demonstrated high sensitivity (89%) and specificity (88%)
of FDG-PET in detecting high-grade meningiomas [35]. Similarly, Kado et al. previously showed that
FDG uptake was high in a case of highly aggressive radiation-induced meningioma [36]. On the clinical
ground, FDG positivity in meningioma might become a predictive factor of tumour recurrence at the
single-patient level [37]. However, other studies have showed opposite results. Iuchi et al. reported that
meningioma FDG uptake was not significantly correlated with Ki-67 index or clinical malignancy [38].
Also, Park et al., who showed a correlation between FDG accumulation and tumour proliferative
activity, did not find any capability of FDG-PET to predict tumour grade [39]. For these reasons, further
studies are needed to verify the potential clinical application of this tool in the clinical setting.

146



Cancers 2019, 11, 1412

Because of its low physiological uptake by normal brain, amino acid imaging modalities, such as
11C-methionine (MET) and 18F-fluoroethyl-L-tyrosine (FET), are used for the detection of brain
tumours enabling a high tumour/non-tumour contrast. However, the clinical role of these PET tracers
in patients with meningioma is still not clear and warrants further investigation. Compared to FDG,
MET showed higher detection rates of meningioma both in qualitative and semiquantitative images
analysis [40,41]. Its diagnostic applications might be extended to tumour volume delineation for
radiotherapy planning [42], as well as to the monitoring of treatment efficacy [43,44]. However,
few studies are currently available on the topic. Moreover, while some studies demonstrated a
fair correlation between MET uptake and meningioma’s proliferative activity (as assessed by the
Ki-67 index [38]), this finding was not subsequently confirmed [45]. Similarly, opposite results
were obtained about the correlation between MET uptake and high WHO grade [43,45]. For these
reasons, the pathophysiological meaning of MET accumulation in meningiomas, together with its
clinical value, still needs to be clarified. Similarly, few studies are currently available on the role of
FET-PET in meningioma, including in some cases direct comparisons with SSTR-targeted PET imaging,
which shows a more favourable target-to-background ratio offered by the latter approach [46]. However,
interesting preliminary data have been published about its potential application in tumour grading [47].
Moreover, differently from MET and SSTR ligands, FET does not accumulate in the pituitary gland,
making this tracer potentially superior in detecting intrasellar invasion of meningioma [48,49].

Few other tracers have been tested in meningioma, including 11C/18F-choline [50], 18F-Fluoride [49,51],
and 11C-Acetate [52]. Again, the small available literature highly prevents their current application in
the clinical setting.

5. SSTR-PET in the Definition of Tumour Growth and Tumour Extent for Surgery Planning

A crucial issue in meningioma management is the detection of tumour growth and extent,
which are potentially related to the risk of recurrence and disease progression.

The assessment of meningioma’s growth rate is critical to select the appropriate time point for
therapy initiation and for the treatment choice. In the clinical practice, the temporal evolution of
meningioma, assessed by serial MRI scans, together with the patient’s clinical profile usually guide
the surgical approach [15]. Indeed, therapy for patients with meningioma needs to be individualised
because of the nature of meningiomas and the potential consequences of different treatments for
different patients may vary greatly. However, in some cases, the combination of MRI data and clinic is
not enough to define the appropriate treatment strategy. For instance, the growth rates and dynamics
among the group of benign meningiomas have been shown to display a huge variability [53,54]
and long-term analyses revealed changing growth dynamics in benign meningioma (WHO grade I)
with periods of exponential, linear, or no growth, whereas most atypical meningiomas display an
exponential growth pattern [55-57]. In this scenario, the sole longitudinal observation by successive
MRI studies might potentially delay the identification of exponential growth of benign meningioma
postponing the timing of surgical resection. As a consequence, several studies have tried to identify
novel molecular or imaging biomarkers able to potentially define the tumour growth pattern at baseline,
since the time of meningioma identification. Oya et al. [58] identified that the male sex, baseline
tumour diameter higher than 25 mm, oedema on MRI, absence of calcifications, presence of symptoms,
and T2 signal hyperintensity at MRI, were associated with increased tumour growth in a cohort of
273 intracranial meningiomas. The possible role of SSTR-PET in this field was investigated only in a
few papers with promising results but without shared consensus. Sommerauer et al. [59] studied 23
patients with 64 meningioma who underwent 68Ga-DOTATATE PET/CT showing that tracer uptake
(measured as the maximum standardized uptake value, SUVmax) is significantly correlated with
tumour growth rate in WHO grades I and II meningioma, whereas no association was observed in
WHO grade III lesions (perhaps due to the dedifferentiation phenomenon of aggressive meningioma
cells that lost the expression of somatostatin receptors, Figure 1). Using multivariate analysis, SUVmax
was the strongest predictor of the subsequent tumour growth even including baseline tumour diameter.
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These results demonstrate that SSTR2 expression predicts tumour growth in well-differentiated
meningioma, suggesting the potential role for SSTR-PET in planning the better time point for surgical
resection. This could be clinically relevant in meningioma diagnosed in critical sites in which SSTR
positivity might guide the surgical resection, even in small, asymptomatic, well-differentiated lesions.

Transosseus meningioma (WHO l/ll)

Baseline Follow-up. DOTATATE

< Intracranial meningioma (WHO 1/ll)

Baseline Follow-up

DOTATATE swv
X

Anaplastic meningioma (WHO Il

80

Baseline Follow-up. DOTATATE suv
0

SUVmax

% increase/month

Figure 1. Correlation between SSTR-PET positivity and growth rate in meningioma. The tumour
growth rate is directly correlated with SUVmax in grade I and II intracranial meningiomas (green),
while this correlation is weak for grade III lesions (blue). As a consequence, high expression of SSTR2
seems to predict faster growth only in well-differentiated meningiomas. Moreover, meningiomas
with transosseous growth (red) elicited considerably higher 68Ga-DOTATATE binding. Adapted with
permission from Sommerauer et al. [59].

On the other hand, in the same study, higher SSTR positivity was found in transosseous-
vs. intracranial-growing lesions [59]. This finding configures the possible role for SSTR-PET as a
further guide to surgical resection, by defining the exact tumour extent. Similarly, Kunz et al. [60]
studied the osseous involvement with pathology-proven bone infiltration as the standard of reference,
with 68Ga-DOTATATE PET/CT and contrast enhanced MRI both qualitatively and quantitatively.
Using PET quantitative analysis, the authors confirmed the adequate distribution of the tracer in
intraosseous components of meningiomas, with significantly higher tumour-to-background signals
than MRI. Moreover, PET/CT provided a significantly larger volume estimate for the intraosseous
extent, while the estimated volumes for extraosseous meningiomas did not differ significantly between
the two imaging techniques. But, the high sensitivity of SSTR-PET imaging in the definition of tumour
extent is not restricted to the bone invasion. Afshar-Oromieh et al. [61], studied 134 patients with 190
meningioma undergoing both 68Ga-DOTATOC PET/CT and MRI, showing that SSTR-PET provides
better sensitivity in the overall detection of meningioma, especially in case of tumours adjacent to the
falx cerebri, at the skull base, or in presence of calcifications, which reduce MRI accuracy, as stated
above. Rachinger et al. [62] found that the threshold for best discrimination between tumour and
tumour-free tissue as an SUVmax equal to 2.3 by spatially precise neuro-navigated tissue-sampling
during surgical resection in 21 adult patients with primary or recurrent meningiomas, prospectively
enrolled. Using this cut off, tumour tissue was identified with higher sensitivity than MRI (90% vs.
79%), without risking overtreatment, an aspect desirable in an imaging modality used for treatment
decision making. Altogether, these data strongly support the use of SSTR-PET imaging for tumour
delineation in meningiomas with suspected osseous infiltration, as well as in regions such as the skull
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base, orbits, or cavernous sinuses, where biopsy has a high haemorrhagic risk, and radiological images
are often unclear. However, a limitation related to the use of PET SSTR-ligands may be the study of
parasellar region, because the pituitary gland is the intracranial site showing higher physiologic SSTR2
expression. Although Henze et al. [63] showed a divergent dynamic uptake between meningiomas and
pituitary gland after injection of 68Ga-DOTATOC, SSTR-PET accuracy might be reduced in this site.

6. SSTR Radio-Guided Surgery

Radio-guided surgery (RGS) offers several theoretical advantages in meningiomas, providing
a more accurate detection of tumour lesions and of the total tumour burden “marked” by the
radiopharmaceutical. Moreover, since radical resection is crucial for prognosis, RGS might allow
confirmation of margins negativity. This is potentially relevant in the case of meningiomas “en
plaque” and cranial base meningiomas that often involve cranial base bone [64]. However, up to now,
few studies have evaluated the potential clinical benefit of RGS in meningiomas.

Gay et al. [65] showed that SSTR-targeted RGS is feasible and could increase the probability
of complete meningioma resection in a cohort of 18 patients with “en plaque” meningiomas who
underwent pre- and post-operative SSTRs imaging. Gamma probe intraoperative detection was
performed 24 h after the intravenous administration of 111In-DTPA octreotide. In a subgroup of
patients, detection of dural or periorbital involvement of “en plaque” sphenoid wing meningiomas
was more difficult due to technical reasons, mainly related to the size of the device. Eight patients
underwent postoperative scintigraphy, which resulted in a negative, confirming the radicality of the
surgical resection. However, in two cases a slight detection three months after the surgical removal
was observed, potentially related to post-surgical inflammatory tissue [65].

f3- emitting RGS represents a potential further development: (3- radiation millimetric tissue
penetration, with essentially no y contamination, better delineates the margins of the lesion,
requiring lower activity than traditional y-RGS and so rendering medical personnel radiation
exposure negligible [66]. Collamati et al. used a dedicated (- probe and demonstrated a high
target-to-background (TBR) in 10 of 11 patients with meningioma using RGS with (3- emitters (TBR >
10 in almost all cases, and usually above 20). These results suggest that the technique can work even
with administered activities much smaller than those needed for diagnostic PET scans [67].

Although promising, RGS is not routinely used and further studies are needed to better understand
its clinical impact and feasibility of beta-probes employment.

7. SSTR-PET in Radiotherapy Planning

In the multimodal approach to meningioma, radiotherapy (RT) is a central treatment alternative
to surgery [15]. Since surgery can result intricate due to the complex anatomy of the skull-base
region, RT on the surgery bed, residual lesions or not resectable lesions has been associated with
good local control and low toxicity. Recently, more and more high-precision RT techniques have
been developed, like fractionated stereotactic radiotherapy (FSRT), intensity-modulated radiotherapy
(IMRT), stereotactic radiosurgery (SRS), and particle therapy with protons or carbon ions. Current
standard imaging for meningioma RT planning is contrast-enhanced MRI co-registered with CT.
Post-contrast T1-weighted MRI is usually applied to delineate meningioma lesions and soft tissue,
associated with CT scan for better bone assessment. However, the more precise RT techniques have
become, the more precise tumour delineation must be. Defining gross tumour volume (GTV) can be
challenging in those cases of postoperative settings, equivocal bone thickening, or enhancing dura
tails. Thanks to the high tumour-to-background contrast over the past ten years, several studies
have reported about integrating SSTR-PET in RT-planning, resulting in additional information on
tumour extension, reduction on dose absorbed to organs-at-risk (OAR), and modification in final
volume treated.

The first experience was provided by Milker-Zabel and colleagues in a study conducted on a
population of 26 patients with WHO grade I to III, most of who had a recurring lesion or received
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previous radiotherapy treatment. Applying 68 Ga-DOTATOC-PET/CT to the planning target volume
(PTV) for FSRT caused significant modifications in 73% of patients, leading to a larger final PTV in
10 out of 26 patients and a smaller one in 9 out of 26 patients [68]. These data were subsequently
confirmed by Gehler et al. in a retrospective analysis on 26 patients selected for skull base meningioma
IMRT planning. PET imaging provided additional information in 17 patients (65%). Overall GTV based
on MRI/CT was larger than GTV-PET in 10 patients and smaller in 13 patients. Since a validated cut-off
value for the SUV of DOTATOC was missing, PET window levels were adjusted so that the PET tumour
delineation optimally matched with a discernible tumour on MRI/CT [69]. The same approach was
adopted by Nyuyki et al. on a definitive population of 39 meningioma patients, where SSTR-PET led
to a modification in 28 out of 39 cases (GTV-PET larger than GTV-MRI/CT in 49%, smaller in 23%) [70].
Graf et al. retrospectively evaluated the impact of DOTATOC PET in 48 skull base meningioma patients,
integrating PET information in FSRT planning, and showing that PET resulted in major changes in 32
cases (67%). Again, final GTV was smaller than conventional GTV-MRI-CT in 40 meningiomas (83%)
and larger in 6 [71].

About particle RT, Combs et al. prospectively planned with MRI and DOTATOC PET, proton
and carbon ion therapy of 70 patients with meningioma of heterogeneous pathological grading.
The addition of PET provided valuable information in all patients and a reduction in GTV final
volume in 40% of cases. These volumes in MRI were extending into soft tissue, like pterygoid muscles,
pharyngeal structures. By contrast, PET volume contouring in smaller lesions of the skull base or
located within the cavernous sinus or spheno-orbital bony region led to an increase in GTV [72].
Madani et al. investigated the feasibility of dose painting in IMPT based on 68Ga-DOTATATE-PET/CT
in 5 patients treated with proton beam-therapy. In this experiment, GTV-PET and GTV-MRI/CT were
determined by auto-segmentation with a 50% threshold SUVmax on PET scans and traditional manual
contouring on MRI/CT respectively, resulting in a quite small PTV-PET [73].

Stade et al. [74] focused their study on the adsorbed dose to OAR. A retrospective analysis was
performed on 10 patients randomly selected from an institutional database. Both treatment plan for
IMRT and proton therapy were evaluated on an MRI/CT and 68Ga-DOTATOC PET basis. Doses to
relevant OAR were calculated (brain stem, optic chiasm, left and right optic nerve). Implementing PET
in planning definition achieved a relevant decrease of the extension of target volumes compared to
MRI/CT volume definition. More importantly, OAR doses were significantly reduced by PET, especially
in the IMRT setting [74] (Figure 2).

CT/MRIbased CT/MRI/PET based

Target volume

Treatment plan

Figure 2. Reduction of IMRT target volume provided by adding 68Ga-DOTATOC-PET to CT and
MRI. Panel (a) and (b) display the target volume based on CT and MRI and CT, MRI as well as
68Ga-DOTATOC-PET, respectively in a patient treated for a skull base meningioma. Panel (c) and (d)
show the corresponding IMRT treatment plans. The present case shows the reduction of dose to OAR
by adding SSTR-PET imaging to treatment planning. Adapted with permission from Stade et al. [74].
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Altogether, the above-mentioned experiences suggest that DOTATOC-PET scans have high
meningioma-to-background contrast, and that functional imaging provides a better delineation
between an area of normal tissue and meningioma residual, bone infiltration, or dural tail leading
to additional information or modification on RT-planning, especially for skull base meningiomas.
However, a limitation when comparing results of those publications is caused by interobserver
variability due to different methods applied on tumour contouring and windowing. Since a validated
SUV cut-off value was missing, PET window levels were adjusted so that the PET tumour delineation
optimal matched with a discernible tumour on MRI/CT by most of the authors, whereas others
decided to apply an arbitrary percentage threshold to SUVmax. Based on these discrepancies, Maclean
et al. tested the interobserver variability in a pilot study conducted on 10 patients who underwent
simultaneous 68Ga-DOTATATE PET/MRI followed by PET/CT. They were selected as it was anticipated
that target volume definition in their cases would be particularly challenging. Three radiotherapists
applied an agreed protocol to contour target volumes. Statistical evaluation resulted in significant
interobserver variability, particularly in bone followed by dural tail, postoperative bed, and venous
sinuses. Nevertheless, absolute volumes contoured between different observers were often similar.
Tumour edges evaluated with PET/MRI were sharper than PET/CT ones, but this did not affect
contouring. Authors’ advice is that PET-based RT contouring may have a role only in selected cases of
meningioma where tumour boundaries are unclear on MRI and CT [75]. Conversely, the preliminary
results of the group of Acker et al. on the evaluation of PET/MRI in SRS planning, suggest a significant
impact in contouring lesions, particularly when the operator is at the beginning of his learning curve.
Authors retrospectively selected 10 patients of which SRS-planning was done by 3 radiosurgeons (RSO,
RS1, RS2), one of them (RS2) less experienced than the others. One of the most relevant analyses was
the difference between the percentage of the volume defined by RS0 that would not have been treated
if RS1 and RS2 had contoured without PET, 19% and 40.2% respectively, suggesting how the extent was
highly dependent on operator experience [76]. However, further investigations conducted on larger
populations are needed to establish a standardized protocol for windowing PET images over MRI in
the definition of target volume contouring in order to harmonise the inter-centre analyses.

8. SSTR-PET in Restaging of Treated Patients

Although meningiomas are usually histologically benign, recurrence and progression are not
infrequent. Indeed, distinguishing viable tumour from scar tissue by CT or MRI alone could be
challenging, especially in cases of scar formation after surgery or radiation therapy [77], where MRI
fails to differentiate between radiation-induced necrosis and recurrent disease in many cases. In fact,
the main features of recurrent brain tumours are typically intravenous contrast enhancement, mass effect,
and associated vasogenic oedema. On the other hand, post-treatment necrosis has similar characteristics,
making it difficult to reliably distinguish from tumour recurrence. In this context, SSTR-PET imaging
can play a fundamental role in the visualization of residual meningioma tissue, considering the high
levels of SSTR-2 expression in meningiomas and the favourable target-to-background ratio [78]. Indeed,
Rachinger and colleagues demonstrated the high sensitivity of 68Ga-DOTATATE in the discrimination
between scar tissue and residual tumour due to low uptake in bone and healthy brain tissue. In particular,
PET imaging showed a higher sensitivity (90% vs. 79%), with specificity and positive predictive
values similar to MR imaging, for both de novo and recurrent tumours. The combination of superior
sensitivity with a non-inferior specificity proved that SSTR-PET provides additional useful information
that might help to overcome the MRI critical limitations in the discrimination between scar tissue and
recurrent tumour tissue [62]. More recently, in a retrospective study of 20 patients, Ivanidze et al. [79]
demonstrated superior PET/MRI soft-tissue resolution, during the simultaneous acquisition of PET
and MRI imaging, especially for the clinical purposes of differentiating recurrent meningioma from
post-treatment changes. They used the superior sagittal sinus as a background reference region, given
its absence of SSTR2. They showed a significant difference in the meningioma/reference ratio compared
to posttreatment-change/reference ratio.
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Another limitation of morphological imaging is the identification of the transosseous extension
of meningiomas, which is of utmost importance in the restaging of treated patients. As previously
mentioned, contrast-enhanced MRI has limited sensitivity in the diagnosis of intracranial meningioma
bone involvement, where the detection of osseous infiltration relies on few and non-specific morphologic
features, such as hyperostosis or intraosseous contrast enhancement. Kunz et al.,, in a recent
study, demonstrated the limited sensitivity of contrast-enhanced MRI to detect bone involvement in
intracranial meningiomas in both pre- and post-operative phases, compared to the 68Ga-DOTATATE
PET study. They showed the better diagnostic performance of SSTR-PET for treated lesions compared
to standard MRI (sensitivity, 97% vs. 54%; specificity, 100% vs. 83%; positive predictive value, 100% vs.
95%; and negative predictive value, 86% vs. 23%) [60]. A representative case of improved restaging by
SSTR-PET with respect to MRI is represented in Figure 3.

Figure #3

CE-T1 MRI %8Ga-DOTATATE PET/CT

Figure 3. Additive value of SSTR-PET to MRI in restaging. A 42-year-old patient with a history of a left
sphenoid skull base meningioma. Preoperative MRI shows tumour recurrence (Panel A). Postoperative
MRI (Panel B) shows an incomplete resection of the tumour, necessitating adjuvant radiotherapy.
68Ga-DOTATATE PET/CT reveals an additional meningioma located at the tip of the right sphenoid
wing (Panel C). Reprinted with permission from Galldiks et al. [78].

9. Radionuclide Therapy in Meningioma

As stated before, the first therapeutic choice in meningioma patients is represented by the
surgical resection. However, for several reasons, complete resection is not always possible. Thus,
other therapeutic opportunities in such patients include radiation therapy, SRS, heavy particle therapy,
chemotherapy, immunotherapy, somatostatin therapy, and PRRT [80]. The molecular target used for
PRRT is usually also labelled with a diagnostic radionuclide, or administered at different doses, to
image patients before (demonstrating an adequate lesion’s SSTR expression, that should be greater
than the hepatic background uptake), during and after treatment [81]. The aim of creating such a
“theragnostic” agent, is to couple the targeted therapy with diagnostic imaging using scintigraphy,
SPECT, SPECT/CT, PET/CT and/or PET/MR to quantify the target expression in order to select patients
that might most likely benefit from this treatment, also enabling the biodistribution assessment after
each cycle of PRRT.

The origin of PRRT dates back to 1992, when, for the first time, a patient with a primary
pancreatic islet cell tumour (glucagonoma) expressing SSTRs was successfully treated with high doses
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of 111Indium(111In)-penteotride, using the specific physical characteristics of the Auger’s emission and
conversion electrons of 111In [82]. However, due to its short tissue’s range resulting in modest tumour
shrinkage, it became clear that 111In was not the most suitable radionuclide for PRRT. During the same
period, the dota-chelated peptides started becoming available, making it easier to label beta-emitter
conjugates [83,84]. Thus, currently, the most used radiometals for therapy are beta-emitters 90-Yttrium
(90Y) and 177-Lutetium (177Lu), typically administered in depot formulations every 6 to 10 weeks.
Beta-emitters have a short linear energy transfer (LET) and a long range of tissues’ penetration, therefore
increasing the average dose delivered to the tumour, but also to the surrounding healthy tissues
(90Y more suitable for large-volume disease, 177Lu for small-volume lesions) with a low-incidence
of mostly reversible and mild secondary effects, mainly hematological (more frequent with 177Lu)
and renal. Namely, in the literature there is an overall risk of 2% for developing myeloproliferative
disorders [85]; however, due to the mainly renal excretion of these tracers, renal toxicity is the most
limiting factor over time, even if aminoacidic infusion notably reduces the radiopharmaceutical’s renal
uptake [86,87], thus narrowing this event to other therapies (i.e., chemotherapy, chemoembolization,
radioembolization, and so on). In order to reduce toxicity while preserving the absorbed-effective dose,
two principal strategies have been described using a variable activity in four cycles to reach the dose
limit [88] or a fixed 7.4 GBq for each cycle until the achievement of the biological effective dose (BED)
limit for at-risk organs [89].

To date, 177Lu radionuclide therapy is mainly used to treat patients with neuro-endocrine tumours
(NET) targeting SSTRs [90], and patients with metastatic castration resistant prostate cancer targeting
prostate-specific membrane antigen (PSMA), which is expressed at high levels on the surface of prostate
cancer cells (radioligand therapy, RTL) [91]. However, with their localization outside of the blood-brain
barrier and high SSTRs expression, meningioma also represents ideal targets for PRRT, that in this
setting has been mainly used on a compassionate basis [67,92]. Despite the heterogeneity of the studies
in the literature, PRRT in such patients reached a condition of stable disease (SD) in most WHO grade
I patients, with a 6-months progression-free-survival (PFS) ranging from 55% to 100%, and variable
results in WHO grade II and III. In this paragraph, we focused our attention on the main results of
the major studies published for each radiopharmaceutical related to this topic (see also Table 1 for
the main characteristics of PRRT radiopharmaceuticals and Table 2 for the main characteristics of the
analysed papers).

Table 1. Characteristics of PRRT Main Radiopharmaceuticals.

Radionuclide Physical Emission Main Decay Penetration Source of Specific
Half-Life  Peaks Energy  Applications  (Abundance) Range Production Activity
111-Indium v (173 keV) . Electron .
(1) 679 h v (247 keV) Imaging Capture (100%) 0.002-0.5mm  Cyclotron Medium
90-Yttrium - - o Generator .
(gOY) 64 h B~ (2288 keV) Therapy B~ (100%) 4-8 mm or reactor High
g . B~ (500 keV) . , o,
177(11“7‘713311111 6.7 days v (208 keV) tcl)\zg mn p ((21;)2 ;0) 1-2 mm Reactor Medium/high
v (113 keV) 124 Y

153



Cancers 2019, 11, 1412

‘uonenyess Jurdewr ermjonas §§

‘uorenyeAd Surdewr Je[ndd[OW § ‘OUO[e 10 UOTJRUTqUIOD UT JT VN 4 HOU0D 3[0yMm 3y} wolj ejep , ‘uonezijoqun dryderdordue :qy ‘Adesay) anSoreue unejsorewos :ygs Aderayowayd ;1
‘Aderayjorper 1y “osuodsar Tenpred ] ‘aseastp uorssardoid :(J ‘9seastp a[qels (IS ‘d[qe[leA.-10U YN ‘[EAIAINS-[[EIDAO0 SO ‘[eATAINs-da1j-uotssaidord :g1J ‘dn-morog :nJ :puadoy

-1
NEEME PaUIqUIODd A} Tdjye (a8uer) | I3 + A1o8ing i) UOH«QWOQ 1.1 [0t Te 1o
euIoTsUTULOW Ul VV1OJ-2O89 04T-T'T VN T¥Ad €COFTVL T 10T (o1) 01
J0 axejdn paseanduy (uerpaw) ¢ 6 A108mg 8ds mrr<r_l<wmm‘:§5 [5Sto]
“Ayenb-aj1p ) loot] e
paoidiut puE woroNpaI g € VN VN as 281 € AIVIOQ-MILLT 110¢ 1 o
-aatssaxgoxd A[mors st aseasip CID+ I zdas (a8uex) (a8uer) [66] T2 12
: : : sea] Je 9]£3001300-1
AU} JT pasn oq pPInod L d Gsearie) € ¢ A128mg + 13y VN €dad 96¢-8F1 7 peoan et 900e @ UDSST UBA
Ay1X0) TeuaT | L + A1o8ing
JO ST YB1y e Uptan ssed uy LI+ AeSng rad (o8uer) (o83uer) AIVIVIOA-NLLT [08] 030
pasn aq ySnu up1] sjuened  (d8uer) o6 ZoAteU 10 YN VN Tid 67-8% — DOLVIOA-A06 $10T (®)8 fomumy
8/f U1 uONTPUOD [edIUT fo8m cas apnoanIURJ-uIITT : :
3o JuawaAoxdwr Juedyudig v S
«IT 1D
* * * )
. (a8uer) 99§ 0€ VSS + A1981ng (o8uex) (a8uer) : [86] Te 12
« "SUIUOUI 9¢ 3 9,89 UT SO - (werpow) 67 " e A198mg « (uerpaur) 9g 1as T67-16 Lol HIVIVIOA-NILLL 110Z (191 1opog
« €V VSS
o/t (o8uex) (a8uex)
s [ A198Ing . . §cad . . .

Ut yd pue ‘c/g utdd ‘s/c ur D 9¢-8 (e8uer) $8'66-6991 £6'6T-8T€L (o8uer) - [z6] Te @
:asuodsar onewoydwss (ueaur) = CVSS (ueaw) ¢z'9z Sedd (ueaw) 97 4IVIVIOd-MIZL 610¢ (008) & aueyie
reor8ojoanau oy preday 761 T $§¢as 98'61

* 9 LD (werpaw) (uerpaw)
%6 UT SPUOW T 1 SO (werpour) s £ K138m5 erpat) o o1 ad T0z € J0LvVIOd [96] ‘1232
"% UL SYIUOW 9 3e G 0T «8dV (erpow) 5°g 0ras (e8uer) (oSuer) “A06dLVIVIOA-NIZLLL otoe (o) 0 TyeIshag
+« 8T LA 9LT-LEL 71
3 3
uoneayduo; ueaprudts mhmcww LI rrad AENMMM.M " (98uex) DOIVIOA-NTLLL [g6] 1210
ou ym aj1] o £y1a08uo] pue 111D VN ) S10T (¥e) ¥ -
fnpenb o onordun dew pyyyg (TOIPPW) oz A8, €zas ( 10y 28uer) Pl DOLYLOAA06 PRULE
1 h 81T S €81-¢'1
1
‘djeIapowr pue 1D+ I + A198mg (a8uex) [¥6] Te 30
98 = 23 23
yuorsuen orom sopoj [euar ¢ ?HNVRM.MM_ € Iy + A18:mg mcmc_wwhﬂf% %m%m 8FI-GE'T ¢ Tcmm 9 DOLVIOQ-A06 4 (en st uosTo
pue \UMWOﬁcuSUE \UqwmvﬁO«MEw: G 9ATRU IO YN N AEMNﬁwEv €1 —19}S9D)
9 A1981g
‘IR ISe] woxy Bue TIN+1D (€9-¢D 105 uerpow)
xeaf 1 pum o1 p wsworduads (0 LT 5 €1 orad (oBuer) (oBuer) - so0z €06z [e6] 20
reoiSoomau jo woezINaRls o g 8T LM (19 105 werpaw) 61as S1-¢ 9 Pwo[O}eg
‘SYIuOW () Sem GO URIPIA N ” g 9z £1981ng 19
(quasaid 1) simsay juduIeal], (syruoIN) asuodsay (bqo) (110Y0) [eior) 3oyl
urey LY0 (SWUOA) N SNOTAdLJ I 193)e SAd Jo adAy, Ay1ATpOY [ejoL, R4S Aderayy, TeA eworSurua A 1oymny

"PWOISUTURIA UI 13 J Inoqe s1odeJ Urepy ay) jo symsay[ ‘g d[qeL

154



Cancers 2019, 11, 1412

9.1. 90-Yttrium

For many years, 90Y-octreotide was widely used as the radiometal of choice for PRRT [102].
One of the first experiments using 90Y-DOTATOC was done in Basel in 1999 in a cohort of 29 patients
(3 of them affected by meningioma): they were treated with four or more doses of 90Y-DOTATOC
with ascending activity at intervals of approximately 6 weeks (cumulative dose 6.12 + 1.3 MBg/m?).
Treatment was monitored by CT and 111In-DOTATOC scintigraphy. According to 111In-DOTATOC
scintigraphic uptake, 20 out of 29 patients showed SD (2 out of 20, meningioma patients), 2 out of
29 showed partial remission (PR) (decrease of >50% in tumour volume on CT scans), 4 a reduction
in tumour mass <50% (1 of them affected by meningioma), and 3 developed a progressive disease
(PD) [103]. More recent studies demonstrated that 90Y-PRRT can slow meningioma growth in the
absence of any major adverse events. Bartolomei et al., in a cohort of 29 meningioma patients, despite
a non-significative reduction in lesion size, reported (at 3 months after PRRT completion) SD in 19 out
of 29 patients (66%) and PD in 10/ out of 29 (34%), with a median PFS of 61 months in WHO grade
I'vs. 13 months in WHO grade II and III groups. Moreover, the authors reported a median overall
survival (OS) of 69 months for WHO grade I vs. 30.5 months for WHO grade II and III patients [93].
In another study on a population of 15 patients with recurrent or progressive meningioma (9 out of 15
WHO grade I) treated with 90Y-PRRT, a condition of SD was obtained in 13 patients (86.7%) and PD in
2 patients (13.3%), with an overall median PFS of at least 24 months (range 0-137) [94].

9.2. 177-Lutetium

In 2000 another radiometal became available: 177Lu-DOTATATE. Due to a lower tissue penetration
range (lower dosimetry to kidneys) and its photon gamma co-emission (that allow having both
scintigraphic images and dosimetric studies at the same time), 177Lu became the radiometal of
choice over 90Y for PRRT. During the last decades throughout Europe, the number of patients treated
with 177Lu-DOTATATE dramatically increased. One of the first experiments was described by the
group of Van Essen et al. with 177Lu-DOTATATE therapy in 5 patients with high-grade cranial or
cervical meningioma, reporting PD in 3 patients and SD in 2. Moreover, the authors affirmed that if
PRRT is used earlier or in combination with other therapies, results might be better [99]. Sabet et al.
described the effects of 177Lu-DOTATE PRRT in a patient with pulmonary metastasis from anaplastic
meningioma, reaching a dramatic reduction of symptoms with an improvement in the quality of
life (SD at 3 months) [100]. Furthermore, Kreissl et al. described their experience in 10 meningioma
patients treated with either 177Lu-DOTATATE (4 out of 10) or 177Lu-DOTATOC (6 out of 10) and
external beam-RT. The authors described complete response (CR) in 1 patient, SD in 8 patients, and PD
in 1 patient. Further, they reported that lesion volume after therapy (as estimated by 68Ga-PET/CT
imaging) became 81% = 21% of the baseline volume [101]. In a recent study about a small cohort of
meningioma patients treated with 177Lu-DOTATATE, Parghane et al. reported the occurrence of PR in
3 out of 5 and PD in 2 out of 5 at 68Ga-DOTATE PET/CT follow-up, while, at the structural imaging
response evaluation, the authors observed a condition of SD in 100% of patients (5 out of 5), with a
mean PFS of 26.25 months (in absence of any major adverse events) [97].

9.3. Miscellaneous

Minutoli et al. reported their experience in 8 patients treated with PRRT with 111In-Pentetreotide
alone and in association with 90Y or 177Lu. In the absence of any major adverse events, the authors
observed PR in 2 patients (25%), SD in 5 (62.5%), and PD in 1 (12.5%) [80]. In a long-term study of a
cohort of 34 meningioma patients treated with 90Y and 177Lu, Marincek et al. described a condition
of SD in the 68% (23/34) with a mean survival of 8.6 years, considering the time of recruitment.
Furthermore, SD after treatment and high tumour uptake were significantly associated with longer
survival [95]. In the study by Seystahl et al., PRRT (with 177Lu and/or 90Y) led to SD in 50% of
population (10 of 20 meningioma patients), with, respectively, a median PFS of 32.2, 7.2, and 2.1
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months for G1, G2 and G3, and a median OS of 17.2 months in G3 patients (not reached for G1-2).
Furthermore, the authors affirmed that in a 68Ga-PET/CT lesions-based analysis pre-PRRT, SUVmax
and SUVmean were significantly higher in those lesions with radiological stability after 6 months and
SSTRs expression (at immunohistochemistry) was related with a PFS of > 6 months [96].

10. Conclusions and Future Perspectives

Thanks to the high sensitivity of SSTR detection, SSTR-targeted molecular imaging might improve
several clinical challenges in meningioma from the definition of tumour growth rate and tumour
extent, to the guide of therapy and, finally, to the restaging of treated patients, extending beyond the
limitations of morphological imaging in these settings. Similarly, SSTR molecular imaging represents
the fundamental prerequisite for SSTR-directed PRRT, which has emerged as a well-tolerated treatment
option in patients with advanced recurrent or refractory meningioma, stabilizing or decelerating
tumour growth.

However, several issues should be solved in the near future to further validate the additive value of
these approaches in the clinical setting. First, in many cases, analysed studies were conducted on small
populations. Larger prospective studies are needed to further verify the capability of SSTR-targeted
imaging to significantly impact clinical decision making with respect to conventional imaging. Second,
the integration between SSTR-imaging with MRI is still to be explored in the clinical setting. In particular,
it could be foreseen that the introduction of the hybrid SSTR-PET/MRI approach will represent the
ideal combination of radiological and nuclear medicine strengths, leading to high sensitivity, specificity,
and diagnostic accuracy for meningioma, but further studies are needed to confirm or controvert it.
In a pivotal study by Afshar-Oromieh et al. [104] the feasibility of 68Ga-DOTATOC PET/MRI for the
detection of intracranial meningiomas was analysed in a cohort of 15 meningioma patients. The authors
demonstrated that 68Ga-DOTATOC PET/MRI could represent the ideal combination of sensitivity
and specificity, offering the best morphological visualization together with SSTR expression status.
However, the authors also showed the absence of superiority in treatment planning with respect to
the current diagnostic gold standard. Similarly, if the global reduction in the final radiation exposure
represents an acknowledged advantage provided by PET/MRI (MR-based attenuation correction allows
to eliminate the patient’s radiation exposure deriving from CT [79]), financial benefits, both for the
patient and the health service, still need to be demonstrated.
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Abstract: Trans—l—amino—3—18F—ﬂuorocyclobutanecarboxylic—acid (anti-['®F]-FACBC) has been
approved for the detection of prostate cancer (PCa) in patients with elevated prostate-specific-antigen
following prior treatment. This review and meta-analysis aimed to investigate the diagnostic
performance of 18E-FACBC positron emission tomography/computed-tomography (PET/CT) in the
detection of primary/recurrent PCa. A bibliographic search was performed including several databases,
using the following terms: “FACBC”/“fluciclovine” AND “prostate cancer”/“prostate” AND
“PET”/”Positron Emission Tomography”. Fifteen and 9 studies were included in the systematic reviews
and meta-analysis, respectively. At patient-based analysis, the pooled sensitivity and specificity
of BE-FACBC-PET/CT for the assessment of PCa were 86.3% and 75.9%, respectively. The pooled
diagnostic odds-ratio value was 16.453, with heterogeneity of 30%. At the regional-based-analysis,
the pooled sensitivity of '8F-FACBC-PET/CT for the evaluation of primary/recurrent disease in the
prostatic bed was higher than in the extra-prostatic regions (90.4% vs. 76.5%, respectively); conversely,
the pooled specificity was higher for the evaluation of extra-prostatic region than the prostatic bed
(89% vs. 45%, respectively). 8 F-FACBC-PET/CT seems to be promising in recurrent PCa, particularly
for the evaluation of the prostatic bed. Additional studies to evaluate its utility in clinical routine
are mandatory.

Keywords: prostate cancer; 18E_.FACBC; PET/CT; recurrence; meta-analysis; review
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1. Introduction

Prostate cancer (PCa) is the most frequently detected type of cancer in men and constitutes a
major healthcare problem in developed countries [1], remaining the second most common cause of
cancer-related death in the Western world [2].

Following initial diagnosis, the majority of men receive several treatments, such as usually a
radical prostatectomy + lymphadenectomy or radiation/brachytherapy in case of localized disease,
and systemic therapy in case of widespread disease. Relapse remains common despite advances in
primary treatment and improved overall survival (OS) with a biochemical recurrence developing in
20% to 40% of patients [3-6].

The management of primary and recurrent PCa patients has been completely changed after the
inclusion of new imaging modalities, such as magnetic resonance imaging (MRI) and positron emission
tomography (PET). MRI is a well-documented method to evaluate the extension of the primary tumor
and to detect and localize recurrent cancer within the prostate [7-9]. However, routine multiparametric
(mp) MR is still limited by its poor specificity to differentiate significantly from indolent PCa [10].

In the last 10 years, PET/computed tomography (PET/CT) has gained an important role in the
evaluation of patients with PCa. Radiolabeled choline PET/CT has demonstrated the ability to detect the
presence of early recurrence of disease when conventional imaging resulted negative [11]. Furthermore,
the recent introduction of radiolabeled prostate specific membrane antigen (PSMA), like ®*Ga-PSMA
and 3F-PSMA, has significantly improved the detection rate, also in case of early recurrence of disease
(such as a prostate-specific antigen (PSA) <0.5 ng/mL) [12].

Trans—l—amin0—3—18F—fluorocyclobutanecarboxylic acid (anti-['8F]-FACBC) is an amino acid PET
tracer that has shown to be promising for visualizing PCa. This tracer was developed for L-amino acid
transport evaluation; it demonstrated favorable dosimetry with the liver being the critical organ [13].
Its safety, tracer stability, and uptake kinetics in patients have been reported in a phase I trial [14].
Nowadays, '8F-FACBC is approved by the Food and Drug Administration (FDA) and the European
Commission (EC) to detect PCa in patients with elevated PSA following prior treatment. Approval
was based on encouraging diagnostic performance and histologically confirmed data on patients with
biochemical recurrence [15]. Recently it was included in the National Comprehensive Cancer National
(NCCN) guidelines for the management of recurrent PCa patients.

Until now, few pooled data have been published about the role of '8F -FACBC PET/CT in patients
with PCa. Ren et al. [16] collected data from six studies, published between 2011 and 2014 and including
251 patients that concluded for a good sensitivity of 8F -FACBC PET/CT for the detection of PCa
recurrence. In 2015, Yu et al. [17] published a critical analysis of the available tracers for PET/CT in PCa,
collecting data for 18F -FACBC from five studies (n = 84 subjects), showing a limited detection rate of
this imaging technique for the recurrence of post-prostatectomy PCa (detection rate = 40%). However,
in May 2016, '8F -FACBC PET/CT received the approval by the Food and Drug administration for use
in patients with suspected recurrent PCa [18]. In the last years, many prospective and retrospective
experiences have been performed, and therefore, a new update of the recent findings seems necessary,
not only in the restaging but also in the initial staging of disease.

Therefore, the present review and meta-analysis aimed to investigate the diagnostic performance
of 18F -FACBC in the detection of primary and recurrent PCa patients.

2. Materials and Methods

2.1. Search Strategy and Study Selection

A bibliographic search until 30 April 2019 was performed by including the following databases:
Pubmed, Scopus, Embase, Web of Science, Cochrane library, and Google Scholar. The terms used
were “FACBC” or “fluciclovine” AND “prostate cancer” or “prostate” AND “PET” or “Positron
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Emission Tomography”. The search was carried out with and without the addition of filters (such as
English language only; type of article: original article, research article; subjects: humans only). Three
reviewers (Domenico Albano, Viviana Frantelizzi and Matteo Baucknhet) performed the literature
search, and two independent reviewers (Priscilla Guglielmo and Lorenzo Fantechi) selected the study
inclusion and data extraction in duplicate. Any discrepancies were resolved by a consensus, when
necessary. All recognized records were combined, and the full texts were retrieved. Full texts were
further evaluated by four reviewers (Giovanni Argiroffi, Riccardo Laudicella, Pierpaolo Alongi and
Laura Evangelista). Moreover, a search across the databases was completed by another reviewer (Anna
Giulia Nappi) checking the references of the studies included to further improve the eligibility.

This systematic review was carried out using established methods [19], and the presentation of
results was made according to the PRISMA guidelines [20]. All studies that fulfilled the inclusion
criteria were considered eligible for the systematic review and meta-analysis: (a) a sample size
more than 10 patients; (b) the index test: '®F-FACBC PET/CT; (d) the outcomes, such as detection
rate (DR), true positive (TP), true negative (TN), false positive (FP), and false negative (FN), which
allowed us to construct 2 X 2 contingency tables. Moreover, in the case of studies that included the
same population, the report with the highest number of enrolled patients was considered for the
meta-analysis. Conversely, reviews, clinical reports, meeting abstracts, and editor comments were
excluded. The quality assessment included both the risk of bias assessment and applicability concerns
by using QUADAS-2 evaluation [21].

2.2. Data Extraction

For each included study, general information was retrieved, such as basic data (authors, journal,
year of publication, country and study design), patient characteristics (number of patients, mean or
median age, Gleason score), type of treatment, mean or median PSA value at PET time, and PSA
kinetic values.

2.3. Statistical Method

StatsDirect and Meta-Analyst (version Beta 3.13; [22]) were used to carry out the analysis.
Heterogeneity was tested using the x? and the 12 tests. The x> -test provided an estimate of the
between-study variance and the I2 test measured the proportion of inconsistency in individual studies
that cannot be explained by chance. According to Higgins et al. [19], the values of 25%, 50%, and
75% for heterogeneity (I12) were considered low, moderate, and high, respectively. In accordance with
the recommendation of the Cochrane Oral Health Group, the meta-analysis was carried out with the
random-effect model as the number of studies was equal or superior to 4.

Data on diagnostic performance such as pooled sensitivity, pooled specificity, positive and negative
likelihood ratio (LR+ and LR-), diagnostic odds ratio (DOR) with 95% confidence intervals (CIs) for
the evaluation of primary and recurrent PCa, were assessed. A patient-based and a region-based
meta-analyses were carried out in accordance with available data. Publication bias was assessed using
a funnel plot. A symmetrical plot was indicative of the absence of publication bias.

3. Results

3.1. Search Results

The literature search revealed 40 articles published from 1 January 2007 to 30 April 2019. Reviewing
titles and abstracts, we excluded 24 articles because these did not fit with the field of interest or because
these papers were letters, editorials, reviews or due to the patient data overlap. Therefore, 15 studies
were selected and included in the systematic reviews and 9 articles were considered for the meta-analysis
(Figure 1). Also the papers by the developers of ¥F-FACBC were considered [23,24].
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Figure 1. PRISMA flow-chart.

3.2. Study Characteristics

The basics characteristics of the included studies are reported in Table 1 [15,23-36]. The number
of enrolled patients ranged from 15 to 596, and a total of 1226 PCa patients were included. The selected
articles were published by researchers from Europe, USA, and Japan. Four studies were retrospective
whereas 11 studies were prospective. '¥F-FACBC PET/CT was performed in the preoperative setting in
6 studies (n = 178 patients), for the detection of recurrence in patients with biochemical relapse after
primary treatments in 8 studies (n = 1033 patients) and in both settings in 1 study (1 = 15 patients).
In the restaging, the mean value of PSA ranged between 0.44 and 17.94 ng/mL.

The mean and median age of the patients ranged from 42 to 90 years. The Gleason score (GS) was
<6in 49 (4%) patients, 7 in 376 (30.6%) patients, >8 in 142 (11.6%) patients, not available in the remaining
659 (53.8%). No significant adverse effects after the administration of I8E_.FACBC were reported.
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3.3. Methodological Quality

All 15 studies were evaluated qualitatively using the QUADAS-2 tool (Table S1; Figure 2). The risk
of bias was unclear for patient selection in 1 study, which did not provide information regarding
consecutive enrollment [15]. For the index test and reference standard, the risk of bias was low in 6
studies [24,29,31-33,36]. For flow and timing, many studies reported time intervals between PET/CT
examinations and pathological or other imaging confirmations. The applicability of the included
studies was adequate in the majority of reports, being unclear only in 1 study for the reference
standard [30].

Risk of Bias

Flow and timing

Reference standard

Index test

Patient selection

mlow Mhigh munclear

Applicability Concerns

Reference standard

Index test

Patient selection

M low M high munclear

Figure 2. QUADAS 2 score of all included studies.
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3.4. Qualitative Results

PET/CT was employed in 14/15 studies, without CT contrast media injection, whereas PET/MRI
was used in 2 studies [31,32]. The injected radiopharmaceutical activity and the time between
radiotracer injection and image acquisition were similar across all studies.

Analysis of PET images was mostly performed using visual analysis; however, additional
semi-quantitative criteria, i.e., maximal standardized uptake values (SUVmax), was performed in some
reports [23,26-28]. F-FACBC PET/CT or PET/MRI identified the presence of PCa in prostatic and
extra-prostatic bed, such as in the regional, distant lymph nodes and bone. The DR was available in
9/15 studies. It ranged between 36% and 90%, being different in accordance with PSA serum levels
(Table 2). Andriole et al. [34] demonstrated that DR was broadly proportional to pre-scan PSA: lesions
were detected in 79% patients with PSA > 1.0 ng/mL and in 84% with PSA > 2.0 ng/mL. On the other
side, some authors found that there was no statistically significant difference in the PSA values and PSA
doubling-time (PSAdt) between patients with positive and negative findings [26,35]. England et al. [35]
reported that the DR was significantly higher for patients with GS > 7 than those with a score equal
to7.

The performance of '®F-FACBC PET/CT was different based on the phase and the site of PCa
(Table 3). In particular, in the initial staging, the sensitivity for the primary and lymph nodes metastasis
was 71% [32] and 67% [36], respectively. In the restaging setting, the sensitivity for the prostatic bed
and extra-prostatic bed recurrence was 89% [24] and 90% [15], respectively. Interestingly, in the study
by Turkbey et al. [25], "8 F-FACBC uptake in tumors was similar to that in benign prostatic hyperplasia
(BPH). However, Jambor et al. [32] reported that SUVmax in the primary tumor was statistically
significantly higher for patients with GS > 7 than GS = 6 or BPH, thus underlying the importance of
the patient selection.

Akin-Akintayo etal. [33] compared '8F-FACBC PET/CT with mpMRI in patients with recurrent PCa
showing a higher detection for the first modality (overall 94.7% vs. 36.8%); Turkbey et al. [25], instead,
performed a sector-based comparison with histopathologic analysis in patients with a recent diagnosis
of PCa, revealing lower sensitivity and specificity for ¥ F-FACBC PET/CT than for T2-weighted
imaging (67% and 66% vs. 73% and 79%, respectively), but combined modalities achieved a positive
predictive value of 82% for tumor localization, which was higher than that with either modality alone.
Another study proved higher positivity rates with 18F -FACBC PET/CT than enhanced CT at all PSA
levels, PSAdt and GS in patients with suspected recurrent PCa [29]. Furthermore, the performance
of 8F-FACBC PET/CT was superior to those of !!In-capromab SPECT/CT regarding sensitivity for
prostatic and extra-prostatic bed (89% vs. 69% and 100% vs. 10%, respectively) [24]. Finally, two studies
directly compared '"®F-FACBC with ''C-Choline PET/CT, demonstrating a greater detection rate for
I8F-FACBC than 11C-Choline, either on a patient- and a lesion-based analysis and despite the PSA
serum levels [27,28].

The change of management with I8E-FACBC PET/CT was reported by Andriole et al. [34], in 122
out of 213 patients (56%); the most frequent change was to withhold planned salvage or non-curative
systemic therapy in favor of watchful waiting. Moreover, Akin-Akintayo et al. [30] demonstrated that
I8E-FACBC PET/CT was able to modify the radiotherapy field and overall radiotherapy decision in
40.5% of patients with post-prostatectomy recurrent PCa.
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3.5. Quantitative Results

In accordance with the inclusion criteria, the quantitative assessment was available in 9
studies [15,23,24,26,29,31-33,36] (Table 4). At patient-based analysis (n = 6 studies), the pooled
sensitivity and specificity of "®F-FACBC PET/CT scan for the assessment of primary and recurrent PCa
were 86.3% (95% Cls: 79.6-91.4%) and 75.9% (66.9-83.5%) with an heterogeneity of 78.6% and 88.7%
(both p <0.0001), respectively. Moreover, the pooled DOR value was 16.453 (95% CI: 5.241-51.646),
with heterogeneity of 30%. At the regional based-analysis (n = 4 studies), the pooled sensitivity
of F-FACBC PET/CT for the evaluation of primary and recurrent disease in the prostatic bed was
higher than that in the extra-prostatic regions (90.4% vs. 76.5%, respectively); conversely, the pooled
specificity was higher for the evaluation of extra-prostatic region than the prostatic bed (89% vs. 45%,
respectively). Furthermore, LR+ was high in the extra-prostatic region, while LR- was low in prostatic
bed, with heterogeneity of 0%. No asymmetry in the forest plot was found; therefore, no publication
bias was present across the studies.

Table 4. The pooled diagnostic performance for '8 F-FACBC (independently from the clinical setting

and site).
lvsi Patient-Based Analysis Region-Based Analysis ~ Region-Based Analysis
Meta-Analysis (95% CI) (PB) (95% CI) (ex-PB) (95% CI)
Results
Value 12 Value 12 Value 12
e o 86.3% o 90.4% N 76.5% N
Pooled sensitivity, % (79.6-91.4%) 78.6% (84.8-94.4%) 22.1% (66-85%) 87.3%
o 75.9% . 45.1% o 88.9% N
Pooled specificity, % (66.9-83.5%) 88.7% (33.2-57.3%) 63.3% (73.9-96.9%) 78.7%
16.453 . 8.026 N 24.820 o
DOR (5.241-51.646) 29.9% (3.841-16.769) 3.5% (3.777-163.12) 36%
4,557 . 1.598 . 6.024 N
LR+ (1.685-12.324) 72:9% (1.088-2.349) 70% (0.568-63.943) 85.6%
0.337 o 0.221 N 0.251 .
LR- (0.166-0.681) 63.6% (0.130-0.375) 0% (0.058-1.090) 71.6%

PB = prostatic bed; PPV = positive predictive value; NPV = negative predictive value; DOR = diagnostic odds ratio;
LR = likelihood ratio; IC = interval of confidence; 12 = inconsistency.

4. Discussion

As previously mentioned, the meta-analysis from Ren et al. [16] reported that 18F-FACBC PET/CT
had a high sensitivity (pooled sensitivity = 87%) and a moderate specificity (pooled specificity = 66%),
therefore it can be considered an useful non-invasive, metabolic imaging technique for the diagnostic
workup of PCa relapse. In the present meta-analysis, performed in 1226 PCa, the pooled sensitivity
and specificity were 86% and 76% respectively, thus showing a slight increase for the specificity.

Furthermore, in the analysis by Yu et al. [17], FACBC showed a detection rate ranged between
22% and 61% for prostatic disease and between 19% and 33% for extra-prostatic disease, in accordance
with the primary treatments (radical prostatectomy or radiotherapy). In our meta-analysis, we did not
evaluate the pooled detection rate, but we calculated the pooled sensitivity and specificity. Asillustrated
in Table 4, the sensitivity of 18F-FACBC was equal to 90% for the identification of disease in the
prostatic bed and 77% for extra-prostatic organs.

However, in the last years, PSMA-PET has rapidly been introduced in clinical practice for the
management of patients with recurrent PCa, particularly in case of low PSA levels [37]. Already,
the study by Yu C-Y et al. [17] reported that 18F-FACBC, Choline and Acetate-PET have similar
detection rate for overall site of disease after radical prostatectomy or radiotherapy (ranged between
40% and 81%), but PSMA was able to reach a detection rate ranged between 82% and 96% in the
same setting.
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Two recent papers about a head-to-head comparison between 18F-FACBC and 68Ga-PSMA PET/CT
have been published. The data are controversial. In the study by Pernthaler et al. [38] involving 58
patients with recurrent PCa with a PSA level ranged between 0.2 and 230 ng/mL, 18F-FACBC detected
more accurately the presence of a local recurrence than 68Ga-PSMA, due to its favorable biodistribution.
Furthermore, the authors found that 18F-FACBC is almost equivalent to 68Ga-PSMA-11 in detecting
distant metastases of PCa recurrence. Conversely, in the study by Calais et al. [39] enrolling 50 patients
with recurrent PCa, the detection rate of PSMA-PET was significantly higher than 18F-FACBC (56% vs.
26%, respectively) in case of a PSA level <1 ng/mL. However, the authors found that the detection
rate for the local recurrence was higher for 18F-FACBC than 68Ga-PSMA PET/CT (38% vs. 14%,
respectively). The missing data about the diagnostic performance, in terms of sensitivity and specificity
in both the above-mentioned papers, represent a great limitation for the final conclusion on “the best
radiopharmaceutical agent”. A recent paper by Lawhn-Heath et al. [40] reported that the sensitivity
and specificity of 68Ga-PSMA-11 for recurrent PCa are equal to 89.1% and 31.2%, thus registering a
high rate of false positivity.

From the present systematic review and meta-analysis arise some considerations:

1. BE-FACBC is more performant than " In-capromab SPECT/CT and !'C-Choline for the detection
of PCa recurrence. Therefore, if available it should be preferred in patients with a PSA increase,
after primary treatments. However, data about the comparison with 18F_Choline PET/CT are
missing and should be explored, also considering the radioisotope properties.

2. The combination of F-FACBC PET/CT with mpMRI (or with a PET/MRI) seems useful for the
detection of primary PCa, and therefore, it would be suggested in case of undetectable tumors in
patients with a negative biopsy but a persistent PSA level increase. However, the interpretation
of this sophisticated imaging required a great experience and a significant learning curve.

3. The sensitivity for the evaluation of lymph node metastasis in the initial staging of disease is
moderate (45%—66%; [31,36]), like for the other radiopharmaceuticals (radiolabeled PSMA and
Choline; [41,42]). Probably the recent introduction of new imaging modalities, such as digital
PET/CT or PET/MRI that has a higher spatial resolution, would improve the pathological lymph
node detection.

4. The pooled sensitivity for the identification of recurrence in prostate bed is high, being >90% with
a limited pooled specificity (about 45%), probably due to the FP findings in case of inflamed cells,
as reported by Oka et al. [43]. However, the absent uptake of radiopharmaceutical in the bladder
represents a great advantage for the identification of peri-anastomotic PCa recurrence. Further
data about the complementary role of ®F-FACBC and MRI are required for the assessment of
prostatic bed recurrence, at different PSA levels.

5. The recurrence in the extra-prostatic site may be assessed by ®F-FACBC PET/CT with a moderate
sensitivity and specificity, independently from the PSA levels. However, the correlation with PSA
kinetics is warranted in a selected large cohort of patients, thus testing the final impact on the
patient management.

6.  Despite some articles have defined a potential impact of '®F-FACBC PET/CT on therapeutic
management, there is still a lack information with regard to its role in radiotherapy planning and
other adapted therapy.

5. Future Researches

More data about the correlation between the detection rate of 8F-FACBC PET/CT or PET/MRI and
the PSA kinetics are warranted, particularly by a site and lesion-based analysis. The complementary
role of ¥F-FACBC PET/CT and mpMRI for the evaluation of the prostatic bed should be largely
explored. A head-to-head comparison with 8F-Choline would be used in order to definitely assess its
advantages in clinical routine. Data about the utility of '®F-FACBC PET/CT in patients undergoing
or not hormonal therapy are required. The evaluation of response to therapy (chemotherapy or
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new hormonal agents) by '®F-FACBC PET/CT should be assessed. Finally, additional data about the
effect of 8 F-FACBC PET/CT on patient management is required, by considering both PSA levels and
histopathological PCa characteristics.

6. Conclusions

I8F-FACBC PET/CT seems to be promising in recurrent PCa, particularly for the evaluation
of the prostatic bed. However, additional studies are mandatory in order to evaluate its utility in
clinical routine.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1348/s1,
Table S1: QUADAS 2 score for each selected study (green smile = low risk; red smile = high risk; yellow question
mark = unclear). Figure S1: Forest-plots for the patient-based and region-based analysis. Figure S2: ROC curves
for patient-based and region-based analyses.
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Abstract: Background: The use of radiolabeled prostate-specific membrane antigen positron emission
tomography/computed tomography (PSMA PET/CT) for biochemical recurrent prostate cancer
(BRPCa) is increasing worldwide. Recently, 8F-labeled PSMA agents have become available. We
performed a systematic review and meta-analysis regarding the detection rate (DR) of ®F-labeled
PSMA PET/CT in BRPCa to provide evidence-based data in this setting. Methods: A comprehensive
literature search of PubMed/MEDLINE, EMBASE, and Cochrane Library databases through 23 April
2019 was performed. Pooled DR was calculated on a per-patient basis, with pooled proportion and
95% confidence interval (95% CI). Furthermore, pooled DR of 18E_PSMA PET/CT using different
cut-off values of prostate-specific antigen (PSA) was obtained. Results: Six articles (645 patients)
were included in the meta-analysis. The pooled DR of F-labeled PSMA PET/CT in BRPCa was
81% (95% CI: 71-88%). The pooled DR was 86% for PSA > 0.5 ng/mL (95% CI: 78-93%) and 49% for
PSA < 0.5 ng/mL (95% CI: 23-74%). Statistical heterogeneity was found. Conclusions: ®F-labeled
PSMA PET/CT demonstrated a good DR in BRPCa. DR of 18F_labeled PSMA PET/CT is related to
PSA values with significant lower DR in patients with PSA < 0.5 ng/mL. Prospective multicentric
trials are needed to confirm these findings.

Keywords: PET; PSMA; prostate; DCFPyL; DCFBC; PSMA-1007

1. Introduction

The recent development of metabolic imaging methods has been aimed at improving diagnosis
of prostate cancer (PCa), both at staging and in biochemical recurrent prostate cancer (BRPCa) when
an increase of prostate-specific antigen (PSA) serum values is detected following curative primary
treatments as radical prostatectomy or radiation therapy [1,2]. In patients with low but rising PSA
serum values after definitive local therapy, it is important to identify the sites of recurrence early
to maximize the effects of treatment; localizing the PCa recurrence can impact treatment decisions
as local recurrence can be treated with focal radiation therapy, whereas distant metastases require
more systemic therapies [1]. To this regard, radiolabeled prostate-specific membrane antigen (PSMA)
positron emission tomography/computed tomography (PET/CT) is emerging as a very useful imaging
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method for detecting tumor lesions in BRPCa patients, with higher DR compared to other imaging
modalities [1-5].

The PSMA is overexpressed in the majority of PCa cells but its overexpression has not been found
in benign prostatic diseases; however, PSMA is not prostate specific and this protein may be expressed
in other tissues and tumors beyond PCa [3-5].

Several PSMA ligands, differing slightly in chemical structure, are commercially available and they
may be radiolabeled with different positron-emitters isotopes as Gallium-68 (®8Ga), Fluorine-18 (18F),
or Copper-64 (®*Cu) to obtain PET radiopharmaceuticals which could be used in clinical practice [4-8].
%8Ga-labeled PSMA tracers are currently the most used PSMA agents for PET imaging of BRPCa
patients. More recently, PSMA ligands had been labeled with other isotopes with more favorable
physical characteristics, such as '8F or ®*Cu [6-8]. Several ®F-labeled PSMA agents have become
available (**F-PSMA-1007, '8F-DCFPyL, and '8F-DCFBC). Labeling of PSMA agents with '8F may
offer numerous advantages, including longer half-life and improved image resolution. Due to the
lower positron energy, the theoretical achievable resolution of '8F is slightly better in comparison to
68Ga [7,8]. To date, several evidence-based articles evaluated the detection rate (DR) of 68Ga-labeled
PSMA PET/CT in BRPCa patients [9-15]. Conversely, we aimed to perform a meta-analysis about the
DR of F-labeled PSMA PET/CT in BRPCa patients to add evidence-based data in this setting.

2. Methods

Reporting of this systematic review and meta-analysis conforms to the “Preferred Reporting
Items for a Systematic Review and Meta-Analysis of Diagnostic Test Accuracy Studies” (PRISMA-DTA
statement) which describes an evidence-based minimum set of items for reporting in systematic
reviews and meta-analyses of diagnostic studies [16,17].

2.1. Search Strategy

Three authors (G.T., S.A., D.A.P.) performed a comprehensive computer literature search of
PubMed/MEDLINE, EMBASE and Cochrane library databases to find relevant published articles on
the DR of PET/CT using '8F-labeled PSMA-agents in patients with BRPCa.

A search algorithm based on a combination of these terms was used: (A) “PSMA” AND (B)
“DCFPyL” OR “DCFBC” OR “1007”. No beginning date limit and language restrictions were used, and
the literature search was updated until 23 April 2019. To expand our search, references of the retrieved
articles were also screened for additional studies.

2.2. Study Selection

Studies or subsets of studies investigating the DR of '8F-labeled PSMA PET/CT in patients with
BRPCa were eligible for inclusion in the qualitative (systematic review) and quantitative analysis
(meta-analysis). The exclusion criteria for the systematic review were: (a) articles not within the field
of interest of this review; (b) review articles, editorials or letters, comments, conference proceedings; (c)
case reports or small case series. For the meta-analysis, articles with possible patient data overlap were
excluded; in this case, articles with more complete information were included in the meta-analysis.

Titles and abstracts were independently reviewed by three researchers applying the selected
inclusion and exclusion criteria. Disagreements were solved in a consensus meeting.

2.3. Data Extraction

For each eligible article, information was collected concerning basic study (authors, year of
publication, country of origin, study design), patient characteristics (type and number of patients
evaluated, mean age, Gleason score, mean/median PSA serum values, and PSA doubling time before
I8E_PSMA PET/CT), technical aspects (radiotracer used, hybrid imaging modality, mean radiotracer
injected activity, time interval between radiotracer injection and image acquisition, image analysis
and other imaging modalities performed for comparison). For articles included in the meta-analysis,

182



Cancers 2019, 11, 710

information was collected about DR values of 3 F-PSMA PET/CT (overall and at different PSA cut-off
values) on a per patient-based analysis, mean PSA serum values in patients with positive and negative
18F_PSMA PET/CT, percentage of change of management by using 18F_PSMA PET/CT in BRPCa.

2.4. Quality Assessment

The overall quality of the studies included in the meta-analysis was critically appraised based on
the revised “Quality Assessment of Diagnostic Accuracy Studies” tool (QUADAS-2) [18]. This tool
comprises four domains (patient selection, index test, reference standard, and flow and timing) and
each domain was assessed in terms of risk of bias, and the first three domains were also assessed in
terms of concerns regarding applicability [18].

2.5. Statistical Analysis

The DR of ¥ F-PSMA PSMA PET/CT was defined as the ratio between the number of patients
with at least one suspected lesion detected by PET/CT and the total number of BRPCa patients who
underwent the scan. Pooled analyses about DR of F-PSMA PET/CT were performed using data
retrieved from the selected studies and subgroup analyses taking into account different PSA serum
values or different radiotracers were planned. Furthermore, a pooled analysis about the mean difference
of PSA serum values in patients with positive and negative IBE_PSMA PET/CT was carried out.

A random-effects model was used for statistical pooling of the data, taking into account the
heterogeneity between studies. The different weight of each study in the pooled analysis was related to
the different sample size. Pooled data were presented with their respective 95% confidence interval (95%
CI) values, and data were displayed using plots. Heterogeneity was estimated using the I-square index
(1), which describes the percentage of variation across studies that was due to the heterogeneity rather
than chance [19], whereas the publication bias was assessed through the Egger’s test [20]. Statistical
analyses were performed using the StatsDirect software version 3 (StatsDirect Ltd., Cambridge, UK).

3. Results

3.1. Literature Search

Literature search results are reported in Figure 1.
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Research question: Detection rate of '®F-PSMA PET/CT in patients with biochemical

Database screened: PubMed/MEDLINE, EMBASE and Cochrane library (until April 23, 2019)
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Figure 1. Flow chart of the search for eligible studies on the detection rate of ¥ F-PSMA PET/CT in

patients with biochemical recurrent prostate cancer.

Ninety-four records were identified from the literature search of PubMed/MEDLINE, EMBASE,
and Cochrane library databases. Screening titles and abstracts, 85 records were excluded: 52 because
they were not in the field of interest; 8 as they were reviews, editorials or letters; and 25 as they
were case reports. Nine articles were selected and retrieved [21-29]. No additional records were
found screening the references of these articles. Therefore, 9 articles were eligible for the qualitative
analysis (systematic review). Three articles were excluded from the meta-analysis for possible patient
data overlap [21,25,26]; finally, 6 articles including 645 patients with BRPCa were included in the
quantitative analysis (meta-analysis) [22-24,27-29]. The characteristics of the studies selected for the
systematic review are presented in Tables 1 and 2. The main findings of the articles included in the
meta-analysis are shown in Table 3, whereas the overall quality assessment of the studies is reported in

Figure 2.
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QUADAS 2: Risk of bias
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Figure 2. Overall quality assessment of the studies included in the systematic review according to the
QUADAS-2 tool.

3.2. Qualitative Analysis (Systematic Review)

3.2.1. Basic Study and Patient Characteristics

Nine articles evaluating the DR of 18E_PSMA PET/CT in BRPCa patients were selected (Table 1) [21-
29]. The selected articles were published in the last five years by researchers from Europe and America;
only two out of nine studies were prospective studies (22%). Mean and median age of the patients
included in these studies ranged from 64 to 70 years. The Gleason score was 7 in 43-56%, <6 in 5-13%,
and >8 in 28-42% of cases. Mean and median PSA serum values before PET/CT among the included
BRPCa patients ranged from 0.6 to 5.2 ng/mL.
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3.2.2. Technical Aspects

Technical aspects of the included studies are reported in Table 2. The '3F-labeled PSMA agent
used was 8F-PSMA-1007 in four studies, 8 F-DCFPyL in four studies, and 8F-DCFBC in one study
only. The hybrid imaging modality was always PET/CT, mainly performed without CT contrast media
injection. The injected radiopharmaceutical activity and the time between radiotracer injection and
image acquisition were quite heterogeneous; in four studies a dual time point PET/CT imaging was
performed. Analysis of PET images was performed using qualitative criteria (visual analysis) in all the
studies and additional semi-quantitative criteria, i.e., calculating the maximal standardized uptake
values (SUVmax), in most of the studies. Areas of increased radiopharmaceutical uptake greater than
the surrounding tissue that could not be explained by physiological activity were judged as positive
findings at visual analysis. A clear reference standard was not specified in the included studies.

3.2.3. Main Findings

Most of the included studies demonstrated a good DR of #F-PSMA PET/CT in BRPCa patients
which was dependent on PSA serum values: the proportion of positive scans increased with PSA
levels [21-29]. Conversely, no significant correlation between PSA doubling time and DR of 18E_PSMA
PET/CT was found [24]. The higher DR values were obtained using '®F-PSMA-1007 or ®F-DCFPyL as
radiotracers (Table 3).

Most frequent sites of lesions detected by F-PSMA PET/CT in BRPCa were regional and distant
lymph nodal metastases, local relapse, and bone metastases [21-29].

In three studies, a statistically significant difference of PSA serum values in patients with positive
I8F-PSMA PET/CT compared to patients with negative 'F-PSMA PET/CT was found, but with a large
overlap in PSA values across these two categories [24,28,29].

In studies performing a dual time point '®F-PSMA PET/CT, a significant increased lesion uptake
and higher lesion-to-background uptake ratios were observed at a second time point (120 or 180 min
after radiotracer injection) compared to the first time point (60 min after radiotracer injection) [23-26].

No significant adverse effects of I8BE_.PSMA PET/CT were reported [21,24,27-29]. The change of
management by using '®F-PSMA PET/CT in BRPCa ranged from 50 to 87% of cases [24,28].

Two articles compared the DR of '8F-DCFPyL PET/CT with ¥ Ga-PSMA-11 PET/CT in BRPCa
patients. The 8F-DCFPyL PET/CT detected additional lesions compared to '3Ga-PSMA-11 PET/CT
(in particular for PSA values between 0.5 and 3.5 ng/mL) and the mean SUV . of 18F-DCFPyL
PSMA-positive lesions was significantly higher as compared to '8Ga-PSMA-11 positive lesions [21,22].

Several discordant findings were found when 'SF-PSMA PET/CT was compared to
multi-parametric MRI, demonstrating the complementary role of these imaging methods in BRPCa
patients [24].

3.3. Quantitative Analysis (Meta-Analysis)

Six studies (645 BRPCa patients) were selected for the pooled analysis [22-24,27-29]. The overall
DR of '8F-PSMA PET/CT on a per patient-based analysis ranged from 60% to 95%, with a pooled value
of 81% (95% CI: 71-88%) (Figure 3 and Table 3). We have detected a significant heterogeneity among
the selected studies (I? = 86%), whereas a publication bias was not revealed (p = 0.16).

Performing a sub-group analysis taking into account different PSA cut-off values (Table 3 and
Figure 4), we found a statistical significant difference in DR of 8F-PSMA PET/CT in BRPCa patients
with PSA > 0.5 ng/mL (pooled DR: 86%; 95% CI: 78-93%) compared to patients with PSA < 0.5 ng/mL
(pooled DR: 49%,; 95% CI: 23-74%).

Performing a sub-group analysis taking into account different radiotracers, the pooled DR of
18F-PSMA-1007, '8F-DCFPyL, and '®F-DCFBC PET/CT were 89% (95% CI: 72-98%), 81% (95% CL:
74-87%) and 60% (95% CI: 48-72%), respectively.
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Weighted mean difference of PSA values among patients with positive ®F-PSMA PET/CT and
patients with negative 18 F-PSMA PET/CT was 4.5 (95% CI: 3.3-5.7) without significant heterogeneity
(12 = 0%).

Overall detection rate of '8F-PSMA PET/CT
in biochemical recurrent prostate cancer

Giesel et al. 2019 1 0,81 (0,76, 0,86)
Rousseau et al. 2019 —r 0,85 (0,77, 0,90)
Rahbar et al. 2018 1 0,95 (0,89, 0,98)

Mena et al. 2018 . 0,60 (0,48,0,72)
Wondergem et al. 2017 . 0,82 (0,65, 0,93)
Dietlein et al. 2017 . 0,74 (0,62, 0,84)
combined + 0,81(0,71,0,88)
T T T )
0,5 0,6 0,7 0,8 0,9 1,0

proportion (95% confidence interval)

Figure 3. Plots of individual studies and pooled detection rate of 18E_PSMA PET/CT in biochemical
recurrent prostate cancer on a per patient-based analysis, including 95% confidence intervals (95% CI).
The size of the squares indicates the weight of each study.
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Figure 4. Bar graph showing the pooled detection rate of 'F-PSMA PET/CT in biochemical recurrent
prostate cancer on a per patient-based analysis, according to different PSA serum values.
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4. Discussion

Recently, some studies have evaluated the diagnostic performance of 'F-PSMA PET/CT in BRPCa
patients [21-29]; as these studies have limited power, due to the relatively small number of patients
enrolled and assessed, we have pooled data reported in published studies to derive more robust
estimates on the DR of '8F-PSMA PET/CT in this setting.

Overall, our systematic review and meta-analysis indicates a good DR of 18E-PSMA PET/CT in
BRPCa patients, in particular using '®F-PSMA-1007 and '®F-DCFPyL. The DR was dependent on PSA
serum values [21-29]: using the PSA cut-off of 0.5 ng/mL, the pooled DR of 8F-PSMA PET/CT was
86% in BRPCa patients with PSA > 0.5 ng/mL and 49% in patients with PSA < 0.5 ng/mL. Therefore,
accurate timing of 18F_PSMA PET/CT, based on PSA values, substantially affects its diagnostic value
in BRPCa patients, and monitoring of PSA values could be useful for accurate timing of 8 F-PSMA
PET/CT.

Beyond the PSA serum values, low PSMA expression (i.e., due to the tumor heterogeneity) might
cause false-negative 18 F-PSMA PET/CT findings in some PCa patients [21-29]. About the pooled DR of
I8F-PSMA PET/CT in BRPCa, we found similar results compared to those reported in the literature with
68Ga-labeled PSMA PET/CT [9-15]. Compared to PET/CT with 68Ga-labeled PSMA, the longer half-life
and higher injected activities of I8F_PSMA allow high-quality delayed images, higher lesion uptake,
and superior clearance of background activity [21-29]. Two studies only reported a comparison of
18E_PSMA and ®8Ga-PSMA PET/CT in BRPCa patients with a trend towards a higher DR of I8E_PSMA
compared to ®¥Ga-PSMA PET/CT, but the acquisition protocols used in these studies included different
tracer uptake time periods for '8 F-PSMA (120 min) and *Ga-PSMA (60 min) before image acquisition
and different activity used for these radiopharmaceuticals (\*F-PSMA > ¢8Ga-PSMA), which could
explain these results [21,22]. Assuming similar DR, the real additional value of 18F_PSMA tracers might
be the possibility of large-scale batch production in a cyclotron and satellite-center supply due to the
longer half-life [21-29].

As a significant increased '8F-PSMA uptake over time was demonstrated in PCa lesions with a
higher contrast at delayed PET/CT time points compared to early PET/CT time points [23-26], it is
not recommended to perform 18E-PSMA PET/CT at 60 min after radiotracer injection (which is the
common imaging time point for ®®Ga-PSMA PET/CT). However, imaging at late time points may be a
logistic challenge for PET/CT centers.

Only two articles assessed the change of management that can be obtained by using '®F-PSMA
PET/CT in patients with BRPCa [24,28], reporting a significant change of management ranging from
50 to 87% of cases, in line with literature data about the change of management obtained by using
18Ga-PSMA PET/CT in this setting [30].

Some limitations and biases of our meta-analysis should be taken into account. First of all, a limited
number of studies were available for the meta-analysis. The major limitation of the included studies
was that not all positive PET/CT findings were confirmed by histology (verification bias). Confirmation
was impaired by the small volume of individual lesions and the high number of biopsy-inaccessible
lesions. In absence of histological validation, it cannot be excluded that some lesions detected by
I8E-.PSMA PET/CT may represent false-positive findings. Nevertheless, if modern imaging methods
are performed in BRPCa patients, then confirmation of positive findings are needed only in highly
selected cases and with a biopsy when findings are equivocal [1]. Even in the absence of histological
confirmation, clinical follow-up or decline of PSA after therapy can be helpful.

A possible limitation of our meta-analysis is the detected heterogeneity, likely due to the
different characteristics of patients, methods, and quality of included studies. We tried to explain
this heterogeneity performing sub-group analyses taking into account different PSA cut-off values
and different radiotracers. Some differences of DR were found using various ®*F-PSMA agents, but
studies performing a head-to-head comparison of these tracers in BRPCa setting are not available yet.
We found a lower DR value using "®F-DCFBC compared with second-generation ®*F-PSMA agents
(*8F-PSMA-1007 and 18F-DCFPyL), likely because of the higher background signal of 18E-DCFBC
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due to the considerable blood-pool activity, which could limit the DR of pelvic and retroperitoneal
lymph node metastases [24]. In a recent pilot prospective study comparing $F-PSMA-1007 and
I8F-DCFPyL in the setting of PCa staging, similar DR were found using these radiopharmaceuticals [31].
Non-urinary excretion of ¥F-PSMA-1007 might present some advantages with regard to delineation of
local recurrence or pelvic lymph node metastases in selected patients; the lower hepatic background
might favor 8 F-DCFPyL in late stages, when rare cases of liver metastases can occur [31].

Diagnostic accuracy of a test is not a measure of clinical effectiveness and high DR values do
not necessarily result in improved patient outcomes. Other factors beyond the DR should influence
the choice of an imaging modality in patients with BRPCa (i.e., availability, radiation dose, safety,
examination time, legal, organization, economic aspects, and cost-effectiveness). Overall, our systematic
review and meta-analysis demonstrated a good DR of #F-PSMA PET/CT in patients with BRPCa,
but large prospective multi-center studies, and in particular, cost-effectiveness analyses comparing
I8E-PSMA to other PET radiopharmaceuticals are warranted.

5. Conclusions

e  !8F.Jabeled PSMA PET/CT demonstrated a good DR in BRPCa, in particular using '®F-PSMA-1007
and '8F-DCFPyL, with similar results compared to those reported in the literature with ®®Ga-labeled
PSMA PET/CT.

e The DR of '8F-labeled PSMA PET/CT is related to PSA values with significant lower DR in patients
with PSA < 0.5 ng/mL.

e  Prospective multicentric trials are needed to confirm these findings; nevertheless, 18F_labeled
PSMA PET/CT seems to be a promising cost-effective alternative to ®®Ga-labeled PSMA PET/CT
in BRPCa.
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Abstract: Mesothelin is a membrane-associated protein overexpressed in pancreatic ductal
adenocarcinoma (PDAC). Some mesothelin-targeted therapies are in clinical development but the
identification of patients eligible for such therapies is still challenging. The objective of this study was to
perform the imaging of mesothelin in mice models of PDAC with a technetium-labeled anti-mesothelin
single-domain antibody (™Te-A1). Methods: The Cancer Genomic Atlas (TCGA) database was used
to determine the prognostic role of mesothelin in PDAC. **™Tc-A1 was evaluated both in vitro in
PDAC cells (SW1990 and AsPC-1) and in vivo in an experimental model of mesothelin-expressing
PDAC (AsPC-1) in mice. Results: TCGA analysis showed that PDAC patients with high mesothelin
expression had a shorter overall survival (P = 0.00066). The binding of *™Tc-A1 was 2.1-fold greater
in high-mesothelin-expressing AsPC-1 cells when compared to moderate-mesothelin-expressing
SW1990 cells (p < 0.05). In vivo, the ®™Tc-A1 uptake was 3.5-fold higher in AsPC-1-derived tumors
as compared to a technetium-labeled irrelevant antibody (*™Tc-Ctl) (p < 0.01). Conclusions: *™Tc-Al
accurately allows imaging of mesothelin-expressing experimental PDAC tumors. Our experiments
paved the way for the development of a companion test for mesothelin-targeted therapies.

Keywords: PDAC; Mesothelin; noninvasive imaging

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive tumors, representing
the fourth leading cause of cancer-related deaths worldwide in 2018 [1]. By the year 2030, PDAC is
projected to surpass breast, colorectal, and prostate cancer and to become the second most deadly
malignancy [2]. Despite intense clinical research, the five-year survival rate remains just around 5-7%
and one-year survival is achieved in less than 20% of cases [3]. Moreover, resistance to chemotherapy
and lack of effective therapies contribute to the pejorative prognosis [4]. Finally, the majority of PDAC
is diagnosed at advanced stages, thereby limiting therapeutic windows to manage patients [5].

The mesothelin gene encodes a 71 kDa precursor protein. It is processed in a shed form known
as Megakaryocyte Potentiating Factor, and a 40 kDa GPI-anchored membrane form, which is the
mesothelin protein itself [6]. Mesothelin expression is limited to mesothelial cells of the pleura,
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peritoneum, and pericardium. In normal tissues, the expression of mesothelin is very weak. However,
its overexpression has been evidenced in several types of cancers including ovarian cancers and
mesothelioma. Hence, mesothelin has been identified as a diagnostic marker and a relevant therapeutic
target. As much as 80-85% of PDAC displayed greater levels of mesothelin [6,7]. No significant
elevation of the shed form was detected in the serum of PDAC patients. The major form in cancers is
membrane-associated mesothelin [8]. Mesothelin-targeted therapies are currently on clinical evaluation
for the management of PDAC patients. However, the identification of patients eligible for such
therapies still remains a challenging issue [6].

We recently validated *™Tc-A1 as a single-domain-based imaging agent used for the phenotypic
imaging of membrane mesothelin-expressing breast cancer [9]. In this study, we tested the ability of
9MTe-Al in imaging mesothelin-expressing PDAC tumors.

2. Results

2.1. Overexpression of Mesothelin in PDAC Patients Is Associated with Poor Clinical Outcomes

Tumoral PDAC-derived specimens demonstrated significant increased levels of mesothelin
(MSLN) when compared to peritumoral (nontumoral) pancreatic tissues (Figure 1A) (n = 179 and 171,
respectively; p < 0.05). PDAC patients with high MSLN tumoral gene expression had a significant
decreased overall survival when compared to patients with low expression (Figure 1B) (n = 177;
P =0.00066; HR: 2.05). Moreover, an elevated expression pattern was only observed in advanced stages
(comparison of stages I and II to stages III and IV, Pr(>F) = 0.00881) (Figure 1C). To further validate
our PDAC in silico dataset study model, greater expression of proliferative markers MKI67, CCNB1,
and PCNA were only depicted in tumoral PDAC-derived specimens (Figure S1A, p < 0.05) and their
overexpressions were associated with a shorter overall survival (Figure S1B, p < 0.01).
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Figure 1. Prognostic value of mesothelin expression by pancreatic ductal adenocarcinoma (PDAC)
patients for survival. (A) Expression of mesothelin in tumoral (T) and nontumoral (NT) pancreatic
tissues from The Cancer Genomic Atlas (TCGA) and Genomic Tissue-Expression (GTEx) datasets.
The red and gray boxes represent PDAC and nontumoral-derived tissues, respectively (T: n = 179
and NT: n = 171). (B) Kaplan-Meier plots of overall survival probability (plotted on Y-axis) of PDAC
cancer patients is shown (TCGA data, n = 177). Patients have been stratified into high (red lines, n = 59)
or low (black lines, n = 118) expression-based “risk-groups” by their gene expression of mesothelin.
The patient follow-up is indicated in months on the X-axis. Respective log-rank test p-value, HR,
and computed median survivals of low and high expression cohorts in months are shown and were
calculated at the best auto-selected cut-off. (C) Violin plot showing the average gene expression levels
of mesothelin at early (I and II) and advanced (III and IV) cancer stages of PDAC patients (TCGA
database, n = 179). * p < 0.05.
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2.2. 99" Te-Al Binding on Mesothelin-Expressing PDAC Cell Lines

Through an unbiased in silico approach, mesothelin expression was assessed in 20 PDAC cell
lines. An increased, moderated, and reduced mRNA expression of mesothelin was evidenced in
AsPC-1, SW1990, and MIAPaCa-2, respectively (Figure 2A). Based on this observation, high-, medium-,
and low-MSLN-expressing PDAC cell lines were selected for in vitro characterization. Mesothelin
protein was expressed by AsPC-1 and SW1990 but not by MIAPaCa-2 cells (Figure 2B, Figure S2).
9mTe-A1 binding was then assessed on these cell lines (Figure 2C). ®™Tc-A1 binding was 2.1-fold
higher in AsPC-1 as compared to SW1990 cells (p < 0.05).

LB
T
MSLN 6
l5
> o I (7] I = 172} -4 ) 3 e o o I o = o el [} =
® ¢ % z 2 ¥ S 5 2 L z 3 3 % o= % 3 % § 3
¢ 35 5 g © T3 2 O ¢ o 92 35 8 z c g g
Sk 8 = 7 % 3 & 8 ® R = £ s 5 @
& 2 8 g N
MIAPaCa-2 SW1990 AsPC-1 g
o *
(3]
MSLN “ 2
(40 kDa) 'E
£
2
3 1>10°%
B-actin - S ¢
(40 kDa) — £
H
0
SW1990 AsPC-1

Figure 2. 2™Tc-A1 binds to mesothelin-expressing cells in vitro. (A) Heatmap displaying MSLN gene
expression levels across 20 PDAC cell lines. (B) Mesothelin expression of MIAPaCa-2, SW1990, AsPC-1
cells was assessed by Western blot. (C) Binding of PMTe-A1 to SW1990 and AsPC-1 cells (n = 6 per
condition). Results were expressed in counts per minute (CPM). * p < 0.05 vs. SW1990.

2.3. SPECT-CT Imaging of Mesothelin in Subcutaneous Tumor Model

Coronal and transversal views of fused Single Photon Emission Computed Tomography
(SPECT-CT) images are shown in Figure 3A. ®™Tc-A1 uptake in mesothelin-positive AsPC-1 cells was
readily identifiable, whereas a weak signal was detected using the irrelevant control sdAb (Figure 3A).
This observation was further confirmed by image quantification showing that ™ Tc-A1 uptake was
3.5-fold higher than *™Tc-Ctl uptake in AsPC-1 tumor-bearing mice (2.4 + 0.6 vs. 0.7 + 0.2% ID/cm?,
P < 0.01) (Figure 3B). This result was then confirmed by ex vivo gamma-well counting showing that
the #™Tc-A1 condition displayed a significant greater uptake (P < 0.01) (Figure 3C). Linear regression
analysis confirmed the observations from both in vivo and ex vivo quantifications (Y = 1.25 x X + 0.04,
12 = 0.98, P < 0.001) (Figure 3D). Thus, these results validate the use of ®™Tc-A1 in assessing in vivo
MSLN expression in PDAC.
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Figure 3. %™ Tc-A1 binds to AsPC-1 tumor in vivo. (A) Representative coronal and transversal views
of fused SPECT-CT images of AsPC-1 tumor-bearing mice one hour after IV injection of *™Te-Ctl
(n =5) or MTc-Al (n = 6). B: bladder and L: liver. Tumor is indicated by the white arrow. (B) In vivo
quantification of ®™Tc-A1 and ®™Tc-A1 tumor uptake from SPECT images. (C) Ex vivo quantification
of #MTc-Al tumor uptake from postmortem analysis. (D) Correlation between tumor uptake assessed
by SPECT and biodistribution. ** p < 0.01 vs. #™Tc-Ctl.

3. Discussion

Despite intense clinical efforts, PDAC remains one of the most aggressive malignancies with a
five-year survival rate around 5-7% [3]. The advanced stages of PDAC at the diagnosis and the intrinsic
resistance to standard therapies give rise to this dismal prognosis [7]. Until today, most clinical trials
have failed to demonstrate significant improvement in patient survival [10]. Identification of targetable
molecules for PDAC early diagnosis and treatment thus represents an urgent need. Among the
potential targets, current evidence includes mesothelin as a PDAC biomarker. Mesothelin expression
is restricted to mesothelial cells (pleura, peritoneum, and pericardium) and its physiological function
still remains unknown. Indeed, mesothelin seems to be nonessential in normal tissues [11]. However,
mesothelin is present in a wide range of tumors including ovarian and lung cancers (60-65%), and also
PDAC-derived tumors (80-85%) [12]. Several studies demonstrated a crucial role of mesothelin in cell
survival, proliferation, and resistance to chemotherapy [7,13].

Using TCGA datasets, we observed an overexpression of mesothelin only in PDAC-derived
specimens in comparison to nontumoral samples. In agreement with other previous studies,
high expression of mesothelin predicted shorter overall survival of PDAC patients [7,14]. The increase
of mesothelin expression in the advanced disease stages of PDAC suggests its relevance as a disease
progression biomarker. Accumulating evidences suggestits role as a diagnostic marker and a therapeutic
target [7]. Several strategies including monoclonal antibodies (mAbs), vaccines, or immunotoxins are
currently under clinical evaluation [7]. Importantly, soluble mesothelin assays failed in validating their
diagnostic potential for PDAC detection despite overexpression of the membrane-bound form [15,16].
No significant variation of serum mesothelin levels could be evidenced regardless of the different stages
of PDAC progression [17]. Nevertheless, identification of patients eligible for such anti-mesothelin
therapies still remains a perplexing issue.
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Nuclear imaging represents a highly sensitive and noninvasive imaging modality that could
address this challenge. Indeed, we previously validated **™Tc-A1, which is a single-domain
antibody-derived imaging agent, as an efficient probe in accurately targeting mesothelin-expressing
triple-negative breast cancer [9]. Herein, we evaluated the potential of “™Tc-Al as an imaging
probe of mesothelin-expressing PDAC. Our in vivo experiments showed that ™Tc-A1 enabled
the noninvasive visualization of AsPC-1-derived tumors by SPECT imaging at early time points.
These results reinforce our study on triple-negative breast cancer, despite the lower *™Tc-A1 uptake
of PDAC mesothelin-positive tumors [9]. In addition to triple-negative breast cancer and PDAC,
9mTe-A1l imaging represents a relevant option to visualize other aggressive cancers overexpressing
mesothelin such as ovarian and lung cancers, for which the imaging modalities are mainly based
on the use of conventional antibodies. However, further in vivo competition experiments using
unlabeled A1 would confirm the specificity of ™ Tc-A1 uptake by PDAC-derived tumors as previously
established in breast cancer [9]. To our knowledge, all mesothelin-targeted radiotracers indeed
rely on the production of mAbs or single-chain variable fragments (scFv) [18-20]. Their hepatic
elimination and their slow blood clearance are the main limitations for their use as imaging probes.
The smaller size of sdAb-based imaging agents allows: (1) a fast blood clearance and (2) image
acquisitions with high target-to-background ratios as early as one hour following administration.
Future perspectives of this work include evaluation of the sensitivity of “™Tc-A1 and its ability to
phenotype mesothelin-expressing tumors in an orthotopic model of PDAC. These results support
further preclinical development of *Tc-A1 and translation to human applications for cancers that
overexpress mesothelin.

Future directions of this work would therefore include clinical translation of ®™Tc-A1 for the
identification of mesothelin-expressing PDAC that would allow selection of patients who might benefit
from mesothelin-targeted therapies that are currently undergoing clinical trials [6].

4. Materials and Methods

4.1. Patients Online Datasets

Gene expression levels of mesothelin (MSLN), MKI67, CCNB1, and PCNA were analyzed and
compared in tumor (T) and normal tissue (NT) from PDAC-derived specimens using PAAD (Pancreatic
adenocarcinoma), TCGA (The Cancer Genome Atlas), and GTEx datasets (T: n = 179 and NT: n = 171)
through the available interface Gene Expression Profiling Interactive Analysis (GEPIA) [13]. The results
published here are based upon data generated by the TCGA Research Network [21]. Survival analysis
was performed using the Kaplan-Meier (KM) Plotter Database as already described [22-24]. The gene
expression was extracted from the TCGA database, with at least five-year follow-up data from PDAC
patients (n = 177). The data were not adjusted for clinical status and to analyze the prognostic value
of MSLN, MKI67, CCNB1, and PCNA genes, the KM method was used to estimate survival curves.
Hazard ratio (HR) and overall survival were calculated at the best auto-selected cut-off. p-values were
calculated using the log-rank test to compare survival curves of high and low gene expression groups
and a p-value below 0.05 was considered to be statistically significant.

4.2. Cell Lines Gene Expression Data and Visualization

Preprocessed microarray gene expression data deposited in ArrayExpress (E-MTAB-3610,
EMBL-EBI, Cambridgeshire, UK) were downloaded from the Genomics of Drug Sensitivity in Cancer
(GDSC) web page [25]. The gene symbols were mapped to Ensembl gene IDs by using the R package
biomaRt v.2.40.3 with the human genome version GRCh37.p13. The R package pheatmap v.1.0.12 was
used to visualize the gene expression data using hierarchical clustering with Euclidean distance and
“complete” agglomeration method.
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4.3. Cell Lines and Culture Conditions

AsPC-1,SW1990, and MIAPaCa-2 cell lines were maintained at 37 °C and 5% CO, and cultured
in DMEM medium (4.5 g/L glucose, 2 mM L-glutamine, 1 mM Sodium Pyruvate) supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin.

4.4. Immunoblotting

Total proteins from AsPC-1, SW1990, and MIAPaCa-2 cells were extracted using RIPA buffer
(Thermo Fisher Scientific, Illkirch, France). After migration in 12% SDS-polyacrylamide gel, proteins
were transferred to nitrocellulose membranes (90 min, 100 V). They were saturated in PBS-Tween 0.1%
containing 2% milk at room temperature for 1 h and then probed overnight with the antimesothelin
antibody (1/2000, Boster Immunoleader, Pleasanton, CA, USA). Membranes were then stripped during
10 min (0.1% SDS, 1.5% glycin, 1% Tween, pH 2.2) for -actin detection (1/10 000, Beckton Dickinson,
Le Pont de Claix, France).

4.5. In Vitro Binding Studies

Al and irrelevant control single-domain antibody (sdAb) were radiolabeled with technetium-99m
(**MTc) using the tricarbonyl method as previously described [9]. For in vitro studies, 200,000 AsPC-1,
SW1990, and MIAPaCa-2 cells were incubated with 40 nM of ™Tc-A1 for 1 h at 4 °C. After five washes
in cold PBS, the radioactivity was determined using a y-counter (Wizard?, Perkin Elmer, Courtaboeuf,
France). Unspecific binding of ™ Tc-A1 was determined on MIAPaCa-2 cells and was subtracted from
Mo A1l binding on SW1990 and AsPC-1 cells. Results were expressed in counts per minute (CPM).

4.6. Tumor Model, SPECT-CT Imaging, and Postmortem Analysis

All animal procedures conformed to French government guidelines (Articles R214-87 to R214-126;
European directive 2010/63/UE). They were performed in an approved facility (C385161 0005) under
permit APAFIS#3690-2016011916045217 v4 from the French Ministry of Research. Four million
AsPC-1 cells were subcutaneously injected into the left flank of five-week-old female Swiss Nude
immunodeficient mice (n = 11), in a 2/1 (v/v) PBS/Matrigel (Corning) mix. Tumors were allowed to
grow until they reached 200 mm3. AsPC-1-tumor-bearing mice were either injected with irrelevant
control ™Te-Ctl (n = 5) or MTe-A1 (n = 6). SPECT-CT acquisitions were performed one hour after
injection of 42.1 + 9.0 MBq of #™Tc-sdAbs. *™Tc-Ctl and *™Tc-Al tumor uptake was expressed
in % ID/cm3. Two hours after injection and immediately following SPECT-CT image acquisitions,
anesthetized mice were euthanized using CO, and tumors were harvested and weighed, and tracer
activity was determined with a y-counter (Wizard?, Perkin). Results were corrected for decay, injected
dose, and tumor weight, and expressed as % ID/g.

4.7. Statistics

Results are expressed as means + standard deviation and analyzed with GraphPad Prism software
(Version 6, software, San Diego, CA, USA). Differences between groups were analyzed using an
unpaired Mann-Whitney test for intergroup analysis. Significance of linear correlations was assessed
using a Pearson’s test. A p value below 0.05 was considered significant (* P < 0.05, ** P < 0.01,
*** P <0.001).

5. Conclusions

9mTe-A1 allows imaging of mesothelin-expressing PDAC. Our study represents the first step to
using this technology as a companion test to select patients eligible for mesothelin-targeted therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1531/s1,
Figure S1: Markers of proliferation are associated with decreased overall survival in patients with PDAC. Figure S2:
Mesothelin expression of MIAPaCa-2, SW1990 and AsPC-1 was assessed by Western Blot.
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Abstract: While current international guidelines include imaging of the target lesion for response
monitoring in metastatic breast cancer, they do not provide specific recommendations for choice of
imaging modality or response criteria. This is important as clinical decisions may vary depending on
which imaging modality is used for monitoring metastatic breast cancer. FDG-PET/CT has shown high
accuracy in diagnosing metastatic breast cancer, and the Positron Emission Tomography Response
Criteria in Solid Tumors (PERCIST) have shown higher predictive values than the CT-based Response
Evaluation Criteria in Solid Tumors (RECIST) for prediction of progression-free survival. No studies
have yet addressed the clinical impact of using different imaging modalities or response evaluation
criteria for longitudinal response monitoring in metastatic breast cancer. We present a case study of a
patient with metastatic breast cancer who was monitored first with conventional CT and then with
FDG-PET/CT. We retrospectively applied PERCIST to evaluate the longitudinal response to treatment.
We used the one-lesion PERCIST model measuring SULpeak in the hottest metastatic lesion on
consecutive scans. This model provides a continuous variable that allows graphical illustration of
disease fluctuation along with response categories. The one-lesion PERCIST approach seems able
to reflect molecular changes and has the potential to support clinical decision-making. Prospective
clinical studies addressing the clinical impact of PERCIST in metastatic breast cancer are needed to
establish evidence-based recommendations for response monitoring in this disease.

Keywords: precision oncology; FDG-PET/CT; PERCIST; metastatic breast cancer

1. Introduction

Breast cancer is the most frequent malignant disease among women. In developed countries, more
than 90% are diagnosed with operable breast cancer, while 5-10% have advanced or metastatic disease
at diagnosis. The prognosis is generally good, with 10-year survival rates of about 80% [1]. Survival
with metastatic cancer is improving along with the rapid development of new treatments, such as
HER2-targeting therapies [2]. Breast cancer is thus emerging as a chronic disease, where survivors can
live for long periods of time.

In randomized clinical trials of new drugs, response to therapy is monitored using the New
Response Evaluation Criteria in Solid Tumors (RECIST) approach [3], but current guidelines do
not provide specific recommendations for response monitoring for patients with metastatic breast
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cancer outside clinical trials [4]. There is limited evidence supporting the clinical use of molecular
imaging with 2-deoxy-2[18F] fluoroglucose-positron emission tomography/computed tomography
(FDG-PET/CT) and the related PET Response Criteria in Solid Tumors (PERCIST) [5,6] for response
monitoring in metastatic breast cancer. Due to the heterogeneity of breast cancer within and between
patients, response monitoring has become a complex area, and specialized knowledge of the metastatic
process and the molecular basis for response prediction and monitoring is required to enable the
guidelines to be updated.

In this perspective paper, we address the potential of using PERCIST for longitudinal response
monitoring in metastatic breast cancer and illustrate this with a case study. We reflect on the advantages
of using PERCIST and suggest ways to improve and innovate the approach based on our experiences
of using FDG-PET/CT for response monitoring in metastatic breast cancer. In addition, we relate
advancements in molecular imaging technology to current knowledge about the biology of metastases
and the evolving field of precision oncology.

2. Metastasis, Progression, and Precision Oncology

Treatment recommendations for primary breast cancer are based on the pathological molecular
profile of the cancer’s dominant cell clone [7]. Primary tumors are often heterogeneous, however, and
may present with minor components of differing tumor cell types, i.e., cells with differing molecular
profiles [8]. When a cancer spreads to other tissues, the metastases can be of a different type to the
primary cancer, and sometimes the metastases are even different to each other [9,10]. This may be due
to heterogeneity in the primary tumor that comprises more than one cell clone [9]. Similarly, if a tumor
progresses during oncologic treatment, we may see sufficient treatment effect on the dominant clone
but synchronous growth of a minor clone that does not respond to the chosen therapy [8].

This heterogeneity of metastatic breast cancer has stimulated the development of new treatment
approaches such as estrogen- and HER2-receptor targeting therapies. The prolonged survival of
patients with metastatic breast cancer is strongly related to estrogen- and HER2-positive tumors and
is most likely due to these targeting therapies [2,11]. Revolutionary approaches for future cancer
treatment include therapies targeting specific receptors on cancer cells or genetic mutations in gene
clusters that encode so-called ‘hub proteins’. As these mutations may be common across several cancer
forms, future treatments could address clusters of genes or proteins rather than use the traditional
categorization according to the originating tissue [12]. The next generation sequencing of tumor DNA
and RNA appear to be relevant tools in future precision oncology as they might enable categorization
of patients into different intervention ‘baskets’ with associated evidence-based recommendations for
clinical management [13].

Precision medicine approaches, such as liquid biopsies that analyze circulating tumor DNA
(ctDNA), may be able to accurately present the disease biology and potentially predict treatment
response and prognosis [14]. However, potential drawbacks of sequencing ctDNA are a relatively low
sensitivity and lack of visualization of the metastatic sites. These drawbacks could be reduced by the
addition of molecular imaging to further support clinical decision-making. In the future, therefore, we
expect that an optimal approach for response prediction and monitoring in metastatic cancers may be
the combination of molecular imaging with genomic profiling using ctDNA.

3. Response Prediction and Response Monitoring

Most cancer treatments are still directed against the classic hallmarks of cancer and thus aim to
suppress cancer growth and proliferation, cell division, and angiogenesis. While precision oncology
approaches such as liquid biopsy [8,15] have created high expectations for the ability to predict treatment
effect and monitor disease, the methodology for analyzing liquid biopsies and gene mutations is not
yet available for clinical purposes. In the meantime, we need to address currently available methods
to improve clinical decision-making for systemic treatment of metastatic breast cancer. A first step
should be to use molecular imaging methods based on glycosylation in cancer [16].
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Munkley et al. proposed that glycosylation is closely associated with all the hallmarks of cancer
and that glycans play a major role in cancer growth [16]. A key feature is the shift from oxidative
phosphorylation to aerobic glycolysis (the Warburg effect). The increased glucose uptake in cancer cells
is used in the molecular imaging modality of FDG-PET/CT to enable prognosis and response monitoring
of a range of oncologic diseases despite their varying molecular profiles. Another developing area
involves theranostic approaches such as targeting radionuclides for combined PET-imaging and
targeted radioisotope therapies. FDG-PET/CT imaging reflects glucose metabolism in cancer, and the
level of FDG-uptake mirrors the aggressiveness of cancer cells [17]. Early papers have shown a clear
relationship between FDG uptake (measured as the standardized uptake value, SUV) and disease
prognosis—a relationship that was clearly demonstrated for malignant mesothelioma in 1999 [18].
The prognostic value of the maximum SUV (SUVmax) and the metabolic tumor volume (MTV) was
also recently demonstrated for primary breast cancer [19], further supporting the central role of
glycosylation in cancer. As recurrent and metastatic breast cancers are FDG-avid diseases [20,21],
FDG-PET/CT may be a valuable tool for response monitoring. Morphologic response monitoring tools
such as the Response Evaluation Criteria in Solid Tumors (RECIST) and RECIST 1.1 have traditionally
been used for this purpose [3]. However, the emerging molecular-directed treatments mean that we
need to consider a shift towards molecular-based criteria. A recent retrospective study of patients
with metastatic breast cancer showed that response prediction of progression-free and disease-specific
survival was superior with PERCIST compared to RECIST [22]. In the following, we present a case
study to illustrate the potential of FDG-PET/CT and PERCIST in longitudinal response monitoring of
metastatic breast cancer.

4. A Case Study of Longitudinal Response Monitoring in Metastatic Breast Cancer

A 47-year-old woman presented in January 2010 with locally advanced estrogen-positive,
HER2-normal carcinoma in the right breast. She gave written informed consent for using her data for
research purposes. Figure 1 shows FDG-PET/CT images at the time of diagnosis of primary breast
cancer, where a metastasis in a small osteolytic lesion in her left trochanter major was also suggested.
This was not visible with conventional X-rays, and thus neoadjuvant chemotherapy was initiated
with cyclophosphamide/doxorubicin followed by docetaxel. The patient underwent mastectomy and
axillary lymph node dissection and then received adjuvant radiotherapy and endocrine therapy. The
small osteolytic lesion in the left trochanter major might have been overlooked or considered a benign
lesion by a less sensitive reader. Today, when equivocal bone lesions are observed on FDG-PET/CT,
it would be relevant to consider providing a better CT window for evaluation of bone structures or
performing additional imaging such as Magnetic Resonance Imaging (MRI) or PET/MRI in order to
increase the diagnostic accuracy [23].

Fifteen months later, the patient experienced lower back pain. As shown in Figure 2, FDG-PET/CT
revealed a focal intense FDG uptake in the left trochanter major (A) whereas no changes were identified
on CT. Bone metastasis was verified by biopsy. Treatment with capecitabine and ibandronate was
initiated, and the treatment effect was monitored for the first year using contrast-enhanced CT. The
last of four conventional CT scans detected an osteolytic lesion in vertebra L3, while FDG-PET/CT
shortly after revealed unexpected massive progression to the skeleton (B). Treatment was changed to
navelbine, and monitoring with FDG-PET/CT was started, using qualitative assessment of response.
When progression occurred after four months (C), treatment was changed to eribulin, and subsequent
disease regression was seen. The disease progressed again after five months (D) and treatment was
altered to gemcitabine, resulting in several months without FDG-avid metastases. This sequence of
progression, treatment change, and subsequent regression repeated itself, during which the patient
received paclitaxel (2-3 months) (E); fulvestrant (5 months) (F); doxorubicin (10 months) (G); no
treatment (4 months) (H), irinotecan (5 months) (I); and cyclophosphamide-methotrexate-fluorouracil
(J). She passed away in February 2018.
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Figure 1. FDG-PET/CT performed for the first time in February 2010. Left (a): Maximum-intensity
projection image showing an FDG-positive lesion in the left trochanter major, outlined by the blue
square, suspicious of bone metastasis. High FDG uptake is seen in activated physiological brown fat
tissue, but FDG uptake could not be seen in the primary tumor in the right breast. Right: Axial images
of the pelvic region: (b) CT alone, (c) FDG-PET alone), and (d) fused FDG-PET/CT.

In this patient case, conventional CT in the first year after initiation of systemic treatment for
metastatic breast cancer showed complete response (CR) in three initial scans and then progressive
disease (PD) on a fourth CT scan in April 2012. A supplemental FDG-PET/CT performed four days later
revealed massive progression (Figure 2B; April 12), indicating that conventional CT detects progression
later than FDG-PET/CT does. We need prospective trials, however, to investigate whether this could
influence clinical decisions or patient survival and quality of life.

As the maximum intensity projection (MIP) images from scans are easily interpreted, they are
a useful collaborative tool in clinical decision-making. Current guidelines emphasize that patients
and their families should participate in decision-making processes, and MIP or ‘MIP-like” images
can be relevant here as well [4]. A further option is standardized semi-quantitative assessment using
PERCIST. This may offer extra advantages and is addressed in the next section.
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Figure 2. Maximum intensity projection images of a patient with metastatic breast cancer monitored
longitudinally with FDG-PET/CT. Baseline scan (A) and pretreatment scans (B-J). Blue squares outline
metastatic lesions. Red circles outline the hottest lesion representing a shifting target lesion for which
SULpeak was measured using PERCIST 1.0.
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5. PERCIST 1.0 for Response Monitoring in Metastatic Breast Cancer

Figure 3 illustrates the treatment course of the patient in the case study based on PERCIST 1.0.
We used the one-lesion method according to Wahl et al. [6] and O et al. [5] (Table 1) and thus used
SULpeak of the hottest lesion, which may differ in consecutive scans. SULpeak represents the highest
mean standardized uptake value (SUV) in a volume of interest of 1 cm? corrected for lean body mass.
The reference value in healthy liver tissue was measured in a volume of interest with 3 cm diameter to
check for assessability in follow-up scans.

201 SUL

peak

B CMR/PMR SMD HPrPMD CoT * New lesion

Figure 3. Graphical illustration of changes in PERCIST one-lesion SULpeak in a patient with metastatic
breast cancer monitored for more than six years with FDG-PET/CT. Colored response categories:
complete metabolic response (CMR), partial metabolic response (PMR), stable metabolic disease (SMD),
and progressive metabolic disease (PMD). Grey-toned months represent time points for change of
treatment (CoT). Conventional CT was performed Aug 11, Oct 11, and Jan 12. * Indicates scans with
detection of new lesions.

To illustrate some aspects related to the assessibility criteria listed in Table 1, we present data
for the PERCIST response categorization in Table 2. In June 2013, we changed to a new scanner with
matrix size 256 x 256 instead of 128 x 128. The ordered subset expectation maximization (OSEM)
reconstruction algorithm was used for all scans. Although serum glucose levels were not available
retrospectively, patients in our institution are asked to fast for six hours prior to the scan, so we
consider this criterion to be met sufficiently. The injection-to-scan time was higher than 70 min on
three occasions and differed on several occasions more than 15 min from baseline or pretreatment
scans. The standard FDG dose applied at our institution is 4 MBq per kilogram, which we believe
better accommodates potential weight changes than the dose proposed by PERCIST. SULmean in the
liver differed more than 0.3 SUL units on several occasions (Table 2).
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Table 1. Specifications for the PERCIST 1.0 approach [5,6].

Suggested
quantification measure
Suggested
quantification measure

Quantification Measure

SULpeak for the hottest tumor, which is not necessarily the same
tumor on scans over time (one-lesion method)
SULpeak of up to five target lesions in hottest tumors, up to two
per organ (five-lesions method)

Measurability Criteria at
Baseline

Disease under study must be FDG-avid, meaning that SULpeak
should be > 1 and > 1.5 X SUL ean, liver + 2 SD SULean, liver

Scanner criteria

Same scanner or scanner model at same site should be used
Same reconstruction should be applied

Properly calibrated scanners should be used
Patients should fast for at least 4 h
Serum glucose levels should be < 200 mg/dL
Difference in injected dose should be < 20%
Difference in injection-to-scan-time between baseline and
follow-up scan should be < 15 min
Injection-to-scan-time should be within 50-70 min

Assessabilty Criteria at Patient criteria

Follow-Up
FDG criteria

Background activity

criteria Difference in SULean, liver < 20% and < 0.3 SUL units

Follow-up scans are suggested to be compared to the

Response Categories at Follow-Up baseline/pretreatment scan

Complete resolution of cancer-suspect lesions. Any previous
lesion should have FDG uptake less than SULean, liver and be

Complete Metabolic Response
indistinguishable from background. No new lesions appeared.

Decrease in SULpeak Of hottest tumor > 30% and at least 0.8 SUL

units. No new lesions appeared. No increase in size greater than

30%. No unequivocal progression of a non-target lesion (increase
in SULpeak Or size greater than 30%).

Partial Metabolic Response

Increase or decrease of SULpeak of less than 30%. No new lesions
appeared. No increase in size greater than 30%. No unequivocal
progression of a non-target lesion.

Stable Metabolic Disease

Increase in SULpeak of hottest tumor of > 30% and of at least 0.8
SUL units, or development of one or more new lesions in a pattern

Progressive Metabolic Disease
suspect of cancer.

SULmean, liver: mean standardized uptake value in liver, corrected for lean body mass; SULpeak: mean standardized
uptake value in a one cm® volume of interest; SD: standard deviation.

The software tool PET VCAR (AW server, version 3.2, Ext. 1.0, GE Healthcare, Waukesha,
Milwaukee, WI, USA) was used for semi-automated measurement of the SULpeak for the hottest lesion
at consecutive FDG-PET/CT scans. At the baseline scan in May 2011, SULpeak was 4.8 g/mL, SULmean
in the liver was 1.5 g/mL, and the standard deviation of SULmean in the liver was 0.15 g/mL. This
means that a SULpeak of a potential target lesion of 2.55 g/mL would have been sufficient for meeting
measurability criteria of PERCIST 1.0. We used SULpeak values for the hottest lesion at consecutive
scans, and PERCIST response categories were applied in all scans (Table 2).

We used the baseline or pretreatment scan as reference and, although it was not specified in
PERCIST 1.0, we also used the nadir scan as reference in treatment intervals with decreasing SULpeak
values in order to obtain clinically relevant response categories. As shown in Figure 3, we used color
coding of response categories to graphically illustrate the long-term course. This approach can show
decreasing or increasing trends in SULpeak before a change is detected by response categories or
qualitative assessment. In doing this, we did not meet several specifications by PERCIST 1.0, but
the depicted SULpeak fluctuations and PERCIST response categories appeared to mirror the disease
activity in a timely manner. Thus, when PMD did not give rise to a change of treatment, we could still
observe PMD on the following scan. When PMD did trigger a change of treatment, then PMR was
observed four times (B-D, G), SMD once (E), and PMD three times (E, I, ]), suggesting that the disease
was more responsive to new treatment during its initial phase.
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Table 2. Data for PERCIST response categorization for the treatment course presented.

Scan Baseline/Pre- . Matrix New SUL ,cai Target Response

Month Treatment Scan (*) SULmean, tiver  ITST/Min Size Lesion {esion ¢ Catggory
May 11 Yes (A) 1.51 64 128 Yes 478 BL
Apr 12 Yes (B) 2.03 60 128 Yes 8.89 PMD
Jun 12 1.66 82 128 No 4.99 PMR
Aug 12 Yes (C) 1.92 74 128 Yes 16.67 PMD
Oct 12 1.35 73 128 No 9.58 PMR
Jan 13 Yes (D) 1.68 61 128 Yes 6.81 PMD
Mar 13 1.68 64 128 No 1.47 PMR
Jun 13 1.85 68 128 No - CMR
Aug 13 1.92 58 256 No - CMR
Dec 13 2.07 58 256 No - CMR
Mar 14 1.80 111 256 No - CMR
Jun 14 1.95 58 256 Yes 242 PMD
Oct 14 1.93 67 256 Yes 4.03 PMD
Dec 14 Yes (E) 1.82 59 256 Yes 5.59 PMD
Feb 15 1.94 62 256 No 4.16 PMR
Apr 15 Yes (F) 2.04 66 256 Yes 6.59 PMD
Jul 15 Yes (G) 2.06 58 256 Yes 12.01 PMD
Sep 15 191 70 256 No 3.59 PMR
Dec 15 1.99 54 256 No 3.82 PMR
Mar 16 1.80 57 256 Yes 7.08 PMD
Jun 16 Yes (H) 1.81 66 256 Yes 9.46 PMD
Oct 16 Yes (I) 1.71 60 256 Yes 13.07 PMD
Jan 17 1.93 65 256 Yes 13.09 PMD
Apr 17 Yes (]) 1.44 64 256 Yes 11.93 PMD
Jul 17 2.03 61 256 Yes 9.44 PMD

BL: Baseline; PMD: progressive metabolic disease; PMR: partial metabolic response; CMR: complete metabolic
response; * Treatment transitions A-J, as described in text; SULpean, liver: Mean standardized uptake value in liver,
corrected for lean body mass (g/mL); ITST: injection to scan time; SULpeak: mean standardized uptake value in a
1 cm? volume of interest (g/mL).

The graphical display provides an overview of treatment lines and impact of treatment change
using SULpeak as a surrogate marker. A potential pitfall of the proposed PERCIST 1.0 is the lack of
attention to the nadir level of SULpeak, which will be clinically relevant for monitoring cancer lesions
that present with decreasing SULpeak values. However, this can be easily detected when using the
graphical illustration (Figure 3).

Monitoring progression of metastatic cancer in this way has the potential to detect upcoming
tumor clones that are resistant to ongoing oncologic treatment. Along with an increase or decrease
of SULpeak in the target lesion, it can detect new suspicious lesions or unequivocal progression in
non-target lesions, both of which would indicate progression. We consider PERCIST well suited for
monitoring the biological processes in cancer progression and find it highly relevant for monitoring
metastatic cancers such as breast cancer.

In the present case, it would have been valuable to retrospectively compare RECIST with PERCIST
evaluation to estimate the degree of agreement/disagreement in response categorization [3,6]. Our
FDG-PET/CT scans used low-dose CT, however, which prevented us from applying the RECIST
evaluation. Our case study shows that the patient had ‘bone metastases only” for a long time until June
2016, meaning that RECIST would predominantly have evaluated the disease as being non-measurable.
It is our impression that the PERCIST criteria would have been suitable for response monitoring in this
patient and potentially also in other patients with metastatic breast cancer. PERCIST appears to provide
more information about the disease and its fluctuation, a higher degree of interrater agreement [24],
a means to improve between-institution comparisons, and an integrative tool for shared clinical
decision-making. Prospective studies are needed, however, to provide further clinical evidence.

6. Today

Current guidelines for management of advanced breast cancer recommend hormone-directed
treatments as first-line therapy for estrogen- and HER2-receptor positive disease, whereas chemotherapy
is recommended for receptor-negative disease. A biopsy of the metastatic lesion should thus be carried
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out before the patient starts treatment for metastatic breast cancer [4]. Evaluation of response to
therapy is recommended every 2—4 months for endocrine therapy or after 2—4 cycles of chemotherapy.
However, current guidelines do not recommend which imaging modality should be used for response
evaluation [4].

A relevant issue to consider when using FDG-PET/CT for response evaluation or response
monitoring in metastatic breast cancer is the optimal timing of PET/CT. Vach et al. concluded that
schedule-optimizing studies should be performed [25]. While current guidelines do recommend
regular time intervals for response evaluation, these should be reconsidered in light of the rapid shift
in oncologic therapies and further development of imaging modalities [4,25].

A recent systematic review of PET/CT-based response evaluation [26] found that of 122 published
papers, 112 (90%) were accuracy and/or prognostic studies. No randomized controlled trials were
found, and only some studies included more than one post-baseline scan (31%). Further studies
of response evaluation with PET/CT are thus needed to address issues of timing, repeat scans, and
patient-relevant outcome measures. Well-planned multicenter trials will be required as large patient
samples are needed to demonstrate significant outcomes.

Recent retrospective evidence showed that the PERCIST 1.0 one-lesion method was a better
predictor of progression-free survival than RECIST [22]. The issue of the number of lesions to be
quantified is relevant. In a recent study comparing the use of one-lesion versus five-lesion PERCIST for
response prediction in metastatic breast cancer, Pinker et al. found no major impact on the prognostic
value of the PERCIST approach [27]. A comprehensive review of the clinical impact of FDG-PET/CT
for patients with breast cancer concluded that PET/CT is better at evaluating treatment response than
conventional CT scan [28]. Several issues are still unanswered, however, and need further attention.

7. Tomorrow

There is no simple answer to the issue of optimal time interval in response monitoring for patients
with metastatic breast cancer. The relevant interval will vary from cancer to cancer, from one therapy to
another, from patient to patient. Imaging is indispensable, however, for characterizing the individual
patient’s cancer and for choosing therapy.

Another question is how the individual scans should be compared to determine whether or not
an actual change has occurred over time. PERCIST recommends comparing all successive scans to the
baseline scan. This may not always be optimal, as reflected in our case study. In cases of metabolic
regression, SULpeak will decrease and may have reached a nadir level that makes comparison to
baseline misleading. In some cases, metabolic regression can be detected by comparison to the baseline
scan, but in principle progression is observed by comparison to the nadir. This issue is relevant in
clinical practice when several treatment lines are available, and especially with the development of
targeting therapies. The nadir concept has previously been emphasized in the RECIST criteria [3].

A further issue is the standardization of acquisition and quantification procedures. This has
been addressed by several authors in papers about PERCIST [5,6,29,30]. Scanners and reconstructions
methods are under continuous technical improvement [29] to improve not only the quality of imaging
but also the quantitative measures. We support the use of SULpeak as suggested in PERCIST 1.0, but
we recognize that other measures and concepts are relevant and should be explored prospectively in
future studies. These include total lesion glycolysis, metabolic tumor volume, the five-lesion method
of PERCIST, and the use of PERCIST in initially non-measurable tumors. Other relevant explorative
analyses would be to investigate the optimal limits of percentage increase and decrease for determining
partial metabolic response or progressive metabolic disease. Limits of 30% have been suggested in
PERCIST 1.0, but this needs to be confirmed in clinical trials.

There may be situations where qualitative evaluation of FDG-PET/CT results in a ‘mixed response’.
This may refer to growth of a minor resistant clone alongside simultaneous response to a major and
previously dominant clone. In such situations, PERCIST will most likely categorize this as progressive
disease, consistent with the biology of cancer progression. The clinical decision for this may be

211



Cancers 2019, 11, 1190

equivocal, however, as it is very difficult to question the relevance of ongoing treatment that is having
a positive effect on the initial dominant clone. If a shift in treatment is decided, however, this could
potentially treat both clones. Clinical trials using patient-relevant outcome measures are thus highly
relevant and should ideally include liquid biopsies.

8. Beyond

Artificial intelligence is an emerging field in which medical imaging such as FDG-PET/CT has an
enormous potential by providing reproducible, observer-independent measures of cancer disease and
its extent in the body. The development of radiomic tools for clinical decision support systems requires
standardized and reproducible procedures, standardized data collection, and evaluation criteria [31].
Modelling of radiomic workflows is likely to be suitable for PERCIST and other analyses, providing a
powerful tool in future medical treatment.

Another evolving field is the involvement of patients in treatment decisions, as emphasized in
current clinical guidelines [4]. Shared decision-making facilitates patient engagement via collaboration
between the clinician and the patient and includes elicitation of patient preferences and decision-making
tools. Most patients with metastatic breast cancer want to be involved in decisions about their own
treatment, and this appears to have positive effects [32,33]. Tools for shared decision-making in
management of metastatic breast cancer have been developed, but recent papers call for more
innovative and developmental research in the field [33,34]. None of the proposed tools include PET/CT
scans or their results. As these play a crucial role in clinical decision-making, it is likely that greater
communication between patients and health professionals about the timing and implications of scan
results would contribute to shared decision-making.

In this perspective paper, we have dealt with FDG as the only PET tracer for response monitoring
in metastatic breast cancer. Its huge importance is indisputable, not least because it typically shows
uptake in different clones of breast cancer, and it is valuable even in long patient courses as the one
described in our case study. However, it is worth investigating alternatives, especially more specific
tracers that could characterize the individual patient and her cancer more accurately. Candidates
include tracers targeting 18F-fluorotymidine, HER?2, estrogen receptor, and gastrin-releasing peptide
receptor [35-38]. Such specific tracers used alone or in combination may better predict treatment
response. In a study by Ulaner et al., they found positive lesions on 89Zr-Trastuzumab PET/CT in
six of 20 patients with HER2-negative primary breast cancer, and three of them had biopsy verified
HER2-positive metastases [39]. This finding substantiates the theory of the heterogeneity of cancer
and appoints opportunities for prediction of targeting therapy. Hence, when therapeutic ligands are
developed, the theranostic potential represents a unique aspect of precision oncology that can benefit
future patients [40].

Finally, the rapidly growing field of genomic analyses in precision oncology will without doubt
become a major player in future research and clinical practice. We believe that molecular imaging will
integrate with genomic analyses to provide improved treatment regimens that collaborative clinical
teams can use for the benefit of patients with metastatic breast cancer.

9. Conclusions

Precision oncology is rapidly evolving, and targeted therapeutic options are already available
for treatment of metastatic breast cancer. There is a gap between advanced modern therapy and
contemporary monitoring of its effects, however, and current guidelines contain few recommendations
for response evaluation criteria when monitoring response to oncologic treatment. The molecular
imaging modality FDG-PET/CT may fill the gap as it reflects the central cancer hallmark of glycosylation,
and it has proven clinical relevance in the diagnosis of metastatic breast cancer. There is evidence
that the PET-based response evaluation criteria, PERCIST, can improve prediction in molecular-based
treatment regimens compared to RECIST. We believe that PERCIST has the potential to provide
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greater information about disease fluctuation, thus better supporting clinical decision-making and
patient empowerment.

Author Contributions: Conceptualization, M.G.H., J.EL., ].H. and M.H.V.; methodology, M.G.H., ].H., M.H.V. and
P-E.B.; software, M.G.H., ].H. and M.H.V,; formal analysis, O.G.; data curation, M.G.H.; writing—original draft
preparation, M.G.H., M.V.; writing—review and editing, M.T., M.E., PEH.C; visualization, ].E.L., supervision,
PEH.C.; funding acquisition, M.G.H.

Funding: This research was funded by independent Research Fund, Denmark.

Acknowledgments: We thank Claire Gudex for language editing.

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

References

1.

10.

11.

12.

13.

14.

15.

Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, E.
Estimating the Global Cancer Incidence and Mortality in 2018: Globocan Sources and Methods. Int. ]. Cancer
2019, 144, 1941-1953. [CrossRef] [PubMed]

Swain, S.M.; Baselga, J.; Kim, S.B.; Ro, J.; Semiglazov, V.; Campone, M.; Ciruelos, E.; Ferrero, ] M.;
Schneeweiss, A.; Heeson, S.; et al. Pertuzumab, Trastuzumab, and Docetaxel in Her2-Positive Metastatic
Breast Cancer. N. Engl. |. Med. 2015, 372, 724-734. [CrossRef] [PubMed]

Eisenhauer, E.A; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.;
Gwyther, S.; Mooney, M.; et al. New Response Evaluation Criteria in Solid Tumours: Revised Recist
Guideline (Version 1.1). Eur. J. Cancer 2009, 45, 228-247. [CrossRef] [PubMed]

Cardoso, E; Senkus, E.; Costa, A.; Papadopoulos, E.; Aapro, M.; Andre, F.; Harbeck, N.; Aguilar Lopez, B.;
Barrios, C.H.; Bergh, J.; et al. 4th Eso-Esmo International Consensus Guidelines for Advanced Breast Cancer
(Abc 4) Dagger. Ann. Oncol. 2018, 29, 1634-1657. [CrossRef] [PubMed]

O, J.H,; Lodge, M.A.; Wahl, R.L. Practical PERCIST: A Simplified Guide to PET Response Criteria in Solid
Tumors 1.0. Radiology 2016, 2, 576. [CrossRef] [PubMed]

Wahl, R.L,; Jacene, H.; Kasamon, Y.; Lodge, M.A. From RECIST to PERCIST: Evolving Considerations for Pet
Response Criteria in Solid Tumors. J. Nucl. Med. 2009, 50, 1225-150S. [CrossRef] [PubMed]

Cardoso, F; Kyriakides, S.; Ohno, S.; Penault-Llorca, F.,; Poortmans, P.; Rubio, I.T.; Zackrisson, S.; Senkus, E.
Early Breast Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol.
2019, mdz189. [CrossRef]

Alimirzaie, S.; Bagherzadeh, M.; Akbari, M.R. Liquid Biopsy in Breast Cancer: A Comprehensive Review.
Clin. Genet. 2019, 95, 643-660. [CrossRef]

Kroigard, A.B.; Larsen, M.].; Thomassen, M.; Kruse, T.A. Molecular Concordance between Primary Breast
Cancer and Matched Metastases. Breast ]. 2016, 22, 420-430. [CrossRef]

Gundem, G.; Van Loo, P; Kremeyer, B.; Alexandrov, L.B.; Tubio, ] M.C.; Papaemmanuil, E.; Brewer, D.S.;
Kallio, HM.L.; Hognas, G.; Annala, M.; et al. The Evolutionary History of Lethal Metastatic Prostate Cancer.
Nature 2015, 520, 353-357. [CrossRef]

Weide, R.; Feiten, S.; Friesenhahn, V.; Heymanns, J.; Kleboth, K.; Thomalla, J.; van Roye, C.; Koppler, H.
Metastatic Breast Cancer: Prolongation of Survival in Routine Care Is Restricted to Hormone-Receptor- and
Her2-Positive Tumors. Springerplus 2014, 3, 535. [CrossRef] [PubMed]

Goh, K.I; Cusick, M.E.; Valle, D.; Childs, B.; Vidal, M.; Barabasi, A.L. The Human Disease Network. Proc.
Natl. Acad. Sci. USA 2007, 104, 8685-8690. [CrossRef] [PubMed]

Horak, P; Klink, B.; Heining, C.; Groschel, S.; Hutter, B.; Frohlich, M.; Uhrig, S.; Hubschmann, D.; Schlesner, M.;
Eils, R.; et al. Precision Oncology Based on Omics Data: The Nct Heidelberg Experience. Int. ]. Cancer 2017,
141, 877-886. [CrossRef] [PubMed]

Buono, G.; Gerratana, L.; Bulfoni, M.; Provinciali, N.; Basile, D.; Giuliano, M.; Corvaja, C.; Arpino, G.;
Del Mastro, L.; De Placido, S.; et al. Circulating Tumor DNA Analysis in Breast Cancer: Is It Ready for
Prime-Time? Cancer Treat. Rev. 2019, 73, 73-83. [CrossRef] [PubMed]

Kroigard, A.B.; Larsen, M.].; Brasch-Andersen, C.; Laenkholm, A.V.; Knoop, A.S.; Jensen, ].D.; Bak, M.;
Mollenhauer, |.; Thomassen, M.; Kruse, T.A. Genomic Analyses of Breast Cancer Progression Reveal Distinct
Routes of Metastasis Emergence. Sci. Rep. 2017, 7, 43813. [CrossRef] [PubMed]

213



Cancers 2019, 11, 1190

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Munkley, J.; Elliott, D.J. Hallmarks of Glycosylation in Cancer. Oncotarget 2016, 7, 35478-35489. [CrossRef]
[PubMed]

Kwee, T.C.; Basu, S.; Saboury, B.; Ambrosini, V.; Torigian, D.A.; Alavi, A. A New Dimension of FDG-PET
Interpretation: Assessment of Tumor Biology. Eur. ]. Nucl. Med. Mol. Imaging 2011, 38, 1158-1170. [CrossRef]
Benard, F,; Sterman, D.; Smith, R.J.; Kaiser, L.R.; Albelda, S.M.; Alavi, A. Prognostic Value of FDG PET
Imaging in Malignant Pleural Mesothelioma. J. Nucl. Med. 1999, 40, 1241-1245.

Kitajima, K.; Miyoshi, Y.; Yamano, T.; Odawara, S.; Higuchi, T.; Yamakado, K. Prognostic Value of FDG-PET
and DWI in Breast Cancer. Ann. Nucl. Med. 2018, 32, 44-53. [CrossRef]

Baun, C.; Falch, K.; Gerke, O.; Hansen, J.; Nguyen, T.; Alavi, A.; Hoilund-Carlsen, P.F,; Hildebrandt, M.G.
Quantification of FDG-PET/CT with Delayed Imaging in Patients with Newly Diagnosed Recurrent Breast
Cancer. BMC Med. Imaging 2018, 18, 11. [CrossRef]

Hildebrandt, M.G.; Gerke, O.; Baun, C.; Falch, K.; Hansen, J.A.; Farahani, Z.A.; Petersen, H.; Larsen, L.B.;
Duvnjak, S.; Buskevica, I; et al. [18f]Fluorodeoxyglucose (FDG)-Positron Emission Tomography
(PET)/Computed Tomography (CT) in Suspected Recurrent Breast Cancer: A Prospective Comparative Study
of Dual-Time-Point FDG-PET/CT, Contrast-Enhanced CT, and Bone Scintigraphy. J. Clin. Oncol. 2016, 34,
1889-1897. [CrossRef] [PubMed]

Riedl, C.C.; Pinker, K.; Ulaner, G.A.; Ong, L.T.; Baltzer, P.; Jochelson, M.S.; McArthur, H.L.; Gonen, M.;
Dickler, M.; Weber, W.A. Comparison of FDG-PET/CT and Contrast-Enhanced CT for Monitoring Therapy
Response in Patients with Metastatic Breast Cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1428-1437.
[CrossRef] [PubMed]

Catalano, O.A.; Nicolai, E.; Rosen, B.R.; Luongo, A.; Catalano, M.; Iannace, C.; Guimaraes, A.; Vangel, M.G.;
Mahmood, U.; Soricelli, A.; et al. Comparison of CE-FDG-PET/CT with CE-FDG-PET/MR in the evaluation
of osseous metastases in breast cancer patients. Br. ]. Cancer 2015, 112, 1452-1460. [CrossRef] [PubMed]
Fledelius, J.; Khalil, A.; Hjorthaug, K.; Frokiaer, ]. Inter-observer agreement improves with PERCIST 1.0 as
opposed to qualitative evaluation in non-small cell lung cancer patients evaluated with F-18-FDG PET/CT
early in the course of chemo-radiotherapy. EJNMMI Res. 2016, 6, 71. [CrossRef] [PubMed]

Vach, W.; Hoilund-Carlsen, PF.; Fischer, B.M.; Gerke, O.; Weber, W. How to Study Optimal Timing of PET/CT
for Monitoring of Cancer Treatment. Am. J. Nucl. Med. Mol. Imaging 2011, 1, 54-62. [PubMed]

Gerke, O.; Ehlers, K.; Motschall, E.; Hoilund-Carlsen, P.E.; Vach, W. PET/CT-Based Response Evaluation in
Cancer-a Systematic Review of Design Issues. Mol. Imaging Biol. 2019. [CrossRef] [PubMed]

Pinker, K.; Riedl, C.C.; Ong, L.; Jochelson, M.; Ulaner, G.A.; McArthur, H.; Dickler, M.; Gonen, M.; Weber, W.A.
The Impact That Number of Analyzed Metastatic Breast Cancer Lesions Has on Response Assessment by
18f-FDG PET/CT Using PERCIST. |. Nucl. Med. 2016, 57, 1102-1104. [CrossRef]

Ulaner, G.A. PET/CT for Patients with Breast Cancer: Where Is the Clinical Impact? AJR Am. ]. Roentgenol.
2019, 213, 254-265. [CrossRef]

Devriese, J.; Beels, L.; Maes, A.; Van de Wiele, C.; Pottel, H. Impact of Pet Reconstruction Protocols on
Quantification of Lesions That Fulfil the Percist Lesion Inclusion Criteria. EJNMMI Phys. 2018, 5, 35.
[CrossRef]

O, ].H.; Wahl, R.L. PERCIST in Perspective. Nucl. Med. Mol. Imaging 2018, 52, 1-4. [CrossRef]

Lambin, P; Leijenaar, R.T.H.; Deist, T.M.; Peerlings, J.; de Jong, E.E.C.; van Timmeren, ]J.; Sanduleanu, S.;
Larue, R;; Even, A].G.; Jochems, A.; et al. Radiomics: The Bridge between Medical Imaging and Personalized
Medicine. Nat. Rev. Clin. Oncol. 2017, 14, 749-762. [CrossRef] [PubMed]

Sepucha, K.R.; Ozanne, E.M.; Partridge, A.H.; Moy, B. Is There a Role for Decision Aids in Advanced Breast
Cancer? Med. Decis. Making 2009, 29, 475-482. [CrossRef] [PubMed]

Spronk, I.; Burgers, J.S.; Schellevis, F.G.; van Vliet, L.M.; Korevaar, ].C. The Availability and Effectiveness of
Tools Supporting Shared Decision Making in Metastatic Breast Cancer Care: A Review. BMC Palliat. Care
2018, 17, 74. [CrossRef] [PubMed]

Niranjan, S.J.; Wallace, A.; Williams, B.R.; Turkman, Y.; Williams, C.P; Bhatia, S.; Knight, S.; Rocque, G.B.
Trust but Verify: Exploring the Role of Treatment-Related Information and Patient-Physician Trust in Shared
Decision Making among Patients with Metastatic Breast Cancer. |. Cancer Educ. 2019. [CrossRef] [PubMed]

214



Cancers 2019, 11, 1190

35.

36.

37.

38.

39.

40.

Gebhart, G.L.; Lamberts, E.; Wimana, Z.; Garcia, C.; Emonts, P.; Ameye, L.; Stroobants, S.; Huizing, M.;
Aftimos, P; Tol, J.; et al. Molecular Imaging as a Tool to Investigate Heterogeneity of Advanced HER2-Positive
Breast Cancer and to Predict Patient Outcome under Trastuzumab Emtansine (T-Dm1): The Zephir Trial.
Ann. Oncol. 2016, 4, 619-624. [CrossRef]

Gong, C.; Yang, Z; Sun, Y.; Zhang, J.; Zheng, C.; Wang, L.; Zhang, Y.; Xue, J.; Yao, Z.; Pan, H; etal. A
Preliminary Study of (18)F-FES PET/CT in Predicting Metastatic Breast Cancer in Patients Receiving Docetaxel
or Fulvestrant with Docetaxel. Sci. Rep. 2017, 7, 6584. [CrossRef] [PubMed]

Pantaleo, M.A.; Nannini, M.; Maleddu, A.; Fanti, S.; Ambrosini, V.; Nanni, C.; Boschi, S.; Biasco, G.
Conventional and Novel PET Tracers for Imaging in Oncology in the Era of Molecular Therapy. Cancer Treat.
Rev. 2008, 34, 103-121. [CrossRef]

Dalm, S.; Verzijlbergen, U.J.F.; De Jong, M. Review: Receptor Targeted Nuclear Imaging of Breast Cancer.
Int. J. Mol. Sci. 2017, 18, 260. [CrossRef]

Ulaner, G.A.; Hyman, D.M.; Lyashchenko, S.K.; Lewis, ].S.; Carrasquillo, J.A. 89Zr-Trastuzumab PET/CT
for Detection of Human Epidermal Growth Factor Receptor 2-Positive Metastases in Patients With Human
Epidermal Growth Factor Receptor 2-Negative Primary Breast Cancer. Clin. Nucl. Med. 2017, 42, 912-917.
[CrossRef]

Yordanova, A.; Eppard, E.; Kurpig, S.; Bundschuh, R.A.; Schonberger, S.; Gonzalez-Carmona, M.;
Feldmann, G.; Ahmadzadehfar, H.; Essler, M. Theranostics in Nuclear Medicine Practice. Onco. Targets Ther.
2017, 10, 4821-4828. [CrossRef]

® © 2019 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
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

215






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Cancers Editorial Office
E-mail: cancers@mdpi.com
www.mdpi.com/journal/cancers







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +4161 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-0365-0181-9



	Blank Page



